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Abstract. During the operational lifetime of STIS, the primary emphasis of through-
put measurements was the accurate determination of broad lrad point source uxes
observed using the low dispersion modes at the center of the2X2 aperture, including
measurement of time-dependent changes in sensitivity. We iV review the current
status and accuracy of this primary ux calibration, and dis cuss the remaining in-
strumental and model dependent uncertainties for both low aad medium dispersion
rst order modes.

In practice, the bulk of STIS 1st order spectroscopic obsemtions used apertures
smaller than the 52X2, and in recent years a substantial fration of observations were
done at the E1 aperture positions, which were placed closerotthe readout to mini-
mize CTI losses. Analysis has now shown thaadditional grating dependent through-
put corrections are needed for these smaller aperturesand vignetting corrections
are needed for observations done at non-central positionsnothe detector, including
those observations done at the E1 positions. These correctins can amount to sev-
eral percent, and failure to include them can result in ux inconsistencies between
observations done with di erent gratings or apertures. Once these corrections are
applied, the ux calibration of well centered observations done using the commonly
used 52X0.2 aperture should agree with the primary wide apdure calibration to
better than 2%.

1. Overview of Primary Flux Calibration

The absolute ux calibration of Space Telescope Imaging Spetrograph (STIS) rst order
spectroscopic modes was discussed in detail by Bohlin (20p@nd is primarily based on
observations of the DA white dwarf (WD) standard stars G 191B2B, HZ 43, GD 153, and
GD 71 (Bohlin, Colina, & Finley 1995). The fundamental assunmption of these calibrations
is that the spectral energy distribution of the nearly pure hydrogen atmospheres of these
stars can be calculated with great precision (Barstow et al2001), allowing them to be used
as absolute ux standards.

In addition to the observations de ning the primary sensiti vity calibration, routine
monitoring was also done to follow time dependent changes. &her than using one or more
of the fundamental standards, two other stars, (GRW+70 5824 for the STIS G140L and
G230L modes, and AGK+81 266 for the other rst order modes), were selected that give
good signal-to-noise with short exposures and which can bebgerved at any time of the year.
These monitor observations established clear evidence favavelength dependent variations
of the optical throughput over time (Stys et al. 2002 and refeences therein) at rates as high
as 3% per year, as well as the need to correct CCD spectroscaepbbservations for charge
transfer ine ciency losses (CTI) (Goudfrooij & Kimble 2002 ; Bohlin & Goudfrooij 2003).
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The original CALSTIS software and reference les have been mdi ed to correct for these
changes.

Stys, Bohlin, & Goudfrooij (2004) reported on time-dependant sensitivity (TDS) changes
measured through late 2004. The most notable change from pwéous trends was a distinct
attening that occurred beginning in early 2002 of rate of the sensitivity decline at most
UV wavelengths. An example of these sensitivity changes oveime is shown in Figure 1.
Updates to CTI corrections for STIS spectroscopic observabns are discussed elsewhere in
this volume (Goudfrooij & Bohlin 2005).

(1900-2000)

&

8

05[2.36 %/yr £ 0.51  Sigma (%) .
112 %/yr £ 0.36  Sigma (%) = 0.
00| -2,94 %/yr £ 0,14  Sigmo (%) =
-049 %/yr £ 0.14  Sigmo (%)

198 1999

Relative Sensitivity
[=d
&

34
0.

68
O le—
2000 2001 2002 2003 2004
Date

A

o
&

Figure 1: In this gure from Stys et al. (2004), the measured tianges of the sensitivity with
time are shown for the 2000 to 2100A wavelength interval of the G230L grating, along with
the best piece-wise linear t.

For well exposed observations taken at the center position ith the 52X2 aperture?
using STIS low dispersion modes, once TDS and CTI correctianand a small temperature
dependence (see Stys et al. 2004) of the sensitivity are takénto account, uxes as measured
over 50 - 100A wavelength bands repeat to better than 1%. However, once th uncertainties
in the stellar parameters and stellar atmosphere models (Bestow et al. 2001) are taken into
account, the absolute accuracy of the STIS rst order low digersion ux calibration for
observations using the 52X2 aperture is estimated to be abdwR% in the visual, and 4% in
the far-UV (Bohlin, Dickinson, & Calzetti 2001). Because the primary limitations on the
ux accuracy are systematic uncertainties in the white dwarf models, relative STIS uxes
and derived colors can be much more precise (e.g., see Magpelaniz 2005).

1.1. Primary Flux Calibration of Medium Resolution First Or der Modes

Because of the much larger number of central wavelength sdtigs, and the presumption
that the low dispersion modes would be preferred when highlyaccurate ux measurements
were needed, the ux calibration of the medium resolution rst order modes has been a
lower priority than that of the low dispersion modes.

For the G140M and G230M gratings, observations of the standed DA white dwarf
GD 71 obtained in 1997 and 1999 were used for the initial calitation. A few observations
of another white dwarf standard GD 153 were also obtained in 297. Subsequently the
primary white dwarf standard G 191-B2B was observed in 2000 ad 2001. We recently
reconsidered all of this data in deriving new photometric cowversion table (PHT reference
le) throughput curves for all MAMA medium resolution rst o rder modes.

For the G230MB, G430M, and G750M gratings, the initial on-orbit calibration was
done using observations of the hot-subdwarf BD+75325 obtained by programs 7094, 7656,
and 7810 during 1997 and 1998. This star is not one of the printg white dwarf standards,

2STIS clear apertures names give the size of the aperture in ac-seconds, with the rst number giving the
dimension in the cross dispersion direction, and the secondthe size in the dispersion direction.
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but is instead a secondary standard which is tied to the primay standards through low-
dispersion STIS observations. This procedure results in aaference spectrum that is of
lower resolution than the medium resolution modes it is usedto calibrate, and also ties
the medium resolution calibration to the low resolution one. We recently rederived new
pht curves for the CCD medium resolution rst order modes using spectra of G 191-B2B
obtained by programs 8421 and 8916 between January 2000 andp#l 2002.

For the G140M grating settings, the setting of the STIS mode &lect mechanism (MSM)
which holds the grating was changed a number of times. Duringpre-launch testing, the
MSM had been set to place G140L and G140M spectra near row 530ut this was too close
to the shadow of the FUV-MAMA repeller wire and in March 1997, shortly after STIS's
installation into HST, the grating tilt was changed to put th e spectra near row 600 of the
detector. In January 1998 an additional small monthly o setting was added for all MAMA
spectroscopic modes to prevent over use of any single portioof the detector. However,
the glow that increases the dark current for the FUV-MAMA det ector was strongest in the
upper part of the detector, and so in March 1999, the MSM gratng tilts for the G140M
and G140L detectors were changed again, this time to place fisrder spectra near row 400
{ below the repeller wire and in a part of the detector with signi cantly lower dark current.
Unfortunately, at most central wavelengths, GD 71 has been bserved only near row 600
and G 191-B2B only near row 400, making it di cult to disentan gle vignetting di erences
at the two positions from di erential errors in the model ste llar spectra or from inadequacies
in the treatment of time dependent sensitivity changes in STIS. This is complicated by the
signi cantly lower signal-to-noise and the larger number d unmodeled absorption lines in
the G 191-B2B spectra.

The region near Lyman-alpha presents special di culties, as this is the region where
the detailed WD model spectra are most likely to be in error. The ratio of the G140M
observations of GD 71 and G 191-B2B at the 1222 setting to the mdel spectra cannot
be made consistent with the same sensitivity function. The nodeled Lyman-alpha line in
GD 71 is a too wide relative to that of G 191-B2B to be consistenwith the observations.
While this may in part be due to the di erent MSM settings used for the observations of
these two stars, the model spectra do not perfectly reprodue the actual line prole. To
avoid these uncertainties, all wavelengths between 1205 an1240 angstroms were excluded
from the t and only 3 spline nodes were used in the t. This smoothly interpolates the
sensitivity curve over the region of the Lyman-alpha line, tut may result in relative ux
errors of order 5%.

Similar, but more modest caveats apply to some some G430M giatgs where the G 191-
B2B model spectra contain signi cant absorption lines. In these cases, retaining most
wavelengths a ected by the lines, results in a reasonable t but changes to the model
spectrum could a ect the t at the 1 to 2% level.

G750M spectra at wavelengths larger than 7000 angstroms ara ected by fringing in
the CCD substrate. Because of the large tilt of G750M spectrathe STScl provided tasks
for defringing G750M spectra were only designed to work withi2D recti ed les and are not
applicable for 1D spectral extractions. To defringe these dta we performed 1D spectral
extractions of tungsten lamp spectra done with the 0.3X0.09aperture, and then divided
out a 3 node spline tto remove any lamp vignetting from the fringe at. This normalized
fringe spectrum was then divided into the corresponding WD @ectrum. While not perfect,
this provides adequate fringe removal for our purposes. Thenew throughput curves for
G750M tend to have fewer wiggles than do the previous calibrgon. This may be due to
the inclusion of better fringing corrections in our analysis.

For a few rarely used central wavelengths, no observationsfqrimary standard WD
stars are available to determine the throughputs. These intde G140M 1218 (17 external
observations), and 1400 (7 obs.), G430M 4781 (2 obs.), and G@M 10363 (20 obs.), as well
as a few central wavelengths which were never used for exteahtargets (G140M 1387, 1540,
1640; G230M 2600, 2800, 2828; G750M 9286, 9806).
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At most wavelengths, the changes from the previous calibrabn are modest.& 3%), and
the overall ux accuracy should be comparable to that for low dispersion modes. The G140M
calibration is slightly more problematic due to the multipl e MSM tilts and uncertainties in
the modeling of the Lyman-alpha pro le in WD atmospheres. These uncertainties may
cause additional localized ux errors of 2 to 5%.

2. Aperture and Position Dependent Corrections

In practice, many STIS observations were not taken at the cetral position using the wide
photometric 52X2 aperture, and the absolute ux calibration for such observations has not
been as intensively studied. Below we will consider the cogctions that are needed for other
apertures and for other positions on the detector.

2.1. Vignetting and Low-order Flat Fields

STIS rst order modes were usually used with long slits that span the CCD or MAMA
detector. For some observations, multiple targets were pleed at di erent locations along
the slit, and for the CCD detectors, new E1 aperture positiors were de ned closer to the
readout register, near row 900, to minimize CTI losses. The hroughput as a function of
wavelength for di erent positions along the aperture can in principle vary either because of
changes in the optical vignetting, or because the sensitity of the CCD or MAMA detector
at a given wavelength varies over its surface.

To measure such e ects, a number of calibration programs wes done in which a bright
star was dithered up and down the length of the 52X2 aperture. In addition, for the
CCD modes, sensitivity monitor measurements made after Apit 2002 routinely included
measurements at both the central and E1 aperture positions.The ratio of E1 sensitivity to
central row sensitivity is therefore very well measured, wlile at other positions along the
slit, more limited data is available, with 1 to 4" spacing along the cross dispersion direction.

These observations were used to derive low order at elds fo the G140L, G230LB,
G430L, and G750L gratings. The medium resolution gratings &ck su cient data at most
central wavelengths, while the G230L mode does not appear tcequire a low order at eld
correction. The low order at elds are de ned to be unity alo ng the same row where the
sensitivity function calibration was set. In Figure 2 we conpare the ratio of observations
made at the 52X2E1 and 52X2 aperture positions with the same atios from our adopted
low order at eld images.

These low order at elds do have some limitations, and are nd intended to follow
every small scale wiggle in the measured sensitivity ratias At locations other than the
central and E1 positions only limited and coarsely spaced masurements of the sensitivity
variations are available. Also, near the short wavelength ad of both the G430L and G750L,
structures in the throughput curves from interference in the coatings on the order sorter
Iters on these gratings make the ux calibration extremely sensitive to the exact target
positioning. The low-order at elds are strictly applicab le to targets positioned along
the center line of the long apertures. Targets that are signicantly o set in the dispersion
direction will not be corrected with the same degree of acclacy.

For rst order medium resolution modes, vignetting data is only available for a limited
number of central wavelengths and has not yet been fully analzed. For these modes no
low order at eld corrections are currently supplied in the pipeline.

2.2. Corrections that Depend on the Grating-Aperture Combi nation.

Adopted aperture throughputs as a function of wavelength wee determined by Bohlin &
Hartig (1998) using a model of the STIS PSF and assuming that he throughput of a given
aperture is only a function of wavelength. Bohlin & Hartig noted that small aperture
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Figure 2: If no | at corrections are applied, uxes measuredat the 52X2E1 aperture position
are systematically low compared to those measured at the stedard 52X2 position. Here we
show for the G230LB and G430L the ratio at each wavelength foreach of the 14 sensitivity
monitor visits which measured the sensitivity at both aperture positions (blue dots). The
solid lines show the value of the adopted | ats for each grathg at the E1 position.

throughputs for the G430L and G750L did seem to be systematially high by a few percent,
and speculated that this might be related to the Lyot stops that are attached to these grat-
ings. However, since the smaller apertures also show sigrant throughput variations due

to telescope breathing and small o sets from the center of tke aperture, further investiga-

tion of this e ect was deferred. It was assumed that observaions needed high absolute ux
accuracy would use the 52X2 aperture. However, subsequenkgerience has shown that the
narrower 0.2" wide aperture positions have been used aboutsaoften as the 2" ones.

Because of the heavy use of the 52X0.2 and 52X0.2E1 apertureogitions, we have
carefully reconsidered how the aperture throughputs vary ér each grating. We identi ed
a number of well centered calibration observations where ira single visit the same grating
was used on the same target with both wide and narrow aperturs using the same part of
the detector. All targets and peakups for a given set of obsemtions to be compared were
done either at the center positionor at the E1 position, and all peakups were done using
0.1" or smaller apertures. The results of comparing the meased 52X0.5 and 52X0.2 uxes
to the 52X2 aperture uxes are shown in Figure 4. If the residuals had smoothly varied as a
function of wavelength, they might have been explained as arrror in the adopted aperture
throughput as a function of wavelength. Instead we see incasistencies of up to 6% in the
overlap region between the di erent CCD gratings { the e ect ive aperture throughput does
depend on which grating is being used. In addition, the 52X@/52X2 throughput ratio is
about 2% smaller when the comparison is done at the E1 ratherhan the central position.
This may be due to small variations in the width of the 52X0.2 dit along its length.

Similar comparisons for the smaller 52X0.1 and 52X0.05 apéaires are shown in Figure
5. While there is some evidence for the same o sets between afings seen in the 52X0.2
aperture throughput, the exposure-to-exposure variatiors caused by telescope breathing and
minor mis-centering is often larger than this e ect. The thr oughput at long wavelengths is
also systematically smaller than predicted by the nominal tiroughput curves.

Rather than installing an aperture-dependent grating throughput or a grating-dependent
aperture throughput in the current calibration architectu re, it was decided that it would be
simpler to de ne a new ux correction vector that depends on both the aperture, grating,
and central wavelength being used. Such a correction vectatan also be used to correct for
the small scale sensitivity di erences between the centrabnd E1 position that were not put
into the low order at eld. Figure 6 shows examples of this for the G430L grating.

In Figures 7 and 8 we show extracted uxes for G230LB, G430L, ad G750L obser-
vations of the A star HD 141653 (HR 5886) taken using the 52X@ aperture. Applying
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Figure 3: Adopted low order at eld images for the G230LB (le ft) and the G430L (right)
are illustrated. The value of the G230LB | at ranges from 0.964 to 1.012, the G430L from
0.936 to 1.019, and the G750L (not shown) from 0.864 to 1.018.

the new correction signi cantly improves the agreement in the overlap region between the
spectra. Note that we do not attempt to correct for the short wavelength fringing due to
the order sorter lIters on the G430L and G750L. As a result, the rst 15 pixels of the
G430L and the rst 25 pixels of the G750L are not as accurately corrected.

The throughput of 0.2" and smaller apertures at longer waveengths is also especially
sensitive to minor changes in the telescope pointing and beghing, and it is easy to nd
examples where the application of the new correction makeshie agreement in the overlap
region between the G430L and G750L worse rather than better.

While the throughput discontinuities between gratings cannot be explained by a simple
error in the aperture throughput as a function of wavelength, the need to determine the
GACTAB corrections empirically makes it di cult to complet ely disentangle modest errors
in the small aperture throughputs from the e ects of the Lyot stops. Since the medium
resolution CCD gratings lack the Lyot stops found in the G43 and G750L, they should
not need these corrections, and could in principle be used tmore directly check the small
aperture throughputs. However, only a handful of observatons are available where an
medium resolution spectrum can be directly compared to a spetrum taken with a larger
aperture or with a low dispersion grating using the same apdure. These observations
suggest that errors in the 52X0.2 aperture throughput are lss than 2% over most of the
relevant wavelength range, but may be larger at wavelengthdonger than 7000A.

It might be expected that any vignetting due to the G430L and G750L Lyot stops
would behave di erently for extended and point-source targets, since for extended targets
the far PSF wing from source ux outside the aperture may compensate for much of the ux
from the part of the target "in aperture” that is lost to the PS F wing. There are few data
sets that can be used to test extended sources for narrow apeire ux inconsistencies, but
a good test case is provided by a set of long slit observationsf Saturn and its rings which
used the G230LB with the 52x0.5 aperture and the G430L and G78L with the 52X0.1. A
comparison of the summed x2d uxes shows no evidence of the xiinconsistencies seen for
small aperture point source observations. The throughput orrections applied for the e ects
discussed above will therefore be implemented only as partfahe x1d ux extraction, but
not for the uxes derived as part of x2d processing.
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Figure 4: Ratio of measured narrow to wide 52X2 aperture uxes after correcting for the
nominal aperture throughput vs wavelength. Results are shwr for the 52X0.5 and the
52X0.2 apertures. Dashed lines show the ratio as measured #te E1 aperture position,
while solid lines show the ratio at the central position.
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Figure 5. Same as Fig. 4, except for the 52X0.1 and 52X0.05 ageres.

2.3. E ects of Being O set from the Aperture Center

An analysis of peakup observations done at the 52X0.1E1 andZX0.05E1 aperture positions
showed that the E1 positions had originally been de ned 2/3 of a pixel o the aperture
centers. This error was not corrected in the Science Instrurant Aperture (SIAF) le until
September 2003. Any observations at the E1 aperture positios prepared for ight before
this update would have this mis-centering, unless the sciete observation was proceeded
by a small aperture peakup at the E1 position. To test the e ed that this has on the
ux throughput, observations of the star BD+75 325 at the 52X0.2E1 aperture position
with the G230LB, G430L, and G750L gratings were taken with bah good centering after
a peakup in a smaller aperture, and with a deliberate 0.033" ®et (see Fig. 9).

While it might be initially surprising that at some waveleng ths the throughput is higher
for o -center observations than for well centered ones, ths is simply explained by considering
how the rst Airy ring of the PSF illuminates the aperture. In Figure 9 we also show the
predictions of a simple model, where a series of monochroniatpoint spread function images
created using the Tiny Tim PSF modeling software (Krist & Hook 2004) are truncated by a
mask matching the size of the aperture. Near 450@, the rst Airy ring just ts inside the
0.2" wide aperture, and any small miscentering results in sbstantial throughput loss. Near
8000A the sides of the rst Airy ring are just outside the aperture when the target is well
centered, and a small o set picks up more ux from the part of the Airy ring moving into

205
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Sample G430L Corrections
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Figure 6: Examples of GACTAB correction vectors. Note that the small scale structure
on the two E1 apertures is very similar, as this structure is ntended to correct for the
small scales di erences between the E1 and regular positiothat remain after the vignetting
corrections are applied. For the regular aperture positiors, the GACTAB is only intended to
correct for low-order di erences in throughput for particu lar aperture/grating combinations

the aperture than is lost from the other side. The simple modgis in qualitative agreement
with the observations, although the observed e ect is large than the predicted one.

For o -center observations, the throughput is expected to be especially sensitive to
small shifts or breathing changes, and so we make no attemptat correct for the e ects of
aperture miscentering in the pipeline.

3. Implementation of New Corrections in CALSTIS and OTFR

A new reference le type (GACTAB) was de ned to handle the thr oughput corrections
discussed in section 2.2 that depend on the particular comipiation of grating and aperture.
Currently, we have only de ned these corrections for the CCD1st order modes and have only
delivered corrections for the long-slit low dispersion CCDmodes. Rows in this reference
le are selected by the combination of optical element (graing), aperture, and central
wavelength setting and contain a throughput correction vedor as a function of wavelength
which is applied in the x1d extraction during the conversion of net counts to physical ux.

Corrections for the temperature dependence of the throughpt have been added to the
time-dependent sensitivity (TDS) reference le, and thesenew corrections will be applied
to the x1d extracted uxes along with the existing TDS corrections.

The changes to the CALSTIS code needed to support these new dmodi ed reference
les are included in version 2.19 of CALSTIS which was releasd as part of STSDAS 3.4 in
November 2005. This version of CALSTIS was installed in the FR pipeline as part of the
OPUS 2006.1 release in December, 2005. This release alsmwat the GACTAB reference
le to be made available to OTFR and puts the name of that reference le in the GACTAB
keyword of the science image headers so that it can be used byACSTIS.

Corrections for the low-order vignetting discussed in sedbn 2.1 are done by including
low order at elds (LFL reference les) that are applied as p art of the at elding correc-
tion. At the E1 positions, the LFL le will increase the nal e xtracted ux values, while for
narrow apertures the GAC corrections will decrease the ux\alues. Since these corrections
work in opposition directions at the 52X0.2E1 aperture posiion, the delivery of the new
CCD LFL les was timed to coincide with the implementation of the GAC correction.
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Figure 7: The extracted ux in the overlapping region of G230LB (solid line) and G430L
(dashed line) STIS spectra of HD 141653 taken with the 52X0.2aperture are compared
without (left) and with (right) the inclusion of the new GACT AB correction vector for
these grating/aperture combinations.
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Figure 8: The same as Fig. 7, but for the overlap of the STIS G4GL (dashed line) and
G750L (solid line) gratings.

4. Remaining Issues for the Flux Calibration of STIS First Or der Spectra

Final corrections for CTI e ects are still pending (see Goudfrooij & Bohlin 2005). Once
these are resolved then a nal determination of CCD sensitiity and TDS corrections will
be done using all available sensitivity monitor data up through the failure of STIS on
3 Aug 2004. An eort is also underway (Finley 2005) to improve the models used for the
primary WD ux calibrations to allow absolute ux determina tions of 1% or better at all
wavelengths. Should these improved models be available @t the nal calibration of STIS
data is undertaken, they will also be used in the nal sensitvity determination.

Small aperture throughputs for MAMA rst order modes as well as for the limited
available data for medium resolution rst order modes are sill being reviewed. This may
lead to some modest revisions of the base throughput curve®if small apertures, and cor-
responding changes to the GACTAB corrections.

The ux calibration for well centered STIS rst order spectr oscopic observations done
using the 52X0.2 aperture should be within 2% of the accuracybtainable using the wider
52X2 aperture. Unfortunately, for observations where the entering is uncertain, including
most observations done using the 52X0.2E1 aperture that wer not preceded by a peakup in
a smaller aperture, additional errors in the absolute ux of up to 5% may be encountered.
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Figure 9: The e ect of being 0.65 CCD pixels o -center in the 52X0.2E1 aperture on
the ux throughput was measured by comparing well centered ad mis-centered G230LB,
G430L, and G750L spectra of the standard star BD+75325. The diamond symbols show
the prediction a simple model for the expected ux ratio.

However, as discussed by Maz Apelaniz (2005), even for hese observations, broadband
relative uxes may still be highly accurate.
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