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ABSTRACT

Long-slit spectoscopicobservationsof a star, usingthe G750L grating with perpendiculafto-slit stepping
patterns,are compaedwith modelsbasedon the Tiny Tim STISimagingPSFE Whenthe star is centeedin the

aperture (52x0.1,52x0.1E152x0.2,0r 52x0.2E1)theobservedux exceedsthemodelpredictionsat distances
greaterthan 0.2 arcsecfrom the centerof the star, at ux levels below a few percent of the peak, due to

scatteringanddiffraction. Whenthe star is movedout of the aperture by oneor two slit widths,the ux is less
than predictedfromthe modelling Possiblereasondor this discrepancyare examined. The G750L grating

and the mirror usedfor CCD imagingead havea Lyot stopin their optical path, which broadensthe PSF

andrequiresan empiricaladjustmentn the modellingof narrow-slitspectoscopicPSFs.TheG750Mgrating,

oftenusedfor spatiallyresolvedspectoscopydoesnot havea Lyot stop. Theeffectof the Lyot stoponthe PSF

is shownin a comparisorof the PSFs(observedcand modelled)or target-centeedpointingsusingthe G750M

and G750Lgratings.

Intr oduction

Mary observingprogramshave usedSTIS to map sourcesspectroscopically Typically, one of the narrov
slits is steppedoy its width a few timesto cover theregion of interest. The nite point spreadfuncion (PSF)
spreadsux from row to row in a spectroscopiémage,andacrossthe slit from sourcedocatedin and out
of the slit. This contaminatingux mustbe accountedor in modelling the velocity structureand surface
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brightnessstructureof theregion. For example,measurementsf black hole massarebeingmadeby applying
instrumentaleffectsto modelsof nucleargaseouglisksto produceemissionline pro les for comparisorto
obsenred line pro les. Onestepin this procedureis to corvolve a model brightnessdistribution at a given
wavelengthwith the point spreadunctionat thatwavelength.PSFsgeneratedby the publically available Tiny
Tim softwareare generallyused,althoughthey were developedfor STIS imaging ratherthan spectroscopy
Sincedifferencesn the opticsin theimagingandspectroscopitight pathsproducedifferencesn the PSFat
the detectoy beyond the dispersionintroducedby the gratings,point sourceobsenationsare usedhereto test
the modelsfor spectroscopiapplications.

Observations and Data Reduction

Spectroscopiobsenationsof HD73471,a bright K star(V = 4.45mag), wereobtainedin STIS calibration
program96100n 29 Septembef002. The 52x0.1slit was steppedn a perpendiculato-slit patternof ve
0.1-arcsecstepscenteredon the star Similary, the 52x0.2slit wassteppedn a perpendiculato-slit pattern
of three0.2-arcsestepscenteren the star Both patternswererepeatedat the E1 aperturepositions,which
placethetamgetnearthereadoutendof the CCD detectotto reduceCTI losses.The G750L gratingwasusedat
centralwavelengthsetting7751to makedataavailablefor spectroscopi®SFsrom 5240to 10260A. For each
slit position, four dither stepswere performedalongthe slit at 3.5 pixel intervalsto give half-pixel sampling
andredundanpairsof obsenations(dithersof 0 and7 pixels,3.5and10.5pixels). The exposuresvereshort
(0.8 secfor the 52x0.15slit, 0.5 secfor the 52x0.2slit), sotheimagescould be usedseparatelwithout cosmic
ray rejection.

ACQ/PEAKswereusedto obtainpointingwith anaccurag of 0.005arcsecTheobsenationsweredone
in thesequenc@&CQ,52x0.1ACQ/PEAK,52x0.1pattern 52x0.1EIACQ/PEAK,52x0.1E1pattern 52x0.2E1
pattern,52x0.1ACQ/PEAK, 52x0.2pattern. All but one of the twenty exposuresn the 52x0.1patternwere
completedwithin oneorbit (49 minutes).Threeslit positonsof the52x0.1E1patternwereexecutedwithin one
orbit andtheremainingtwo slit positionsextendednto a seconcdrbit. The 52x0.2and52x0.2E1patternsvere
eachcompletedn atimesparof lessthan20 minutes. The driftrate of HST is lessthan0.01arcseer hour,
andthermaldrifts aregenerallyless. Smallanglepointingmanueershave errorslessthan0.003arcsedSTIS
InstrumentHandbook Kim Quijanoetal. 2003).

Dataweretakenfrom the standardt imageswhich have beencorrectedwith bias,dark,and at refer
ence les. A singlecolumnat 6600A in eachspectralimagewastakenasthe obsenationalPSF 6600A was
choserasrepresentatie of the H alpharegion of the spectrum.Comparisorof the redundanpairsof dithered
obsenationsshonvedthatthe ux errorswerenot dominatedby the formal errorsincludedin the errorarrays,
but ratherby othererrorssuchasslightly inaccuratedither steps.Averagingover columnswould thereforenot
improve theaccurag of theresults.

Modelling

ModelHSTimagingPSFscanbe producedusingTiny Tim software( http://www.st<i.edu/sftware/tirytim/)
provided by Krist andHook. To generatea CCD spectroscopi®SF the aperturds placedona nely sampled
monochromatiédmagingPSFandthe ux within the apertureis summedalongthe dispersiordirection. The
summed ux esare blockedinto pixels in the cross-dispersiodirection, thena corvolution is performedto
simulatechage diffusionon the CCD. TheimagingPSFappropriateo the gratingshouldbe used:generated
with a Lyot stopin the optical path(defaultTiny Tim parametersdr without a Lyot stop(customizedriny Tim
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parameters).This methodof generatinghe spectroscopi®SFmustbe modi ed for the gratingsthat have a
Lyot stop,to takeinto accounthedifferencebetweertheimagingP SFsampledattheapertureandtheimaging
PSFmodelledon the detector An empiricalmodi cation usinga simple scalingof the PSFis describedand
testedbelow.

Lyot stopsaremountedn front of the opticalelements5430L,G750L,andMIRVIS (themirror usedfor
CCDimaging),closeto the pupil plane(ChuckBowers,privatecommunication) . Thesecircularaperturesare
designedo supplementhefocal planemaskusedin coronographienodeby suppressingesidualscatterecnd
diffractedstarlightfrom the collimatedbeam(Heapet al., 2000),but they do so at the expenseof broadening
the PSE Thestopsareall nearlythe samesize(15.5mmfor MIRVIS andG430L,15.0mmfor G750L;Geoge
Hartig, privatecommunication)sothis investigationwill usethe MIRVIS PSFto modelthe spectroscopi®SF
for G750L.For rst orderCCDgratingsotherthanG430LandG750L,theLyot stopcaneffectively beremored
from the Tiny Tim modelby enlagingit to the pointthatthe PSFbecomesnsensitiveto its size.

Theeffect of the Lyot stopon the sizeof the PSFmustbe determinedsothat samplingof the PSFin the
slit planecanbe modelledappropriately A comparisorof theradialpro le of light for modelimagingPSFsat
6600A with andwithout the Lyot stopis shovn in Figure 1. The PSFsverenormalizedo the sametotal ux.
EachPSF subsamplethy 0.1 CCD pixel, wasdividedinto quadranteenterednthe X andY axes.An annular
averageof ux asafunctionof distanceérom the centerwascomputedor thetwo X quadrantsakentogethey
andfor thetwo Y quadrantdakentogether TheresultingX andY ux pro les for the modelswith (solid
lines)andwithout (dashedines)theLyot stopareshonn in theupperpanelof the gure. TheLyot stopmodel,
which effectively seesa smallerdiametemprimary mirror, hasa broaderAiry disk anda slightly moredistant
rst Airy ring. For eachmodel,the X andY pro les arevery similar, shoving the degreeof X-Y symmetryof
themodels.In thelower panelof the gure, the modelwith no Lyot stophasbeenexpandedadially by 10%,
andthetotal ux hasbeenconsered. The pro les for the expandedmodelareseento be agoodmatchto the
pro les for the modelwith the Lyot stop. Theimplication of this comparisonthatthe Lyot stopbroadenghe
PSFby 10%at 6600A, hasbeenusedin the applicationof spectroscopiapertureso the PSFfor G750L.The
slit hasbeenbroadenedy 10% whenappliedto the Lyot-stoppedmaging PSF to compensatdor the 10%
narraver PSFin the apertureplane. The detailedfeaturesof the Lyot-stopped®SFarethuspresered, andthe
extentof the PSFin the cross-dispersiodirectionat the detectoris maintainedput the samplingby theslit is
improved.

If necessarytheinput parametergor Tiny Tim canbeadjustedor changesn focus. The spectroscopic
PSFnominally hasslightly betterfocusthanthe imaging PSF but this was almostexactly compensatedor
by the averageamountof defocusfoundto be in effect at the time of the obsenationsfor program9610. (
http://www.stsci.eduistobsenatay/focud givesmeasurementsf focus.) An additionalconsideratioris the
variationin focus that occursduring the courseof an orbit due to thermalchangesn the optical bench,a
phenomenomeferredto asbreathing.A temperature-basadodelof breathingindicatesthatthe excursionof
thefocusfrom the meanwasup to +/-1.5 micronsof secondarymirror motion duringthe obsenations,which
shouldproducea ngjligible changan the PSE

An imageof thesubsampled0.1 pixel) 6600A Lyot-stopped®SFis shavnin Figure2, with overlaysof
the 5 placement®f the (broadened)2x0.1slit andthe 3 placement®f the (broadened$2x0.2slit usedin the
obsenations.Thetrefoil structurein the rst Airy ring is causedy thethreesupportpadsontheHST primary
mirror. Pro les of the centrall0 rows of the subsampledSFimage(spanningone CCD pixel alongtheslit)
areshown in Figure3. Thelocationsof the edgeof theslit areindicatedin the gure. Nearthe centralrow of
the PSFimage,the rst Airy ring is centeredn theintermediateslit positionsof the 52x0.1observingpattern.
It is atthe edgesof the 52x0.2slit for all 3 positionsof thatobservingpattern.

The subsampledPSFwassummedover grids of 22 by 10 subpixelsto represen{broadenedslitwidth
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Figure 1. Upperpanel:Pro les of annularaveragesof the X andY quadrantux esfor the Lyot-stoppedSF
(solid lines) andunstoppedSF(dashedines). Lower panel: Sameasupperpanelexceptthatthe unstopped
PSFhasbeenexpandedoy 10%in radiuswith conserationof ux.
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Figure 2: Model PSFsubsampledo dimensionsof 0.1 pixel, with overlaysof the 5 slit placementof the
52x0.1slit (left) andthe 3 slit placement®f the 52x0.2slit (right). The slits have beenbroadenedby 10%to
compensatéor thebroadeningf the PSFcausedy the Lyot stop.
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Figure 3: Pro les of thecentrallOrows of thesubsample®SF(compresselly 10%in thedispersiordirection
to compensatdor the broadeningcausedby the Lyot stop), with the locationsof the slit edgesindicatedby
triangles(52x0.1slit) anddiamondg52x0.2slit).

timespixel heightfor the 52x0.1obsenations,andover grids of 44 by 10 subpixelsto represen{broadened)
slitwidth times pixel heightfor the 52x0.2obsenations. The target wasassumedo be centeredn the central
slitin thex (dispersionyirection,sincethe ACQ/PEAKsperformedwith the52x0.1slit achievedthis centering
with anaccurag of atenthof a pixel. Sincethereis no constraintonthey positioningof the spectrumwithin
apixel ata givencolumn,the summatiorwasperformedl0 times,steppediy onesubpiel in they dimension
eachtime, to give 10 setsof PSFsto compareto the data. PSFsetsseparatedy 5 subpixel stepsin y thus
correspondo the half-pixel ditherpairsin the data.

Before comparisorof the PSFsto the data,one additionalprocedurevasnecessarythe simulationof
chagediffusiononthe CCD. An electronnot stronglyheldwithin the pixel whereit wasliberatedby a photon
canwanderinto anadjacenpixel. (SeeKrist 2003for a detaileddiscussion.)Therefore for eachslit position
andy-centering,the single columnof numbersrepresentinghe PSFalongthe slit was corvolved with a one
dimensionakchage diffusionkernel. Theinput le generatedy Tiny Tim givessymmetric3 pixel by 3 pixel
kernelsat differentwavelengthssothata kernelcanbe computedor a particularwavelengthby interpolation.
(Tiny Tim automaticallyusesthesekernelsto apply chage diffusion to the PSFunlessit is sampledat the
subpixel level.) For thespectroscopimodelling,the 3x3 6600A kernelwascollapsedo they dimension.This
re ects the fact thatthe structureof the PSFin the x dimensionis lostin a spectraimage. Convolution of a
locally at spectrunin a spectraimageby this 1x3 kernelandby the original 3x3 kernelareequivalent.

Figure 4 shaws the spectroscopi®SFfor the tamget-centered2x0.1slit beforeblocking the subpixels
into pixels (dot-dashedine), afterthe blocking (dashedine), andafterapplyingchage diffusion (solid line).
Theblockedchage-diffusedpro le canbeinterpretechsa PSFgeneratedby taking nely spacedlong-the-slit
dither stepswith the CCD. For a single exposure,one mustchoosepointson thatpro le atintervals of 0.05
arcsedoneCCD pixel).
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Figure 4. The spectroscopi®SFfor the taget-centered2x0.1slit beforeblocking the subpixelsinto pixels
(dot-dashedine), afterthe blocking (dashedine), andafterapplyingchage diffusion(solid line).

The spectroscopi®SFmodellingtechniquedreatsthe apertureasa maskplacedon the PSE For a spec-
troscopicexposureof a starcenteredn the0.2x0.2aperturethemodelled ux in thecross-dispersiodirection
would belimited to 4 or 5 pixelsbeforeapplyingchage diffusion (dependingon how the aperturds centered
on therows of pixels),andwould be spreado atotal lengthof 6 or 7 pixelsby the chage diffusionkernel.In
practice,the ux trails off to a greaterdistancedueto unaccountedor diffractedandscatteredight. Figure
5 shavsthe 6600A spatialpro les of the ux of the starHD101998obseredthroughthe 0.2x0.2and52x0.2
apertureqgexposureso4sp04030and 04sp04040madeconsecutrely within a timespanof eight minutesin
program7932). The pro les have beennormalizedby a constanto facilitate comparisorof ux esto the peak

ux. Theplotontherightis scaledo bettershow the pixelsbeyondthe central7 rows, wherethe modelwould
indicate ux=0 for the 0.2x0.2apertureoro le. Theobsenedexcessux in the0.2x0.2aperturepro le in this
region, neglectedby the model,is a substantiafraction of the ux obseredin the52x0.2pro le.

Comparison Of Data And Models

The ux pro le alongthe centralslit in eachobservingpatternwas comparedo the modelledpro les. The
modelledpro les with the y-centeringthat bestmatchedhe datawere selected. The modelledpro les were
normalizedso thatthe greateswvalueachieredin ary of the ten setsof y-stepswas1.0. The datawerescaled
to matchthe modelledpro les by requiringthe ux summedover the central0.25arcsedn the centralslit to
matchthe sumof the PSFvaluesover thatregion.

Figure 6 shows the obsered ux alongthe centralslit (position 3 of 1,2,3,4,5)and the PSFmodel
predictionfor the 52x0.1slit. Theleft columnof plots shows theresultsfor the 52x0.1obsenations(centered
on thedetector),andtheright columnshaws thosefor the 52x0.1E1obsenations(high on the detector).The
threerows of plotsshaw differentrangesdn intensityanddistancealongtheslit. The modelsareagoodmatch
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Figure 5: Obsered ux alongthe slit for the 52x0.2aperture(triangles)andthe 0.2x0.2aperture(squares)
centeredon a star Differentrangesin distancealongthe slit (arcsec)andin ux (normalizedby the same
constantiareshownn in thetwo plots. Tick markson the x=0 line indicatethe heightof the 0.2x0.2aperture.

to the obsened ux to about0.15 arcsecfrom the center to within the systematicerrorsindicatedby the
differencedn the ux estakenat equivalentdither positions. The ux esaregreaterthanpredictedin the faint
wingsof thePSFE Thisis dueto thehaloof scatteredight notincludedin the Tiny Tim modelling,asdiscussed
above.

Figure7 shonsthecentralslit ux pro le for 52x0.1again,modelledandobsened,in the centralpanel.
Theadjacenpanelsshown the ux pro les for the intermediateandouterslit positionsin the 5-stepobserving
pattern.The modelledpro les in the intermediateandouterpositionsdo not matchthe shapeof the obsenred
pro les, andgenerallyoverpredictthe ux. Thisis unexpectedsincedefocusor excesgitter in trackingwould
generallycauseamore ux thanpredictedto appeatn the offsetapertures.

Figure8 givesa comparisorof theobsened ux pro les for the 52x0.1andthe 52x0.1E1patternposi-
tions. The differencesetweerthe aperturesaregenerallycomparabldo the systematidifferencesetween
theditherstepsjndicatingthatthe spectroscopi®SFis not signi cantly positiondependent.

Figure 9 shows the PSFmodel predictionand the obsered ux alongthe centralslit (position 2 of
1,2,3)for the 52x0.2slit. Analogousto Figure 6, the left column of plots shows the resultsfor the 52x0.2
obsenations(centeredn thedetector) andtheright columnshows thosefor the 52x0.2E1lobsenations(high
onthedetector).Thethreerows of plots shawv differentrangesn intensityanddistancealongtheslit. As was
the casefor the narraver slit, the modelsarea goodmatchto the obsened ux to about0.15arcsedrom the
center The ux esaregreaterthanpredictedn the faint wings of the PSF againdueto the scatteredight halo.

Figure 10 shows the centralslit pro le for 52x0.2again,modelledandobsered, in the centralpanel.
Theadjacenpanelsshow thepro les for the outerslit positionsin the 3-stepobservingpattern. Themodelled
pro les in theouterpositionsoverpredictthe ux by afactorof about5 atthe peak.The modelpredictionsare
sensitive to the positionandstructureof the rst Airy ring, ascanbeseenn Figures2 and3.

Figure 11 gives a comparisonof the obsered ux pro les for the 52x0.2 and the 52x0.2E1pattern
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52x0.1 position 3: model (square) and data (error bar or +) 52x0.1E1 position 3: model (square) and data (error bar or +)
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Figure 6: Obsened ux alongthe slit (error barsor +) and PSFmodel prediction(squaresfor the 52x0.1
aperture(left) andthe 52x0.1Elaperture(right) centeredon the star Threerangesin distancealongthe slit
(arcsechndin ux (normalizedasdescribedn thetext) areshown.



InstrumentScienceReportSTIS 2006-02

52x0.1 position 1; model (square) and data (error bars)
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Figure 7: Obseredpro les (errorbars)andmodelledpro les (squarespf ux alongtheslit for eachof the5
placement®f the 52x0.1laperture Flux is relative to the greatestnodel ux for thetamget-centereglacement
(position3).
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position 1 data; 52x0.1 (diamond) and 52x0.1E1 (+)
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Figure 8: Obsenedpro les of ux alongtheslit for eachof the5 placementsf the52x0.1aperturgdiamonds)
andthe 52x0.1Elaperture(+). Flux is relative to the greatestmodel ux for the target-centeregblacement
(position3).
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52x0.2 position 2: model (square) and data (error bar or +)
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Figure 9: Obsened ux alongthe slit (error barsor +) and PSFmodel prediction(squaresfor the 52x0.2
aperture(left) andthe 52x0.2E1laperture(right) centeredon the star Threerangesin distancealongthe slit
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52x0.2 position 1: model (square) and data (error bars)
: ‘ : —
: E
2 =
2 o "o =
: : : =
a] =
o =
0.010 - = _ o =
E o g B ad=== === = U oo E
E u] O oo = 0 o =
00pE- 8 B 882 H=-7 ==-==0ds8 058585 8a3
= L L L L L =

C = g |
08— =
. _
- _
= 06— = _
ER o = 3
2 C _
v 04— —
C I=1 il |
02— o 2 inj —]
E 0 _ -
ofp-8 8 8 #8688 88888° ‘ "osesaesss 888 84
—0.4 -0.2 0.0 0.2 0.4
52x0.2 position 3

0.060E : 5
: =
2 oo =
o =
= =

3 a)

O o

E u] === . o =
E oo 5 E == = = - 0 opgo?8 g E
vo0(&£*35ng§;££1Etggﬁ FEm=- === D oocssoof
= L L L L L =

-0.4 -0.2 0.0 0.2 0.4
distance along slit (arcsec)
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position 1 data: 52x0.2 (diamond) and 52x0.2E1 (+)
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positions.As for the narrover slit, the differencesarefairly modest.exceptwherethe systematierrorsin the
dataarelarge.

To examinethe symmetryof theobsened ux distributions,the ux alongthecolumnin eachobserving
positionwassummedover alengthequalto the slitwidth, combiningthedither steps.The summedux escan
thenbedisplayedn a5x5 patternof 0.1"x0.1" blocksfor the52x0.1apertureandin a3x3 patternof 0.2"x0.2"
blocksfor the 52x0.2aperture.The Tiny Tim model ux eswere handledin a similar way, combining ux es
from the PSFscorrespondingo the ditherstepsandblockingthemover theappropriatedimensionsmodifying
the slit width to takeinto accounthe narrover PSFprior to the Lyot stop. The resultsare shavn in Tablesl
and2 for the52x0.1and52x0.2aperturestespectiely, with theslits displayedn the orderthatthey wouldbe
placedeft to right ona STISimageof thestar The ux esin eachblock have beennormalizedby the ux in the
centralblock. Thetablesshown the obsened ux es,themodelled ux es,andtheratio of modelledto obsened

ux.

Table 1: Fluxessummedover blocks of slitwidth*slitwidth for aperture52x0.1.:

obsened (top), model(center) ratio of modelto obsered (bottom)

X | slits slit4 slit 3 slit 2 slit 1
+0:2" | 0.0012 0.0047 0.0186 0.0025 0.0013
+0:1" | 0.0024 0.0566 0.1652 0.0229 0.0033

0:0" | 0.0022 0.0853 1.0000 0.0701 0.0048
0:1" | 0.0028 0.0418 0.1492 0.0147 0.0036
0:2" | 0.0020 0.0030 0.0245 0.0027 0.0020
+0:2" | 0.0039 0.0043 0.0067 0.0062 0.0049
+0:1" | 0.0063 0.0812 0.1343 0.0611 0.0069
0:0" | 0.0060 0.1050 1.0000 0.0879 0.0065
0:1" | 0.0029 0.0568 0.1820 0.0434 0.0028
0:2" | 0.0019 0.0048 0.0128 0.0041 0.0042
+0:2" | 3.21 0.92 0.36 2.49 3.80
+0:1" | 2.63 1.43 0.81 2.67 2.10
0.0" | 2.72 1.23 1.00 1.25 1.36
01" | 1.02 1.36 1.22 2.95 0.77
0:2" | 0.97 1.59 0.52 1.50 2.09

Table 2: Fluxessummedover blocks of slitwidth*slitwidth for aperture52x0.2:

obsened (top), model(center) ratio of modelto obsered (bottom)

x | slit3 slit 2 slit 1
+0:2" | 0.0043 0.0753 0.0068
0:0" | 0.0148 1.0000 0.0140
0:2" | 0.0067 0.0927 0.0069
+0:2" | 0.0120 0.0445 0.0136
0:0" | 0.0457 1.0000 0.0398
0:2" | 0.0076 0.0819 0.0101
+0:2" | 2.78 0.59 2.01
0:.0" | 3.09 1.00 2.84
02" | 1.14 0.88 1.47
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The modelled ux distributionsare somavhatasymmetricwith ux droppingoff from the peakfaster
in a stepperpendiculatto the slit thanin a comparablestepalong the slit. Someasymmetryis to be ex-
pectedbecausaf the azimuthalstructurein the Airy rings, and becauseof the effectively one dimensional
natureof the chage diffusion. Using Tables1 and 2, the asymmetrycan be quanti ed by taking the ratio
of the blocked ux es adjacentto the centralblock in the spatialdirectionto the blocked ux es adjacentto
the centralblock in the dispersiondirection. The asymmetryratiosof the spectroscopidiny Tim modelsare
thus(0.182+0.134)/(0.105+0.08& 1.6for the 52x0.1apertureand(0.082+0.045)/(0.046+0.046) 1.5 for the
52x0.2aperture.Before chage diffusionis applied,the asymmetryratio is 1.4 for both aperturesindicating
thatthe asymmetryin the modelsis dominatedby the structurein the Airy rings. As expectedfrom Figures
7 and10, theobsered ux distributions aremuchmoreasymmetrichanthe modelledones,with evenlower

ux esin theoffsetslits. The obsenedasymmetryratiosare 2.0 for the 52x0.1apertureand5.8 for the 52x0.2
aperture.

As seenin Figure2, the rst Airy dominateghe ux in the 52x0.1slit at offsetsof oneslitwidth. In this
gure andin the ux modelling,the slit hasbeenbroadenedy 10%to compensatéor the 10% broadeningpf
thePSFdownstreanby theLyot stop.A minorerrorin thebroadenindactorwould not appreciablychangehe
contribution of the Airy ring to the offsetslits. A broadeningf 30% would be requiredto makethe modelled
asymmetryfactor matchthe obsened onefor this slit. The HST PSFat the slit cannotbe asnarrov asthat
wouldimply, souncertaintyin the broadeningf the PSFby the Lyot stopcannotaccountor thediscrepancies
betweerthe obsenedandmodelled ux es.

For the STIS CCD detectoy Tiny Tim parametersvere derived for imagestakenwith a clear aper
ture, a broadbandlter , andtwo narravband lters. Imagesmadewith the narrovband Iters, F28X500Ilat
3737A andF28X500IlIl at 5006 A, provide a goodcheckof the modelat thosewavelengths.For 3x3 pixel
blocking (0.15"x0.15"), the F28X500III Tiny Tim PSFandtheimageof a starwell-centerecn a pixel (ex-
posureo3zf020100f Feige34), both have asymmetryratios of 0.94. The modelis lesswell constrainecht
longerwavelengths sincewavelength-dependemSFsweightedby the sourcespectrumareblendedtogether
in broadbandmages. An alternatve approachwasthereforeusedto checkthe consisteng of imaging PSFs
andspectroscopi®SFs.Severalcolumnsin the G750L spectroscopiimagesvereusedto examinethe wave-
lengthdependencef thex-y asymmetryto seeif the spectroscopi® SFasymmetrydiminishedtowardshorter
wavelengthsapproachinghe symmetryfoundfor imagingat 5006 A. This wasnot the case.Similar degrees
of asymmetrywerefoundfor the obsened spectroscopi®SFfrom 5500to 7750A, greaterin all caseghan
the asymmetryof the modelledspectroscopi®SFE The obsenedandmodelledasymmetryratiosaregivenfor
aseriesof wavelengthgn Table3. If therewerea changen the astigmatisnof the PSFlongwardof 5000A, it
would have to beratherabrupt,andwould have to be similar at two widely separateghositionsonthe detectoy
giventhe similarity of thespectroscopipro les at 6600A for theregularandE1 apertures.

Table 3: X-Y asymmetryratiosof the spectroscopi® SFasa functionof wavelength

CCD | wavelength | 52x0.1 52x0.1| 52x0.2 52x0.2

column (A) data model | data model
50 5490 2.4 15 4.5 1.8
170 6070 2.1 1.6 5.8 1.7
277 6600 2.0 1.6 5.8 15
450 7440 2.1 15 4.8 1.3
512 7745 2.1 15 4.3 1.2

An assumptiorof the modelling is that the summationof the obsered ux esin the ve contiguous
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positioningsof the 52x0.1slit shouldequalthe ux obsenedin the52x0.5slit. Thesummatiorof theobsenred
ux esin the threecontiguouspositioningsof the 52x0.2slit shouldbe similar to the ux in the 52x0.5slit,
sincethe ux atthe outeredgesof the 52x0.5slit is small. The 52x0.5slit wasnot usedin program9610,
but the samestarwasobsenred with the 52x0.5E1aperturein program8929oneyearearlier Thepro les of
the 6600A ux alongthe slit areshowvn in Figure 12 for the summed52x0.1E1lobsenations,the summed
52x0.2Elobsenations,andthe single52x0.5E 1lobsenation. Fluxesfrom dither positionsseparatedby half a
pixel alongthe slit areshown for the summedobsenations;the 52x0.5E1obsenationwasnot dithered. The
summed52x0.2E1 ux esnearly equalthe 52x0.5E1 ux es, but the summed52x0.1E1 ux esare noticeably
lower. Usingthe dither positionsthat mostclosely matchthe 52x0.5E1obsenation and summingthe ux es
over 7 pixels (0.35arcsechlongtheslit, the summeds2x0.1E1 ux andsummeds2x0.2E1 ux are83%and
98.5%0f the52x0.5E1 ux, respectiely. Theerrorsin each7-pixel ux are0.5%or less,asdeterminedy the
actualdifferencedn the ux esproducedby dithering(i.e., notjust the statisticalerrors). Thereis no 52x0.5
apertureobsenationof this starat the centerof the detectorbut the summedb2x0.1apertureux is lowerthan
thesummedb2x0.2apertureux (88%asmuch ux over0.35arcsealongtheslit), similarto theresultfor the
E1 apertures.The pro les for the summeds2x0.1 ux esandthe summed52x0.2 ux esareshavn in Figure
13. Thereasorfor thisrepeatableliscrepang is notapparentAs discusse@arliet thechangesn focusdueto
breathingwereinsigni cant duringtheseobsenations,andpointing errorsweresmall. The slit sizeshave been
well measuredBohlin andHartig 1998)andthe steppingpatternshouldhave providedvery nearlycontiguous
placement®f the slits. Temperature-dependeahd time-dependensensitvity changedor this gratingand
time spanarenggligible (Stysetal. 2004). A remainingpossibilityis thatthe empiricaltreatmenibf the effect
of the Lyot stopon theslitted PSFmaybeinadequate.

Comparison of G750M to G750L

The G750Mmode,unlikethe G750Lmode,doesnotincludea Lyot stopin its optical path,andthereforehasa
narraver PSFatthedetector Datafrom otherHST programshave beenusedto makea detailedcomparisorof
thePSFsat6600A in thesemodes.For G750M,asinglespectraimageis suf cient to producea nely sampled
PSFbecausé¢he spectrakracedropsby 7 rows asit crosseshe detector Thefractionalpixel dropsin thetrace
from onecolumnto the next in an t or crj imagecanbe treatedasa seriesof microdithers. The obsenred
PSFis producedby normalizingout the stellarspectrumandcenteringthe ux pro le in eachcolumnon the
trace. A bandof mary columnscanbe usedto samplethe PSFbecausédt doesnot measurabl\changeacross
this shortspanof wavelengths A well exposedmageof thecalibrationstandardstarBD+75D325(04a505050
from program7656)takenwith the 52X2 aperturevasusedto producethe G750M PSF

The sametechniquecannotbe usedfor G750L becauséhe traceis nearly at acrosshe detectoy pro-
ducinginsufcient "microdithering” of the columnsin oneimage. In this case the slight randomnesén the
placemenbf the spectrunon the detector(within a few rows) canbe treatedasa dither for a sampleof mary
exposures.The ux pro le from a single columnin eachimage,centeredaccordingto its placemenbn the
detectorcanbeusedtio measurehe PSFatagivenwavelength.Well-exposedmagesof thestarAGK+81D266
from the STIS sensitvity monitor programg7672,8418,8856,8914,9627,10030)wereusedto producethe
52X2 G750LPSE

A comparisorof the obsened 52X2 6600A PSFsfor G750MandG750L is shovn in Figure14. The
pro les expectedfrom Tiny Tim modellingarealsoshonvn. Themodelfor G750Mis basednanimagingPSF
for which the Lyot stopwaseffectively removed by settingits radiusto a large valuein the Tiny Tim input

le. The52X2 slit includesvirtually all of the incidentPSF so adjustmenbf the slitwidth to compensatéor
PSF-broadeninby the Lyot stopis inconsequentidior the G750L modellingin this case,andno information
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Figure 12 Obsenred spectroscopidPSFs: summationof ux esin 5 contiguouspositioningsof aperture
52x0.1E1(+), summationof ux esin 3 contiguouspositioningsof aperture52x0.2E1(square),and ux in
a single position of aperture52x0.5E1(*). Fluxesarein electrons/secglistancealong the slit is in arcsec,
adjustedo centereachpro le atO.
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Figure 13: Obsenedspectroscopi®SFs:summatiorof ux esin 5 contiguougpositioningsof apertures2x0.1
(+) andsummationof ux esin 3 contiguouspositionirngs of aperture52x0.2 (square)with the target at the
centerof the detector Fluxesarein electrons/secdistancealongthe slit is in arcsecadjustedto centereach
pro le atO.
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Figure 14: 6600A PSFsfor 52X2 G750L (data:diamondsmodel: solid line) andG750M (data:dots,model:
dashedine).

is gainedfrom the dataon the structureof the spectroscopi®SFin the dispersiordirection. The effect of the

Lyot stoponthe PSFin thecross-dispersiodirectionis clearlyseenn thedata,andthe modellingshovs good

consisteng with the datafor both gratings. The mostconspicuouslifferencebetweerthe G750LandG750M

pro les is the broader’shoulders”of the G750L PSE The coarsesamplingby pixels andthe chage diffusion

on thedetectorcanobscurethe sourceof the difference asseenin Figure4. Figurel indicatesthatthe source
of thedifferencein the modellingis an overall expansionof the PSFby the Lyot stop,ratherthananincrease
of the ux in the rst Airy ring relative to the ux in the Airy disk. In ary case,row-to-row contamination
of spectraffeaturess somavhatlessfor G750M, and contaminatiorof offsetaperturesy a bright out-of-slit

sourceis alsoexpectedto beless.

Conclusions

| have comparedTiny Tim modelpredictionsand G750L ux pro les at 6600A for a starcenteredn a slit
(52x0.1,52x0.1E1,52x0.2, 0or 52x0.2E1)and moved out of the slit by one or two slit widths. The model
underpredictsthe ux in the centeredslit at distancegreaterthan 0.2 arcsecfrom the tamget, whereit does
not fully accountfor scatterechnddiffractedlight. It overpredictsthe ux in the offsetpositions,even after
an empiricaladjustmenbf the slit width to compensatéor the broadeningpf the PSFby the Lyot stop. The
obsenredspatialdistribution of monochromaticux generatedy the steppingpatternss asymmetricmoreso
thanexpectedfrom theazimuthalstructurein the Airy ringsin the Tiny Tim model. Nearlythe samedegreeof
asymmetnyis obseredfrom 5500to 7750A. Thisasymmetryis notobseredin directnarrav-bandimagingat
5006A, whichis alsoaffectedby a Lyot stop;this implicatestherole of theslit in producingtheasymmetryA
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discrepanyg betweerthe summatiorof ux esin anarrav aperturesteppedacrossastarandthe ux in asingle
broadaperturecenteredon the star suggestshat the empiricaltreatmentof the effect of the Lyot stopon the
slitted PSFmaybeinadequate.

The G750Mgratingdoesnot have a Lyot stop,andthereforehasa narrover PSFthanthe G750L grating
atagivenwavelength.TheobsenedPSFdor thesaewo gratingsaredifferentlyshapedecausef thecombined
effectsof broadeningduy the Lyot stop,undersamplindpy pixels,andchagediffusiononthe CCD. For abroad
slit centeredn thestar Tiny Tim modellingreproducesheobsenedspectroscopi®SFwell for bothgratings.
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