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ABSTRACT

I presentMULTISPEC,a codefor theautomaticextractionof multiplespectra fromslitlessexposuresof dis-
persingelementssuch asobjectiveprisms,grisms,or gratings.Thecodehasbeenoptimizedfor crowded�elds
composedof point sourcessuch asresolvedstellar clusters.MULTISPECobtainsthespectra by multiplepro-
�le �tting and is a spectral analogof a pro�le-�tting photometrypackagesuch as DAOphotor HSTphot. It
requiresa seriesof calibration �les, of which theonesfor theSTISobjectiveprismhavebeencalculatedand
are presentedhereaswell.

Intr oduction

First-orderspectroscopyusinga small slit is an inef�cient useof a bidimensionaldetectorsinceonly a
smallfractionof thepixelsplayarole in thedetectionof thesignal.A longslit is animprovementif oneneeds
to measureseveralsourcesin thesame�eld but, unlessall of your targetsarealigned,is still quite inef�cient
sinceseveralexposuresareneededto measureall thesources.Severalalternatives(e.gmultiple �bers, integral
�eld units,micromirrors,or microshutters)arepresentin somecurrentor plannedtelescopesto maximizethe
simultaneouscollectionof spectraldatafrom multiple sources,but in others(e.g. HST) the only available
alternative is the useof slitlessexposuresanda dispersingelement,be it a grating,an objective prism, or a
grism.

Theuseof slitlessexposuresinvokesseveralpossiblecomplications.The�rst one,spectraoverlapping
dueto crowding, is illustratedin Fig. 1, which shows slitlessexposuresof a singlestar, a sparse�eld, anda
crowdedone.In the�rst case(onesource)it is straightforwardto assigntheorigin of eachdetectedcountto its
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Figure 1: STISobjective-prismexposuresof (left) a singlestar, (center)ansparse�eld, and(right) a crowded
�eld. Thespectraldirectionis nearlyparallelto thex axis.

source.In thesecondcase(few tensof sources)we have thesamesituationfor moststarsin the�eld (though
oneof the bright sourcesin this speci�c exampleturnsout to be a binary andthereis a signi�cant overlap
betweenthetwo spectra).In thethird case(few hundredsof sources)mostsourcesoverlapto somedegreewith
neighboringonesandtheassignmentof anorigin to agivendetectedcountcanbequitecomplicated.

A secondproblemis the treatmentof extendedobjects,either sourcesor background1. An extended
sourceobserved in slitlessmodewill be in generalspreadout in both thedispersionandthecross-dispersion
directions.The latter is only a minor complicationif thereis no signi�cant velocity structurein theextended
emission;it canbe solvedby integratingover a larger window (if usingapertureextraction)or convolving a
modelof thespatialpro�le with theinstrumentalcross-dispersionpro�les (if doingpro�le �tting). Theformer
is more serious,sinceit translatesinto a degradingof the spectralresolution. An extendedbackgroundis
an addedproblemfor slitlessexposuresascomparedto oneswith a slit. We can distinguishtwo different
origins for thebackground:astronomicalobjects,suchasnebular emissionfrom anH I I region or a planetary
nebula or the continuumfrom an unresolved stellarpopulation;andforegroundsources,suchasgeocoronal
emissionlines,atmosphericemissionlines andcontinuum,zodiacallight, or earthshine.Foregroundsources
areusuallyratheruniformandthey only complicatetheextractionby degradingtheS/Nratio for weaksources.
Astronomicalobjects,on theotherhand,canbe a moreseriousproblem,sincethey arelikely to be spatially
variableandto introduceconfusionandlargeruncertaintiesin theextraction.

A third problem,relatedto the�rst one,is theidenti�cation andpositioningof theindividualsources.If
crowding is severe,asin theright panelof Fig. 1, it maybehardnotonly to separatedifferentspectrabut even
to identify how many thereare.But evenif crowding is notsevere,asin themiddlepanelof Fig.1, thequestion
remainsasto how onemeasurestheoffset(or zeroposition)in thespectraldirection.

In this InstrumentScienceReportI presentMULTISPEC,a codethat canbe usedto extract multiple
spectrafrom slitlessexposures.I startby addressinghow eachof theproblemsdescribedabove areattacked.
Later, I describehow the different modulesthat makeup the codeare structured. I end up discussingthe
requirementsto install anduseMULTISPEC.

1Weusethetermbackgroundherein thegeneralmeaningof anythingthatis not thesource,eventhoughthosephotonsmayactually
originatebehind,at thesamedistanceas,or in front of thesource.
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Techniques

The goal of extractingmultiple spectrafrom a slitlessexposureis, in several ways,similar to that of
extractingthephotometryof acollectionof pointsourcesin animage.In thelattercase,whenoneis analyzing
a sparse�eld the most straightforwardmethodis aperturephotometrywith a small radius. However, for a
crowded�eld theaperturephotometryof a starcaneasilybecontaminatedby countsproducedby neighbors,
and a pro�le-�tting (sometimescalled crowded-�eld) codesuchas DAOphot, Dophot, or HSTphotdoesa
betterjob. For slitlessspectroscopy, crowding is a largerproblemthanfor photometrybecausea givensource
producesa signi�cant numberof countsover a larger numberof pixels. Hence,given the samenumberof
sources,chancesof having anoverlaparehigher. Therefore,I decidedto usepro�le �tting asthetechniquefor
MULTISPECinsteadof apertureextraction,thespectroscopicequivalentof aperturephotometry.

Thereareseveralissueswhichneedto beadressedin �tting pro�les to multiple spectra:

� A differencebetweena photometry-anda spectroscopy-pro�le-�ttingcodeis that the former hasno
preferreddirectionin thedetectorand,for thatreason,it uses2-D pro�les asits fundamentalunit. Spec-
troscopicexposures,on theotherhand,have a distinct asymmetryin thatonedirectionsharesthe dual
characterof beingan angular– or spatial– anda wavelength– or spectral– coordinate(that direction
will becalledherethedispersiondirection).Furthermore,thepositionof theobjectin theperpendicular
angularcoordinate(the cross-dispersiondirection)is �x ed over its extent. For thosereasons,it makes
moresenseto �t 1-D pro�les in thecross-dispersiondirectiononcewe have determinedthepositionof
theobjecton the2-D detector(i.e. its trace).

� Anotherdifferencebetweenthe two typesof codeis the needfor auxiliary exposures.A photometry
packagecanuseoneimageto identify thesourcesandto extract themagnitudesof theobjects.Doing
soin aspectroscopycodeis moredif�cult, giventhepossibleextensiveoverlapamongsources.For that
reason,animage(or images)of thesame�eld is a preferredalternativefor sourceidenti�cation.

� The useof two different typesof observations,an image(or images)for sourceidenti�cation and a
slitlessspectralexposurefor the measurementof spectra,introducesan addedcomplication: the need
to accuratelyknow the relative geometricdistortionbetweenthe two in order to producea one-to-one
correspondencebetweenthepositionsin oneandtheotherthroughoutthe�eld covered.Thesegeometric
distortionscanbecalculatedby obtainingcalibrationspectralslitlessexposuresandimagesof acrowded
�eld. The imagesareusedto generatea simulatedslitlessexposureof the �eld without any distortion
whichcanthenbecomparedwith therealexposure.Notethat,dueto thedegeneracy betweenspatialand
spectralcoordinatesin thedispersiondirection,theprecisionof thegeometricdistortionsolutionin that
directionis likely to bepoorerthanin thecross-dispersiondirectionunlessthepresenceof absorption/and
or emissionlines is ubiquitousin thesources,their intensitiesandwavelengthsarewell known, andthe
dispersingelementcanresolve them.

� As is alsothecasefor crowded-�eld photometry, a detailedknowledgeof thespatial(cross-dispersion)
pro�le is requiredfor a crowded-�eld spectroscopycode. Sucha pro�le is likely to be wavelength
dependent.If the spatialpro�le is not well known, systematicerrorscanbe introduced,which would
besmall for bright starsandcausedby anincorrectaperturecorrectionbut possiblylarge for dim stars,
especiallythosecloseto brightones.

� The ability of a pro�le-�tting codeto accuratelydeconvolve the �ux esof a closepair is expectedto
dependheavily on the S/N ratio of the data(Porteret al. 2004). Therefore,we shouldexpectdifferent
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uncertaintiesfor starswhich have thesamenumberof countsat thesamewavelengthdependingon the
presenceor absenceof neighbors.

With thoseissuesin mind, theproblemcanbeestablishedin thefollowing way. For thesakeof notation
simplicity, we will assumethat the dispersiondirectionis parallelor nearly-parallelto the x axis (this is the
casefor theSTISmodes).Then,the1-D pro�le �tting canbedonein they directionandwe canwork directly
with columndata.Let C(i; j ) bethenumberof countsat thepixel with coordinates(i; j ) afterthebackground
hasbeensubtracted.We areultimatelyinterestedin measuringthespectral�ux esFk (� ), (k = 1; N ) of theN
starspresentin theexposurebut our immediategoalis to �nd thecontribution Ck(i; j ) of stark to pixel (i; j )
subjectto therestriction:

C(i; j ) =
NX

k=1

Ck (i; j ): (1)

Ck (i; j ) is theresultof thediscretizationin thevertical(cross-dispersion)directionof:

Fk(� k(i )) � texp � P� (y � yk(i ))
s(� k(i ))

; (2)

where� k(i ) is therelationshipbetweenwavelengthandthehorizontalpixel index i for stark (which depends
onthedispersionrelation,thepositionof thestarin thereferenceimage,andthegeometricdistortion2), P� (y �
yk (i )) is thenormalizedcross-dispersionpro�le centeredat thecontinuousverticalcoordinatey = yk(i ), yk (i )
is thepositionof thecenterof thepro�le of thestark at thepixel with horizontalindex i , texp is theexposure
time,ands(� ) is thesensitivity functionin unitsof (erg s� 1 cm� 2 	A � 1)/(ctss� 1 pixel� 1

� ). P� (y) is a function
that hasto be determinedfrom high S/N observationsthat allow for a determinationof the cross-dispersion
pro�le at the sub-pixel level. Finally, yk (i ) is calculatedfrom [a] the position of the star in the image,[b]
therelativegeometricdistortionbetweentheimageandthespectralexposure(plusany possibleoffsetsand/or
rotations),and[c] thetraceproducedby thespectrumof astarcenteredonthedetector(describedby a function
y(x)), which we will assumedoesnot vary for starslocatedoff-center(apartfrom therelativedisplacementin
x andy derivedfrom [a] and[b]).

If we now selectthecolumnde�ned by i , we will �nd thatthetracesof N 0stars(N 0 � N ) crossit (for
somedispersingelements,e.g. the STISobjective prism, the traceof an individual stardoesnot spanall the
columnsin thedetector).Then,for that columnwe have N j equations(whereN j is thenumberof pixels in
a column)de�ned by Eq. 1 andN 0 unknowns(the Fk (� k(i )) for the N 0 stars). If we imposethe reasonable
conditionthatN 0< N j (certainly, somecrowdingmaybeexpectedbut it wouldbehardto measuremorethan
onespectrumperpixel!), we�nd thatthesystemis overdetermined.Wecansolvefor suchasystemminimizing
the� 2-like function:

gi =
N jX

j =1

0

@C(i; j ) �
N 0
X

k=1

Ck(i; j )

1

A

2

=
N jX

j =1

0

@C(i; j ) �
N 0
X

k=1

Fk(� k(i )) � texp � discretizej [P� (y � yk (i ))]
s(� k(i ))

1

A

2

(3)
2Throughoutthis discussionI will assumefor simplicity thatFk (� ) is a quantityalreadydiscretizedin wavelengthandI will refer

to discretizationonly in thespatialy coordinate.
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for theN 0unknownsFk(� k(i )) . In Eq.3 wediscretizethecross-dispersionpro�le by integratingthesub-pixel
precisionP� (y � yk (i )) over theextentof a verticalpixel and,in thatway, we takeinto accountthedifferent
centeringpossibilities(e.g.pixel-centeredor edge-centeredverticalpro�les).

Minimizing a � 2-like function which is ashighly-non-linearandhasa potentiallylarge numberof pa-
rametersastheonein Eq.3 is easyto programbut dangerousto applyblindly. Themainreasonis thataccurate
initial guessesfor theparametersarerequired:otherwise,thealgorithmcaneasilyendup in a local minimum
which is not thecorrectone.Furthermore,theexistenceof noiseor incorrectbackgroundsubtractionor knowl-
edgeof the cross-dispersionpro�le canalso lead to unphysical(i.e. negative) resultsfor Fk(� k(i )) . These
issuescanbeavoidedby:

� Providing asgoodaninitial guessfor theparametersaspossible.In MULTISPEC,I combinemulticolor
photometryof thesourceswith ana priori knowledgeof their natureto estimateFk (� k(i )) beforehand
by spectralenergy distribution(SED)�tting to thephotometry.

� Usingacodeto solveEq.3 capableof placingconstraintsontheparametersin orderto detectunphysical
or unrealisticcasesandto minimizetheconsequenceson thecalculated�ux esof neighboringsources.

Anotherissueis the treatmentof thebackground,which needsto be subtractedbeforeEq. 3 is solved.
ThealgorithmI useto calculatethebackgroundin a potentiallycrowded�eld involvesthefollowing steps:

1. Identi�cation of the region of thedetectorwheresourcesprovide thedominantcontribution to thetotal
numberof countsin a given pixel. That zonewill be calledthe sourceregion andthe complementary
zonethebackgroundregion.

2. An optionalestimationof theresidualeffectsof theneighboringsourceson thebackgroundregionanda
subtractionof thatestimatefrom theoriginal datapixel by pixel.

3. Calculationof a backgroundmapin thebackgroundregion,possiblyusingspatialsmoothing.

4. Calculationof the backgroundin thesourceregion by interpolatingfrom the backgroundcalculatedin
thepreviousstep.

5. An optional iteration to improve the de�nition of regions in the �rst stepandthe contaminationfrom
sourcesin thesecondone.

If thebackgroundiscomplex, theimplementationof theabovealgorithmis far from trivial andit is likely
to require�ne tuningof theregion selectionandsmoothingparametersin orderto be accurate.Furthermore,
if thebackgroundis rapidly varyingandbright closeto somesources,a precisesolutionmaynot bepossible
from thedata(this is a largerproblemfor slitlessspectroscopythanfor photometry)andwe mayhave to settle
for anapproximateone.In thenext sectionI will discusstheoptionsavailablein MULTISPECfor �ne-tuning
thebackgroundcalculation.

Even after all the above measureshave beentaken,it is possiblethat somesourcesarenearlyexactly
alignedin thedispersiondirectionso that it will be impossibleto unambiguouslydeconvolve their individual
�ux esusingthatexposure.For that reason,a codeshouldbeableto identify thosecasesandwarntheuserof
theproblem.Also, it wouldbeconvenientto haveapost-processingtool thatcombinesthedatafrom exposures
with differentorientationsin orderto usealternativedatawhensuchacircumstancearises.
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MULTISPEC modulesand their use

MULTISPECisapro�le-�tting crowded-�eld slitless-spectroscopycodethathasbeenwrittenin IDL and
which consistsof � ve differentmodules:PREPDATA, GENGUESS,CALCBACK, MAINFIT, andWRITE-
OUTPUT. Eachmodulecanbe calledseparatelyor, alternatively, a wrappernamedMULTISPECitself can
be usedto call eachof themsequentially. Figure2 shows the basic�o w diagramfor the � ve modulesthat
makeup MULTISPECandbrie�y describesthetasksperformedin eachoneof them. Figure3 shows a more
detailed�o w diagramthatincludestheauxiliarysubroutinesandthethreeIDL packagesrequired(all of which
arefreely availablefrom thecitedwebpages).Figure4 showsthepublic (non-hidden)keywordsavailablefor
thewrapperandeachof the� ve modules.

MULTISPECwasoriginally written for the STISobjective prismandin thecurrentversionthat is the
only availablemode.However, with thepropercalibration�les, otherobservingmodescanbeeasilyincluded.
In thissectionwe discussthegeneralcharacteristicsof thesoftwareandin thenext onewewill concentrateon
theSTISobjectiveprismaswell ason how new modescanbeincorporated.

The currentversionof MULTISPECcanhandledithereddatawhich canbecombinedbeforehandinto
a single�eld or analyzedindividually at eachditherposition,sinceit allows for thetreatmentof a numberof
image/slitlessspectralexposurepairs.Theuserneedsto provide theFITS�les for theslitlessspectralexposure
andthe image(in the lattercasea dummycanbe usedif it doesnot exist) aswell asa photometrylist for all
the starshe/sheis interestedin. The photometrycanbe extractedfrom the imagesusinge.g. DAOPHOT or
DOPHOT andtwo �lters have to beprovided in orderto estimatetheSEDfor eachstar(seethePREPDATA
subsectionfor details).

The wrapper MULTISPEC

WestartdescribingthewrapperMULTISPEC,whichcanbeusedtosequentiallyexecuteall themodules.
Besidesthe four speci�c wrapperkeywordslisted in Figure4, any of themodulekeywordscanbe usedhere
so that they arepassedalong. Also, the �rst two wrapperkeywords(DIROUT andRESTORE)areuniversal,
meaningthat they shouldalsobe usedwith the individual modules.A typical MULTISPECexecutioncould
thenbe,e.g.:

MULTISPEC, DIROUT='ngc6 04', INPUT='ngc604 a.dat', EXPOS=1, $
MULTISPEC, FIXPROF=3000., PROC=2.0, CRBACK=15.0, NCELLXBACK=32, NCELLYBACK=8

Suchacommandis equivalentto consecutively executingthefollowing modulesoneby one:

PREPDATA, DIROUT='ngc60 4', INPUT='ngc604 a.dat', EXPOS=1, $
PREPDATA, FIXPROF=3000. , RESTORE=restore
GENGUESS,DIROUT='ngc60 4', RESTORE=restore
CALCBACK, CRBACK=15.0, NCELLXBACK=32, NCELLYBACK=8, DIROUT='ngc6 04', $
CALCBACK, RESTORE=restore, PASS=1
MAINFIT, DIROUT='ngc604 ', RESTORE=restore, PASS=1
CALCBACK, CRBACK=15.0, NCELLXBACK=32, NCELLYBACK=8, DIROUT='ngc6 04', $
CALCBACK, RESTORE=restore, /SKIPWRITE, PASS=2
MAINFIT, DIROUT='ngc604 ', RESTORE=restore, PASS=2
WRITEOUTPUT, DIROUT='ngc604 ', RESTORE=restore , PASS=2

Hereis adescriptionof eachof thespeci�c wrapperkeywords:
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Figure 2: Basic�o w diagramanddescriptionof thetasksexecutedby theMULTISPECmodules.
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Figure3: DetailedMULTISPEC�o w diagram.
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Figure 4: Keywordsavailablefor theMULTISPECwrapperandfor theindividualmodules.
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� DIROUT (default: 'out' ): Directorywhereoutput�les arewritten.

� RESTORE(default:datasetname):MULTISPECusesaseriesof IDL .sav �les to transferdatabetween
its differentmodulesandRESTOREis usedasthe root for thenameof the �le. By default,it is setby
PREPDATA (the�rst module)to betheHSTdatasetnameof thespectrum(e.g. 'o6bz05010' ). Note
that if the wrapperis not used(seethe module-by-moduleexampleabove), thenthe keyword mustbe
usedin orderto let eachmoduleknow whichdatato process.In suchacase,theRESTOREkeywordcan
beusedasanoutputfor PREPDATA andasaninput for therestof themodules.

� PROC (default: 1.5 ): This keyword determinesthe numberof iterationsfor the calculationof the
backgroundandthepro�le �tting. Theavailableoptionsare:

– 1: Both thebackgroundcalculationandthepro�le �tting areperformedonce.

– 1.5 : An additionalbackgroundcalculationis performedafter pro�les are �tted (but no second
pro�le �tting). Note that this option implies a last call to CALCBACK after WRITEOUTPUT
which is not representedin Figures2 to 4 for simplicity.

– 2: A secondpro�le �tting is performedafterthebackgroundis calculatedfor thesecondtime.

SeethePASSkeyword in CALCBACK, MAINFIT, andWRITEOUTPUTif you preferto usemodule-
by-moduleexecution.

� SKIP (default: 0): Numberof modulesto skip beforestartingthe execution. This option is useful to
restartthe executionfrom a certainpoint, possiblychangingsomekeywords. More speci�cally, the
startingpointsfor thepossiblevaluesare:

– 0: PREPDATA.

– 1: GENGUESS.

– 2: CALCBACK (�rst pass).

– 3: MAINFIT (�rst pass).

– 4: WRITEOUTPUTif PROC = 1 or 1.5 , CALCBACK (secondpass)if PROC = 2.

– 5: CALCBACK (secondpass)if PROC = 1.5 , MAINFIT (secondpass)if PROC = 2.

– 6: WRITEOUTPUTif PROC = 2.

PREPDATA

PREPDATA executesthepreliminarystepsrequiredin MULTISPEC.It readsthedifferenttext andFITS
�les, selectsthe correspondingreferencevaluesfrom the informationin theheaders,calculatesthebestSED
modelconsistentwith theavailablephotometry, obtainsthetransformationbetweenimageandspectralspatial
coordinatesand,optionally, recentersthe databasedon a cross-correlationbetweenthe real slitlessspectral
exposureandanarti�cially generatedonebasedonthecalculatedSEDs.Thecurrentversionof PREPDATA is
preparedto work only with STISobjective-prismdatabut it canbeeasilyadaptedto othercon�gurations.The
following keywordsareavailablewith PREPDATA:

� INPUT (default: 'input.dat' ): Nameof themaintext input �le name.A sample�le is shown here:

ngc4214/phot.d at Text �le with thestellarphotometry.
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visit3 FITS �le directory.
stisnuv.f25cn1 82 First �lter name.
stisnuv.f25cn2 70 Second�lter name.
o6bz02isq o6bz02010 First image/spectrumexposurepair.
o6bz02iwq o6bz02020 Second(optional)exposurepair. More linesmaybeadded.

Thestellarphotometry�le shouldhave onerow for eachstarwith thefollowing sevencolumns:

– x coordinate.

– y coordinate.

– Rightascensionin degrees(optional,it canbesubstitutedby a dummyvalue).

– Declinationin degrees(optional,it canbesubstitutedby adummyvalue).

– Magnitudein the�rst �lter .

– Magnitudein thesecond�lter .

– An integernumericalidenti�er for theobject.

Currently, threechoicesareavailablefor �lters (stisnuv.f25cn 182, stisnuv.f25c n270 , and
stisnuv.f25qtz ) andonly logZ=Z � = 0:5 high-gravity Kuruczmodelswith 30000K andvarying
extinction usingtheCardelliet al. (1989)law with RV = 3:1 canbeusedfor theinitial SEDestimates.
In thefuture,I planto integrateMULTISPECwith CHORIZOS(Má�z-Apellániz2004),thusproviding
awide rangeof SEDfamiliesto beused.

� EXPOS(default:1): Numberof theimage/spectrumexposurepair to process.

� MLIM (default:80.0 ): Maximummagnitudelimit to includein theextraction.

� FIXPROF(default:notused):Criticalwavelengthfor theuseof aconstantcross-dispersionspatialpro�le
(seethesectionon theSTISobjectiveprismfor anexplanation).

PREPDATA requirestwo user-providedtext �les, themainonespeci�edby INPUT andthephotometry
list which is namedin the�rst row in themainone,andat leasttwo user-providedFITS �les, oneimage3 and
oneslitlessspectralexposure.It alsorequiresa numberof calibration�les thataredescribedin thesectionon
theSTISobjectiveprism.

PREPDATA readsthe �le 'geomdistopxy final.output3 ' in the geomdistop directory to
checkwhethertheuserwantsto usea speci�c recentering.That�le containsthreecolumns,the�rst onewith
datasetnamesandthelasttwo with pixel displacementsin x andy. If thedatasetbeinganalyzedis includedin
that list (theusermayedit it), thenthedisplacementsareusedfor recentering.If thedatasetbeinganalyzedis
not in the list, thenPREPDATA performsa cross-correlationbetweentherealslitlessspectralexposureanda
simulatedonederivedfrom thephotometry(seealsothenext subsection)to determinethedisplacements.

GENGUESS

GENGUESSusestheSEDderivedfor eachstarfr om the photometry provided in theprevioussection
to generatethe following initial estimates:(1) the numberof countsas a function of wavelengthfor each

3Note, however, that all the imageinformationis derived from the photometrylist, not from theFITS �le itself. The reasonfor
includingtheFITS�le nameis simply for trackingdown theheaderinformationandwriting it into theheadersof the�nal FITS tables.
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star, C0
k (i ) =

P
j Ck (i; j ); (2) thecorrespondingslitlessspectralexposureobtainedby placingeachstarat its

correspondinglocationandaddingtheresultfor all thestarsconvolvedby thecorrespondingcross-dispersion
spatialpro�le, C(i; j ); and(3) theadditionalparametersyk(i ) anddiscretizej [P� (y � yk(i ))] for themultiple-
pro�le �tting at eachcolumn.Theinitial estimatesin (1) and(2) will beusedto calculatethebackgroundand
asinital guessesfor themultiple-pro�le-�tting algorithmin thenext two modules.Fromnow on we will call
theresultof (2) thedataestimateandtheslitlessspectralexposurethereal data.

GENGUESSalsocalculatessmallcorrectionsto thepositionsof theindividualstarsin theslitlessspec-
tral exposure(yk (i )) if the geometricdistortionis not known to a high degreeof precision. Onekeyword is
availablewith GENGUESS:

� NPOINTSMIN(default:6): Minimum numberof pointsto have thesmallpositioncorrectioncalculated
for an individual star. In orderto calculatethecorrection,GENGUESS�rst collapsesthe realdatainto
10-pixel horizontalbins andcalculatesfor eachstarhow many of thosebins have a high S/N andare
locatedfar away from neighbors,making themgoodcandidatesfor recentering(i.e. the defaultvalue
impliesa strongS/Nover 60 = 6 � 10 pixelswithout nearbystars).Theusercanmanuallydecreasethis
keyword if thenumberof starsin the�eld is low.

GENGUESSproducesasoutput the positionsof all the individual spectra.The output is in the three
forms of: [a] a human-readabletext �le, [b] a PS�le with the positionsdrawn on top of the real data(see
Fig. 5), [c] a �le that canbereadasa region list by SAOimageDS9in orderto overplot thepositionson e.g.
theFITS �le of therealdata.In thegraphicaloutput,redis usedfor starswherethesmallpositioncorrection
hasbeenappliedindividually andgreenfor thosewhereanaverageof thenearbystarshasbeenusedinstead.

CALCBACK

CALCBACK calculatesthe backgroundof the slitlessspectralexposure.The following keywordsare
available:

� CRBACK (default: automatic):Critical value(in counts)usedto de�ne the backgroundregion. If not
set,it is calculatedfrom theimagestatistics.

� ALTBACK (default: not used): By default, the backgroundregion is de�ned from the dataestimate
(generatedby GENGUESSin the �rst iterationandby MAINFIT in thesecondone). If this �ag is set
(by adding/ALTBACK to thecommandline), thentherealdatais usedto de�ne thebackgroundregion.

� NCELLXBACK (default:16): Numberof backgroundcells in thex direction. Thenumbermustbeof
theform 2n , with n anintegerbetween0 and8.

� NCELLYBACK (default: 16): Numberof backgroundcells in they direction. Thenumbermustbeof
theform 2n , with n anintegerbetween0 and8.

� PASS (default: 1): Iteration number. The allowed valuesare 1, 1.5 (for the additionalbackground
calculationdescribedfor thePROC keyword in thewrapper),and2.

CALCBACK usesasits �rst backgroundestimatethesubtractionof thedataestimatefrom therealdata.
It thencalculatesa (broad)secondbackgroundestimateby a weightedmeanof the�rst estimatein eachof the
cells (asde�ned by NCELLXBACK andNCELLYBACK), androbustly smoothingthe result. It thende�nes
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Figure 5: SamplePS�le output from GENGUESS.Note that the bright star in the lower left quadrantis a
binary, so it appearsasa doublegreenrectangle(two stars,no individual recentering)insteadof a singlered
one(onestar, recentering).The starswithout a rectanglehave not beenselectedfor �tting becausethey are
fainterthanMLIM. TheSTISobjective-prism�eld shown is thesameoneasin themiddlepanelof Fig. 1.
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Figure 6: Dif ferent2-D datausedor generatedby MULTISPECfor thecrowded�eld caseshown in Fig. 1.
[upperleft] Spectralexposure.[uppercenter]Associatedexposurein imagingmode. [upperright] Modeled
data. [lower left] Partial residual(exposureminusmodeleddata). [lower center]Final background.[lower
right] Full residual(exposureminusmodeleddataandbackground).All panelsusethe samecolor scaleand
countlimits. Notethat for theSTISNUV-MAMA theplatescale(in arcseconds/pixel) for an imageis 83.4%
thatof anobjective-prismspectralexposure(comparetheabove left andabove centerpanels).

the backgroundandsourceregions,eitherfrom the estimateor from the realdata,by (a) usingCRBACK to
providea �rst estimateof thesourceregion,(b) expandingit to includetheneighboringpixels,and(c) de�ning
thebackgroundregion asthecomplementaryof thesourceregion. A third backgroundestimateis calculated
by using(a) the �rst estimatein thebackgroundregion and(b) thesecondestimatein thesourceregion. The
third estimateis thenrobustlysmoothedoncemoreto producethe�nal background.

As previously mentioned,thebackgroundcalculationin aslitlessspectralexposureis far from trivial. It
is expectedthattheuserwill haveto try differentvaluesof thekeywordsuntil he/sheis satis�edwith theresults.
In orderto simplify theprocess,every time CALCBACK is executedit producesthreeFITS �les: [1] thedata
estimate,which is updatedby MAINFIT afterthe�rst iterationwith thenewly calculatedvalues(Fig. 6, upper
right panel);[2] the�rst backgroundestimate(e.gtheresidualgeneratedby thesubtractionof thedataestimate
from therealdata,Fig. 6, lower left panel);and[3] the�nal background(Fig. 6, lowercenterpanel).
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Figure7: Sectionof acolumnwith resultsfrom MAINFIT.

MAINFIT

MAINFIT is thecoreof MULTISPEC,sinceit is wherethespectrumof eachstaris extracted.This is
doneby scanningthedetectorcolumnby columnandsimultaneously�tting thecontributionof eachoneof the
starspresentin thatcolumn,asdescribedin theprevioussection.The�tting algorithmusesasinitial guessthe
valuescalculatedin GENGUESSandplacestwo constraintson eachof the individual valuesof Fk(� k(i )) : a
minimum of 0 anda maximumof threetimesthe initial guess.The �rst oneis includedto avoid unphysical
negative �ux es(e.g. whena dim spectrumis hiddenin thewingsof a very bright oneor immersedin a bright
background).Thesecondoneis includedto avoid “runaway” �ts whentwo spectraof very differentintensity
have separationsof a small fractionof a pixel. Also, a shortanda long wavelengthlimit areimposedon the
�t for every starby calculatingthe valueswherethe estimateof C0

k(i ) < 10 counts(this is equivalentto the
impositionof a minimumS/N for thedetectionof astarby crowded-�eld photometrycodes).

MAINFIT hasonekeywordavailable:

� PASS(default:1): Iterationnumber. Theallowedvaluesare1 and2.

MAINFIT updatesthevaluesgeneratedby GENGUESSin casea seconditerationis usedandprepares
thedatafor theiruseby WRITEOUTPUT.

A sample�t for a sectionof a columnis shown in Fig. 7.

WRITEOUTPUT

WRITEOUTPUT organizesand writes the �nal data. Unlessthe NOSLEXPW keyword is used(or
PROC = 1.5 is setfrom thewrapper),it generatestwo FITS �les with the �nal versionsof thedataestimate
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(asgeneratedby thelastiterationof MAINFIT) andtheresidual;e.g.theupdatedversionsof the�rst two FITS
�les generatedby CALCBACK. It alsoproducesaFITStablefor eachof thestarswith thefollowing columns:

� lambda:Wavelengthin 	A.

� �ux: Spectral�ux, Fk (� ), in erg s� 1 cm� 2 	A � 1.

� s�ux: Uncertaintyin thespectral�ux in erg s� 1 cm� 2 	A � 1.

� cts:Counts,C0
k(i ).

� scts:Uncertaintyin counts.

� cts0:Initial guessusedfor thecounts.

� res11:Residualcountsintegratedover 11 pixelscenteredaroundy.

� res61:Residualcountsintegratedover 61 pixelscenteredaroundy.

� fact: Sensitivity function,s(� ), in (erg s� 1 cm� 2 	A � 1)/(ctss� 1 pixel� 1
� ).

� back:Backgroundvaluein counts.

� �ag: Flagwith thepossiblevaluesof 0 (good�t), 1 (�t atedgeof possiblerange,seeprevioussubsection),
and2 (not �tted).

� distany: y distance(in pixels)to thenearest�tted spectrum.

� distm1:y distance(in pixels)to thenearest�tted spectrumwith at least1/10� C0
k(i ).

� distp0:y distance(in pixels)to thenearest�tted spectrumwith at least1 � C0
k (i ).

� distp1:y distance(in pixels)to thenearest�tted spectrumwith at least10� C0
k(i ).

� distp2:y distance(in pixels)to thenearest�tted spectrumwith at least100� C0
k(i ).

� chitest:Reduced� 2 for thesevenpixelsin theverticaldirectioncenteredaroundy.

� x: x coordinatein IRAF style(centerof pixel at lower left cornerhasx = 1) for thiswavelength.

� y: y coordinatein IRAF style (centerof pixel at lower left cornerhasy = 1) for the centerof the
cross-dispersionspatialpro�le.

WRITEOUTPUTalsopopulatestheheaderof theFITS tablewith informationaboutthedatasetsused,
thestar(coordinates,magnitudes,identi�cation), andtheMULTISPECrun.

Thefollowing keywordsareavailablein WRITEOUTPUT:

� NOSLEXPW(default:not used):Flagto deactivatethewriting of thelastversionsof thedataestimate
andresidual.

� PASS(default:1): Lastiterationnumberusedin MAINFIT. Theallowedvaluesare1 and2.
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Spectrapost-processing

The FITS table that WRITEOUTPUT generatesfor eachstar is the end productfor a single slitless
spectralexposure.However, the usermaywant to improve the resultby combiningdifferentexposureswith
thesameorientationto increasetheS/N ratioor from differentorientationsin orderto eliminatesuperpositions
betweenstars.Indeed,thereasonwhy WRITEOUTPUTincludescolumnssuchasback,�ag, distany, distm1,
distp0,distp1,distp2,andchitestis thattheusermayusethemascriteriafor suchcombinations.Thechoiceof
criterion(or combinationthereof)to combinespectrahasonly beenpartially exploredwith theavailabledata
at thecurrenttime: morework is plannedfor thefuture. It is alsopossibleto usetheres11andres61columns
to checkfor possibleresidualsdueto e.g.anincorrectassumptionof thecross-dispersionspatialpro�le.

UsingMULTISPEC

As previouslymentioned,MULTISPEChasbeenwrittenwith theSTISobjectiveprismin mind. Indeed,
it hasalreadybeenusedby Má�z-Apellániz and Bohlin (2005) to calibratethat STIS modeusing spectral
exposuresof the standardstarHS 2027+6051.An exampleof thoseexposuresis shown in the left panelof
Fig. 1. An issuediscoveredby Má�z-ApellánizandBohlin (2005)for theSTISobjective prismfor � > 3000
	A is the existenceof contaminationby the �ux at shorterwavelengths. As explainedthere,a solution that
minimizestheproblemis to usea constantcross-dispersionpro�le for � > 3000 	A andaddingthe�t residual
over 11 pixels.MULTISPECdoesthisby usingFIXPROF=3000.0in PREPDATA andrecoveringtheresidual
from theres11in thetableoutput.Of course,whendoingthelatteronehasto checkfor theexistenceof nearby
stars.

MULTISPECrequiresanumberof calibration�les, someof whicharestandardSTISreference�les and
someof whichhave to bespeci�cally createdfor thecode.Of the�rst typethereare� ve:

� APDSTAB: Aperturedescriptiontable.

� DISPTAB: Dispersioncoef�cients table.

� PCTAB: Photometriccorrectiontable.

� PHOTTAB: Photometricconversiontable.

� SPTRCTAB: 1-D spectrumtracetable.

Theselectionof eachtypeof �le is determinedfromthecorrespondingkeywordin theFITSheaderof ths
slitlessspectralexposure.Seehttp://www.sts ci.e du/ hst/ stis /ca libr atio n/r efer ence files
for moreinformationon STISreference�les.

MULTISPECalsousesfour speci�c calibration�les that mustbe created.All of themarein human-
readabletext formatandareasfollows:

� geomdistopxy�nal.output: A �le with four columnscorrespondingto the geometricdistortioncoef�-
cients(cx , cy, dx , dy) for the transformationbetweenthe imageandtheslitlessspectralexposure.The
coef�cients arede�ned in Má�z-ApellánizandÚbeda(2004). Here,a fourth orderpolynomialis used
andthecoef�cients arelisted in theorder: (0,1), (1,1), (0,2), (1,2), (2,2), (0,3), (1,3), (2,3), (3,3), (0,4),
(1,4), (2,4), (3,4), (4,4). The normalizationis suchthat cx;1;1 � cy;0;1 � dx;1;1 � dy;0;1 � 1:0 and
cx;0;1 � cy;1;1 � dx;0;1 � dy;1;1 � 0:0.
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� geomdistopxy�nal.output3: Thepixel displacementlist asde�ned in thePREPDATA subsection.

� prof.dat: A �le with eight columnsthat de�nes the parametersfor the cross-dispersionpro�le. The
sub-pixel functionalform usedis a triple gaussiande�ned by:

P� (y) =
3X

l=1

I l

� l
p

�
e� (y=� l )2

: (4)

Sincethe cross-dispersionpro�le is discretizedinto pixels,MULTISPECintegratesP� over the extent
of eachpixel. P� mustbenormalizedto 1, i.e.

P
j discretizej [P� (y)] =

R
P� (y)dy = 1, implying that

I 1 + I 2 + I 3 = 1. Theeightcolumnsin the�le are:pixel number(startingat 0), wavelength,I 1, I 2, I 3,
� 1, � 2, � 3.

� syntnuvcols.dat:A three-columntablewith thesyntheticcolorsin theVegamagnitudesystemasa func-
tion of reddening.Thethreecolumnsare:[1] E (4405� 5495), themonochromaticequivalentto E (B �
V), seee.g. Má�z-Apellániz 2004; [2] the syntheticstisnuv.f25c n182 - stisnuv.f25cn2 70
color;and[3] thesyntheticstisnuv.f25cn 182 - stisnuv.f25q tz color.

MULTISPEC hasbeenwritten in IDL and at the presenttime a beta distribution is available from
http://www.s tsci .edu /˜j maiz . Thedistribution requiresthe following threepackages:the IDL as-
tronomy library (available at http://idlastr o.gs fc.n asa .gov ), the Marwardt IDL library (avail-
ableat http://cow.phys ics .wis c.ed u/˜ crai gm/i dl/ idl. html ), and jmaplot (available from
the sameweb siteasMULTISPEC).Also, to avoid possibleerrorsandcon�icts betweenroutinenames,it is
recommendedthat the betaversionbe run from the samedirectorywhereit is installedandthat the current
directorybethe�rst entryin theIDL path.MULTISPEChasbeentestedonly underIDL 6.0.

I would like to thankLindaDresselandPaul Goudfrooij for their commentsreviewing this ISR.
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