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Abstract. During the SM4 Servicing Mission Observatory Verification (SMOV)
we discovered that the on-orbit shape of the COS LSF with the HST optical tele-
scope assembly (OTA) exhibits broad wings. The wings are caused by mid-frequency
wave-front errors (MFWFEs) that are produced by the zonal (polishing) errors on
the HST primary and secondary mirrors; these errors could not be simulated during
ground testing. The MFWFEs are particularly noticeable in the FUV. The on-orbit
LSF has up to 40% of its total power distributed in non-Gaussian wings (as com-
pared to 26% for a Gaussian). The power in these wings is largest at the shortest
wavelengths covered by the COS FUV medium-resolution gratings (! 1150 Å). The
e!ect decreases with increasing wavelength but has a non-negligible e!ect on encir-
cled energies even at the longest wavelengths. We have calculated optical models
incorporating the MFWFE e!ects into the LSF for the whole spectral range covered
by the FUV and NUV medium-resolution gratings. We show that for the FUV, the
convolution of these model LSFs with high-resolution STIS echelle spectra yields an
excellent match to the on-orbit COS spectra of the same targets. The model LSFs
are available online and can be used by COS observers to assess the impact of the
MFWFE broadening on their COS spectra. In ground tests it was shown that COS

can spatially resolve two equally bright objects separated by 1
!!

in the cross-dispersion
direction in the FUV. Using the FUV spectra of white dwarfs acquired during the
Cycle 17 COS Spectroscopic Sensitivity Monitoring program, we show the on-orbit
spatial resolution (as defined by the full-width half maximum of the spectrum along
cross-dispersion) meets this specification, though in a wavelength-dependent man-
ner. The wavelength dependence is primarily due the astigmatism introduced by
the FUV gratings in cross-dispersion. The spatial resolution also depends on the
central wavelength (CENWAVE) setting used, with spatial resolution monotonically
improving with increasing CENWAVE settings.

1. Introduction

The Cosmic Origins Spectrograph (COS) was installed during the most recent servicing
mission of the Hubble Space Telescope (SM4) and is the most sensitive ultraviolet spectro-
graph flown to date. With its medium-resolution gratings (G130M and G160M, covering
1150 Å - 1800 Å) this channel was designed to reach a spectroscopic resolving power of
at least 20,000 (15 km s"1) across 80% of its passband (STE-63, 2004). The COS near
ultraviolet channel was designed to cover the 1750 Å - 3200 Å spectral range with a sensi-
tivity 2-3 times larger than STIS. It utilizes medium-resolution gratings (G185M, G225M
and G285M) with similar spectroscopic resolving power requirements to the FUV.
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Figure 1: Map of the zonal (polishing) errors on the HST primary mirror (reproduced from
Krist & Burrows 1995). The WFPC2 and HST OTA obscurations are superimposed.

Thermal vacuum measurements showed that for the G130M and G160M FUV gratings,
the line spread function (LSF) of an unresolved line was well approximated by a Gaussian
profile with a FWHM of approximately 6.5 pixels, corresponding to !! = 0.065 Å at 1300
Å and !! = 0.079 Å at 1600 Å. The LSFs of the NUV gratings, on the other hand, are
expected to have broad wings due to the response of the MAMA detector in the NUV
(similar to what is seen for the STIS MAMA LSFs).

The FUV spatial resolution was measured during the 2003 thermal vacuum testing of
COS. Spectra of a PtNe lamp were obtained through a pinhole array, with 3 of the pinholes
seen in a single exposure. The instrument specification for spatial resolution required that
90% of the energy of a single point source centered in the Primary Science Aperture (PSA)
fall within a range of 300 µm or less in the cross-dispersion direction (STE-63; 2004),
corresponding to 1.1!!. In tests with the G160M grating, the PtNe spectra from each
pinhole were spatially almost completely unblended, with 99% of the counts falling within
12 pixels (300 µm). The ground test indicated that the spatial resolution was considerably
better than 1!! in G160M.

2. On-Orbit Results

Analysis of stellar spectra obtained during SMOV indicates that mid-frequency wavefront er-
rors (MFWFEs) created by zonal (polishing) errors on the HST OTA produce non-Gaussian
wings in the on-orbit COS LSF, both broadening the core of the profile and lowering its
amplitude. These features were mapped via a phase-retrieval analysis of WFPC2 imagery
by Krist & Burrows (1995; see Figure 1). However, the MFWFEs are not corrected by the
optics of COS or any other HST instrument. Therefore, the beam entering COS on-orbit
is slightly di"erent from the beam fed into the instrument during thermal vacuum testing.



COS Spectral and Spatial Resolution 421

Figure 2: Left: Calculated LSFs for the COS FUV medium-resolution gratings, as observed
through the PSA aperture. Models including the e!ects of the mid-frequency wavefront
errors are shown in solid. The dotted line shows a Gaussian LSF with a 6.5 pixel FWHM (the
nominal prediction from ground testing, which did not include the wavefront errors). Right:
same models, but for the NUV channel. Note the presence of non-Gaussian wings even in
the absence of the MFWFEs, induced by the response of the MAMA NUV detector. The
MFWFE contribution to the LSF wings is smaller in the NUV than the FUV, particularly
for ! > 2500 Å.

3. LSF Models: FUV and NUV

We computed model LSFs for the COS gratings from the expected aberration content of the
COS + HST OTA system, OTA pupil geometry, OTA MFWFEs as determined by Krist &
Burrows (1995), and estimates of the point response function of the detectors. The LSFs for
the FUV channel were produced for each grating by first matching monochromatic images
generated by a Code V optical model of the COS + HST OTA system to emission line
images from thermal vacuum testing. In particular, a mean detector-induced blur kernel
was estimated by matching a suite of images over the spectrum. The model was then used to
generate Zernike aberration coe"cients, which, together with the OTA pupil function and
the MFWFEs, were employed to compute the expected PSF at a number of wavelengths for
each grating. The PSFs were then convolved with the estimated detector blur kernel and
integrated in the cross-dispersion direction to form the LSFs. Figure 2 shows that these
FUV LSFs are characterized by prominent wings, broader cores and lower central peaks
than the nearly Gaussian LSFs computed without the OTA MFWFEs.

We also produced model LSFs for the COS NUV medium-resolution gratings that
incorporate MFWFEs. The relative contributions of the wings from the MAMA detector
and the wings produced by the MFWFEs are illustrated in the right panel of Figure 2,
where we compare model NUV LSFs with and without the MFWFEs included.

We have produced optical models of the COS LSF, taking into account the MFWFEs
(as well as the appropriate detector responses). We have made these model LSFs available
to the astronomical community for use in analyzing COS science spectra and for the plan-
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Figure 3: Right: Closeup views of prominent absorption features in the COS G130M (Seg-
ment B) spectrum of Sk 155 (bottom panels). For comparison, the same features in the STIS
E140H spectrum (R ! 114,000) are shown (top panels). Left: The STIS E140H spectrum
convolved with an R = 20,000 Gaussian is overplotted in blue, while the convolution of the
STIS data with the MFWFE LSF model appropriate to the wavelength range is shown in
red. The Gaussian model produces a noticeably poorer match to the COS spectrum.

ning of future COS observations:

http://www.stsci.edu/hst/cos/performance/spectral_resolution/

4. Comparison to On-Orbit COS Data

In Figure 3 we compare the COS spectrum from SMOV (black solid line) of the O9 Ib
star Sk 155 in the LMC with a STIS E140H high resolution spectrum (R ! 114,000) that
has been convolved with an R = 20,000 Gaussian LSF (blue dashed line). Also shown in
Figure 3 is the STIS spectrum convolved with an MFWFE LSF model appropriate for the
wavelengths displayed (solid red line). This figure clearly shows that the rounded, filled-
in absorption cores are not properly reproduced by an R = 20,000 Gaussian LSF, which
systematically underpredicts the flux at line centers and produces more boxy shapes for
the broad, saturated absorption lines than is observed. Similar trends are observed in data
from the G160M grating.

5. Impact on COS Science

Science observations intending to use the full resolution of the FUV G130M and G160M and
the NUV G185M medium-resolution gratings will be most seriously a!ected. The impact
of the on-orbit LSF on the COS science observations are as follows:
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• At a given signal-to-noise, weak, narrow features (b ! 35 km s!1) will be more di!cult
to detect.

• Closely spaced spectral features may blend and become more di!cult to isolate kine-
matically.

• Studies requiring measurement of accurate line profile shapes (as well as saturated lines)
will also require full consideration of the LSF.

• Spectral purity will be reduced, resulting in decreased contrast between line cores and
wings.

6. FUV Spatial Resolution

In Figure 4 we show the fitted widths of the cross-dispersion (spatial) profiles for COS
FUV spectra. The spectra are of white dwarfs observed during the Cycle 17 FUV sensitivity
monitoring program (G130M/G140L: WD0947+857; G160M: WD1057+719). Although the
spatial profiles are double-peaked at the shortest wavelengths (G130M, Segment B), a single
Gaussian FWHM is still useful as an approximate measure of the spatial resolution. The
main results from Figure 4 are:
1. For a given FUV grating, the spatial resolution depends strongly on central wavelength
setting (CENWAVE). The lowest spatial resolution (i.e., the broadest spatial profiles) occurs
at the shortest CENWAVE settings, with longer CENWAVE settings giving progressively
better spatial resolution. The resolution meets or exceeds specification for all gratings and
central wavelengths save for the G130M/1291 combination.
2. At a given CENWAVE, the spatial resolution tends to be highest at the extreme wave-
length ends of the medium resolution spectra, while for G140L the spatial resolution is
highest near the center of the spectrum. The resolution ranges from 0.5"" to 1.8"" for G130M,
0.3"" to 0.8"" for G160M and 0.4"" to 1.7"" for G140L. While the FUV holographic gratings are
shaped to correct for the spherical aberration of HST and are grooved to both correct the
astigmatism along dispersion and provide nearly constant spectral resolution with wave-
length, the astigmatism in the spatial (cross-dispersion) dimension is not corrected. This
feature, along with the modified Rowland circle layout of the spectrograph, results in the
width variations seen in Figure 4.

The small fluctuations seen in the fitted FWHM of the spatial profiles (Figure 4) are
dominated not by the statistical noise, which is much smaller than the observed fluctuations,
but rather the residual structure on the FUV detectors (e.g., grid wires, dead spots, small
residual distortions left after geometric corrections by CalCOS, etc). These structures
remain in the spectra because CalCOS does not currently apply a flat-fielding correction to
the FUV data. Some of the fluctations are also due to the presence of locations of spectral
absorption lines.

Additional systematic trends can be seen in each of the profile plots in Figure 4. For
Segment B spectra from both G130M and G160M, the spatial profiles are narrowest at the
shortest wavelengths and become progressively broader at longer wavelengths. The opposite
trend is seen for the Segment A G130M spectra, while all the profiles of the Segment A
G160M spectra reach a common minimum near 1700 Å, before broadening again at the
longest wavelengths. The profiles in the G140L Segment A spectra (we do not consider the
G140L Segment B data here) reach a minimum width between 1400 Å and 1550 Å, and
progressively broaden out to shorter and longer wavelengths.

The systematic variations in shapes and widths of the spatial profiles are the result of
the modified Rowland Circle layout of the COS FUV channel. The aspheric FUV gratings
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Figure 4: The spatial resolution of the COS FUV channel, as determined by Gausisan fits to
the cross-dispersion profiles of white dwarf spectra. Results are shown for Segments A and
B for G130M and G160M, and Segment A for G140L. The color of each curve corresponds
to a di!erent central wavelength setting. To obtain the plots, spectra were summed at 1
Å intervals along dispersion (! 100 pixels), then fit with a Gaussian along cross-dispersion
(XD). The wiggles in the curves are primarily the result of flat field structure in the data
(grid wires, dead spots, etc) which are not yet removed by CalCOS.
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used in COS are shaped to correct for the spherical aberration of HST (in both dispersion
and cross-dispersion). On the other hand, the holographic rulings on the gratings simulta-
neously disperse the light from the HST OTA and correct for the astigmatism inherent in
the Rowland circle layout of the FUV channel (the MFWFEs are of course not corrected).
However, the gratings only correct the astigmatism along dispersion. The remaining astig-
matism in cross-dispersion is not corrected, resulting in the wide variations in profile FWHM
(and hence spatial resolution) seen in Figure 4. The FWHM variations are similar to those
seen in FUSE spectra, where a Rowland circle layout is also used.

The spatial and spectral focus vary independently in the COS FUV channel: for a given
FUV grating, COS is designed to produce spectra having nearly constant spectral resolution
with wavelength (corresponding to constant focus along dispersion). This is accomplished
by placing the COS FUV detector along the Rowland circle and approximately matching the
curvature of the detector to match that of the Rowland circle. This leaves the spatial (cross-
dispersion) focus to vary along the detector. The surface of constant spatial focus intersects
the detector at two points, one on Segment A and one on Segment B. By design, these focus
points correspond to wavelengths of 1150 Å and 1450 Å for G130M and 1350 Å and 1750
Å for G160M, which is approximately what is observed in Figure 4. Elsewhere, the spatial
profile is not at optimum focus. This is adequate for the majority of cases where the science
targets are isolated point sources, and the flux is merely collapsed along cross-dispersion to
produce the final x1d spectra. However, in a moderately crowded field (for example, several

point sources located ! 0.5
!!

apart from one another in cross-dispersion) the two sources
may overlap spatially at one CENWAVE setting, but not another. Therefore, the extent of
the spatial profile may require consideration for some observations. The overlap between
spectra is even more important if one or more of the sources is extended.
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