StarFinder : code description and operation

1 Purpose

StarFinder isan IDL program for stellar fields analysis. It is able to detect starsand determine their position and relative flux. It has been designed basicallyfor Adaptive Optics (AO) data, keeping in mind thefollowing a s - pects:

· a typical AO observation ischaracterized bya ’complex’ PSF, with a sharp peak, one ore more fragmented di f fraction rings and an extended halo;

· AO observations are well-sampled, i.e. there areat least two resolution elements (pixels) in the PSF FWHM.

The complexityof thePSF might lead to false detections and affect the photometryof faint objects. On the other hand the good sampling of a typical AO observation is an important a d vantage that should be exploited.

The approach implemented in StarFinder isto analyze the stellar field with a digital image of the PSF, without anyanalytic approximation: in practice the PSF isused asa template, which can be scaled and translated bysubpixel offsets. Accurate positioning of the PSF onto a given star is accomplished bymeans of interpolation tec h - niques; different methods have been tested, but themost promising seems to be the so called cubic convolution interpolation (Park and Schowengerdt, 1983, ’Image Reconstruction byParametric Cubic Convolution’, Co m - puter Vision, Graphics & Image Processing 23, 256), which approaches veryclosel ythe optimal sinc interpol a - tion for well-sampled data.

StarFinder isnot a general purpose algorithm for objects recognition, like SExtractor : it should be intended as a tool to obtain high precision astrometryand photometryof point sources in adequatelysampled high-resolution images of crowded fields, i.e. targets containing stars superposed on a smooth background, originated byunr e - solved sources, nebulosit y, etc. In practice it can be applied not onlyto high- Strehl AOobservations, but also to low- Strehl images (with or without AO) and HST fields, provided the sampling is satisfactor y. We are also evaluating the photometric accuracyon undersampled data.

An important topic in AO observations is represented bythe anisoplanatic effects arising in wide-field imaging:

different strategies are under development to handle this problem, related to stellar fields photometry. The cu r - rent release of the code assumes a constant PSF.

2 Ge neral description

The basic analysis procedure consistsof 3 phases:

1. detection of presumed starsabove a pre-fixed threshold in the background-removed image;

2. check and analysis of presumed stars, sorted bydecreasing intensity;

3. re-fitting of detect ed stars.

The procedure above maybe iterated: the previousl ydetected starsare temporarilyremoved from the imageto search for lost objects. Then the analysis proceeds on the original frame. Thisiteration is veryuseful to detect close binaries and components of crowded groups, down to separationscomparable to thePSF FWHM. At the end of the last iteration, a de-blending strategymaybe applied optionally: if the extension of a given detected star results to be significantlylarger than the PSF area, theobject is assumed to be a blend and de-blending is attempted by iterativel ysearching for statisticallysignificant residuals and subsequent fitting. One maystate that the iteration of the basic analysis procedure (steps 1-2-3) is to detect isolated sources and ’resolved’ stars, whereas the final de-blending procedure is to detect even closer components, at separations somewhat smaller than thePSF FWHM. As a rule of thumb, two iterationsof the basic analysis procedure with no final deblending aresufficient to analyze crowded fields, like the simulated i m age included in this package.

The analysis of a given object (step 2 above) includes the following operations:

· re-identification, after subtraction of alreadyknown stars, to reject spurious detections associated to PSF features of brighter sources

· correlation check, to measure the similarityof the object with the PSF; a correlation threshold is fixed to disti n guish between stellar-like objects and spurious detections (e.g. noise spikes)

· fitting, to determineposition and flux, taking into account the contribution of neighboring brighter stars and of thelocal background, approximated with a slanting plane

· updating of a stellar field model, which contains a replica of the PSF for each detected star; it isbasically used to keep track of the contribution of bright sources when analyzing fainter ones.

3 Code impleme ntation

StarFinder hasbeen provided with a collection of auxiliaryroutines for PSF extraction, noise estimation, basic image processing, in order to be able to fullyanalyze a stellar field and produce an output list of stars. The input image issupposed to be just co r rected for instrumental effects and calibrated.

A widget-based Graphical User Interface has been created, which allows one to use StarFinder without knowing

IDL. Themain widget appearing on the screen (called XStarFinder ) isnothing more than an interface to call di f - ferent widget-based applications, in order to perform various operations on the stellar field image. The main widget defines a memoryarea to store some global variables, whose name and meaning is listed below:

image : stellar field;

PSF : image of the Point Spread Function;

noise : arrayof noise standard deviation for each image pixel;

background : arraycontaining an estimate of the background emission;

detectedstars : synthetic image, containing one replica of the PSFfor each detected star in field;

synthetic field : sum of background and detected stars .

The global variables are maintained and modified in the course of the current session. As one of these variables is processed bysome application, its previous value is overwritten: if the user wishes to keep track of the values assumed bythe variable in the course of the session, he/she should save the variable or the entire session whe n - ever necessary.

All the global data are basicallydivided into two groups: those associated to the image and those associated to the PSF. Whenever the user loads a newimage, for instance, the data a s sociated toit are erased.

Everysecondarywidget application hasa set of default parameters, which can be modified interactivel y. The user-defined values become the newdefault values of the widget, until the user quits XStarFinder without saving the current session. Thisbehavior maybe 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 theimages have been taken at different wavelengths, all the `structural´ parameters (e.g. those related to the PSF FWHM, as thebox size for PSF extraction) will have to be scaled properlyin the second run.

The secondarywidgets called by XStarFinder prevent access to both the IDL command lineand to all the other open widgets, until theyare dismissed. Thearrangement and layering of the widgets on thecomputer screen d e - pends on the platform being used. On some systems (e.g. Windows) the active widget floats on top of all the others, which cannot be either moved or highlighted. On other systems it ispossible to move or highlight nonactive widgets: to restore theoriginal arrangement and layering, the user maytryto iconize the XStarFinder widget and then r e store it again.

IDL users might wish to run the StarFinder routines directlyfrom the IDL command line. Complete document a - tion on each module can be retrieved with the IDL procedure doc_library : to displaythe documentation about the module stack_median , for instance, enter the following co m mandat the IDL prompt:

IDL> doc_library, ’ stack_median’.

A list of routines in the StarFinder libraryis contained in the ASCII file ’list_of_modules.txt’.

The more interesting programsto analyze a stellar field are:

circ_mask : applya circular mask toa 2Darray, for instance the PSF click_on_max : select local maxima bymouse click compare_lists : find coincidences bet ween two sets of pointson a plane crosses : mark interesting pointsin an image with crosses display_image : displayan image according to a set of options fitstars : multi-component PSF-fitting of one or more stars fwhm : compute theFWHM of a peak or stellar image gauss_noise_std : compute thestandard deviation of normallydistributed noise halo_smooth : smooth the halo of the PSF bymeans of a variable box size median fi l tering technique image_background : estimate the background emission image_core : extract the component connected to a specified starting position and above a pre-fixed threshold image_model : create a synthetic image given bya sum of shifted scaledreplicasof the PSF match_coord : given two sets of coordinates on a plane, representing the same points in reciprocallytranslated and rotated reference frames, map one of them onto theother psf_extract : estimate the PSF bycombination of a set of stars read_float_data: read an ASCII file containinga set of data on columnsmade of a known number of elements repair_saturated : repair saturated stars replace_pix : replace known bad pixels bylocal median search_objects : search significant intensityenhancements starfinder : starsdetection, astrometryand photometry

4 Installation

StarFinder needs no particular installation procedure. If you have received thecode as a compressed archive, d e - compress it and put itscontent in a newdirectorycalled ’ starfinder’; if you have received the code in a CD-ROM, just copythe ’ starfinder’ directoryfrom the CDto your computer. The second (and last) step isto tell IDL where the new’ starfinder’ directoryis located modifying the IDL system variable !Path. This can be done veryeasil y within the IDL Development Environment, bymeansof the ’Preferences’ sub-menu in the ’File’ menu. Otherwise the path can be modified from the IDL command line: the wayto do it is described in the IDL Online Help, u n - der the topic !Path. Once the IDL session is open and the path isset, it issufficient to enter the following co m - mandat the IDL prompt:

IDL> xstarfinder

The XStarFinder widget will appear on the screen.

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

The code uses the routines included in thestandard IDL distribution and some modules of the ’ astron’ library, which can be retrieved from theWEB site ’http://idlastro.gsfc.nasa.gov/homepage.html’. You can also find the required ’ astron’ routines in the ’ astron_for_starfinder’ archive included in the’ starfinder’ directory. The ’ astron’ libraryhasbeen recentlyupdated, though the Novem ber 1998 version hasbeen used here.

5 How to analyze a stellar field

5.1 Introduction

Thissection is a kind of tutorial and describes howto analyze the simulated stellar field included in the released package. Complete documentation on supported facilities and operations can be found in the on-line help pages.

The simulated image (Fig. 1 left) contains1000 stars at random positions, with magnitudes extracted from a r e - alistic luminosityfunction with a range of 8 magnitudes. Each star is represented bya shifted scaled replica of a typical high- Strehl Adaptive Optics PSF (Fig. 1 center). The field has been contaminated with background nebulosit y(Fig. 1 right), having a total flux equal to thetotal flux of the stellar sources, and additional noise, given bythe combination of gaussian and photon noise.

The data concerning the synthetic field are contained in the following files included in the package: ’ synfield.fits’

(stellar field), ’ psf.fits’ (PSF), ’ background.fits’ (background nebulosity), ’ noise.fits’ (arrayof noise standard d e - viation for each pixel in the image), ’stars.txt’ (ASCII file including positions and fluxes of the point souces) and

’psfstars.txt’ (ASCII file including positions of the stars for PSF estimation).

Figure 1 . Left: simulated stellar field (square root display). Center: PSF used to generatethe field (square root

display). Right: background nebulosityadded to the field (linear display).

5.2 Image loading and visualization

After starting XStarFinder (Sect. 4), click on the ’Image’ pull-down menu, select the’Load’ sub-menu and

choose the’Image’ option (thissequence of operationswill be referred simplyas ’Image/Load/Image’). Select a

valid file name in thedialog window(in this case search for the’ starfinder’ directoryand select the file ’ sy n -

field.fits’). Theloaded image isautomaticallydisplayed in the graphic area of the XStarFinder widget. You

might wish to change thedisplayoptions: select ’Display/Options’ and modifythe visualization parameters of the

currentlydisplayed image bymeans of the XDisplayOpt widget application. We suggest to choose a minimum

and maximum intensityof 250 and 1e5 respectivel y(thischoice will onlyaffect thedisplay, of course!), a square

root stretch and the STERN SPECIAL Color table. After entering these parameters click on ’Applyoptions’.

Dismiss XDi s playOpt pushing the’Exit’ button.

5.3 Bad pixels repair

The simulated field you have just loaded hasno bad pixels, even though your actual data might have some. Bad

pixels (either ’dead’ or ’hot’) should alwa ys be repaired because theymight lead to false detections (especially

under poor sampling condition), loss of significant sources, degradation of astrometric and photometric acc u -

racy. Bad pixels at known positionsmaybe corrected with the ’Image/Bad Pixels’ task which invokes the XR e -

place_Pix widget. First of all you have to read thebad pixels positions, which must be stored in a FITS-format

file as a b i narymask defined as follows:

( ) ( )

( ) î í ì = bad’ ’ is , pixel if , 0 good’ ’ is , pixel if , 1 , y x y x y x b

Read the bad pixels mask with the ’Read bad pixels’ button; then click on ’Replace’. Adialog appearsasking you

to enter the box size for the local median computation (thebad pixel will be replaced with thismedian): trywith

the default box size first. After replacing theknown bad pixels, theprogram displays automaticallytherepaired

image with the cu r rent displayoptions.

5.4 Noise estimation

An estimate of the noise standard deviation is useful to define thedetection threshold (Sect. 2) and to compute

formal errors on theestimated photometryand astrometry.

In principle it ispossible to derive the correct noise statistic knowing the photon and detector noise standard d e -

viations. If you have done this and you have created a FITS file containing an arrayof noise standard deviation

with the same size as thescience image, then you can load it with the ’Image/Noise/Load’ task. In this tutorial

you can trythisoptions loading the noise arrayin the ’ noise.fits’ file released with thecode.

Another possibilityis to estimate the noise with the ’Image/Noise/Compute’ task, which invokes the XNoise wi d -

get. Thiswidget application can be essentiallyused in one of two wa ys:

1. estimate the correct noise statistic based on theknowledge of parameters like read-out-noise, dark current

level, detector gain, etc.;

2. estimate the mean noise level associated to the diffuse nebulosit ypresent in the data, which should be the

major noise source for all but the brightest sources.

The first strategyrequires the knowledge of additional parameterswhich are not always available; in practice

you have to enter the parameters related to the normallydistributed noise (see the online help for more details)

and to the photon noise, then click on the ’Compute’ button.

In this tutorial we will applythe second strategy, which isthe default. Leaving the default optionsunchanged,

just click on the’Compute’ button; a dialog message will appear, to inform you that another widget, called

XNoise_StDev, is being called to estimate the noise (bymeans of an histogram fitting technique). Acomplete

description of the parameters of XNoise_StDev maybe found in the onlinehelp; for themoment, we use the d e -

fault values. Click on the ’Processing�’ button and after a while a dialog message should appear, giving you the

result (mode and half-width of the histogram, the latter value representing the noise standard deviation). Of

course you need not remember these numbers, because ever ything isretained in memorybythe program. If you

wish to check the qualityof the fit to the histogram, click on the’Plot histogram’ button to invoke the XPlot wi d -

get. In the third squarefrom the top, called ’Type’, select the ’Steps’ options under thecolumn ’Main plot’, then

click on the ’Plot’ button. The histogram will be plotted as a continuous step-like line and the best fit model,

given bya gaussian + constant term in thiscase, will be over-plotted as a dashed line. As you see, the plot has

been doneon the graphic windowof the main widget, which might be hidden bythe secondarywidget applic a -

tions( XNoise, XNoise_StDev and XPlot ). On some platforms it ispossible to move the widgets awayfrom the

graphic area; in other cases, unfortunately, the onlysolution isto close all thewidgets, returning back to the

XStarFinder level, run again the XNoise task, positioning it out of the graphic windowarea, and then call the

other applications in sequence. After examining the plot, you maynotice that the fit can be improved. For this

purpose exit XPlot , select theoption ’ gaussian + quadratic’ in the ’Histogram fitting’ squareof the XNoise_StDev

widget and hit again the ’Processing�’ button. Then repeat theplot: as you see now, thefit has slightlyi m -

proved. With some additional effort, you can improve also the aspect of the plot itself, save it on a GIF file and

obtain som e thing likeFig. 2.

Nowyou can dismiss all theinvoked widgets and return back to the XStarFinder level. Therequired noise i n -

formation is automaticallyretained in the memoryarea associated to theimage data (Sect. 3). If you have plotted

the histogram, you might wish to restore theimage displayin thegraphic window: you can do it with ’Di s -

play/Select data/Image’.

Figure 2 . Plot of data histogram (steps) and best fit model (dashed line), given bya gaussian on a quadratic term.

5.5 PSF extraction

If you have an accurate estimate of the PSF on a FITS file, you can load it with the ’PSF/Load�’ task. In this

tutorial we want to extract the PSF from the image. We do it with the ’PSF/Extract from image’ task, which i n -

vokes the XPsf_Extract widget. ThePSF isformed essentiallyas the median of a set of starsyou are requested

to select.

The onlyparameter you have to set for themoment in XPsf_Extract is the size of the arraywhere thePSF will be

stored: in thiscase select 128. Then click on the ’Processing�’ button. Adialog message invites you to select the

stars to be extracted and superposed to form thePSF estimate; these stars must be selected with a click of the left

button of your mouse (if you are left-handed please replace theword ’left’ in the message with ’right’). We su g -

gest to select the four brightest stars in the image (Fig. 3).

Figure 3 . Thecrosses indicate the starsfor PSF extra c tion.

After selecting the PSF stars, click anywhere in the graphic area with the right button (left if you are left-handed)

to exit the selection procedure. What happensnow? All the previousl yselected stars are displayed one byone

and you are requested to confirm your previous selection (in general you might have selected an undesired ca n -

didate source, a binaryfor instance). After examining the stars, theprogram asks you if you wish to select the

most contaminating sources around the PSF stars, in order to subtract them. This step might be useful when the

PSF stars are onlyfewand the median superposition isnot able to get rid of the secondarysources. To see howit

works, answer ’Yes’ to theprevious question: the PSF starsare displayed again one byone and you have to click

on thesecondarysources with the left button of your mouse, pushing the right button to examine thenext PSF

star. The secondarysources to be selected in thiscase are indicated in Fig. 4. In general onlythe most contam i -

nating sources (i.e. quite bright and quite close to the central star) should be selected. The secondarysources can

be recognized bythe presence of the diffraction ring. If you think this operation is too boring or too dangerous,

you can skip it, even though thefinal PSF estimate might be slightlyworse, especiallyif there are not manyPSF

stars to superpose.

Figure 4 . Secondarysources to be select ed and subtracted around thecandidatePSF stars.

After selecting all the secondarysources, the program startsestimating the PSF and awards you with another

dialog message when the computation is done. Nowclick on the’DisplayPSF’ button in the XPsf_Extract widget

to displaythe retrieved PSF. You can modifythe displayoptions with the ’DisplayOptions’ task, which invokes

the XDisplayOpt widget you have alreadyseen in Sect. 5.2. We suggest to enter a minimum and maximum i n -

tensityvalue of 0 and 1 respectivel y, square root stretch and STERN SPECIAL color table. Notice that thePSF

estimate isstill contaminated byresidual features. After dismissing XDisplayOpt, exit XPsf_Extract . You are r e -

quested to save the coordinates of the PSF stars: these coordinates might be useful when comparing listsof stars

(Sect. 5.8). In this case you mayfind the coordinates of the PSF starsin the file ’psfstars.txt’ included in the r e -

leased package. However, if you wish to save your own PSF stars, answer ’Yes’ to theprevious question and

provide a file name (e.g. ’ psf_stars’) without anyextension (the extension ’. txt’ will be automaticallyappended to

the file name).

Displaynowtheextracted PSFin the XStarFinder graphic area with ’Display/Select data/PSF’. Howcan we di s -

card theresidual features in the PSF array? First of all run the ’PSF/Post process/Support’ task, invoking the X I -

mage_Support widget, which allows you to operate on the support of the retrieved PSF. Select ’Yes’ in the’Pri n -

cipal component extraction’ square, leaving thedefault value of 0 in the’Threshold for principal component e x -

traction’ field and click on the’Processing�’ button: you maynotice that some of the stuff at the frame edge has

disappeared. You can trydifferent thresholds, because the original PSF arrayis left unchanged until you exit X I -

mage_Support : as a rule of thumb you should choose the lowest threshold in order to avoid cutting the PSF halo.

You can also applya circular mask to the retrieved PSF: select ’Yes’ in the’Circular mask’ square, enter a value

of 40 in the’Circular maskradius’ field andhit again the’Processing�’ button, to applyboth the options together

(masking and principal component extraction). Then exit X I mage_Support .

The last step isPSF normalization. ActuallythePSF retrieved with XPsf_Extract was normalized to a total flux

of 1, but the post-processing operations might have altered the normalization. Torestore it, use ’PSF/Normalize’.

One last comment on PSF extraction. XPsf_Extract is able to repair the core of saturated stars, provided the sat u -

ration is restricted to thecentral spikeof the PSF (of course you have not to worryabout saturation effects now,

because all the starsare unsaturated in this simulated field). In practice the procedure works as follows: when

you select thecandidatestarsfor PSF estimation, you have to select both thesaturated stars you wish to repair

and a suitable number of unsaturated sources. The latter will be used to form a preliminaryestimate of the PSF,

then thecore of the selected saturated starswill be repaired and finallya newPSF estimate will be formed, i n -

cluding the unsaturated stars and the halo of the repaired ones (notice that thecore of the repaired saturated

sources is not used to form the PSF). More details can be found in theonline help and in a forthcoming paper

(Sect. 7).

5.6 Stars detection

You arenowreadyto detect the field stars: click on the’ Astrometryand Photometry’ button and the XSta r -

Finder_Run widget appears. Instead of using thedefault values and perform two iterations of the analysis proc e -

dureat the 3-sigma detection level, we suggest to perform a preliminaryrun with just one iteration at a higher

detection level, say5-sigma: thereason for this choice will be clear in a while. Just enter 5 in the ’Detection

threshold(s)’ field and click on the ’Processing’ button. After a fewminutes, a message gives you the number of

detected stars (it should be about 554, i.e. 55% of thetotal number of starsin this field). Nowexit the XSta r -

Finder_Run widget and displaythe synthetic field (with ’Display/Sel ect data/Synthetic field’), given by554 re p -

licas of the PSF, one for each detected star, superposed on a background estimate. Modifythe displayoptions

with the task ’Display/Options’, setting the same values you have chosen before for the image data (minimum

and maximum intensityof 250 and 1e5 respectivel y, square root stretch and STERN SPECIAL color table). You

can compare theimage of the stellar field with the synthetic image model created bythe program.

Whydid we suggest you to perform a rough analysis and find onlythe stars above the 5-sigma level? Thereason

is that we wish to improve the PSFestimate before going deeper.

5.7 PSF enhancement and re-start

If you run the’PSF/Repeat extraction’ task, the PSF extraction procedure will be automaticallyrepeated, with the

same parametersused before (Sect. 5.5), theonlydifference being that all the currentlyknown contaminating

sources around the PSF starswill be automaticallyremoved. When thecomputation has terminated, you can di s -

playthenewPSF estimatewith ’Display/Select data/PSF’: notice thegreat improvement. Nowyou can post-

process the support of theretrieved PSF as before (with ’PSF/Post process/Support’), using a circular mask radius

of 45 pixels and a threshold for principal component extraction of 0 in the XImage_Support widget. We suggest

also to smooth a little bit the halo of the PSF, bymeans of the ’PSF/Post process/Halo smoothing’ task, invoking

the XPsf_Smooth widget. Just hit the’Processing�’ button with the default values of the parameters; the

smoothed PSF is automaticallydisplayed at the end of the computation, which might take some minutes. If you

are not satisfied with the result, you can modifythe parameters and click again on ’Processing�’: onlythe last

result will be saved on exit. When you have finished, dismiss XPsf_Smooth . Finallynormalize the PSF array

with ’PSF/Normalize’.

The PSF estimates retrieved in thissection and in the last one are shown in Fig. 5. The PSF you would obtain

skipping thesomewhat tedious step of secondarystars subtraction (Sect. 5.5) would be quite similar to the one in

Fig. 5, though with a slightlyworse reconstruction of the halo. The reason isquite obvi ous, since repeating

automaticallythePSF extraction allows you to subtract the contaminating sources around thePSF stars, but the

knowledge of these contaminating sources is somewhat limited bythe qualityof the first PSF estimate obtained

with XPsf_Extract.

Figure 5 . PSF estimates before (left) and after (right)running the’PSF/Repeat extraction’ task.

With thisnewPSF estimate, run again the starsdetection algorithm with ’ Astrometryand Photometry’, invoking

XStarFinder_Run . Nowyou can use a moresuitable detection threshold, namelythe default valueof 3, 3 (ind i -

cating two iterations of the analysis procedure at the3-sigma level). After a fewminutes ( howmany minutes d e -

pends on your computer) a message informs you that the number of detected starsis around 884, i.e. almost 90%

of thetotal number of sources in thisfield. It will be difficult to do better (at least with thisprogram!�): you can

trywith thede-blending strategy, even though you should find just ~1% more stars. Before leaving the XSta r -

Finder_Run widget, remember to save the parameters ( astrometryand photometry) of the detected stars, even

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

Finder_Run , displayagain the synthetic field (you need not modifythe visualization parametersnow) and co m -

pare it to the image.

As you mayguess, thePSF estimate is extremelyimportant to obtain accurate results, especiallyat faint magn i -

tudes. Fig. 6 shows an axial plot of the true PSF (see also Fig. 1) compared to the retrieved PSF used here. There

are two important aspects:

1. The two PSFs arepracticallycoincident until about 7-8 magnitudes belowthe central peak. Belowthislevel

there are some discrepancies which might induce photometric errors on a faint star lying at the edge of the

PSF of a 8 magnitudes brighter source. Actuallythe total photometric range of the stellar population in this

field is just 8 magnitudes, so this kind of error should be neglig i ble.

2. Assuming tonormalize thetwo PSF arrays to the same central value, it isclear that the total enclosed light is

slightlydifferent. The estimated fluxes areconsequentlyundetermined byan unknown factor, which results

in a systematic offset in themagnitudes. In practice the relative photometrybet ween anytwo sources in the

field is preserved, even though this zero-point offset must be taken into account, e.g. when combining ma g -

nitudes derived from different exposures of the same field.

Figure 6 . Axial plot of true PSF(continuous line) and estimated PSF (dashed line). Thetwo PSFs are norma l -

ized to the same central 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 compared bymatching the reference frames, here assumed to be reciprocallytranslated and rotated, and

then identifying the coincident sources.

In this tutorial you have analyzed a simulated image and you knowtheanswer, so you maycompare the r e -

trieved list of starswith the original one (see thefile ’stars.txt’ included in the released package). Click on the

’Compare Lists’ button to invoke the XCompare_Lists widget. Load theoriginal list of stars (’stars.txt’) and the

one you have saved before with ’File/Load/List 1’ and ’File/Load/List 2’ respectivel y; then load the reference list

with ’File/Load/Reference list’ (a good choice is to load the list of PSF stars coordinates you have saved in Sect.

5.5 or the file ’psfstars.txt’ included in the released package). Thereference list must contain a subset of the o b -

jects in list no. 1 and it is used to find a suitable set of points to match thereference frames corresponding to lists

no. 1 and 2 respectivel y. Of course in our case there is neither rotation nor translation, but it is interesting to see

howit works. Click on the’Match coordinates’ button to invoke the XMatch_Coord widget; specifya guess of

the parametersdefining the reciprocal translation and rotation of the two frames (in thiscase use the default va l -

ues of 0 of course) and click on the ’Match’ button. After a while a message appearsgiving you the refined est i -

mates of the parameters, which in thiscase are veryclose to 0. The small discrepancyin the x-coordinate (~0.02

pixels in thiscase) is due to the fact that theestimated sub-pixel positions of the stars are referred to theabsolute

centering of the retrieved PSF. After dismissing the XMatch_Coord widget and returning back to XCo m -

pare_Lists , the second list of stars(the original one in this case) has been transformed automaticallyto map its

coordinates onto the reference frame of the first list. Nowclick on ’Find coincident’ to establish coincidences

bet ween the starsin thetwo lists. You are requested to enter a tolerance (in pixels) for matching: a good choice

is the PSFFWHM, which in this case is about 3.5 pixels. Adialog message appears with the number of succes s -

full ymatched stars, which amount in this case to 883, i.e. 1 less than the total number of detected stars. This

might suggest that there is one false detection. Before quitting XCompare_Lists , remember to save thesubsets of

common stars out of the two lists, using ’File/Save/List 1’ and ’File/Save/List 2’.

Notice that the XCompare_Lists task allows you to comparejust two lists; in principle you could find out inge n -

ious schemes to compare manylists two at a time. If you are an expert in thedata reduction of stellar fields, you

surelyhave much more sophisticated tools for listscomparison than thesimple XCompare_Lists task: what you

have to do perhaps is just to convert the StarFinder output to theproper format required byyour own programs

(keeping in mind that StarFinder measures fluxes, not magnitudes).

5.9 Off- line processing

That’sall you can do with the widget version of the code. Thereleased package includes some useful routines

(see the list in Sect. 3) which maybe run from theIDL command line and mayhelp you in analyzing your data.

Suppose you wish to plot the photometric errorsfor the detected stars in the simulated case presented in this t u -

torial. Assume that in theprevious analysis (Sect. 5.8) you have saved the matched listsof 883 objects to the

files ’stars_true.txt’ and ’stars_found.txt’; the procedure to plot the photometric errorsisthe follo w ing:

IDL> stars_true = read_float_data(’stars_true.txt’, 7)

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

IDL> mag_true = 2.5 * alog10(max( stars_true[2,*]) / tran s pose( stars_true[2,*]))

IDL> mag_found = 2.5 * alog10(max( stars_found[2,*]) / transpose( stars_found[2,*]))

IDL> plot, mag_true, mag_found - mag_true, PSYM=1, SYMSIZE=0.5, YRANGE=[-1,+1], $

IDL> CHARSIZE=2, XMIN=2, XTITLE=’Magnitude’, YTITLE=’Photometric error’

Notice that when you read thedata you have to specify the full path of the files ’stars_true.txt’ and

’stars_found.txt’ . The result is a plot like theone shown in Fig. 7.

Figure 7 . Plot of photometricerrors for thedetected stars.

Another interesting test is to displaythe image and mark with different symbols the truestars(1000) and the

ones you have detected with the program (884): this allows you to inspect the successfullydetected stars, the

false detection cases and thelost sources. Assuming you have saved the full list of detected starsin thefile

’stars_detected.txt’, the procedure is the following:

IDL> fits_read, ’ synfield.fits’, ima

IDL> stars = read_float_data(’stars.txt’, 7)

IDL> stars_detected = read_float_data(’stars_detected.txt’, 7)

IDL> window, XSIZE=512, YSIZE=512

IDL> tvscl, congrid( sqrt( ima), 512, 512)

IDL> loadct,15

IDL> crosses, ima, /EX, stars[0,*], stars[1,*], $

IDL> X2=stars_detected[0,*], Y2=stars_detected[1,*]

As before, remember to specifythe correct path of the data files ’ synfield.fits’, ’stars.txt’ and ’stars_detected.txt’.

You should obtain something like Fig. 8, where + sym bols indicate the true starsand × symbols indicate thed e -

tected objects; the superposition of a + and a × sym bol indicates a successful detection; a + alone standsfor a

lost star and a × alone for a false detection.

6 Future developme nts

Apart from the improvements related to the widget interface and theaddition of auxiliarytools which might be

helpful in the analysis of a stellar field, the most important task concerns the development of one or morestrat e -

gies to handle fields with space-variant PSF. Two possible approaches to the problem, tested on simulated data

and described in Ref. 3 (Sect. 7), are

1. removing the anisoplanatic effect from the image, in order tohave uniform PSF for the photometric anal y sis

2. supplying a set of local PSF measurementsand performing a kind of space-variant photometryin which the

code picks up the appropriate PSF for each star to be analyzed.

A preliminary implementation of the second strategyabove is alreadyincluded in theprogram module for stars

detection, called starfinder (Sect. 3), though not still accessi ble from the widget interface. This program module

includes another additional feature not available in the widget version of thecode, concerning the de-blending of

crowded groups of stars. Thisadditional strategy, though verypowerful on simulated data, hasnot been suff i -

cientlytested on real images.

Figure 8 . Synthetic stellar field; + sym bols indicate the true stars(1000); × symbols indicate the objects detected

in the previous run (884).

7 StarFinder references

Detailson the StarFinder code maybe found in

1. Diolaiti, E., Bendinelli, O., Bonaccini, D., Parmeggiani, G., Rigaut, F., Proc. of the ESO/OSAMeeting on

A s tronomywith Adaptive Optics, D. Bonaccini (ed.), ESO Garching (Germany), p. 175 (1999)

2. Diolaiti, E., Bendinelli, O., Bonaccini, D., Close L.M., Currie D.G., Parmeggiani, G., in Proc. of ADASS

IX, D. Crabtree, N. Manset and C. Veillet (eds.), ASP Conference Series, San Francisco, in press (2000)

3. Diolaiti E., Bendinelli O., Bonaccini D., Close L.M., Currie D.G., Parmeggiani G., SPIE Proc. 4007, in

press (2000)

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

The StarFinder code can be used freely. Please just reference StarFinder (e.g. with themost recent paper above)

in anypublication resulting from its use.

Please send requests, suggestions, bug reportsto Emiliano Diolaiti ( email : di o laiti@bo.astro.it).