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Abstract. The programPOLYFIT hasbeendevelopedto per

form photometryof well sampledstarson luminousuneven
backgroundsconsistingof nelulae or galaxies.The program
can also be usedto remove starsfrom galaxyimages,if the
galaxyitself is the relevant object. The programusesempiri-

cal PSFsdefinedfrom the stellarimage.POLYFIT performsa
simultaneoudeastsquaredit of the PSFto the imageof the
staranda two-dimensionapolynomial (of degree< 5) to the
backgroundDetectionand approximatepositionsof the stars
in theimagearemadeavailableby a separateoutine.As arule

of thumba fitting radiusof 1.5 - FWHM of theimageof the
starand a polynomial degree of 2 or 3 give the bestresults.
Comparatie testsusingsimulatedand obsened well sampled
stellarimagesaddedo obsenedgalaxybackgroundshow that
POLYFIT givesphotometriaesultssuperiorto thoseproduced
by somemajor photometrypackagewidely available.Photo-
metric errors smallerthan 0.05 magnitudesare obtainedfor

moststarsin theseimages.

1. Intr oduction

Moderndetectors.e. ChagedCoupledDevices(CCD),andin-
creasingpower of computershave stimulateddevelopmentof
mary, moreor lessautomaticmethodsfor detectionandpho-
tometryof starsin astronomicalmages.Commonto all of the
methodss thatthey fit anempiricalor analyticalPointSpread
Function(PSF)to the stellarimages.The backgrounds usu-
ally estimatedrom the surroundingof the starsor simultane-
ouswith the PSFit.

Examplesof reductionpackagesare RICHFLD (Tody 1980,
the Auriere & Cordoni (1981) package,ROMAFOT (Buo-
nannoet al. 1980 1983, Blechas (1984 software, STAR-
MAN (Penry & Dickens 1989, WOLF (Lupton & Gunn
1986, DAOPHOT (Stetson1987, HAOPHOT (Gilliland &
Brown 1988, PAWSPHO (Mighell 1989, TheLund package
(Linde 1989 and CAPELLA (Debrayet. al. 1994). Someof
them, for instanceROMAFOT andPAWSPHAQ, usethe ana-
lytical Moffatfunctionfor the shapeof the PSF(Moffat1969.
Blecha usesa modified Gaussianprofile and STARMAN a
combinationof a Gaussiaranda Lorentzianfunction. RICH-
FLD, WOLF, theLund packageandCAPELLA employ anem-
pirical PSF DAOPHOT andHAOPHOT usea semiempirical
PSFconstructedrom an analyticalprofile correctedby anar-
ray of differencedetweenthe instrumentabndmodeledpro-
files. Two otherpackagesINVENTORY (West& Kruszavski
1981, Kruszevski 1989 and DoPHOT (Mateo & Scheechter

1989, performstellarphotometryandin addition,providein-
formationon the nature(stellaror extended)of the object.IN-
VENTORY usesa radial one-dimensionaémpirical PSFand
DoPHOT a modifiedGaussiarfor the PSE

Someprojectsin progresatLund Obsenatorydealwith chem-
ical evolution of globular clustersandthe Hubbleconstantthe
latter programthroughinvestigationdasedn supegiantstars
in galaxies.This has promptedthe developmentof the com-
puterprogramPOLYFIT, for photometryof starson luminous
unevenbackgrounds.

2. Basicdata reduction

Of greatimportanceo all photometriovork with CCDimages
is carefulbasicdatareduction,.e. biassubtractiondark signal
subtractionandflat fielding. For long exposuretimesremoval

of cosmicray hits usually is necessaryFor a more detailed
discussiorseefor exampleGilliland (1992 andDebrayet al.

(19949.

3. Derivation of the PSFfrom the image

The PSFof animageis the light distribution of a point light
sourceon the detector Thusthe PSFobtainedfrom a ground
basedastronomicabbsenationis theimageof a star Thestar
canberegardedasa point light source . Thelight is cornvolved
by the turbulencein the atmospherdthe seeing)and instru-
mentalprofile of thetelescopeTheimagecanalsobe affected
by tracking errors of the telescopeln the caseof a digital
(CCD) imagethe resultingdigital PSFis the continuousPSF
convolvedwith the pixel window.

For all photometrianethodghatuseP SHitting, carefulderiva-
tion of the PSFis of greatimportance An erroneous?SFusu-
ally givesriseto systematighotometricerrors.Therearethree
waysto obtainthe PSE empirical,analyticaland semiempir

ical, i.e. the analyticalprofile is correctedby an array of dif-

ferencesbetweenthe instrumentaland the modeledprofiles.
Usually starsare locatedat fractional pixel positions,which
malesinterpolation(suchasbicubic splineinterpolation)nec-
essarywhen fitting empirical and semi empirical PSFs.This
works fine in the Nyquist range,which for astronomicaim-

agestypically translatego the conditionFWHM > 2.4 pixels
(Debrayet. al. 1994. For semiempirical PSFsthe interpola-
tion errorscanbe madeconsiderablysmallerby interpolating
only the differencesbetweenthe instrumentalprofile and the
analyticalfunction (Stetsonl987).

If the starsin the imagearewell sampledit may be possible
to choosea bright, unafectedandisolatedstaranduseits im-
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Fig. 1.a)Left: A brightPSFstar(FWHM 7.8 pixels)from thegalaxyNGC 672is shavn. b) Right: Thefitted Moffat function (usingMOFFIT)
is shavn. Both the starandthe Moffat functionareover sampleda factor4 for displaypurposes.

ageasa PSF Thebackgroundnustbe carefully estimatedand
subtractedTheempiricalPSFcanbeimprovedby averaginga
numberof individual stellarimages.

Anotherpossibilityis to leastsquaredit ananalyticalfunction
to a bright, unafectedandisolatedstarin the image.Sucha
program(MOFFIT), thatfits an elliptically symmetricMoffat
function (Moffat 1969 to the star hasbeendeveloped.The
formulafor suchafunctionis:

m(z,y) = (csx® + cay? + csxy + c2x + c1y + o) P
Thecoeficientscy, . . . , c5 areconstantso befitted. Theshape
of the PSFandespeciallythe width of the "wings” depend®n
the 8 value.It is difficult numericallyto make an automaticfit
of 3, why aninteractve improvementis performed.For most
stars2 < 8 < 4. In Figurel a, a bright PSFstar(FWHM 7.8
pixels) from the galaxyNGC 672is shown. In Figure1 b the
fitted Moffatfunction (dervedusingMOFFIT) is shovn. Both
the starandthe Moffat functionareover sampledafactor4 for
displaypurposes.

4. Description of POLYFIT

ThecomputemprogramPOLYFIT, writtenin C, wasdeveloped
to give accuratgphotometryof well sampledstarsalsoon un-
evenluminousbackgroundgonsistingof galaxiesor netulae.
The programcanalsobe usedto remove starsfrom galaxyim-
agesijf thegalaxyitself is therelevantobject.

4.1. Algorithm

In POLYFIT thebackgroundf the staris modeledwith atwo-
dimensionalpolynomial of a degreethat canbe setto 0, 1,
2, 3, 4 or 5. A polynomial of degree0 correspondgo a flat

planewhile degreel correspondto atilted plane Higherorder
polynomialscorrespondo morecomplicatedshapesallowing
higher spatialfrequenciesThereis no specialtheoreticalar
gumentfor polynomialsasbackgroundestimatorgotherfunc-
tions canbe usedaswell) but they areeasyto implementand
experimentsshow that they give quite accurateresultsif the
parameterareproperlytuned.

ThePSFandthebackgroungolynomialareleastsquareditted
simultaneouslyo the starandthe backgroundn theimage.A
circularmaskis createdor all ng, pixelswith positions(x, y)
insidethefitting radiusrg; countedfrom the centerof the star
(o0, y0). Thelinear equationsystemthenhasng; rows of the
form:

> cya'y! +c-PSF(z,y) =1(z + 20,y + o)
0<ifi<d
for 2 +y* < rf,

andfor differentdegrees(d)of the polynomial. This equation
systemis solved usinga standardeastsquaredit to obtainthe
coeficientsc;;. c is the intensity of the starwhenthe PSFis
normalizedo anintegratedintensityof unity. I(z + zq, y + vo)
is the imagein the position (z + 2o,y + yo). Obviously at
leastas mary equationg(i.e. pointsin the mask)asthereare
coeficientse;; in the equation(i.e. 7rZ, ~ nay > Neoesr) are
neededlt is possibleto rejectpixelsfrom thefit, pixelsthatde-
viatesmorethana pre-definechumberof standarddeviations
(o) from the mean.In the caseof a two-dimensionapolyno-
mial of degreeb, 22 coeficientshave to be determined?1 for
the polynomialand 1 for the PSF To have enoughequations
this requiresa fitting radiusrsy > /22/m ~ 2.6 pixels.In
practicethe radiusmustbe much larger for a properfit. For
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a polynomial of degreeO (i.e. a constant)the radiuscan be
assmallas1 pixel. In the leastsquaredit the ngy equations
are equally weighted,but other weighting functions such as
1/(r + 1) or1/(r? + 1) have beentested Herer is theradius
< rg from the centerof the stellarimage.However, brief ex-
perimentsshav thatequalweightingworksbestin mostcases,
whichis in agreementvith atheoreticaldiscussiorby Mighell
(1989.

To be ableto obtaina sub-pixel positionfor the starthe PSF
is bicubically spline-interpolatedo fractional pixel positions.
Thisinterpolationworkswell for well sampledstars.To obtain
the bestvalueof the stellarmagnitudeandthe position of the
star asimple”grid-search”is performedo find thelocal resid-
ual minimum. This grid-searchmeanghatthe leastsquaredit
is performedin every pointin a grid (n x n points,normally
n = 5) of a pre-definedsize aroundthe initial positionof the
star This initial positionmustbe fed to the programand can
be obtainedfor exampleby using FINDSTARS (describedn
section5.3). Theimprovedpositionof the staris thenthegrid-
pointwherethe standardieviation of theresidualshasthelow-
estvalue.The positioncanbe furtherimproved by decreasing
thegrid sizein morethanonestep.This grid-searclworkswell
in practicebut requiressubstantiacomputertime. POLYFIT
hassomecapabilitiesto make a simultaneousit of mary stars
(in agroup)atthe sametime, whichis importantwhenthetar
getstaris affectedby bright neighbors POLYFIT is not opti-
mizedfor speedasit is usuallyusedonly for a smallnumber
of starswith largefitting radius.The outputfrom the program
containghe (improved)z andy position,intensity magnitude,
backgroundevel, squaresumand computatiortime for each
starin theinputfile.

5. Programsfor comparison

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

5.1.DAOPHOT

DAOPHOT (Stetsoril987) is oneof the mostpopularphotom-
etry packagesavailable. It is well adaptedfor crowded field

photometryand includesseparataoutinesfor star detection,
aperturephotometryand PSF-fitting. The PSF-fitting routine
usepositionsfrom the detectionroutine and a semiempirical
PSFconstructedrom an analyticalprofile correctedby anar-

ray of differencesetweerthe instrumentaland modeledpro-

file. TheinstrumentaPSFis obtainedrom theimagein anice
interactve way. To make the codeefficientthestarsaredivided
into smallgroupsbeforetheleastsquaredit is performedThe
backgrounds estimatedrom the surroundingof the stars.

5.2.PLUCY

A new methodthatis well adaptedor photometryonirregular
backgroundss "multiple channelphotometricimagerestora-
tion” (Lucy 1993. The programcodeis called PLUCY by
Lucy. The methodsplits the imagein two parts- one con-
sisting of the starsand one of the backgroundThe starsare

representedsdeltafunctions.An iterative optimizationis per
formedwhichmaximizeghenormallik elihoodfunctionfor the
pointsourcesThisimprovestheaccuray of themeasuredtar
magnitudesinitial valuesof thesemagnitudesnustbe given,
aswell asthe positionsandthe PSFof the stars.

5.3.FINDSTARS

FINDSTARS s anew programdevelopedby theauthorfor de-
tectionandphotometryof starsin crowdedfields.FINDSTARS

wasinitially developedto find starsin crowdedfields.However
the photometricresultswererathergood,comparingwell with

othercrowdedfield programs(for exampleDAOPHQOT). Two

featureamake FINDSTARS unique.Firstly it performsalinear
leastsquaredit of the PSFanda constantbackgroundor all

pixelsinsidethefitting radiusaroundeachsubpixel positionin

theimage.The subpixel stepsizeis normally 1/2, 1/4 or 1/8

pixels. Thisis equivalentto a fit with POLYFIT with degree0

of the backgroundpolynomial. Secondlythe outputfile from

FINDSTARS (with positionsof mostlocal maxima)is sorted
with a specialprogram(FSOR) to avoid multiple detection
of the stars.This is a simple conceptthat makesthe program
fastif thefitting radiusis reasonablysmall. FINDSTARS nor-

mally usesicubicsplineinterpolationto interpolateanempiri-

cal PSFto fractionalpixel positions For undersampledmages
an analyticalMoffat function can be usedto avoid interpola-
tion.

6. Experiments

It is a complicatedtask to make simulatedimagesof galax-
ies.Thereforeto testPOLYFIT onrealistichackgroundssim-
ulatedstarshave beenaddedto obsened galaxyimageswith
no or very few real starspresent.This hasbeendonefor the
threegalaxiesNGC 672, NGC 1637and NGC 925, all CCD
imagestaken with the V color filter with the Nordic Optical
TelescopdNOT). In additiontestshave beenmadewith stars
from theimageof the globular clusterNGC 7790areaddedto
the image of the galaxy NGC 1637. The photometricresults
with POLYFIT arecomparedo thoseof DAOPHOT, PLUCY
andFINDSTARS. It is difficult to assureoptimal performance
of external software. Thereforesuggestiongrom experienced
DAOPHOT andPLUCY usershave beenadoptedo optimize
the parametersf theseprograms.

6.1.Simulatedstars addedto galaxies

Imagesof thegalaxiesNGC 672,NGC 1637andNGC 925are
shawvn in Figures2 a, 4 aand6 a. In Figures2 b, 4 b and6
b the samegalaxiesareshavn with simulatedMoffat shaped)
starsadded.The simulatedstarsare marked with dark rings.
Datafor the simulatedstarsandtheimagesareshavn 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 areasinsidethe grey frames,in Figure2 b, 4 b and6 b,
areshavn in magnifiedscaleto the left in the Figures3 a, 5
aand7 a. The grey scalesin thesefiguresare differentfrom
thoseof the large figuresto emphasizaletails. The magnified
areascontainboth simulatedandreal stars.In Figures3 b, 5
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b and7 b theresultingbackgroundmagesareshown afterthe
starshave beermeasure@ndsubtractedisingPOLYFIT. Only
somefaintresidualsareseenA fitting radiusof 1.5-FWHM of
the starsanda polynomialdegreeof 2 wasusedfor POLYFIT.
In Figures3 c, 5 c and7 c the original image(with real stars)
areshown for comparison.

Table 1. Datafor the simulatedstarsaddecto the galaxiesNGC 672,
NGC 1637andNGC 925. Theimagesizes,numberof stars(n), in-
tensityof the stars F'WHM andMoffat 8 aregiven.

Galaxy Image n Intens FWHM FWHM B
size (ADU)  (pixels) )

NGC 672 5127 22 100000 9.0 099 25

NGC1637 1000> 78 25000 8.0 0.88 3.0

NGC 925 10002 30 25000 19.0 2.09 2.2

6.1.1.Theaccuray of POLYFIT

The simulatedstarsaddedto NGC 672,NGC 1637andNGC
925 were measurediusing POLYFIT for differentfitting radii
anddifferentdegreeof the backgroundolynomial. Thefitting
radiuswasvariedin therangel /2. FWHM < rg;, < 2.FWHM
andthe polynomialdegreewasvariedbetweer0 and5. For the
PSFsMoffat functionswith datafrom Table 1 wereused.As
seerfrom Tablel all thesimulatedstarsin eachgalaxyhavethe
sameintensity Theresultsfor the differentgalaxiesareshavn
in Figures8, 9 and 10. In the upperdiagrams(a) the average
magnitudeoffsetsas function of fitting radiusand degree of
the polynomial are showvn. Here also the differentline types
for differentdegreeof the polynomial (0-5) areshown. In the
middle diagramg(b) the standardeviations (o) in magnitude
of the starsasfunction of fitting radiusanddegreeof the poly-
nomialareshown. Finally, in thelower diagrams(c) the maxi-
mummagnitudesrrors(bothpositive andnegative) asfunction
of fitting radiusanddegreeof the polynomialareshown.

Looking at Figures8, 9 and10it is interestingto notethatthe
curvesfor differentpolynomialdegreedollow eachotherin the
pairs(2,3)and(4,5) for o andthe maximumerror. Thereason
for this is that the PSFrepresentsn even function (with re-

specto thecenterof thestar)andthe polynomialswith oddde-
greesrepresenbddfunctions.Thusthe correlationcoeficients
betweenthe intensity of the star (i.e. the coeficient ¢ in the
PSFterm)andthe coeficientsof the odd polynomialtermsare
small. This meansthat the coeficientsof the odd polynomial
termscanhave large valueswithout affectingthe intensitysig-

nificantly. Theresultis the obsenedeffectthatthepolynomials
with evenandodddegree,in the pairs(2,3)and(4,5), give ap-
proximatelythe sameintensity values.The residualshowever
decreasavith higher polynomial degree,which doesnot im-

ply that the intensity valuesimprove. The pair effect is seen
alsofor the simulatedstarsaddedto the imageof NGC 672
for polynomial degree0 and1 (Figure8 b andc). For NGC

1637andNGC 925oneor afew simulatedstarshave beener-

roneouslymeasuredor thesepolynomialdegreesbecausehe
starsarelocatedon very unevenbackgroundsThuso andthe

maximumerror shav large deviationsin thesecaseqFigure9
b andd andFigure 10 b andd). The positve maximumerror
curve for NGC 1637is above the diagramlimits (Figure9 c).
The diagramsshaw thatthe errorsaresignificantlysmallerfor
higherorderpolynomials.

Somegenerakonclusionganbedravn from inspectiorof Fig-
ures8, 9 and 10. The errorsfor higherorderpolynomialsare
large for small fitting radii and decreasdor larger radii. The
reasonfor this is thattherearetoo few pointsng, to make a
properfit if the radiusis small. The errorsfor polynomialde-
greesD and1 increasewith thefitting radiusdependingn dif-
ficultiesto fit to anunevenbackgroundLooking ato it seems
possibleto usea low orderpolynomialanda smallfitting ra-
diusto getagoodfit. Howeverthemaximumerrorsaresmaller
if ahigherorderpolynomialandalargerfitting radiusareused.
For the well sampledPSFsusedherea goodrule of thumbis
to usea fitting radiusrg;, = 1.5 - FWHM anda background
polynomialof degree2 or 3.

6.1.2.Comparisorwith otherprograms

POLYFIT wascomparedvith DAOPHOT, PLUCY andFIND-
STARS for thesimulatedstarsin thethreegalaxyimagesmen-
tionedabove. The parametergor POLYFIT (i.e. thefitting ra-
dius for the starsand degreeof the backgroundpolynomial)
areshowvn in Table 2. For comparisorntwo differentmeasure-
mentswith POLYFIT have beenperformedfor eachgalaxy
The first measuremenflabeledPOLYFIT 1) useoptimal pa-
rameterdrom Figures8, 9 and 10. The secondmeasurement
(labeledPOLYFIT 2) usetherule of thumbrgy = 1.5-FWHM
of the starsanda polynomialdegreeof 2. The otherprograms
shouldbe comparedo the POLYFIT 2 measurementsyhich
correspondso realisticcasesvhenno optimizationis possible.
Thefitting radiusfor FINDSTARS wasequalto FWHM of the
stars.

Thephotometriaesultsmagnitudeoffset,c andmaximumer-
ror, for POLYFIT, DAOPHOT, PLUCY andFINDSTARS for
thesimulatedstarsin thethreegalaxyimagesareshaovn in Ta-
ble 3. The magnitudeoffsetsfor DAOPHOT are floating and
could not be determinedIt wasnot possibleto directly mea-
surethe simulatedstarsaddedto NGC 925 with DAOPHOT
becausef thelarge FWHM (19 pixels) of the PSFE Therefore
the imagewas subsampleda factorof 2 beforemeasurement
with this program.Themeasurementsith POLYFIT usingthe
rule of thumbrg, = 1.5 - FWHM of the starsagreevery well
with the optimal casedor NGC 1637andNGC 925.For NGC
672afitting radiusof approximatelyl.0 - FWHM of the stars
givesbetterresult.

In Figure 11 logarithmicmagnitudeerror diagramsare shovn
for comparisonbetweenPOLYFIT and the other programs
(DAOPHOT, PLUCY and FINDSTARS) for simulatedstars
addedothegalaxielNGC672(a,bandc), NGC1637(d,eand
f) andNGC925(g, h andi). Thestarsarerepresentetly circles
in thediagrams Starswith errorsabove thediagonalinesgive
betterfits for POLYFIT andstarswith errorsbelov the diag-
onalline give betterfits for the otherprograms As mentioned
above afitting radiusof 1.5 - FWHM anda polynomialdegree
of 2 wereusedfor POLYFIT. It seemobviousthat POLYFIT
performsbetterthantheotherprogramgor moststars As men-
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Table2.Theparameterfor POLYFIT (i.e.thefitting radius(in pixels)
andthedegreeof thebackgroungolynomial(deg)) for thesimulated
starsin thethreegalaxyimagesareshavn. POLYFIT 1 shawvs the op-
timal parametersbtainedrom the Figures8, 9 and10andPOLYFIT

2 shawvstheparametergivenby therule of thumbrgs, = 1.5-FWHM

of the starsanda polynomialdegreeof 2. The FWHM (in pixels) of

thestarsandrs,/FWHM arealsogiven.

Galaxy Program FWHM TR oaw  J€g
NGC672 POLYFIT 1 9.0 8.0 0.89 2
NGC672 POLYFIT 2 9.0 13.0 1.44 2
NGC 1637 POLYFIT 1 8.0 14.0 1.75 3
NGC 1637 POLYFIT 2 8.0 12.0 1.50 2
NGC 925 POLYFIT 1 19.0 29.0 1.52 2
NGC 925 POLYFIT 2 19.0 28.0 1.47 2

Table 3. Photometricresults from measurementsvith POLYFIT,
DAOPHOIT, PLUCY andFINDSTARS of simulatedstarsaddedo the
galaxiesNGC 672, NGC 1637 and NGC 925. The offset, o, maxi-
mum and minimum errors(max and min) are given in magnitudes.
POLYFIT 1 shaws resultsfrom measurementwith optimal parame-
tersobtainedfrom the Figures8, 9 and10 andPOLYFIT 2 shawvsre-
sultsfrom measurementwith parametergiven by therule of thumb
rat = 1.5 - FWHM of the starsanda polynomialdegreeof 2. The
offsetfor DAOPHOT is floating andcould not be determinedIt was
notpossibleto directly measuréhesimulatedstarsaddedo NGC 925
with DAOPHOT becausef the large FWHM (19 pixels) of the PSE
Thereforethe imagewas sub sampleda factor of 2 beforemeasure-
mentwith this program.

Galaxy Method Offset o Max Min
NGC672 POLYFIT 1 0.001 0.034 0.054 —0.061
NGC672 POLYFIT 2 —0.009 0.056 0.077 —0.152
NGC672 DAOPHOT — 0.106 0.1561 —0.292
NGC672 PLUCY 0.034 0.092 0.156 —0.230
NGC672 FINDSTARS —-0.009 0.071 0.092 —0.188
NGC 1637 POLYFIT 1 —0.002 0.027 0.069 —0.054
NGC 1637 POLYFIT 2 —0.005 0.028 0.078 —0.062
NGC 1637 DAOPHOr — 0.080 0.204 —0.456
NGC 1637 PLUCY 0.039 0.050 0.162 —0.079
NGC1637 FINDSTARS -0.001 0.028 0.080 —0.065
NGC925 POLYFIT 1 0.005 0.071 0.170 —0.133
NGC 925 POLYFIT 2 0.011  0.072 0.179 —0.128
NGC 925 DAOPHOT — 0.360 0.873 —0.942
NGC 925 PLUCY 0.066 0.367 1.251 —0.649
NGC 925 FINDSTARS 0.015 0.079 0.154 —0.171

tionedabove theimageof NGC 925wassubsampleda factor
of 2 beforemeasuremenvith DAOPHOT.

6.2.Openclusterstars addedto a galaxy

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

senedgalaxybackgroundTheopenclusteris shovnin Figure
12 a.In Figurel2 b, the measuredtarsaremarkedwith white
rings. The imageof NGC 7790was divided into four pieces
of equalsize. The pieceswere thendiagonallyshiftedto get
more starsin the centralpart of the image,wherethe corre-
spondingpart of the galaxyimageis moreuneven.This is the
reasonwhy somestarimagesare cut. The imagesweretaken
with the Nordic Optical TelescopgNQOT) with theV color fil-
ter and 200 s exposuretime. The imagesizeis 1000 x 1000
pixels.To enablemeasuremertf the statisticalerrorthreedif-
ferent exposuresof NGC 7790 were addedseparatelyto the
imageof thegalaxyNGC 1637.TheFWHMs of thestarsin the
threeimageswere10.9,10.9and12.5pixelsrespectiely. The
starsin the threeimageswerethenmeasuredisingPOLYFIT
andthe programsfor comparisonThe averageof thesethree
measurements$or eachstar andeachmethod,wasthenused
astheresultingmagnitude The galaxyNGC 1637is shavn in
Figure12 c. In Figure 12 d, the galaxywith one of the open
clusterNGC 7790imagesaddeds shavn. Themeasureapen
clusterstarsare marked with white rings. The areasnsidethe
smallwhite frames(A—D) areshovn in magnifiedscalein Fig-
ures15-18.To getmasterdatafor comparisonthe starsin the
three openclusterimages(without galaxy background)were
measuredising POLYFIT. Theseimagesare simpleto mea-
sure,with well separatedtars,resultingin good photometric
accurag. The initial positionsof the 77 stars,for POLYFIT
andPLUCY, weretakenfrom earlierwork with the openclus-
tersimages.Thesepositionswereappliedto the combinedm-
ages.The positionscould equallywell have beenobtainedby
DAOPHOQT or FINDSTARS. PSFsfor POLYFIT, PLUCY and
FINDSTARS were obtainedfrom imagesof bright starsfrom
the opencluster The PSFswerecenteredandthe background
subtractedThe PSFsfor DAOPHOT were obtainedfrom the
openclusterimagesandthenusedon thecombinedmages.

6.2.1.Polynomialdegreeof POLYFIT

In the logarithmicmagnitudeerror diagramsn Figurel13 a, c

ande,POLYFIT is comparedvith itself for differentdegree(1—
4) of thebackgroungolynomialfor the 77 teststarsin theopen
clustersuperimposean the galaxyimages.The areasof the
circlesareproportionalto the intensitiesof the stars.The best
resultsfrom polynomialsof degree2 are comparedto those
from polynomialswith degreesl, 3 and4 in Figure13 a, c

and e respectiely. In the diagramsstarsabove the diagonal
linesgive betterfits for polynomialdegree2 andstarsbelow the
diagonallinesgive betterfits for the otherpolynomialdegrees.
Polynomialdegree3 is equallygoodas?2 for moststars.This

is dueto the pairwise effect describedn Section6.1.1.The
fitting radiuswas18pixels(~ 1.5-FWHM of thestars) Thisis

equalto theradiusof thewhite ringsaroundthe starsin Figure
12 b andd. Polynomialdegree0 givesapproximateljthe same
resultasl, anddegree5 give approximatelythe sameresultas
4,

6.2.2.Comparisorwith someotherprograms

In the logarithmic magnitudeerror diagramsin Figure 13 b,
d andf, resultsfrom POLYFIT (degree2) are comparedwith
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thoseof DAOPHOT, PLUCY andFINDSTARS for the starsin

thecombinedopenclusterplusgalaxyimagesTheareasf the
circlesareproportionalto theintensitiesof the stars.In the di-

agramsstarsabove thediagonalinesgive betterfits for POLY-

FIT degree2 andstarsbelown the diagonallines give betterfits

for the otherprogramsin all threecasesPOLYFIT givesbet-
terresultsfor moststars.Noneof theprogramswith automatic
stardetectiorfoundall the 77 stars DAOPHOT found61 stars
andFINDSTARS 70 stars thusindicatingthatFINDSTARS is

superiorfor detectionof starson irregular backgroundsMea-
surementvith FINDSTARS is equivalentto measurememith

POLYFIT with degree0 of the backgroundpolynomial. The
fitting radii for POLYFIT and FINDSTARS were 18 pixels,
whichis ~ 1.5 - FWHM of thestars.Thefraction of starsthat
have magnitudesrrorsworseor betterto POLYFIT (P) for the
different programs(X) are shawn in Table 5. One star was
excludedfrom the measurementvith POLYFIT and PLUCY

because¢hestellarimageoverlap.

Table 4. Thefraction of starsin the openclusterplus galaxyimages
that have magnitudeerrorsworse (P < X) or better(P > X) to
POLYFIT (P) for thedifferentprogramg X)) areshown.

Nrof P<X P>X
X stars % %
DAOPHOT 61 70.5 29.5
PLUCY 76 81.0 19.0
FINDSTARS 70 70.0 30.0

6.2.3.Magnitudeoffsetsandstandardieviations

In Figure 14 the magnitudeoffset and the standarddeviation
o for the three measurementfor 59 starsin the combined
opencluster plus galaxy imagesare presentedor POLYFIT
(degree?2) (a), DAOPHOT (b), PLUCY (c) andFINDSTARS
(d). The zero-pointfor the magnitudescaleis 100 ADU. This
meansthat magnitude—5 correspondgo an intensity of ap-
proximately 10000 ADU. The magnitudeoffset for a staris
theaverageof thethreeopenclusterplusgalaxymeasurements
subtractedvith the averageof the POLYFIT measurementsf
the openclusterimages.The error barsrepresentto for the
threeopenclusterplus galaxymeasurement®r eachstar All
the 77 starswere measuredvith POLYFIT and PLUCY. As
mentioneckarliertheinitial 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 programsare presentedn Figure 14. The
remainingstarswould probablynot be found at all in a case
with no positionsobtainedfrom the openclusterimagewith
flat background.

The magnitudeoffsetsfor POLYFIT (degree2) shav the best
results,asfoundalsofrom thelogarithmicmagnitudeerror di-
agrams.Regardingthe standarddeviationsin the threemea-
surementsgor eachstar POLYFIT andFINDSTARS shaw rel-
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atively smallo (smallerrorbars).The o found by DAOPHOT
andPLUCY aresomavhatlarger.

6.2.4.Someresidualimages

To give someexamplesof residualimagesobtainedby POLY-
FIT, DAOPHOT, FINDSTARS and PLUCY, the four small
white frames(A, B, CandD) in Figure12d areshavnin mag-
nified scalein Figures15,16 and17 and18. For thesefigures
residuaimagemeanghegalaxyplusopenclusterimageminus
themeasuredtarandthegalaxyimage.Theframeshave asize
of 50 x 50 pixels.Every framecontainsonemeasuredtar All
the threedifferentopenclusterplus galaxyimagesare shavn
for eachframe. Countedfrom the left, in Figures15-18,the
first columnshows the small openclusterplus galaxyframes
(including the measuredstar). The secondcolumn shaws the
true galaxybackgroundvithoutthe openclusterstar Thethird
column representghe residualimage obtainedby POLYFIT
(degree?2). The fourth columnrepresentshe residualimages
obtainedby DAOPHOIT. The fifth columnshows the residual
imagesobtainedwith FINDSTARS. Finally the sixth column
shaws theresidualimagesobtainedoy PLUCY.

From inspectionof Figures15-18 someresultsseemclear

The measuredarget starsarerelatively faint dueto the large
FWHM (= 11 pixels). Thebackgrounddor thetargetstarsare
difficult (andaffectedby nearbystars).Theresidualsobtained
by POLYFIT aresmall,indicatingagoodfit. DAOPHOT shavs
someavhatlargerresidualgthanPOLYFIT. FINDSTARS showvs
larger residualsthan POLYFIT but smallerthan DAOPHOIT.

Theresidualimagesobtainedoy PLUCY look noisydueto the
factthatthe programsmootheghe backgroundmageusinga
Gaussiarilter.

Theintensity I (ADU) of eachstarandthe magnitudeerrors
obtainedwith the four programsareshown in Table5.

Table 5. Theintensity I (ADU) of eachstar(A-D in Figures15-18)
andthemagnitudeerrors(Am) obtainedwith POLYFIT, DAOPHOT,
FINDSTARS andPLUCY areshawn.

POLYF DAOPH FINDS PLUCY
Star I Am Am Am Am
A 15600 0.011 0.313 0.133 0.054
B 20000 —0.038 0.283 0.100 —0.235
C 23700 0.029 —0.261 —0.054 —0.104
D 37100 —0.035 0.143 0.010 —0.032

As seerfrom theresidualsthe magnitudeerrorsobtainedwith
POLYFIT aresmallerthanthosefor theotherprogramsn most
cases.

7. Discussion

This paperhasdiscussedhe programPOLYFIT for photom-
etry of well sampledisolatedstarson irregular backgrounds.
Theprogramcanalsobe usedto remove starsfrom galaxyim-

ages,if the galaxyitself is the relevant object. The program
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usesPSF-fittingandfits a two-dimensionapolynomialof de-
gree0-5to the backgroundn the image.As a rule of thumb
a fitting radiusof 1.5 - FWHM of the imageof the starand
a polynomialdegreeof 2 or 3 give the bestresults.An inter-
estingmodificationof the programwould be to make anauto-
matic optimizationof thefitting radiusandpolynomialdegree.
Testswith simulatedandobsenedwell sampledstellarimages
addedto obsened galaxy backgroundsshav that POLYFIT
gives photometricresultsthat are superiorto thoseproduced
by DAOPHOT, PLUCY andFINDSTARS. Photometricerrors
smallerthan 0.05 magnitudesare obtainedfor most starsin
theseimages.
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