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Abstract. TheprogramPOLYFIT hasbeendevelopedto per-
form photometryof well sampledstarson luminousuneven
backgroundsconsistingof nebulae or galaxies.The program
can also be usedto remove starsfrom galaxy images,if the
galaxy itself is the relevant object.The programusesempiri-
cal PSFsdefinedfrom thestellarimage.POLYFIT performsa
simultaneousleastsquaresfit of the PSFto the imageof the
staranda two-dimensionalpolynomial(of degree

���
) to the

background.Detectionandapproximatepositionsof the stars
in theimagearemadeavailableby aseparateroutine.As arule
of thumba fitting radiusof ��� ���	��
��� of the imageof the
star and a polynomial degreeof 2 or 3 give the bestresults.
Comparative testsusingsimulatedandobservedwell sampled
stellarimagesaddedto observedgalaxybackgroundsshow that
POLYFIT givesphotometricresultssuperiorto thoseproduced
by somemajorphotometrypackageswidely available.Photo-
metric errorssmaller than ��� � � magnitudesare obtainedfor
moststarsin theseimages.

1. Intr oduction

Moderndetectorsi.e.ChargedCoupledDevices(CCD),andin-
creasingpower of computers,have stimulateddevelopmentof
many, moreor lessautomatic,methodsfor detectionandpho-
tometryof starsin astronomicalimages.Commonto all of the
methodsis thatthey fit anempiricalor analyticalPointSpread
Function(PSF)to the stellar images.The backgroundis usu-
ally estimatedfrom the surroundingof the starsor simultane-
ouswith thePSFfit.

Examplesof reductionpackagesareRICHFLD (Tody 1980),
the Aurière & Cordoni (1981) package,ROMAFOT (Buo-
nannoet al. 1980, 1983), Blecha’s (1984) software, STAR-
MAN (Penny & Dickens 1986), WOLF (Lupton & Gunn
1986), DAOPHOT (Stetson1987), HAOPHOT (Gilliland &
Brown 1988), PAWSPHOT (Mighell 1989), TheLundpackage
(Linde 1989) andCAPELLA (Debrayet. al. 1994). Someof
them,for instanceROMAFOT andPAWSPHOT, usethe ana-
lytical Moffat functionfor theshapeof thePSF(Moffat1969).
Blecha usesa modified Gaussianprofile and STARMAN a
combinationof a Gaussiananda Lorentzianfunction.RICH-
FLD, WOLF, theLundpackageandCAPELLA employ anem-
pirical PSF. DAOPHOT andHAOPHOT usea semiempirical
PSFconstructedfrom ananalyticalprofile correctedby anar-
ray of differencesbetweenthe instrumentalandmodeledpro-
files.Two otherpackages,INVENTORY (West& Kruszewski
1981, Kruszewski 1989) andDoPHOT (Mateo& Scheechter

1989), performstellarphotometry, andin addition,provide in-
formationon thenature(stellaror extended)of theobject.IN-
VENTORY usesa radial one-dimensionalempiricalPSFand
DoPHOT a modifiedGaussianfor thePSF.

Someprojectsin progressatLundObservatorydealwith chem-
ical evolutionof globularclustersandtheHubbleconstant,the
latterprogramthroughinvestigationsbasedon supergiantstars
in galaxies.This haspromptedthe developmentof the com-
puterprogramPOLYFIT, for photometryof starson luminous
unevenbackgrounds.

2. Basicdata reduction

Of greatimportanceto all photometricwork with CCDimages
is carefulbasicdatareduction,i.e.biassubtraction,darksignal
subtractionandflat fielding. For long exposuretimesremoval
of cosmicray hits usually is necessary. For a more detailed
discussionseefor exampleGilliland (1992) andDebrayet al.
(1994).

3. Derivation of the PSFfr om the image

The PSFof an imageis the light distribution of a point light
sourceon the detector. Thusthe PSFobtainedfrom a ground
basedastronomicalobservationis theimageof a star. Thestar
canberegardedasa point light source.Thelight is convolved
by the turbulencein the atmosphere(the seeing)and instru-
mentalprofile of thetelescope.Theimagecanalsobeaffected
by tracking errors of the telescope.In the caseof a digital
(CCD) imagethe resultingdigital PSFis the continuousPSF
convolvedwith thepixel window.

For all photometricmethodsthatusePSFfitting, carefulderiva-
tion of thePSFis of greatimportance.An erroneousPSFusu-
ally givesriseto systematicphotometricerrors.Therearethree
waysto obtainthe PSF, empirical,analyticalandsemiempir-
ical, i.e. the analyticalprofile is correctedby an arrayof dif-
ferencesbetweenthe instrumentaland the modeledprofiles.
Usually starsare locatedat fractional pixel positions,which
makesinterpolation(suchasbicubicsplineinterpolation)nec-
essarywhen fitting empirical and semi empirical PSFs.This
works fine in the Nyquist range,which for astronomicalim-
agestypically translatesto theconditionFWHM ����� � pixels
(Debrayet. al. 1994). For semiempiricalPSFsthe interpola-
tion errorscanbe madeconsiderablysmallerby interpolating
only the differencesbetweenthe instrumentalprofile and the
analyticalfunction(Stetson1987).

If the starsin the imagearewell sampledit may be possible
to choosea bright, unaffectedandisolatedstaranduseits im-
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Fig. 1. a)Left: A brightPSFstar(FWHM ��� � pixels)from thegalaxyNGC672is shown. b) Right:ThefittedMoffat function(usingMOFFIT)
is shown. Both thestarandtheMoffat functionareover sampleda factor4 for displaypurposes.

ageasa PSF. Thebackgroundmustbecarefullyestimatedand
subtracted.TheempiricalPSFcanbeimprovedby averaginga
numberof individual stellarimages.

Anotherpossibilityis to leastsquaresfit ananalyticalfunction
to a bright, unaffectedand isolatedstar in the image.Sucha
program(MOFFIT), that fits an elliptically symmetricMoffat
function (Moffat 1969) to the star, hasbeendeveloped.The
formulafor sucha functionis:�����! #"�$&%'�)(+*,�.-0/1(32,"4-5/6(+78��"9/6( - �:/1(,;3"9/6(+<=$?>.@
Thecoefficients ( <  �,�8�  A( * areconstantsto befitted.Theshape
of thePSFandespeciallythewidth of the”wings” dependson
the B value.It is difficult numericallyto make anautomaticfit
of B , why an interactive improvementis performed.For most
stars� � B � � . In Figure1 a, a bright PSFstar(FWHM C4� D
pixels) from the galaxyNGC 672 is shown. In Figure1 b the
fitted Moffat function(derivedusingMOFFIT) is shown. Both
thestarandtheMoffat functionareoversampleda factor4 for
displaypurposes.

4. Description of POLYFIT

ThecomputerprogramPOLYFIT, written in C, wasdeveloped
to give accuratephotometryof well sampledstarsalsoon un-
even luminousbackgroundsconsistingof galaxiesor nebulae.
Theprogramcanalsobeusedto removestarsfrom galaxyim-
ages,if thegalaxyitself is therelevantobject.

4.1.Algorithm

In POLYFIT thebackgroundof thestaris modeledwith a two-
dimensionalpolynomial of a degreethat can be set to 0, 1,
2, 3, 4 or 5. A polynomial of degree0 correspondsto a flat

planewhile degree1 correspondsto atilted plane.Higherorder
polynomialscorrespondto morecomplicatedshapesallowing
higher spatialfrequencies.Thereis no specialtheoreticalar-
gumentfor polynomialsasbackgroundestimators(otherfunc-
tions canbeusedaswell) but they areeasyto implementand
experimentsshow that they give quite accurateresultsif the
parametersareproperlytuned.

ThePSFandthebackgroundpolynomialareleastsquaresfitted
simultaneouslyto thestarandthebackgroundin theimage.A
circularmaskis createdfor all EGF=H pixelswith positions �)�I #"�$
insidethefitting radius J+F=H countedfrom thecenterof thestar��� <  K" < $ . The linear equationsystemthenhas E F,H rows of the
form:LNM

O P<,QSRUTSV+QGW (+RXV8�
R " V /6( �8Y5Z[� ���I K"�$&%]\+�)�:/6��<	 K"^/6"�<=$

_�`	a �S-0/b"[- � J -F=H
andfor differentdegrees �dce$ of the polynomial.This equation
systemis solvedusinga standardleastsquaresfit to obtainthe
coefficients (+RXV . ( is the intensityof the starwhenthe PSFis
normalizedto anintegratedintensityof unity. \+���f/g�.<� K"0/g"�<=$
is the image in the position ���h/i�.<� K"g/i"	<=$ . Obviously at
leastasmany equations(i.e. points in the mask)as thereare
coefficients (+RXV in the equation(i.e. jkJ -F,H9l EGF,Hm��Eknpo3qsr ) are
needed.It is possibleto rejectpixelsfrom thefit, pixelsthatde-
viatesmorethana pre-definednumberof standarddeviations�)tu$ from the mean.In the caseof a two-dimensionalpolyno-
mial of degree5, 22 coefficientshave to bedetermined,21 for
the polynomialand1 for the PSF. To have enoughequations
this requiresa fitting radius J F=Hwvyx ����z{j l ��� | pixels. In
practicethe radiusmust be much larger for a properfit. For
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a polynomial of degree0 (i.e. a constant)the radiuscan be
assmall as1 pixel. In the leastsquaresfit the E F=H equations
are equally weighted,but other weighting functionssuchas�{z � J / � $ or �}z � J - / � $ have beentested.Here J is theradius� J F,H from thecenterof thestellarimage.However, brief ex-
perimentsshow thatequalweightingworksbestin mostcases,
which is in agreementwith a theoreticaldiscussionby Mighell
(1989).

To be ableto obtaina sub-pixel positionfor the star the PSF
is bicubically spline-interpolatedto fractionalpixel positions.
This interpolationworkswell for well sampledstars.To obtain
the bestvalueof the stellarmagnitudeandthe positionof the
star, asimple”grid-search”is performedto find thelocal resid-
ual minimum.This grid-searchmeansthat theleastsquaresfit
is performedin every point in a grid ( E1~hE points,normallyE % �

) of a pre-definedsizearoundthe initial positionof the
star. This initial positionmustbe fed to the programandcan
be obtainedfor exampleby usingFINDSTARS (describedin
section5.3).Theimprovedpositionof thestaris thenthegrid-
pointwherethestandarddeviationof theresidualshasthelow-
estvalue.Thepositioncanbe further improvedby decreasing
thegrid sizein morethanonestep.Thisgrid-searchworkswell
in practicebut requiressubstantialcomputertime. POLYFIT
hassomecapabilitiesto make a simultaneousfit of many stars
(in a group)at thesametime,which is importantwhenthetar-
get staris affectedby bright neighbors.POLYFIT is not opti-
mizedfor speed,asit is usuallyusedonly for a smallnumber
of starswith largefitting radius.Theoutputfrom theprogram
containsthe(improved) � and " position,intensity, magnitude,
backgroundlevel, squaresumandcomputationtime for each
starin theinput file.

5. Programsfor comparison

Short descriptionsare given of the photometric programs
DAOPHOT, PLUCY and FINDSTARS that are comparedto
POLYFIT.

5.1.DAOPHOT

DAOPHOT (Stetson1987) is oneof themostpopularphotom-
etry packagesavailable. It is well adaptedfor crowded field
photometryand includesseparateroutinesfor star detection,
aperturephotometryand PSF-fitting.The PSF-fittingroutine
usepositionsfrom the detectionroutineanda semiempirical
PSFconstructedfrom ananalyticalprofile correctedby anar-
ray of differencesbetweenthe instrumentalandmodeledpro-
file. TheinstrumentalPSFis obtainedfrom theimagein a nice
interactiveway. To makethecodeefficient thestarsaredivided
into smallgroupsbeforetheleastsquaresfit is performed.The
backgroundis estimatedfrom thesurroundingof thestars.

5.2.PLUCY

A new methodthatis well adaptedfor photometryon irregular
backgroundsis ”multiple channelphotometricimagerestora-
tion” (Lucy 1993). The programcode is called PLUCY by
Lucy. The methodsplits the image in two parts - one con-
sisting of the starsandoneof the background.The starsare

representedasdeltafunctions.An iterativeoptimizationis per-
formedwhichmaximizesthenormallikelihoodfunctionfor the
point sources.This improvestheaccuracy of themeasuredstar
magnitudes.Initial valuesof thesemagnitudesmustbegiven,
aswell asthepositionsandthePSFof thestars.

5.3.FINDSTARS

FINDSTARSis anew programdevelopedby theauthorfor de-
tectionandphotometryof starsin crowdedfields.FINDSTARS
wasinitially developedto findstarsin crowdedfields.However
thephotometricresultswererathergood,comparingwell with
othercrowdedfield programs(for exampleDAOPHOT). Two
featuresmakeFINDSTARSunique.Firstly it performsa linear
leastsquaresfit of the PSFanda constantbackgroundfor all
pixelsinsidethefitting radiusaroundeachsubpixel positionin
the image.The subpixel stepsizeis normally 1/2, 1/4 or 1/8
pixels.This is equivalentto a fit with POLYFIT with degree0
of the backgroundpolynomial.Secondlythe outputfile from
FINDSTARS (with positionsof most local maxima)is sorted
with a specialprogram(FSORT) to avoid multiple detection
of the stars.This is a simpleconceptthat makesthe program
fastif thefitting radiusis reasonablysmall.FINDSTARS nor-
mally usesbicubicsplineinterpolationto interpolateanempiri-
calPSFto fractionalpixel positions.For undersampledimages
an analyticalMoffat function canbe usedto avoid interpola-
tion.

6. Experiments

It is a complicatedtask to make simulatedimagesof galax-
ies.Therefore,to testPOLYFIT on realisticbackgrounds,sim-
ulatedstarshave beenaddedto observed galaxy imageswith
no or very few real starspresent.This hasbeendonefor the
threegalaxiesNGC 672, NGC 1637andNGC 925, all CCD
imagestaken with the V color filter with the Nordic Optical
Telescope(NOT). In additiontestshave beenmadewith stars
from theimageof theglobular clusterNGC 7790areaddedto
the imageof the galaxyNGC 1637.The photometricresults
with POLYFIT arecomparedto thoseof DAOPHOT, PLUCY
andFINDSTARS. It is difficult to assureoptimalperformance
of externalsoftware.Thereforesuggestionsfrom experienced
DAOPHOT andPLUCY usershave beenadoptedto optimize
theparametersof theseprograms.

6.1.Simulatedstars addedto galaxies

Imagesof thegalaxiesNGC672,NGC1637andNGC925are
shown in Figures2 a, 4 a and6 a. In Figures2 b, 4 b and6
b thesamegalaxiesareshown with simulated(Moffatshaped)
starsadded.The simulatedstarsaremarked with dark rings.
Datafor thesimulatedstarsandtheimagesareshown in Table
1. The simulatedstarshave approximatelythe sameshapeas
real starsin the images,obtainedby fitting a Moffat function
to real starsin the imagesusing the programMOFFIT. The
small areasinsidethegrey frames,in Figure2 b, 4 b and6 b,
areshown in magnifiedscaleto the left in the Figures3 a, 5
a and7 a. The grey scalesin thesefiguresaredifferent from
thoseof the largefiguresto emphasizedetails.Themagnified
areascontainboth simulatedandreal stars.In Figures3 b, 5
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b and7 b theresultingbackgroundimagesareshown afterthe
starshavebeenmeasuredandsubtractedusingPOLYFIT. Only
somefaintresidualsareseen.A fitting radiusof �	� �k�N�!
��� of
thestarsanda polynomialdegreeof 2 wasusedfor POLYFIT.
In Figures3 c, 5 c and7 c theoriginal image(with realstars)
areshown for comparison.

Table 1. Datafor thesimulatedstarsaddedto thegalaxiesNGC 672,
NGC 1637andNGC 925.The imagesizes,numberof stars ���.� , in-
tensityof thestars,FWHM andMoffat � aregiven.

Galaxy Image � Intens FWHM FWHM �
size (ADU) (pixels) (”)

NGC 672 ���3�=� �=� �3�=�,�=�,� �	� � �	� �,� ��� �
NGC 1637 �?�=�,�}� �,� �=�8�=�,� �	� � �	� �,� �	� �
NGC 925 �?�=�,� � �=� �=�8�=�,� �?�	� � ��� �,� ��� �

6.1.1.Theaccuracy of POLYFIT

The simulatedstarsaddedto NGC 672,NGC 1637andNGC
925 weremeasuredusingPOLYFIT for differentfitting radii
anddifferentdegreeof thebackgroundpolynomial.Thefitting
radiuswasvariedin therange�}z	� � ��
����� J8F,H � � � ��
���
andthepolynomialdegreewasvariedbetween0 and5. For the
PSFsMoffat functionswith datafrom Table1 wereused.As
seenfromTable1all thesimulatedstarsin eachgalaxyhavethe
sameintensity. Theresultsfor thedifferentgalaxiesareshown
in Figures8, 9 and10. In the upperdiagrams(a) the average
magnitudeoffsetsas function of fitting radiusand degreeof
the polynomial are shown. Here also the different line types
for differentdegreeof thepolynomial(0–5)areshown. In the
middlediagrams(b) thestandarddeviations �dtu$ in magnitude
of thestarsasfunctionof fitting radiusanddegreeof thepoly-
nomialareshown. Finally, in thelowerdiagrams(c) themaxi-
mummagnitudeerrors(bothpositiveandnegative)asfunction
of fitting radiusanddegreeof thepolynomialareshown.

Looking at Figures8, 9 and10 it is interestingto notethat the
curvesfor differentpolynomialdegreesfollow eachotherin the
pairs(2,3)and(4,5) for t andthemaximumerror. Thereason
for this is that the PSFrepresentsan even function (with re-
spectto thecenterof thestar)andthepolynomialswith oddde-
greesrepresentoddfunctions.Thusthecorrelationcoefficients
betweenthe intensity of the star (i.e. the coefficient ( in the
PSFterm)andthecoefficientsof theoddpolynomialtermsare
small.This meansthat the coefficientsof the odd polynomial
termscanhave largevalueswithout affectingtheintensitysig-
nificantly. Theresultis theobservedeffectthatthepolynomials
with evenandodddegree,in thepairs(2,3)and(4,5),give ap-
proximatelythe sameintensityvalues.The residualshowever
decreasewith higherpolynomialdegree,which doesnot im-
ply that the intensity valuesimprove. The pair effect is seen
also for the simulatedstarsaddedto the imageof NGC 672
for polynomialdegree0 and1 (Figure8 b andc). For NGC
1637andNGC 925oneor a few simulatedstarshave beener-
roneouslymeasuredfor thesepolynomialdegreesbecausethe
starsarelocatedon very unevenbackgrounds.Thus t andthe

maximumerrorshow largedeviationsin thesecases(Figure9
b andd andFigure10 b andd). The positive maximumerror
curve for NGC 1637is above the diagramlimits (Figure9 c).
Thediagramsshow that theerrorsaresignificantlysmallerfor
higherorderpolynomials.

Somegeneralconclusionscanbedrawnfrom inspectionof Fig-
ures8, 9 and10. The errorsfor higherorderpolynomialsare
large for small fitting radii anddecreasefor larger radii. The
reasonfor this is that thereare too few points E F=H to make a
properfit if the radiusis small.The errorsfor polynomialde-
grees0 and1 increasewith thefitting radiusdependingon dif-
ficulties to fit to anunevenbackground.Looking at t it seems
possibleto usea low orderpolynomialanda small fitting ra-
diusto getagoodfit. Howeverthemaximumerrorsaresmaller
if ahigherorderpolynomialandalargerfitting radiusareused.
For the well sampledPSFsusedherea goodrule of thumbis
to usea fitting radius J8F,H % �	� �:����
��� anda background
polynomialof degree2 or 3.

6.1.2.Comparisonwith otherprograms

POLYFIT wascomparedwith DAOPHOT, PLUCY andFIND-
STARSfor thesimulatedstarsin thethreegalaxyimagesmen-
tionedabove.Theparametersfor POLYFIT (i.e. thefitting ra-
dius for the starsand degreeof the backgroundpolynomial)
areshown in Table2. For comparisontwo differentmeasure-
mentswith POLYFIT have beenperformedfor eachgalaxy.
The first measurement(labeledPOLYFIT 1) useoptimal pa-
rametersfrom Figures8, 9 and10. The secondmeasurement
(labeledPOLYFIT 2) usetheruleof thumb J+F=H % �	� ���d��
���
of thestarsanda polynomialdegreeof 2. Theotherprograms
shouldbe comparedto the POLYFIT 2 measurements,which
correspondsto realisticcaseswhennooptimizationis possible.
Thefitting radiusfor FINDSTARSwasequalto FWHM of the
stars.

Thephotometricresults,magnitudeoffset, t andmaximumer-
ror, for POLYFIT, DAOPHOT, PLUCY andFINDSTARS for
thesimulatedstarsin thethreegalaxyimagesareshown in Ta-
ble 3. The magnitudeoffsetsfor DAOPHOT arefloating and
could not be determined.It wasnot possibleto directly mea-
surethe simulatedstarsaddedto NGC 925 with DAOPHOT
becauseof the largeFWHM (19 pixels)of thePSF. Therefore
the imagewassubsampleda factorof 2 beforemeasurement
with thisprogram.Themeasurementswith POLYFIT usingthe
rule of thumb J+F=H % �	� �^�=��
��� of thestarsagreevery well
with theoptimalcasesfor NGC1637andNGC925.For NGC
672a fitting radiusof approximately�	� � �,��
��� of thestars
givesbetterresult.
In Figure11 logarithmicmagnitudeerrordiagramsareshown
for comparisonbetweenPOLYFIT and the other programs
(DAOPHOT, PLUCY and FINDSTARS) for simulatedstars
addedto thegalaxiesNGC672(a,bandc),NGC1637(d,eand
f) andNGC925(g,h andi). Thestarsarerepresentedbycircles
in thediagrams.Starswith errorsabovethediagonallinesgive
betterfits for POLYFIT andstarswith errorsbelow the diag-
onal line give betterfits for theotherprograms.As mentioned
aboveafitting radiusof �	� ���+��
��� andapolynomialdegree
of 2 wereusedfor POLYFIT. It seemsobviousthatPOLYFIT
performsbetterthantheotherprogramsfor moststars.Asmen-
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Table2.Theparametersfor POLYFIT (i.e.thefitting radius(in pixels)
andthedegreeof thebackgroundpolynomial(deg)) for thesimulated
starsin thethreegalaxyimagesareshown. POLYFIT 1 shows theop-
timal parametersobtainedfrom theFigures8, 9 and10andPOLYFIT
2 showstheparametersgivenby theruleof thumb �3�3�I���=� �4���S�b���
of thestarsanda polynomialdegreeof 2. TheFWHM (in pixels) of
thestarsand �3�3�s�,�S�b��� arealsogiven.

Galaxy Program �S����� �3�3� �d� � � ,¡�¢[£ deg
NGC 672 POLYFIT 1 �	� � ��� � ��� �=� �
NGC 672 POLYFIT 2 �	� � �3��� � �,� ¤=¤ �
NGC 1637 POLYFIT 1 �	� � �?¤	� � �,� �=� �
NGC 1637 POLYFIT 2 �	� � �+�{� � �,� �,� �
NGC 925 POLYFIT 1 �?�	� � �,��� � �,� �=� �
NGC 925 POLYFIT 2 �?�	� � �,��� � �,� ¤{� �
Table 3. Photometricresults from measurementswith POLYFIT,
DAOPHOT, PLUCY andFINDSTARSof simulatedstarsaddedto the
galaxiesNGC 672, NGC 1637and NGC 925. The offset, ¥ , maxi-
mum andminimum errors(max andmin) are given in magnitudes.
POLYFIT 1 shows resultsfrom measurementswith optimalparame-
tersobtainedfrom theFigures8, 9 and10 andPOLYFIT 2 shows re-
sultsfrom measurementswith parametersgivenby therule of thumb� �3� �¦�=� ���{�S����� of the starsanda polynomialdegreeof 2. The
offset for DAOPHOT is floatingandcouldnot bedetermined.It was
notpossibleto directlymeasurethesimulatedstarsaddedto NGC925
with DAOPHOT becauseof the largeFWHM (19 pixels)of thePSF.
Thereforethe imagewassubsampleda factorof 2 beforemeasure-
mentwith thisprogram.

Galaxy Method Offset ¥ Max Min
NGC 672 POLYFIT 1 �	� �=��� �	� �=�8¤ �	� �}�+¤ §&�	� �=¨��
NGC 672 POLYFIT 2 §&�	� �=�,� �	� �}�8¨ �	� �}�,� §&�	�X�+�,�
NGC 672 DAOPHOT — �	�X�3�,¨ �	�X�+�{� §&�	� �,�=�
NGC 672 PLUCY �	� �=�8¤ �	� �=�=� �	�X�+�8¨ §&�	� �,�,�
NGC 672 FINDSTARS §&�	� �=�,� �	� �}�{� �	� �=�=� §&�	�X�3�,�
NGC 1637 POLYFIT 1 §&�	� �=�=� �	� �}�,� �	� �=¨,� §&�	� �}�+¤
NGC 1637 POLYFIT 2 §&�	� �=�=� �	� �}�8� �	� �}�8� §&�	� �=¨=�
NGC 1637 DAOPHOT — �	� �=�,� �	� �,�8¤ §&�	� ¤{�8¨
NGC 1637 PLUCY �	� �=�,� �	� �}�8� �	�X�3¨=� §&�	� �}�8�
NGC 1637 FINDSTARS §&�	� �=��� �	� �}�8� �	� �=�,� §&�	� �=¨=�
NGC 925 POLYFIT 1 �	� �=�=� �	� �}�{� �	�X�+�8� §&�	�X�3�,�
NGC 925 POLYFIT 2 �	� �	�,� �	� �}�,� �	�X�+�8� §&�	�X�+�8�
NGC 925 DAOPHOT — �	� �=¨,� �	� �}�8� §&�	� �,¤}�
NGC 925 PLUCY �	� �=¨,¨ �	� �=¨=� �=� �=�{� §&�	� ¨,¤=�
NGC 925 FINDSTARS �	� �	�3� �	� �}�8� �	�X�+�+¤ §&�	�X�+�{�
tionedabove the imageof NGC 925wassubsampleda factor
of 2 beforemeasurementwith DAOPHOT.

6.2.Openclusterstarsaddedto a galaxy

The last experimentto testPOLYFIT andto compareit with
DAOPHOT, PLUCY and also FINDSTARS was to measure
starsfrom the openclusterNGC 7790addedto the imageof
the galaxyNGC 1637,thusobtainingobservedstarson a ob-

servedgalaxybackground.Theopenclusteris shown in Figure
12 a. In Figure12 b, themeasuredstarsaremarkedwith white
rings. The imageof NGC 7790wasdivided into four pieces
of equalsize.The pieceswere thendiagonallyshifted to get
more starsin the centralpart of the image,wherethe corre-
spondingpartof thegalaxyimageis moreuneven.This is the
reasonwhy somestarimagesarecut. The imagesweretaken
with theNordic OpticalTelescope(NOT) with theV color fil-
ter and200 s exposuretime. The imagesize is �,���	�g~©�,�	���
pixels.To enablemeasurementof thestatisticalerrorthreedif-
ferent exposuresof NGC 7790 were addedseparatelyto the
imageof thegalaxyNGC1637.TheFWHMsof thestarsin the
threeimageswere10.9,10.9and12.5pixelsrespectively. The
starsin the threeimageswerethenmeasuredusingPOLYFIT
andthe programsfor comparison.The averageof thesethree
measurements,for eachstar, andeachmethod,wasthenused
astheresultingmagnitude.ThegalaxyNGC 1637is shown in
Figure12 c. In Figure12 d, the galaxywith oneof the open
clusterNGC7790imagesaddedis shown. Themeasuredopen
clusterstarsaremarkedwith white rings.Theareasinsidethe
smallwhite frames(A–D) areshown in magnifiedscalein Fig-
ures15–18.To getmasterdatafor comparison,thestarsin the
threeopenclusterimages(without galaxybackground)were
measuredusing POLYFIT. Theseimagesare simple to mea-
sure,with well separatedstars,resultingin goodphotometric
accuracy. The initial positionsof the 77 stars,for POLYFIT
andPLUCY, weretakenfrom earlierwork with theopenclus-
tersimages.Thesepositionswereappliedto thecombinedim-
ages.The positionscouldequallywell have beenobtainedby
DAOPHOT or FINDSTARS.PSFsfor POLYFIT, PLUCY and
FINDSTARS wereobtainedfrom imagesof bright starsfrom
the opencluster. ThePSFswerecenteredandthebackground
subtracted.The PSFsfor DAOPHOT wereobtainedfrom the
openclusterimagesandthenusedon thecombinedimages.

6.2.1.Polynomialdegreeof POLYFIT

In the logarithmicmagnitudeerror diagramsin Figure13 a, c
ande,POLYFIT iscomparedwith itself for differentdegree(1–
4) of thebackgroundpolynomialfor the77teststarsin theopen
clustersuperimposedon the galaxy images.The areasof the
circlesareproportionalto the intensitiesof thestars.Thebest
resultsfrom polynomialsof degree2 are comparedto those
from polynomialswith degrees1, 3 and 4 in Figure 13 a, c
and e respectively. In the diagramsstarsabove the diagonal
linesgivebetterfits for polynomialdegree2andstarsbelow the
diagonallinesgivebetterfits for theotherpolynomialdegrees.
Polynomialdegree3 is equallygoodas2 for moststars.This
is due to the pair-wise effect describedin Section6.1.1.The
fitting radiuswas18pixels( ª��	� �S����
��� of thestars).Thisis
equalto theradiusof thewhite ringsaroundthestarsin Figure
12 b andd. Polynomialdegree0 givesapproximatelythesame
resultas1, anddegree5 giveapproximatelythesameresultas
4.

6.2.2.Comparisonwith someotherprograms

In the logarithmic magnitudeerror diagramsin Figure 13 b,
d andf, resultsfrom POLYFIT (degree2) arecomparedwith
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thoseof DAOPHOT, PLUCY andFINDSTARSfor thestarsin
thecombinedopenclusterplusgalaxyimages.Theareasof the
circlesareproportionalto theintensitiesof thestars.In thedi-
agramsstarsabovethediagonallinesgivebetterfits for POLY-
FIT degree2 andstarsbelow thediagonallinesgive betterfits
for theotherprograms.In all threecasesPOLYFIT givesbet-
ter resultsfor moststars.Noneof theprogramswith automatic
stardetectionfoundall the77stars.DAOPHOT found61 stars
andFINDSTARS70 stars,thusindicatingthatFINDSTARSis
superiorfor detectionof starson irregularbackgrounds.Mea-
surementwith FINDSTARSis equivalentto measurementwith
POLYFIT with degree0 of the backgroundpolynomial.The
fitting radii for POLYFIT and FINDSTARS were 18 pixels,
which is ª���� �«�8��
��� of thestars.Thefractionof starsthat
havemagnitudeerrorsworseor betterto POLYFIT �)¬m$ for the
different programs ��®$ are shown in Table 5. One star was
excludedfrom the measurementwith POLYFIT andPLUCY
becausethestellarimageoverlap.

Table 4. The fractionof starsin theopenclusterplusgalaxyimages
that have magnitudeerrorsworse ��¯±°'²³� or better ��¯µ´'²¶� to
POLYFIT ��¯f� for thedifferentprograms��²³� areshown.

Nr of ¯©°h² ¯]´·²² stars % %
DAOPHOT ¨�� �8�	� � �8�	� �
PLUCY �8¨ ���=� � �?�	� �
FINDSTARS �8� �8�	� � �,�	� �

6.2.3.Magnitudeoffsetsandstandarddeviations

In Figure14 the magnitudeoffset and the standarddeviationt for the three measurementsfor 59 stars in the combined
openclusterplus galaxy imagesare presentedfor POLYFIT
(degree2) (a), DAOPHOT (b), PLUCY (c) andFINDSTARS
(d). Thezero-pointfor themagnitudescaleis 100ADU. This
meansthat magnitude ¸ � correspondsto an intensity of ap-
proximately10000ADU. The magnitudeoffset for a star is
theaverageof thethreeopenclusterplusgalaxymeasurements
subtractedwith theaverageof thePOLYFIT measurementsof
the openclusterimages.The error barsrepresent¹ t for the
threeopenclusterplusgalaxymeasurementsfor eachstar. All
the 77 starswere measuredwith POLYFIT and PLUCY. As
mentionedearliertheinitial positionsof thestarswereobtained
from earlierdata.Not all the 77 starswere found by the au-
tomatic programs.70 starswere found by FINDSTARS and
61 starsby DAOPHOT. Only theresultsfrom 59 starsthatare
commonto all four programsarepresentedin Figure14. The
remainingstarswould probablynot be found at all in a case
with no positionsobtainedfrom the openclusterimagewith
flat background.

Themagnitudeoffsetsfor POLYFIT (degree2) show thebest
results,asfoundalsofrom thelogarithmicmagnitudeerrordi-
agrams.Regardingthe standarddeviations in the threemea-
surementsfor eachstar, POLYFIT andFINDSTARSshow rel-

atively small t (smallerrorbars).The t foundby DAOPHOT
andPLUCY aresomewhatlarger.

6.2.4.Someresidualimages

To give someexamplesof residualimagesobtainedby POLY-
FIT, DAOPHOT, FINDSTARS and PLUCY, the four small
white frames(A, B, C andD) in Figure12d areshown in mag-
nified scalein Figures15, 16 and17 and18. For thesefigures
residualimagemeansthegalaxyplusopenclusterimageminus
themeasuredstarandthegalaxyimage.Theframeshaveasize
of
� �º~ � � pixels.Every framecontainsonemeasuredstar. All

the threedifferentopenclusterplus galaxyimagesareshown
for eachframe.Countedfrom the left, in Figures15–18,the
first columnshows the small openclusterplus galaxyframes
(including the measuredstar).The secondcolumnshows the
truegalaxybackgroundwithout theopenclusterstar. Thethird
column representsthe residualimageobtainedby POLYFIT
(degree2). The fourth columnrepresentsthe residualimages
obtainedby DAOPHOT. The fifth columnshows the residual
imagesobtainedwith FINDSTARS. Finally the sixth column
shows theresidualimagesobtainedby PLUCY.

From inspectionof Figures15–18 someresultsseemclear.
The measuredtarget starsarerelatively faint dueto the large
FWHM ( l �	� pixels).Thebackgroundsfor thetargetstarsare
difficult (andaffectedby nearbystars).Theresidualsobtained
byPOLYFIT aresmall,indicatingagoodfit. DAOPHOT shows
somewhatlargerresidualsthanPOLYFIT. FINDSTARSshows
larger residualsthan POLYFIT but smaller than DAOPHOT.
Theresidualimagesobtainedby PLUCY look noisydueto the
fact that theprogramsmoothesthebackgroundimageusinga
Gaussianfilter.

The intensity » (ADU) of eachstarandthe magnitudeerrors
obtainedwith thefour programsareshown in Table5.

Table 5. Theintensity ¼ (ADU) of eachstar(A–D in Figures15–18)
andthemagnitudeerrors �)½�¾¶� obtainedwith POLYFIT, DAOPHOT,
FINDSTARSandPLUCY areshown.

POLYF DAOPH FINDS PLUCY
Star ¼ ½�¾ ½�¾ ½�¾ ½�¾
A �+�8¨=�,� �	� �	�,� �	� �	�?� �	�X�3�,� �	� �=�8¤
B �,�,�=�,� §&�	� �=�,� �	� �,�,� �	�X�3�,� §&�	� �,�=�
C �,�=�,�,� �	� �}�8� §&�	� �,¨�� §&�	� �}�+¤ §&�	�X�3�8¤
D �}�{�3�,� §&�	� �=�=� �	�X�?¤=� �	� �	�?� §&�	� �=�=�
As seenfrom theresiduals,themagnitudeerrorsobtainedwith
POLYFIT aresmallerthanthosefor theotherprogramsin most
cases.

7. Discussion

This paperhasdiscussedthe programPOLYFIT for photom-
etry of well sampledisolatedstarson irregular backgrounds.
Theprogramcanalsobeusedto removestarsfrom galaxyim-
ages,if the galaxy itself is the relevant object.The program
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usesPSF-fittingandfits a two-dimensionalpolynomialof de-
gree0–5 to the backgroundin the image.As a rule of thumb
a fitting radiusof �	� �¶�4��
��� of the imageof the star and
a polynomialdegreeof 2 or 3 give the bestresults.An inter-
estingmodificationof theprogramwould beto make anauto-
maticoptimizationof thefitting radiusandpolynomialdegree.
Testswith simulatedandobservedwell sampledstellarimages
addedto observed galaxy backgroundsshow that POLYFIT
givesphotometricresultsthat aresuperiorto thoseproduced
by DAOPHOT, PLUCY andFINDSTARS.Photometricerrors
smaller than ��� � � magnitudesare obtainedfor most starsin
theseimages.
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