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ABSTRACT

| presentMULTISPEC,a codefor the automaticextraction of multiple specta from slitlessexposues of dis-
persingelementsud asobjectiveprisms,grisms,or gratings. Thecodehasbeenoptimizedor crowded elds
composeaf point sourcessut asresolvedstellar clusters. MULTISPECobtainsthe specta by multiple pro-
le tting andis a spectal analogof a pro le- tting photometrypadkagesud as DAOphotor HSTphot. It
requiresa seriesof calibration les, of which the onesfor the STISobjectiveprism havebeencalculatedand
are presentedhere aswell.

Intr oduction

First-orderspectroscopysinga smallslit is aninef cient useof a bidimensionaldetectorsinceonly a
smallfractionof the pixelsplay arole in the detectionof thesignal. A long slit is animprovementif oneneeds
to measureseveral sourcesn thesameeld but, unlessall of your tamgetsarealigned,is still quite inef cient
sinceseveralexposuresareneededo measureaill the sources Severalalternatves(e.gmultiple bers, integral
eld units,micromirrors,or microshuttersprepresenin somecurrentor plannedtelescope$o maximizethe
simultaneouscollection of spectraldatafrom multiple sourcesput in others(e.g. HST) the only available
alternative is the useof slitlessexposuresand a dispersingelement,be it a grating, an objective prism, or a
grism.

The useof slitlessexposuresnvokesseveral possiblecomplications.The rst one,spectraoverlapping
dueto crowding, is illustratedin Fig. 1, which shows slitlessexposuresof a single star a sparseeld, anda
crowdedone.In the rst casglonesourcelit is straightforwardo assigntheorigin of eachdetectedountto its
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Figure 1. STISobjective-prismexposuresf (left) asinglestar (center)ansparseeld, and(right) acrovded
eld. Thespectraldirectionis nearlyparallelto thex axis.

source.In the secondcase(few tensof sourcesve have the samesituationfor moststarsin the eld (though
one of the bright sourcesn this speci ¢ exampleturnsout to be a binary andthereis a signi cant overlap
betweerthetwo spectra)ln thethird caseg(few hundredof sourcesmostsourcesverlapto somedegreewith
neighboringonesandthe assignmenof anorigin to agivendetectedcountcanbe quite complicated.

A secondproblemis the treatmentof extendedobjects,either sourcesor background. An extended
sourceobsenredin slitlessmodewill bein generalspreadoutin both the dispersiorandthe cross-dispersion
directions. Thelatteris only a minor complicationif thereis no signi cant velocity structurein the extended
emission;it canbe solved by integratingover a larger window (if usingapertureextraction)or corvolving a
modelof the spatialpro le with theinstrumentatross-dispersiopro les (if doingpro le tting). Theformer
is more serious,sinceit translatesnto a degradingof the spectralresolution. An extendedbackgroundis
an addedproblemfor slitless exposuresas comparedto oneswith a slit. We can distinguishtwo different
originsfor the background:astronomicabbjects,suchasnehkular emissionfrom anH 11 region or a planetary
nekula or the continuumfrom an unresoled stellar population;and foregroundsources suchas geocoronal
emissionlines, atmospheri@missionlines andcontinuum,zodiacallight, or earthshine Foregroundsources
areusuallyratheruniform andthey only complicatethe extractionby degradingthe S/N ratio for weaksources.
Astronomicalobjects,on the otherhand,canbe a more seriousproblem,sincethey arelikely to be spatially
variableandto introduceconfusionandlarger uncertaintiesn the extraction.

A third problem,relatedto the rst one,is theidenti cation andpositioning of theindividualsourceslf
crowdingis severe,asin theright panelof Fig. 1, it maybehardnotonly to separata@ifferentspectrabut even
to identify how mary thereare.But evenif crowdingis notsevere,asin themiddlepanelof Fig. 1, thequestion
remainsasto how onemeasureshe offset(or zeroposition)in the spectraldirection.

In this InstrumentScienceReportl presentMULTISPEC,a codethat canbe usedto extract multiple
spectrafrom slitlessexposures.l startby addressindiow eachof the problemsdescribedabore areattacked.
Later, | describehow the different modulesthat makeup the codeare structured. | end up discussingthe
requirementso installanduseMULTISPEC.

We usethetermbackgrounderein thegenerameaningof anythingthatis notthe source venthoughthosephotonsmayactually
originatebehind,atthe samedistanceas,or in front of the source.
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Techniques

The goal of extracting multiple spectrafrom a slitlessexposureis, in seseral ways, similar to that of
extractingthe photometryof a collectionof pointsourcesn animage.In thelattercasewhenoneis analyzing
a sparseeld the most straightforwardmethodis aperturephotometrywith a small radius. However, for a
crowded eld the aperturephotometryof a starcaneasilybe contaminatedby countsproducedby neighbors,
anda pro le- tting (sometimescalled crowded- eld) code suchas DAOphot, Dophot, or HSTphotdoesa
betterjob. For slitlessspectroscopycrowding is a larger problemthanfor photometrybecause givensource
producesa signi cant numberof countsover a larger numberof pixels. Hence,given the samenumberof
sourceschance®f having anoverlaparehigher Therefore] decidedto usepro le tting asthetechniqudor
MULTISPECinsteadof aperturesxtraction,the spectroscopiequivalentof aperturegphotometry

Thereareseveralissuesvhich needto beadressedh tting pro les to multiple spectra:

A differencebetweena photometry-and a spectroscopy-pro le- ttingcodeis that the former hasno
preferreddirectionin thedetectorand,for thatreasonijt uses2-D pro les asits fundamentalnit. Spec-
troscopicexposurespon the otherhand,have a distinctasymmetryin that one directionshareshe dual
characteiof beingan angular— or spatial- anda wavelength— or spectral- coordinate(that direction
will be calledherethedispersiordirection). Furthermorethe positionof the objectin the perpendicular
angularcoordinate(the cross-dispersiodirection)is x ed over its extent. For thosereasonsit makes
moresensdo t 1-D pro les in the cross-dispersiodirectiononcewe have determinedhe positionof
the objectonthe 2-D detector(i.e. its trace).

Another differencebetweenthe two typesof codeis the needfor auxiliary exposures.A photometry
packagecanuseoneimageto identify the sourcesandto extract the magnitudesf the objects. Doing

soin aspectroscopgodeis moredif cult, giventhe possibleextensive overlapamongsourcesFor that
reasonanimage(orimages)of thesameeld is a preferredalternatve for sourceidenti cation.

The useof two differenttypesof obsenations,an image (or images)for sourceidenti cation anda
slitlessspectralexposurefor the measurememf spectra,ntroducesan addedcomplication: the need
to accuratelyknow the relative geometricdistortion betweenthe two in orderto producea one-to-one
correspondendeetweerthepositionsin oneandthe otherthroughouthe eld covered.Thesegeometric
distortionscanbecalculatedby obtainingcalibrationspectraklitlessexposuresandimagesof a crovded
eld. Theimagesare usedto generatea simulatedslitlessexposureof the eld without ary distortion
which canthenbecomparedvith therealexposure.Notethat,dueto thedegenerag betweerspatialand
spectrakoordinatesn the dispersiondirection,the precisionof the geometriadistortionsolutionin that
directionis likely to bepoorerthanin thecross-dispersiodirectionunlesghepresencef absorption/and
or emissionlinesis ubiquitousin the sourcestheir intensitiesandwavelengthsarewell known, andthe
dispersingelementcanresolhe them.

As is alsothe casefor crowded- eld photometry a detailedknowledgeof the spatial(cross-dispersion)
pro le is requiredfor a cronvded- eld spectroscopyode. Sucha pro le is likely to be wavelength
dependent.lIf the spatialpro le is not well known, systematicerrorscanbe introduced,which would
be smallfor bright starsandcausedyy anincorrectaperturecorrectionbut possiblylarge for dim stars,
especiallythosecloseto bright ones.

The ability of a pro le- tting codeto accuratelydecowolve the ux esof a closepair is expectedto
dependcheasily onthe S/N ratio of the data(Porteretal. 2004). Therefore we shouldexpectdifferent
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uncertaintiedor starswhich have the samenumberof countsat the samewavelengthdependingon the
presencer absencef neighbors.

With thoseissuesn mind, the problemcanbe establishedh the following way. For the sakeof notation
simplicity, we will assumehatthe dispersiondirectionis parallelor nearly-paralleko the x axis (this is the
casefor the STISmodes).Then,thel-D pro le tting canbedonein they directionandwe canwork directly
with columndata.Let C(i; j ) bethenumberof countsat the pixel with coordinategi; j ) afterthebackground
hasbeensubtractedWe areultimatelyinterestedn measuringhespectralux esFy( ), (k = 1;N) of theN
starspresenin the exposurebut ourimmediategoalis to nd the contribution Cy (i; j ) of stark to pixel (i; j)
subjectto therestriction:

- - »I - -
C(i;j) = Ci(i; j): (1)
k=1

Ck(i; j) is theresultof thediscretizatiorin the vertical (cross-dispersiorgirectionof:

Fi( k(1)) texp P (y k(i)
s( (1)) ’

where (i) is therelationshipbetweenwavelengthandthe horizontalpixel index i for stark (which depends
onthedispersiorrelation,the positionof the starin thereferencémage andthe geometriadistortior?), P (y

vk (1)) is thenormalizedcross-dispersiopro le centeredhtthe continuousrerticalcoordinatey = yi (i), yk (i)
is the positionof the centerof thepro le of thestark atthe pixel with horizontalindex i, teyp is the exposure
time, ands( ) is thesensituity functionin unitsof (egs cm 2 A 1)/(ctss 1 pixel ). P (y) is afunction
that hasto be determinedrom high S/N obsenationsthat allow for a determinationof the cross-dispersion
pro le atthe sub-piel level. Finally, yk(i) is calculatedfrom [a] the position of the starin the image, [b]
therelative geometriadistortionbetweerntheimageandthe spectralexposure(plus ary possibleoffsetsand/or
rotations)and|c] thetraceproducedy the spectrunof astarcenteredn thedetector(describedy a function
y(x)), whichwe will assumealoesnot vary for starslocatedoff-center(apartfrom the relative displacemenin
x andy derivedfrom [a] and[b]).

If we now selectthecolumnde ned by i, wewill nd thatthetracesof N 9stars(N® N) crossit (for
somedispersingelementse.g. the STIS objective prism, the traceof anindividual stardoesnot spanall the
columnsin the detector). Then, for thatcolumnwe have N; equationgwhereN; is the numberof pixelsin
a column)de ned by Eq. 1 andN ®unknowns (the Fi (' «(i)) for the N Ostars). If we imposethe reasonable
conditionthatN < N; (certainly somecrowvding maybe expectedbut it would be hardto measurenorethan
onespectrunperpixel!), we nd thatthesystenis overdeterminedWe cansolve for sucha systenminimizing
the 2-like function:

(2)

0

. 1, 0 o 1,
. - R aci i) X Colii YA = R ac( i) XU Fr( k() texp discretizg [P (y (i)l 5
i ke i ket s( k()

@)

2Throughoutthis discussior will assumeor simplicity thatF( ) is a quantityalreadydiscretizedn wavelengthand! will refer
to discretizatioronly in the spatialy coordinate.
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for theN unknowvnsF( «(i)). In Eqg.3 wediscretizethecross-dispersiopro le by integratingthe sub-piel
precisionP (y yk(i)) overthe extentof avertical pixel and,in thatway, we takeinto accountthe different
centeringpossibiliies(e.g. pixel-centeredr edge-centeredertical pro les).

Minimizing a 2-like function which is ashighly-non-linearandhasa potentiallylarge numberof pa-
rametersastheonein Eq. 3 is easyto programbut dangerouso applyblindly. Themainreasoris thataccurate
initial guessesor the parametersirerequired:otherwise the algorithmcaneasilyendup in alocal minimum
whichis notthecorrectone. Furthermorethe existenceof noiseor incorrectbackgroundsubtractioror knowl-
edgeof the cross-dispersiopro le canalsoleadto unphysical(i.e. negative) resultsfor Fx( «(i)). These
issuesanbeavoidedby:

Providing asgoodaninitial guesdor the parameteraspossible In MULTISPEC,| combinemulticolor
photometryof the sourceswith ana priori knowledgeof their natureto estimateF( k(i) beforehand
by spectraknengy distribution (SED) tting to the photometry

Usingacodeto solve Eq. 3 capableof placingconstrainton theparameterin orderto detectunphysical
or unrealisticcasesaandto minimize the consequenceasn the calculatedux esof neighboringsources.

Anotherissueis the treatmentbof the backgroundwhich needso be subtractedeforeEg. 3 is solved.
Thealgorithml useto calculatehe backgroundn a potentiallycrowded eld involvesthefollowing steps:

1. Identi cation of theregion of the detectorwheresourcegrovide the dominantcontribution to the total
numberof countsin a givenpixel. Thatzonewill be calledthe sourceregion andthe complementary
zonethe backgroundegion.

2. An optionalestimationof theresidualeffectsof the neighboringsourceson thebackgroundegionanda
subtractiorof thatestimaterom theoriginal datapixel by pixel.

3. Calculationof a backgroundnapin thebackgroundegion, possiblyusingspatialsmoothing.

4. Calculationof the backgroundn the sourceregion by interpolatingfrom the backgrounccalculatedin
the previous step.

5. An optionaliterationto improve the de nition of regionsin the rst stepandthe contaminatiorfrom
sourcesn thesecondne.

If thebackgrounds comple&, theimplementatiorof theabove algorithmis far from trivial andit is likely
to require ne tuningof theregion selectionandsmoothingparameteren orderto be accurate.Furthermore,
if the backgrounds rapidly varying andbright closeto somesourcesa precisesolutionmay not be possible
from the data(this is alarger problemfor slitlessspectroscopyhanfor photometry)andwe may have to settle
for anapproximateone. In the next sectionl will discusgshe optionsavailablein MULTISPECfor ne-tuning
thebackgroundtalculation.

Even after all the abore measurehave beentaken,it is possiblethat somesourcesare nearly exactly
alignedin the dispersiondirectionsothatit will beimpossibleto unambiguoushydecomwolve their individual

ux esusingthatexposure.For thatreasona codeshouldbe ableto identify thosecasesandwarnthe userof
the problem.Also, it would becorvenientto have apost-processingpol thatcombineghe datafrom exposures
with differentorientationsn orderto usealternatve datawhensucha circumstancearrises.
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MUL TISPEC modulesand their use

MULTISPECisapro le- tting crowded- eld slitless-spectroscgprodethathasbeenwrittenin IDL and
which consistsof ve differentmodules:PREPIATA, GENGUESSCALCBACK, MAINFIT, andWRITE-
OUTPUT. Eachmodulecanbe called separatelyor, alternatively, a wrappernamedMULTISPECitself can
be usedto call eachof them sequentially Figure 2 shows the basic o w diagramfor the ve modulesthat
makeup MULTISPECandbrie y describeghetasksperformedn eachoneof them. Figure3 shavsamore
detailed o w diagramthatincludesthe auxiliary subroutinesindthethreelDL packagesequired(all of which
arefreely availablefrom the citedweb pages).Figure4 shavs the public (non-hiddenkeywordsavailablefor
thewrapperandeachof the ve modules.

MULTISPECwasoriginally written for the STIS objective prism andin the currentversionthatis the
only availablemode.However, with the propercalibration les, otherobservingnodescanbe easilyincluded.
In this sectionwe discusghe generakharacteristicef the softwareandin the next onewe will concentraten
the STIS objective prismaswell ason how nev modescanbeincorporated.

The currentversionof MULTISPECcanhandledithereddatawhich canbe combinedbeforehandnto
asingle eld or analyzedndividually at eachdither position,sinceit allows for the treatmeniof a numberof
image/slitlesspectralexposurepairs. Theuserneeddo provide the FITS les for theslitlessspectrakxposure
andtheimage(in the latter casea dummycanbe usedif it doesnot exist) aswell asa photometrylist for all
the starshe/shes interestedn. The photometrycanbe extractedfrom the imagesusinge.g. DAOPHOT or
DOPHOT andtwo Iters have to be providedin orderto estimatethe SED for eachstar(seethe PREPIATA
subsectioror details).

The wrapper MULTISPEC

We startdescribinghewrappemMULTISPEC which canbeusedto sequentiallyexecuteall themodules.
Besideshe four speci ¢ wrapperkeywordslisted in Figure4, ary of the modulekeywordscanbe usedhere
sothatthey arepassedilong. Also, the rst two wrapperkeywords(DIROUT andRESTORE) areuniversal,
meaningthatthey shouldalsobe usedwith the individual modules. A typical MULTISPECexecutioncould
thenbe,e.g.:

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

Suchacommands equivalentto consecutrely executingthefollowing modulesoneby one:

PREPDATA, DIROUT='ngc60 4', INPUT='ngc604 _a.dat', EXPOS=1, $
FIXPROF=3000., RESTORE=restore

GENGUESS,DIROUT="'ngc60 4', RESTORE-=restore

CALCBACK, CRBACK=15.0, NCELLXBACK=32, NCELLYBACK=8, DIROUT='ngc6 04, $
RESTORE=restore, PASS=1

MAINFIT, DIROUT='ngc604 ', RESTORE=restore, PASS=1

CALCBACK, CRBACK=15.0, NCELLXBACK=32, NCELLYBACK=8, DIROUT='ngc6 04, $
RESTORE-=restore, /SKIPWRITE, PASS=2

MAINFIT, DIROUT='ngc604 ', RESTORE=restore, PASS=2

WRITEOUTPUT, DIROUT="'ngc604 ', RESTORE=restore , PASS=2

Hereis adescriptionof eachof the speci ¢c wrapperkeywords:
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- Data, header, and parameter reading
PREPDATA - Photometry-model matching
- Coordinate transformation
- Optional shift calculation by cross-correlation
- Count estimation from photometry
GENGUESS - Individual spectra positions fine-tuning
- Generation of parameter estimates for fitting
- Generation of spectral exposure estimate
- Background estimation
- Output FITS (spectral-exposure-like):
> CALCBACK * Data estimate
* First background estimate
ﬂ * Final background estimate
- Multiple profile fitting
MAINFIT ) - New speciral exposure estimate
Refine

YES solution?
g
- Qutput FITS (spectral-exposure-like)
WRITEOUTPUT Data estimate

* First background estimate
- Spectra preparation
- Output FITS (individual spectra)

Figure 2: Basic o w diagramanddescriptionof thetasksexecutedby the MULTISPECmodules.
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GETDATA ]
RADEC )
READTABS 4 ..
MCOMMONSYNPHOT)
PREPDATA
_ CSTOFLAM J
ﬂ REDDEN 4 > ALAV
QUICKSYNPHOT
GENGUESS ]
MULTINTPROF2 ] REGRLIN
A
B MULTINTPROFH1 J v
RECENTER  — o RESQEEN
—_—
> CALCBACK e ——
ROBUSTSMOOTH }«a— RSE;’ST
!
MAINFIT
ﬂ In addition, MULTISPEC requires that
the following libraries be installed:
Refine IDL astronomy library

YES solution? http://idlastro.gsfc.nasa.gov
jmaplot
http://www.stsci.edu/~jmaiz
ﬂ NO Markwardt IDL library
http://cow.physics.wisc.edu/~craigm/idl/idl.html

WRITEOUTPUT

Figure 3: DetailedMULTISPEC o w diagram.
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Figure 4: Keywordsavailablefor the MULTISPECwrapperandfor theindividualmodules.
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DIROUT (default:'out’ ): Directorywhereoutput les arewritten.

RESTORE (default: datasehame):MULTISPECusesaseriesof IDL .sav les to transferdatabetween
its differentmodulesand RESTORE is usedastheroot for the nameof the le. By default,it is setby
PREPIATA (the rst module)to bethe HST datasehameof the spectrum(e.g.'06bz05010" ). Note
thatif the wrapperis not used(seethe module-by-modulexampleabove), thenthe keyword mustbe
usedin orderto let eachmoduleknow which datato processin suchacasethe RESTOREkeyword can
beusedasanoutputfor PREPATA andasaninputfor therestof themodules.

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

— 1: Boththebackgrouncdtalculationandthepro le tting areperformedonce.

— 1.5 : An additionalbackgroundcalculationis performedafter pro les are tted (but no second
prole tting). Note that this optionimplies a last call to CALCBACK after WRITEOUTPUT
whichis notrepresenteth Figures2 to 4 for simplicity.

— 2: A secondpro le tting is performedafterthe backgrounds calculatedor the secondime.

Seethe PASS keywordin CALCBACK, MAINFIT, andWRITEOUTPUTIf you preferto usemodule-
by-moduleexecution.

SKIP (default: 0): Numberof modulesto skip beforestartingthe execution. This optionis usefulto
restartthe executionfrom a certain point, possibly changingsomekeywords. More speci cally, the
startingpointsfor the possiblevaluesare:

— 0: PREPIATA.

— 1. GENGUESS.

— 2. CALCBACK (rst pass).

— 3: MAINFIT (rst pass).

— 4: WRITEOUTPUTIf PROC=1 or1.5 , CALCBACK (secondoass)f PROC= 2.

— 5: CALCBACK (secondpass)f PROC=1.5 , MAINFIT (secondrass)f PROC= 2.

— 6: WRITEOUTPUTIf PROC= 2.

PREPDATA

PREPDATA executeghepreliminarystepsrequiredin MULTISPEC.It readshedifferenttext andFITS
les, selectghe correspondingeferencevaluesfrom the informationin the headerscalculategshe bestSED
modelconsistentvith the availablephotometryobtainsthe transformatiorbetweerimageandspectrakpatial
coordinatesand, optionally, recenterghe databasedon a cross-correlatiofbetweenthe real slitlessspectral
exposureandanarti cially generatednebasedonthe calculatedSEDs.Thecurrentversionof PREPATA is
preparedo work only with STIS objective-prismdatabut it canbe easilyadaptedo othercon gurations.The
following keywordsareavailablewith PREPDATA:

INPUT (default:'input.dat' ): Nameof themaintext input le name.A samplele is shavn here:
ngc4214/phot.d at Text le with thestellarphotometry

10
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visit3 FITS le directory
stisnuv.f25cn1 82 First Iter name.
stisnuv.f25cn2 70 Secondlter name.

06bz02isq 06bz02010 Firstimage/spectrunexposurepair.
06bz02iwg 06bz02020 Secondoptional)exposurepair. More linesmaybeadded.

Thestellarphotometryle shouldhave onerow for eachstarwith thefollowing sevencolumns:

x coordinate.

y coordinate.

Rightascensiolin degrees(optional,it canbe substitutedby a dummyvalue).
Declinationin degrees(optional,it canbe substitutedy adummyvalue).
Magnitudein the rst lter.

Magnitudein thesecondlter .

An integernumericalidenti er for the object.

Currently threechoicesare availablefor lters (stisnuv.f25cn 182, stisnuv.f25c n270, and
stisnuv.f25qtz ) andonlylogZ=Z = 0:5 high-gravity Kuruczmodelswith 30000K andvarying

extinction usingthe Cardellietal. (1989)law with Ry = 3:1 canbe usedfor theinitial SED estimates.
In thefuture, | planto integrateMULTISPECwith CHORIZOS(Ma'z-Apellaniz2004),thusproviding

awide rangeof SEDfamiliesto beused.

EXPOS(default:1): Numberof theimage/spectrurexposurepair to process.
MLIM (default:80.0 ): Maximummagnituddimit to includein the extraction.

FIXPROF (default:notused):Critical wavelengthfor theuseof aconstantross-dispersiogpatialpro le
(seethesectiononthe STIS objective prismfor anexplanation).

PREPDATA requirestwo userprovidedtext les, the mainonespeci ed by INPUT andthe photometry
list whichis namedn the rst row in the mainone,andat leasttwo userprovided FITS les, oneimage and
oneslitlessspectralexposure.lt alsorequiresa numberof calibration les thataredescribedn the sectionon
the STIS objective prism.

PREPIATA readsthe le 'geomdistopxy  _final.output3 ' in the geomdistop directoryto
checkwhetherthe userwantsto usea speci ¢ recentering.That le containsthreecolumns,the rst onewith
datasenamesandthelasttwo with pixel displacementi x andy. If thedatasebeinganalyzeds includedin
thatlist (the usermayeditit), thenthe displacementareusedfor recenteringlf the datasebeinganalyzeds
notin thelist, thenPREPDATA performsa cross-correlatiotetweerthe real slitlessspectralexposureanda
simulatedonederivedfrom the photometry(seealsothe next subsectionjo determinghedisplacements.

GENGUESS

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

®Note, however, thatall the imageinformationis derived from the photometrylist, not from the FITS le itself. The reasonfor
includingthe FITS le nameis simply for trackingdown the headeinformationandwriting it into the header®f the nal FITS tables.

11
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star ij(i) = Pj Ck(i; j); (2) the correspondinglitlessspectralexposureobtainedby placingeachstarat its
correspondindocationandaddingtheresultfor all the starsconvolved by the correspondingross-dispersion
spatialpro le, C(i; j ); and(3) theadditionalparameteryy (i) anddiscretize[P (y  yk(i))] for themultiple-
pro le tting ateachcolumn. Theinitial estimatesn (1) and(2) will beusedto calculatethe backgroundand
asinital guessegor the multiple-pro le- tting algorithmin the next two modules.Fromnow onwe will call
theresultof (2) the dataestimateandthe slitlessspectralexposurethereal data

GENGUESSalsocalculatessmall correctiongo the positionsof theindividual starsin theslitlessspec-
tral exposure(yk(i)) if the geometricdistortionis not known to a high degreeof precision. One keyword is
availablewith GENGUESS:

NPOINTSMIN (default:6): Minimum numberof pointsto have the smallpositioncorrectioncalculated
for anindividual star In orderto calculatethe correction, GENGUESS st collapseghe realdatainto

10-pixel horizontalbins and calculatedor eachstarhow mary of thosebins have a high S/N andare
locatedfar away from neighbors makingthem good candidatesor recenteringi.e. the defaultvalue
impliesastrongS/Nover60=6 10 pixelswithout nearbystars).Theusercanmanuallydecreas¢his

keywordif the numberof starsin the eld is low.

GENGUESSproducesas outputthe positionsof all the individual spectra. The outputis in thethree
forms of: [a] a human-readabléxt le, [b] a PS le with the positionsdravn on top of the real data(see
Fig. 5), [c] a le thatcanbereadasa region list by SAOimageDS9in orderto overplotthe positionson e.g.
theFITS le of therealdata.In the graphicaloutput,redis usedfor starswherethe smallpositioncorrection
hasbeenappliedindividually andgreenfor thosewhereanaverageof the nearbystarshasbeenusedinstead.

CALCBACK

CALCBACK calculateghe backgroundof the slitlessspectralexposure. The following keywordsare
available:

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

ALTBACK (default: not used): By default, the backgroundregion is de ned from the dataestimate
(generatedy GENGUESSIN the rst iterationandby MAINFIT in the secondone). If this ag is set
(by adding/ALTBACK to thecommandine), thentherealdatais usedto de ne thebackgroundegion.

NCELLXBACK (default: 16): Numberof backgrounctellsin thex direction. The numbermustbe of
theform 2", with n anintegerbetweerD and8.

NCELLYBACK (default: 16): Numberof backgrounctellsin they direction. The numbermustbe of
theform 2", with n anintegerbetweerQ and8.

PASS (default: 1): Iterationnumber The allowed valuesare 1, 1.5 (for the additionalbackground
calculationdescribedor the PROC keywordin thewrapper),and2.

CALCBACK usesasits rst backgroundestimatahe subtractiorof the dataestimaterom therealdata.
It thencalculatesa (broad)secondhackgroundestimateny a weightedmeanof the rst estimatan eachof the
cells (asde ned by NCELLXBACK andNCELLYBACK), androbustly smoothingthe result. It thende nes

12
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Figure 5: SamplePS le outputfrom GENGUESS Note that the bright starin the lower left quadrantis a
binary, soit appearsasa doublegreenrectangle(two stars,no individual recenteringjnsteadof a singlered
one (onestar recentering).The starswithout a rectanglehave not beenselectedor tting becausdhey are
fainterthanMLIM. The STISobjective-prism eld shown is the sameoneasin the middle panelof Fig. 1.

13
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Figure 6: Different2-D datausedor generatedy MULTISPECfor the crowded eld caseshavnin Fig. 1.
[upperleft] Spectralexposure.[uppercenter]Associatedexposurein imaging mode. [upperright] Modeled
data. [lower left] Partial residual(exposureminus modeleddata). [lower center]Final background.[lower
right] Full residual(exposureminus modeleddataandbackground).All panelsusethe samecolor scaleand
countlimits. Notethatfor the STISNUV-MAMA the platescale(in arcseconds/p&) for animageis 83.4%
thatof anobjective-prismspectralexposure(comparethe above left andabove centerpanels).

the backgroundand sourceregions, eitherfrom the estimateor from the real data,by (a) using CRBACK to

providea rst estimateof thesourceregion, (b) expandingit to includetheneighboringpixels,and(c) de ning

the backgroundegion asthe complementaryf the sourceregion. A third backgroundestimates calculated
by using(a) the rst estimaten the backgroundegion and(b) the secondestimaten the sourceregion. The
third estimateis thenrobustly smoothedncemoreto producethe nal background.

As previously mentionedthe backgroundtalculationin a slitlessspectralexposureis far from trivial. It
is expectedhattheuserwill haveto try differentvaluesof thekeywordsuntil he/shéds satis edwith theresults.
In orderto simplify the processevery time CALCBACK is executedit produceghreeFITS les: [1] thedata
estimatewhichis updatedoy MAINFIT afterthe rst iterationwith the newly calculatedvalues(Fig. 6, upper
right panel);[2] the rst backgroundestimatge.gtheresidualgeneratedby the subtractiorof the dataestimate
from therealdata,Fig. 6, lowerleft panel);and[3] the nal backgroundFig. 6, lower centempanel).
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Figure 7: Sectionof acolumnwith resultsfrom MAINFIT.

MAINFIT

MAINFIT is the coreof MULTISPEC,sinceit is wherethe spectrumof eachstaris extracted. This is
doneby scanninghe detectorcolumnby columnandsimultaneouslytting the contribution of eachoneof the
starspresenin thatcolumn,asdescribedn the previoussection.The tting algorithmusesasinitial guesshe
valuescalculatedn GENGUESSandplacestwo constraintson eachof the individual valuesof Fy( k(i)): a
minimum of 0 anda maximumof threetimesthe initial guess.The rst oneis includedto avoid unphysical
negative ux es(e.g. whenadim spectrunis hiddenin thewings of a very bright oneor immersedn a bright
background).The secondoneis includedto avoid “runaway” ts whentwo spectreof very differentintensity
have separation®f a smallfraction of a pixel. Also, a shortanda long wavelengthlimit areimposedon the
t for every starby calculatingthe valueswherethe estimateof C2(i) < 10 counts(this is equivalentto the
impositionof aminimum S/N for the detectionof a starby crowded- eld photometrycodes).

MAINFIT hasonekeyword available:
PASS (default: 1): Iterationnumber Theallowedvaluesarel and2.

MAINFIT updateghevaluesgeneratedy GENGUESSnN casea secondterationis usedandprepares
thedatafor theiruseby WRITEOUTPUT

A samplet for asectionof acolumnis showvnin Fig. 7.

WRITEOUTPUT

WRITEOUTPUT organizesand writes the nal data. Unlessthe NOSLEXPW keyword is used(or
PROC =1.5 is setfrom thewrapper),it generateswo FITS les with the nal versionsof the dataestimate
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(asgeneratedby thelastiterationof MAINFIT) andtheresidualie.g.theupdatedrersionsof the rst two FITS
les generatedhy CALCBACK. It alsoproducesa FITS tablefor eachof the starswith thefollowing columns:

lambda:Wavelengthin A.

ux: Spectralux, F( ),inemgs tcm 2A L

s ux: Uncertaintyin thespectralux inemgs cm 2A 1,

cts: Counts,C(i).

scts:Uncertaintyin counts.

ctsO: Initial guessusedfor thecounts.
resll:Residuakountsintegratedover 11 pixelscenteredaroundy.
res61:Residuakountsintegratedover 61 pixelscenteredaroundy.

fact: Sensitvity function,s( ), in (egs *cm 2 A 1)/(ctss ! pixel ).
back:Backgroundvaluein counts.

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

distary: y distancg(in pixels)to the nearesttted spectrum.

distm1:y distance(in pixels)to thenearesttted spectrumwith atleastl/10 C(i).

distp0:y distancdin pixels)to the nearesttted spectrunwith atleastl ij(i).

distpl:y distancdin pixels)to thenearesttted spectrumwith atleast10 ij(i).

distp2:y distancd(in pixels)to thenearesttted spectrumwith atleast100 ij(i).
chitest:Reduced 2 for thesevenpixelsin theverticaldirectioncenterecaroundy.

X: X coordinatén IRAF style (centerof pixel atlower left cornerhasx = 1) for thiswavelength.

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

WRITEOUTPUT alsopopulateghe headernof the FITS tablewith informationaboutthe datasetsised,
the star(coordinatesmagnitudesidenti cation), andthe MULTISPECrun.

Thefollowing keywordsareavailablein WRITEOUTPUT:

NOSLEXPW (default: not used):Flagto deactvatethewriting of thelastversionsof the dataestimate
andresidual.

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

The FITS table that WRITEOUTPUT generatedor eachstaris the end productfor a single slitless
spectralexposure. However, the usermay wantto improve the resultby combiningdifferentexposureswith
the sameorientationto increasehe S/N ratio or from differentorientationsn orderto eliminatesuperpositions
betweerstars.Indeed thereasonvhy WRITEOUTPUT includescolumnssuchasback, ag, distary, distm1,
distp0,distpl,distp2,andchitestis thatthe usermayusethemascriteriafor suchcombinationsThe choiceof
criterion (or combinationthereof)to combinespectrahasonly beenpartially exploredwith the availabledata
atthe currenttime: morework is plannedfor the future. It is alsopossibleto usetheresllandres6lcolumns
to checkfor possibleresidualsiueto e.g.anincorrectassumptiorof the cross-dispersioapatialpro le.

Using MUL TISPEC

As previously mentionedMULTISPEChasbheenwritten with the STIS objective prismin mind. Indeed,
it hasalreadybeenusedby Ma'z-Apellaniz and Bohlin (2005) to calibratethat STIS mode using spectral
exposuresof the standardstarHS 2027+6051.An exampleof thoseexposuress showvn in the left panelof
Fig. 1. An issuediscoreredby Ma'z-ApellanizandBohlin (2005)for the STIS objective prismfor > 3000
A is the existenceof contaminatiorby the ux at shorterwavelengths. As explainedthere,a solutionthat
minimizesthe problemis to usea constantross-dispersiopro le for > 3000A andaddingthe t residual
over 11 pixels. MULTISPECdoesthis by usingFIXPROF=3000.0n PREPIATA andrecoreringtheresidual
from theres11in thetableoutput. Of coursewhendoingthelatteronehasto checkfor the existenceof nearby
stars.

MULTISPECrequiresanumberof calibration les, someof which arestandardsTISreferenceles and
someof which have to be speci cally createdor the code.Of the rst typethereare ve:

APDSTAB: Aperturedescriptiontable.
DISPTAB: Dispersioncoefcients table.
PCTAB: Photometriccorrectiontable.
PHOTTAB: Photometriacornversiontable.

SPTRCRB: 1-D spectruntracetable.

Theselectiorof eachtypeof le is determinedromthecorrespondindgseywordin theFITS headeof ths
slitlessspectrakbxposure . Seehttp://www.sts ci.e du/ hst/ stis /ca libr atio n/r efer ence _files
for moreinformationon STISreferenceles.

MULTISPECalso usesfour speci ¢ calibration les that mustbe created.All of themarein human-
readabldext formatandareasfollows:

geomdistopxy nal.output: A le with four columnscorrespondindo the geometricdistortion coef-
cients(cy, ¢y, dx, dy) for the transformatiorbetweerthe imageandthe slitlessspectralexposure. The
coefcients arede ned in Ma'z-Apellanizand Ubeda(2004). Here,a fourth order polynomialis used
andthe coefcients arelistedin the order: (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 A1 dyo1 1:0 and
Cx01  Cy1a Oxo1r Oy 00
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geomdistopxy hal.output3: The pixel displacemenlist asde ned in the PREPDATA subsection.

prof.dat: A le with eight columnsthat de nes the parameterdor the cross-dispersiopro le. The
sub-pixel functionalform usedis atriple gaussiarde ned by:

S _ 2
P(y)= —p=e 070% 4)
=1 !

Sincethe cross-dispersiopro le is discretizegnto pixels,MULTISPEgntegratesP over the extent
of eachpixel. P mustbenormalizedto 1,i.e. ; discretizg [P (y)] = P (y)dy = 1, implying that
I1+ I+ I3 = 1. Theeightcolumnsin the le are:pixel number(startingat 0), wavelength, 1, 15, I 3,

1, 2, 3-

syntnuvcols.datA three-columrtablewith the syntheticcolorsin the Vegamagnitudesystemasa func-
tion of reddening.Thethreecolumnsare:[1] E (4405 5495), themonochromati@quivalentto E (B
V), seee.g. Ma'z-Apellaniz 2004;[2] the syntheticstisnuv.f25¢ nl82 - stisnuv.f25cn2 70
color; and[3] the syntheticstisnuv.f25¢cn 182 - stisnuv.f25q tz color.

MULTISPEC hasbeenwritten in IDL and at the presenttime a betadistribution is available from
http://www.s  tsci .edu /j maiz . Thedistribution requiresthe following threepackagesthe IDL as-
tronomy library (available at http://idlastr 0.gs fc.n asa.gov ), the MarwardtIDL library (avail-
ableat http://cow.phys ics .wis c.ed u/” crai gm/i dI/ idl. html ), andjmaplot (available from
the sameweb site asMULTISPEC).Also, to avoid possibleerrorsandcon icts betweerroutine namesit is
recommendedhat the betaversionbe run from the samedirectory whereit is installedandthat the current
directorybethe rst entryin thelDL path.MULTISPEChasbeentestedonly underlDL 6.0.

| wouldlike to thankLinda DresselandPaul Goudfrooijfor their commentgeviewing this ISR.
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