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ABSTRACT

The wavelength dispersion coefficients and zero points of the COS FUV G130M and
G160M gratings at each lifetime position (LP1, LP2, LP3, LP4) have been re-derived.
In this document we present the analysis behind the improvements of the wavelength
solutions for data obtained at LP1 (i.e., before July 2012). Discussions of the
methodology used to derive updated wavelength solutions at lifetime positions 2, 3,
and 4 are presented in separate documents. In this analysis, we have used archival
data of objects that were observed with both COS and an overlapping STIS echelle
mode to determine the dispersion coefficient and an initial measurement of the zero
point for each standard cenwave setting. The zero points were then refined using
archival COS programs where multiple cenwaves were used within a single visit, which
provided a better relative alignment between COS modes. The wavelength solution
accuracy has been improved from ∼15 km s−1 (1 resolution element) to ∼7.5 km s−1

(0.5 resolution element), with the greatest correction occurring for each grating at the
longest cenwaves (i.e., 1327 and 1623).
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and Space Administration.
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1. Introduction

Wavelength dispersion solutions for COS were originally determined using pre-launch
thermal vacuum (TV) data obtained in 2003 (Wilkinson et al. 2008). Then, during
Servicing Mission Orbital Verification (SMOV), the zero points were updated using
on-orbit data (Oliveira et al. 2010) to account for the alignment of COS to the HST
optical axis. For the G130M and G160M gratings, the requirement of a wavelength
accuracy of ±15 km s−1, or about one resolution element, was met. Since SMOV, the
±15 km s−1 requirement has been monitored yearly and continues to stay within that
range. However, there was a desire to improve the wavelength solutions, and in
particular remove known systematic offsets (e.g., Kriss et al. 2011; Carpenter et al.
2014). Thus, we initiated an effort to improve the LP1 wavelength calibration, with a
goal of achieving co-alignment of spectra taken at different cenwaves to half a
resolution element, ±7.5 km s−1. This study was limited to the standard cenwave
modes, 1291/1300/1309/1318/1327 for G130M and 1577/1589/1600/1611/1623 for
G160M, as they were the most heavily used by the community. Because wavelength
solutions for the wavelength calibration aperture (WCA) are different from those for
the science apertures (PSA and BOA), they cannot be used for the calibration. Instead
we chose to tie the COS wavelength calibration to that of the STIS echelle modes by
analyzing external targets in the archive that were observed with both instruments. We
used STIS as a reference spectrum because of its higher wavelength accuracy. The
absolute wavelength accuracy of the STIS echelle calibration is ∼2 km s−1 compared
to the current COS wavelength accuracy of ∼15 km s−1.

The wavelength solutions for each segment (FUVA and FUVB in the FUV) on
COS can be found in the dispersion reference file (DISPTAB) and are defined using the
equation:

λ = a0 + a1 × xprime + a2 × x2prime (1)
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where xprime is calculated from XFULL pixel coordinates (thermally, geometrically,
drift, and FP-POS corrected), and zero point offsets between those derived on orbit (d)
and those derived in thermal vacuum testing (dTV 03):

xprime = XFULL+ dTV 03 − d (2)

(Oliveria et al. 2010). In addition, since the new calibrations are based on external
targets, the zero-point offsets to TV03 are not needed and d = dTV 03 = 0, so xprime =
XFULL. In the FUV channel, the medium resolution grating wavelength solutions are
linear (a2 = 0). In this effort, we updated both a0 and a1 for the G130M and G160M
standard modes using a cross-correlation technique, mapping COS data to STIS
wavelengths of the same target, to derive initial zero points and dispersion coefficients.
The zero points were then adjusted by performing a cross-correlation on COS
exposures of the same target taken at a different grating setting in the same visit, i.e.,
with the same target centering. We aimed to increase the FUV wavelength accuracy to
∼7.5 km s−1, i.e., from one COS resolution element (6 pixels) to half a resolution
element (3 pixels).

The details of the selection of our data used for both the COS-to-STIS correlations
and the COS-to-COS correlations are outlined in Section 2. We then discuss in details
the different techniques used during our analysis, including the cross-correlation method
in Section 3. The results of our LP1 analysis are presented in Section 4, the details of
the reference file in Section 5, and conclusions in Section 6.

2. Data Selection

To derive the new solutions, rather than executing a calibration program to obtain
dedicated wavelength calibration data, which would be largely affected by gain sag, we
decided to use the abundance of data observed by COS when it was in operations at
LP1 that already existed in the HST archive. The archive was mined for targets
observed both by COS (G130M, G160M) at LP1 and STIS (E140H, E140M, E230M).
There were 6 unique targets observed with G130M only, 6 unique targets observed
with G160M only, and 10 unique targets that were observed with both G130M and
G160M. We took special care to exclude visits of programs or entire programs where
COS was operating in a non-standard way. The distribution of the targets and modes
used are shown in Figure 1 while the datasets are outlined in more detail in Table 1.

To test the updated wavelength solutions, we again mined the HST archive for
more COS observations at LP1. Because the light is not passing through a slit on COS,
the absolute wavelength accuracy of an exposure is affected by the accuracy of the
target centering in the along-dispersion direction that results from the acquisition at the
beginning of a visit. As different targets contribute to the wavelength solutions at
different cenwaves, an unknown bias can be induced between COS modes by target
centering errors; typically, 1 pixel for NUV imaging, but up to 3 pixels for
spectroscopic acquisitions. However, by selecting COS exposures with different
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cenwaves within a visit, and therefore the same target centering, we can disentangle the
effects of inaccurate zero-points in the wavelength solution and offsets due to target
centering errors. Because of this, our criterion for selection was to choose targets that
had multiple COS exposures within a visit, especially focused on visits that utilized
multiple cenwaves. As discussed in more detail in Section 3.2, a cross-correlation was
performed between different cenwaves within the same grating to refine and test the
consistency of the improved wavelength solutions across COS wavelengths. The
distribution of the number of datasets used with the different cenwave settings is shown
in Figure 2 and Figure 3. In total, there were 95 unique targets for G130M and 87
unique targets for G160M that were used for the COS-to-COS analysis.

For all of these datasets, we used the x1d file, which is the CalCOS product for
each individual FP-POS exposure and retains all data since it does not filter on the data
quality (DQ) flags, rather than using the combined x1dsum file for a setting, which has
had DQ flag filtering. However, the DQ flags are still taken into consideration during
the cross-correlation.
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Table 1. Names of association datasets used for the COS-to-STIS cross-correlation at
LP1, together with grating or gratings that those datasets cover.

Target Gratings Association Rootnames

HD150798 G130M LB3E40010
HD164058 G130M LB3E30010
HD39587 G130M LB3E06010
HD432 G130M LB3E31010
HD82210 G130M LB3E23010
SK-155 G130M LAAF1A010
BD+31643 G160M LB3S11060, LB3S11070, LB3S11080, LB3S11090, LB3S110A0
BD+631964 G160M LB3S08060, LB3S08070, LB3S08080, LB3S08090, LB3S080A0

HD204827 G160M

LB3S02050, LB3S02060, LB3S02070, LB3S02080, LB3S04050,
LB3S04060, LB3S04070, LB3S04080, LBRN03060, LBRN03070,
LBRN03080, LBRN03090, LBRN05060, LBRN05070, LBRN05080,
LBRN05090, LBRN08060, LBRN08070, LBRN08080, LBRN08090

HD269445 G160M LBP506040, LBP506050, LBP506060
HD271791 G160M LBJ403050, LBJ403060, LBJ403070, LBJ403080

V-TW-HYA G160M LBL201020, LBL201040, LBL201060, LBL202020, LBL203020,
LBL204020, LBL205020, LBL206020, LBL207020, LBL208020

MARK509 G130M, G160M LBDH01010, LBDH01020, LBDH01030, LBDH01040, LBDH02010,
LBDH02020, LBDH02030, LBDH02040

NGC330-B37 G130M, G160M LABP50010, LABP50020, LABP73010, LABP73020, LABP73050,
LABP73060, LABP73070, LABP73080, LABP73090, LABP730A0

NGC-3516 G130M, G160M LBGU18060, LBGU58010, LBGU58020, LBGU58030, LBGU58040,
LBGU58050, LBGU58060, LBGU58070, LBGU58080

NGC-3783 G130M, G160M LBGU19010, LBGU19020, LBGU19030, LBGU19040, LBGU19050,
LBGU19060, LBGU19070, LBGU19080

NGC-5548 G130M, G160M LBGU22010, LBGU22020, LBGU22030, LBGU22040, LBGU22050,
LBGU22060, LBGU22080

NGC5272-ZNG1 G130M, G160M LB2404010, LB2404020

PG1116+215 G130M, G160M LBGL01010, LBGL01020, LBGL01030, LBGL01040, LBGL01050,
LBGL01060, LBGL01070, LBGL01080

TONS210 G130M, G160M LBH001010, LBH001020, LBH001030, LBH001040

SK191 G130M, G160M

LBBY01010, LBBY01020, LBBY01030, LBBY01040, LBBY03010,
LBBY03020, LBBY03030, LBBY03040, LBBY04010, LBBY04020,
LBBY04030, LBBY04040, LBBY05010, LBBY05020, LBBY05030,
LBBY05040, LBBY06010, LBBY06020, LBBY06030, LBBY06040,
LBBY07010, LBBY07020, LBBY07030, LBBY07040, LBNJ01010,
LBNJ01020, LBNJ01030, LBNJ01040, LBNJ02010, LBNJ02020,
LBNJ02030, LBNJ02040, LBNJ03010, LBNJ03020, LBNJ03030,
LBNJ03040, LBUD01010, LBUD01020, LBUD01030, LBUD01040

V-DR-TAU G130M, G160M LB6B14010, LB6B14020, LB6B14030, LB6B14040, LB6B14050
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3. Methodology

To compute and evaluate the COS wavelength solutions, we needed to determine the
locations of selected spectral regions in XFULL pixel coordinates and the corresponding
pixel offsets between different spectra. Shifts between COS and STIS spectra measured
in wavelength units from STIS spectra provide a corrected COS wavelength so that the
dispersion coefficients and zero points can be derived. Shifts determined in XFULL
pixel space with newly calibrated COS data yield the residual errors to calibrations for
test and evaluation.

Flux-weighted centroids (for emission-line sources) or inverse flux-weighted
centroids (for continuum sources) in regions around chosen features provide the
XFULL locations. A direct cross-correlation technique executed in Python determined
the relative displacement of one spectrum to another for each spectral window thus
providing a shift in pixels. One spectrum was chosen as a reference and was linearly
interpolated by wavelength to the other. The cross-correlation was then performed in
XFULL space for each individual region. A quadratic function was fit to the top ±5
pixels of the cross-correlation array since we found that was more robust to determine
the location of the best correlation shift value compared to using just the maximum of
the cross-correlation function. This offset was then converted back into Angstroms
using the current a1 dispersion coefficient. A Pearson correlation coefficient was also
calculated to provide a confidence level for judging the validity of the resulting shift.
This direct correlation technique was selected over the use of a Fast Fourier Transform
cross-correlation method due to the lower error in the cross-correlation function itself
of about ±1 pixel, which was determined by performing a cross-correlation on the
same spectrum to itself.

An accurate determination of the wavelength solution requires sampling multiple
spectral regions across the full length of the detector segments. Sonnentrucker et al.
(2013) used an unbiased approach where they stepped through a spectrum in a set
3Å-wide window and utilized results only from those bins whose maximum cross-
correlation value was ≥ 0.70. However, our attempts with this technique did not yield
accurate results because the windows often were not centered on well-defined spectral
features, yielding inaccurate and varying shift values for the lower S/N data in particular.

Instead, we visually examined the spectrum of each target and manually selected
minimum and maximum wavelength values around candidate spectral features,
excluding airglow and variable lines such as stellar wind lines, to define measurable
windows. We assigned quality flag values of 1, 2, or 3, where 3 represented a very
weak feature and 1 represented a very strong feature. An example of how these
windows appear in an LP1 spectrum is shown in Figure 4. We used the quality flags as
a selection filter and ultimately did not include quality 3 windows in our final
wavelength solutions. Also, to ensure lower quality spectral regions were not included
in the final solution, we excluded any windows in individual exposures where there
was a bad DQ flag present anywhere in the window, i.e., DQ values that match those in
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the SDQFLAGS parameter. Finally, we rejected specific datasets and windows where
the spectral feature had a high enough S/N for one dataset but was too weak (S/N ∼5)
to use to use in another dataset of the same target. For the COS-to-STIS correlations
these rejections are listed in Table 2a, and for the COS-to-COS correlations, discussed
in Section 3.2, they are listed in Table 2b.

Figure 4. Example of windows in segment FUVB defined for PG1116+215. The
convolved STIS spectrum is shown in black, and the COS spectrum in red. The windows
are indicated by the different color boxes. Yellow indicates the window is of the highest
quality (flag 1). The grey indicates a normal spectral line (flag 2). The brown indicates
that this spectral line might not appear in all COS data as prominently as it does in the
STIS spectrum (flag 3), and is not included in the analysis.

Table 2.: Rootnames and minimum wavelengths of specific windows that were not used
in the cross-correlation due to low S/N.

(a) COS-to-STIS manual rejections.

Dataset Window Target Name
Rootname (Å)
lbgl01qnq 1220.2−1223.5 PG1116+215
labp50ajq 1452.0−1458.8 NGC330-B37
labp73guq 1452.0−1458.8 NGC330-B37
lb3s02wtq 1740.1−1742.5 HD204827
lbrn05n7q 1740.1−1742.5 HD204827
lb3s04ohq 1740.1−1742.5 HD204827
lb3s04ohq 1745.6−1750.7 HD204827
lbrn03rxq 1740.1−1742.5 HD204827

(b) COS-to-COS manual rejections.

Dataset Window Target Name
Rootname (Å)
lb1o11m5q 1511.7−1513.4 LBQS-1435-0134
lb5h06hsq 1457.1−1460.2 LBQS-0107-0235
lb5h06hsq 1476.8−1479.7 LBQS-0107-0235
lb5h05e4q 1457.1−1460.2 LBQS-0107-0235
lb5h05e4q 1476.8−1479.7 LBQS-0107-0235
lb5h05ejq 1476.8−1479.7 LBQS-0107-0235
lb5h06hzq 1476.8−1479.7 LBQS-0107-0235
lb1o10goq 1652.5−1653.8 LBQS-1435-0134
lb1o14ihq 1531.5−1534.0 PG-1338+416
lb1o14i7q 1646.5−1648.5 PG-1338+416
lcbx02idq 1483.5−1486.3 PG1126-041
lcbx03c8q 1483.5−1486.3 PG1126-041

Instrument Science Report COS 2018-22(v2) Page 10



3.1 COS-to-STIS Cross-correlations

For the initial dispersion coefficient derivations, we computed centroids in XFULL in
selected spectral windows for the targets discussed in Section 2 and performed
COS-to-STIS cross-correlations to obtain improved COS wavelengths for the spectral
features. The process involved several steps. First, the STIS data were resampled to the
wavelength scale for each COS exposure and were convolved with the appropriate
COS line spread functions for the cenwave to match the resolution of the COS mode.
The COS spectra were then linearly interpolated into the STIS wavelength frame and a
cross-correlation was performed with the STIS convolved spectrum. The resultant
shifts were applied to the COS wavelengths to place them on the STIS scale. Since the
COS XFULL coordinates are in a geocentric velocity frame while the STIS
wavelength scale is heliocentric, the heliocentric correction that had been applied for
the exposure was then removed from the STIS-mapped COS wavelengths so as to
place them into the geocentric velocity frame. Lastly, the dispersion coefficients were
computed as a least-squares fits of XFULL values to the geocentric wavelengths for the
available exposures in each cenwave mode.

Our initial investigations were directed, firstly, towards determining whether
wavelength solutions would be needed for each FP-POS separately to meet the
half-resolution element accuracy goal and, secondly, ascertaining how optical ray-trace
modeling could help in determining the wavelength solutions. We needed to know
early on if wavelength solutions were needed for each individual FP-POS to reduce the
wavelength error to ±3 pixels since that would require a change to CalCOS as well as
to the format of the wavelength dispersion solution reference file. This is because
currently exposures at different FP-POS locations for a given cenwave are shifted to
the FP-POS=3 frame using values in the LAMPTAB reference file, and a single
wavelength solution is applied for all FP-POS for that cenwave.

Figure 5 shows COS-to-STIS dispersion coefficients for each FP-POS that had
sufficient data at LP1 to compute a solution. Also shown are the values determined
during TV-03 that were in use by CalCOS before the updates described in this
document and those from ray-trace models at FP-POS=3 for each cenwave and grating.
The dispersion coefficients are plotted against the Optics Select Mechanism 1 (OSM1)
rotation, which establishes the position of the spectrum on the detector, measured in
steps from the nominal central setting for the grating (FP-POS=3; 1309 for G130M,
1600 for G160M). Each cenwave is four steps from neighboring ones, with the
intervening integer steps being other FP-POS positions. As can be seen, the TV-03
dispersion coefficients do not match what was measured in this analysis at LP1, with
discrepancies becoming larger with increasing cenwave. The ray-trace model
dispersion coefficients, on the other hand, show the same trend as those measured
on-orbit, although offset by a constant factor. The ray-trace calculations start with an
arbitrary focus location and the offsets indicate a disagreement with the initial model
focus, particularly for the G130M grating. The relative model dispersions, however,
are expected to be correct.
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Figure 5. LP1 linear dispersion coefficients for each LP1 M-mode FP-POS: COS-
to-STIS measured (red), TV-03 values originally used by CalCOS (black), and ray-
trace model calculations (blue). Abscissa values are OSM1 rotation steps from cenwave
1309 (G130M) or 1600 (G160M) FP-POS=3, with cenwave increasing and FP-POS
decreasing from left to right.

Figure 6 shows the residuals from a linear fit to the FP-POS solutions in Figure 5
for each FP-POS. No large, coherent variation in the data with FP-POS was evident,
indicating that a wavelength solution for each separate FP-POS was not necessary.
Linear dispersion coefficients were then recalculated by grouping all available FP-POS
exposures for each cenwave. Quadratic dispersion coefficients were also attempted and
yielded no further improvement in the residuals. By grouping all FP-POS exposures
for each cenwave, the uncertainty of the coefficients was lowered and allowed for
direct comparisons with ray-trace computations. To calculate the final dispersion
coefficients for each cenwave, a χ2 minimization was performed using the
COS-to-STIS calculated dispersion coefficients and the ray-trace dispersion
coefficients. In Figure 7 the COS-to-STIS measured dispersion coefficients are shown
along with the ray-trace fit, and the ray-trace fit shifted by an offset determined using
the χ2 minimization. Because the ray traces were a good fit, and for consistency with
analyses anticipated at other lifetime positions, we decided to use the shifted ray-trace
dispersions for the final wavelength calibration rather than the directly measured ones.

Instrument Science Report COS 2018-22(v2) Page 12



The measured zero points from the COS-to-STIS solutions, however, were still used as
the starting values for the adjustments discussed in Section 3.2.

Figure 6. Residuals to the linear fit to the dispersions in Figure 5 for each FP-POS.
Each cenwave is indicated by a different color; On top: 1291 (black), 1300 (red), 1309
(blue), 1318 (green), 1327 (magenta) and on bottom: 1577 (black), 1589 (red), 1600
(blue), 1611 (green), 1623 (magenta). While some FP-POS are missing, the average
residuals are consistent between FP-POS for a given cenwave, indicating there is no
need for FP-POS-dependent dispersion values. Dashed lines show the ±3 pixel (∼7.5
km s−1) accuracy goal for the wavelength solutions.
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Figure 7. LP1 linear dispersion coefficients by cenwave: COS-to-STIS measured in this
work (red), TV-03 values used by CalCOS (black), and ray-trace model calculations
(blue). The blue dashed lines are χ2 fits of the models to the measured dispersion
coefficients and define the values adopted in the new LP1 DISPTAB.

3.2 Zero Points with COS-to-COS Exposures

Due to target centering uncertainties in the along-dispersion direction, the zero points
of the wavelength solutions derived from COS-to-STIS cross-correlations could have
an offset of up to ±3 pixels. The initial zero points derived from those analyses were
adjusted using results from a cross-correlation of COS exposures across different
cenwave and FP-POS exposures obtained within the same visit (i.e., with the same
centering). That ensured that the relative alignment between exposures taken at
different settings averaged out to zero. Specifically, the COS-to-COS
cross-correlations provided mean wavelength offsets for up to 10 different
combinations of cenwaves for each grating (e.g., 1327 vs. 1291 for G130M ). The
combinations that had a cross-correlation performed are listed in Table 3. At LP1, data
existed for every cenwave pair used to derive the adjusted zero points which was not
true at later lifetime positions. However, each combination pair has contributions from
a different population of targets since the exposures are gleaned from whatever was
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Table 3. Reference cenwave (Cenwave 1) and observation cenwave (Cenwave 2)
pairs used in the COS-to-COS cross-correlations.

Pair Number G130M G130M Pair Number G160M G160M
Cenwave 1 Cenwave 2 Cenwave 1 Cenwave 2

1 1300 1291 11 1589 1577
2 1309 1291 12 1600 1577
3 1309 1300 13 1600 1589
4 1318 1291 14 1611 1577
5 1318 1300 15 1611 1589
6 1318 1309 16 1611 1600
7 1327 1291 17 1623 1577
8 1327 1300 18 1623 1589
9 1327 1309 19 1623 1600

10 1327 1318 20 1623 1611

Figure 8. Left: Offsets from the cross-correlation for each cenwave pair before
normalization for G130M FUVB. Right: Offsets for each cenwave pair after the
normalization to 1309 has been taken into account. Squares represent mean offsets
for each reference cenwave that were then used to adjust the COS-to-STIS zero points.

available in the HST archive.
To obtain the mean offset between cenwaves, the COS-to-COS offsets were first

normalized to the middle cenwave (1309 for G130M, 1600 for G160M). This process
is outlined graphically in Figure 8 for G130M FUVB. To normalize the cenwave pairs
to the middle cenwave, the offsets for each middle cenwave pair (from Table 3: pairs 2,
3, 6, 9, 12, 13, 16, and 19) were subtracted from the offsets for the other corresponding
cenwave pairs. Reverse pairs were properly negated and wrapped into the
corresponding offset values. For example, the offsets from the cross-correlation for
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1291 vs. 1300 where 1291 is the reference cenwave were negated and redefined as
1300 vs. 1291, where now 1300 is the reference cenwave. The middle cenwave was the
reference cenwave in the pair in order to be subtracted properly. For instance, the offset
for pair 3 (1309 vs. 1300) is subtracted from the offset for pair 1 (1300 vs. 1291), while
the offset for pair 16 (1611 vs. 1600) is multiplied by -1 to become 1600 vs. 1611 and
then subtracted from the offsets for pairs 15 (1611 vs. 1589) and 14 (1611 vs. 1577).
Essentially in Figure 8, the parallelism between adjacent cenwave pair segments
indicates the agreement of the relative alignment offsets measured between those
cenwave settings by the different cenwave pairs. Once we had the normalized offsets,
we were able to take an average offset across all of the second cenwave values given a
reference cenwave. That mean offset was subtracted from the existing COS-to-STIS
constrained zero points for each reference cenwave. As expected, the final zero-point
adjustments were below 3 pixels.

An example of the COS-to-COS products we used to investigate zero point
adjustments is shown in Figure 9 for the cenwave combination 1589 vs. 1623. In this
figure, data using the intermediate wavelength calibration solutions before the final
zero point correction are shown alongside data using the original DISTPAB from
SMOV, and it is evident the new solutions were an overall improvement, as indicated
by the lack of a residual slope across the detector. However, while some cenwave pairs
had residual distributions around zero and needed no adjustments, others, like the
example shown, were still offset from zero due to COS and STIS target acquisition
errors in the original COS-to-STIS cross-correlations. To correct for this, the mean
values of the histograms were used to adjust the final zero points.
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Figure 9. An example of the wavelength mismatch (in pixels) between COS spectra
taken at cenwaves 1623 and 1589 in the same observation visit, with wavelengths
computed from the SMOV DISPTAB (left) and the intermediate DISPTAB from ray-
trace dispersion coefficient fits prior to zero-point adjustment (right). Areas in orange
show the ±3 pixel accuracy goal, and in blue, the measured 1σ range.

4. Results

A new dispersion reference file (DISPTAB), 05i1639ml disp.fits, was released on May
18, 2016 for use of data taken at LP1. Table 4 lists the rounded dispersion coefficient
and zero point values. The full values can be found in the DISPTAB reference file. Any
data taken before July 23, 2012 with G130M or G160M standard modes (1291, 1300,
1309, 1318, 1327, 1577, 1589, 1600, 1611, 1623 cenwaves) now use the DISPTAB,
05i1639ml disp.fits.

To validate the wavelength solutions, the COS data were recalibrated and the
COS-to-STIS and COS-to-COS analyses were repeated. The residual errors were
examined to ensure there were no further systematic effects. The individual results
from the COS-to-STIS correlations are shown in Section 4.1, while the results from the
COS-to-COS correlations are shown in Section 4.2.
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Table 4. Rounded, updated dispersion coefficients (a1) and zero points (a0) for LP1
modes. Exact values should be used from the DISPTAB.

Grating Cenwave Segment a0 a1 Segment a0 a1
( Å ) (mÅ pix−1) ( Å ) (mÅ pix−1)

G130M 1291 FUVA 1278.069 9.9653 FUVB 1124.802 9.9624
1300 FUVA 1287.778 9.9668 FUVB 1134.493 9.9651
1309 FUVA 1297.328 9.9682 FUVB 1144.033 9.9677
1318 FUVA 1306.875 9.9695 FUVB 1153.530 9.9700
1327 FUVA 1316.326 9.9709 FUVB 1162.940 9.9724

G160M 1577 FUVA 1562.692 12.2384 FUVB 1374.540 12.2327
1589 FUVA 1574.325 12.2402 FUVB 1386.144 12.2358
1600 FUVA 1585.733 12.2417 FUVB 1397.503 12.2387
1611 FUVA 1597.610 12.2434 FUVB 1409.317 12.2417
1623 FUVA 1609.693 12.2450 FUVB 1421.348 12.2446

4.1 COS-to-STIS Results

Figures 10 and 11 show the residual errors across the detector for the COS-to-STIS
correlations for COS data calibrated with the previous DISPTAB (purple circles) and
the updated DISPTAB (black stars). In most cases there is a very obvious improvement
to within ±3 pixels (orange dashed lines). The most drastic differences can be seen
in the 1327 and 1623 settings, where the old DISPTAB resulted in a systematic slope
in residuals across the detectors. While multiple targets were used to have coverage
across the entirety of the detectors for all cenwave and segment combinations, in some
cases there were no features present at certain locations on the detectors with our target
selection at LP1, so some wavelength solutions may have been slightly biased towards
one end of the detector. This effect was lessened by using the ray-trace fit coefficients
rather than direct measurements of the COS-to-STIS spectra.
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Figure 10. Continued on next page.
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Figure 10. COS-to-STIS cross-correlation residuals for G130M, all updated cenwaves
and segments. The residuals from the corrected DISPTAB (black stars) are now within
±3 pixels (∼7.5 km s−1) while for the old DISPTAB (purple circles) they are within ±6
pixels (∼15 km s−1). Multiple targets and FP-POS were used for different settings.
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Figure 11. Continued on next page.
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Figure 11. Same as Figure 10 for COS-to-STIS cross-correlation residuals for G160M,
all updated cenwaves and segments.

4.2 COS-to-COS Results

Once the final zero points were obtained, the COS-to-COS cross-correlations were
performed using the new DISPTAB to determine the accuracy of the new zero points.
Figures 12 - 15 show examples of the overall improvement in the centering and scatter
of the distribution of the residuals compared to data calibrated with the ray trace model
fit with COS-to-STIS derived zero points, as well as the overall improvement compared
to the old DISPTAB for the two extremes of the possible cenwave combinations for each
grating. The smallest neighboring cenwaves (1291 vs. 1300 and 1577 vs. 1589) show
minimal change, but the cenwaves furthest from each other on OSM1 (1291 vs. 1327
and 1577 vs. 1623) show the greatest improvement. All of the cenwave combinations
can be found in Appendix A. It is important to note that if there are fewer independent
visits in the cross-correlation (fewer windows), there may be a bias in these results
because, with so few visits, the one or two target acquisitions may have large errors
driving the offset. Overall, not only are the residual distributions centered closer to
zero, they are narrower with the new DISPTAB since the updated dispersion coefficients
eliminated the systematic slope in residuals. Figure 16 summarizes the mean shifts
and standard deviations with the previous DISPTAB (green) and updated DISPTAB
(purple). There is an improvement in both the mean and standard deviation in most
settings, indicating that the overall uncertainties in the wavelength calibration are now
within ±3 pixels.
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Figure 12. COS-to-COS cross-correlation distributions of extreme FUVA G130M
cenwave combinations with the old DISPTAB (left), intermediate DISPTAB discussed
in Section 3.2 (middle), and final DISPTAB (right). Orange shows ±3 pixels. Blue
shows 1σ. With the new DISPTAB, the residual slopes disappear and the centering
of the distributions fall closer to zero. The number of windows included in the cross-
correlation can differ depending on where a window fell in relation to a DQ flag.
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Figure 13. Same as Figure 12 for distributions of COS-to-COS cross-correlations of
extreme cenwave combinations for G130M FUVB.
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Figure 14. Same as Figure 12 for distributions of COS-to-COS cross-correlations of
extreme cenwave combinations for G160M FUVA extreme cenwave combinations.
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Figure 15. Same as Figure 12 for distributions of COS-to-COS cross-correlations of
extreme cenwave combinations for G160M FUVB extreme cenwave combinations.
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Figure 16. Average residuals for all COS-to-COS correlations (top: FUVA; bottom:
FUVB, shorter wavelengths) with the updated DISPTAB (purple) and the old DISPTAB
(green). The number of windows included in the cross-correlation for each setting given
above (new) and below (old) each point. These numbers can differ depending on where
the window fell in relation to a DQ flag.
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5. Reference File Details

For LP1, the DISPTAB name delivered with this effort is 05i1639ml disp.fits. In the
DISPTAB, the D and D TV03 values (Oliveira et al. 2010) are set to zero for the revised
modes because they were absorbed into the new zero-point coefficient. For all updated
cenwaves, the BOA values were copied from the PSA. All cenwaves in the previously
non-LP dependent DISPTAB are present in the new DISPTAB regardless of if there is
currently data in the archive for it at LP1. G130M/1055, 1096, 1222 and G140L/1105,
1230, 1280 values were copied from the old DISPTAB, xaa18189l disp.fits, because
these modes were not updated in this effort. The header was also updated to include a
LIFE ADJ header keyword equal to 1 since this DISPTAB is only to be used with LP1
data.

6. Conclusions

In May 2016, G130M 1291, 1300, 1309, 1318, 1327 and the G160M 1577, 1589, 1600,
1611, 1623 cenwaves dispersion coefficient and zero point values at LP1 were updated.
The delivered wavelength solutions are the values from a ray-trace model constrained
first by COS-to-STIS cross-correlations. The zero points were further adjusted by using
archival LP1 COS data for which a cross-correlation was performed between differing
cenwaves within the same visit. These solutions were tested by calibrating all data
with the updated DISPTAB and verifying that the residuals were all properly centered
around zero with no residual slope. With these new wavelength solutions, the accuracy
of the COS wavelength solution was found to be improved from ∼15 km s−1 (6 pixels)
to ∼7.5 km s−1 (3 pixels). This error estimate does not include any additional errors
due to target acquisition or other FUV detector effects such as walk. G140L grating
wavelength solutions may need to be updated in the future, but the current wavelength
accuracy of this grating (250 km s−1) satisfies the scientific needs of the community,
whereas the G130M and G160M gratings are more frequently used with science goals
that need a very accurate wavelength scale. All archival COS LP1 data were reprocessed
using the files 05i1639ml disp.fits in May 2016. Further discussions of work on the
wavelength solution improvements for other lifetime positions can be found in separate
documents.
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Appendix A
For all combinations of data used in the analysis, this appendix contains COS-to-COS
cross-correlation distributions of G130M and G160M cenwave combinations with the
old DISPTAB, intermediate DISPTAB discussed in Section 3.2, and final DISPTAB.
The orange region indicates the new goal of ±3 pixels while the blue region shows
1σ. With the new DISPTAB, the residual slopes disappear and the centering of the
distributions fall closer to zero, but is more dramatic for cenwaves that are further
away from each other, e.g., 1291 vs. 1327. The number of windows included in the
cross-correlation can differ depending on where a window fell in relation to a DQ flag.
Cenwave combinations of the same cenwave were not used when calculating the zero
point adjustments, so the results are not included here, but are available in the COS May
2016 STAN.

Figure A-1. Continued on next page.
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Figure A-1. Continued on next page.
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Figure A-1. Continued on next page.
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Figure A-1. Distributions of cross-correlations of FUVA G130M cenwave
combinations.
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Figure A-2. Continued on next page.
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Figure A-2. Continued on next page.
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Figure A-2. Continued on next page.
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Figure A-2. Distributions of cross-correlations of FUVB G130M cenwave
combinations.

Figure A-3. Continued on next page.
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Figure A-3. Continued on next page.
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Figure A-3. Continued on next page.
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Figure A-3. Distributions of cross-correlations of FUVA G160M cenwave
combinations.
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Figure A-4. Continued on next page.
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Figure A-4. Continued on next page.
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Figure A-4. Continued on next page.

Instrument Science Report COS 2018-22(v2) Page 41



Figure A-4. Distributions of cross-correlations of FUVA G160M cenwave
combinations.
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