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ABSTRACT

The traditional method of assigning a wavelength scale for WFC3 grism spectra is based on
offsets from an associated direct image. While a direct image is still required for identifying the
full complex of overlapping orders in the objective spectral images, wavelength assignments for
sources with known coordinates can be derived using the offsets from the zero order grism
images. The accuracy caused by any non-linearity in the dispersion is estimated at ~0.1 pixel or
~2.5 A for G102 and ~5 A for Gl141. The rms precision of the assigned wavelengths for
individual spectra is better than (0.2 pixel. For the same or very similar POSTARGs, the
separation from direct image to zero order varies by up to 0.5 pixels in both x and y directions,
corresponding to an uncertainty of about ~12A (G102) and ~23A (G141).

1. Introduction

The Wide Field Camera 3 (WFC3) has two IR grisms for slitless objective-field
spectroscopy, G102 for 8000-11500 A and G141 for 10500-17000 A. The assignment of
wavelengths for objective grisms on HST is discussed by Pirzkal et al. (2009) for NICMOS and
by Kuntschner et al. (2009a, 2009b) for the WFC3 aXe' software suite. These methods are based
on a direct image of the field followed by a grism exposure (DIM, direct image method
extraction), sometimes with an offset to account for the angular deflection of the grism spectra.

However, extraction of spectra with reference to their zero order (ZO) images instead of a
direct image is a desirable goal, if the direct image field does not include the object of interest or
if the program efficiency is important. A direct image would still be required to help identify the
offending sources of overlapping spectra or in case the ZO image falls off the grism image. If
contamination due to overlapping spectra is a concern, then methods that are based on an
associated direct image may be preferable. We compare the ZO spectral extraction method
(ZOE) to the DIM using observations of planetary nebulae with strong emission lines and of the
standard stars, GD153 and P330.
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Two potential problems with the ZOE method are that the ZO image may be broader than
direct stellar images in the dispersion direction and that there may be a color-dependence to the
ZO centroids. Both the G141 grism ZO images and the direct images have a FWHM of ~2.5
pixels, whereas the G102 ZO FWHM is about one pixel wider than the direct stellar images in
the dispersion direction. This broader profile should contribute <0.1 pixel of extra uncertainty in
measuring ZO centroids with respect to a direct image centroid. To quantify the color
dependence, the ZO offsets of a red (P330E, GOV) and a blue (GD153, WD) star are measured
with respect to their direct images. The GD153 offsets from the direct to the ZO images in (X,Y)
are (-252.7,-4.1) for G102 and (-187.6,-0.2) for G141, while for the G star P330E, the
corresponding offsets are (-252.4,-4.3) and (-187.6,-0.3) in pixels when the direct image is near
the center of the detector (but see section 4.2 below). With a typical rms scatter of 0.2-0.3 pixel
in these measures, there is no statistically significant difference in the offsets between the hot and
cooler star; and the offsets are the same for all filters used for the direct image.

The Appendix lists the aXe configuration files and the WFC3 image rootnames used here.

2. Data Reduction

Software written in the Interactive Data Language (IDL) is used for all of the analysis. A
suite of similar software written by D. J. Lindler for NICMOS (Bohlin et al. 2006) is modified to
recover spectra in units of electrons/s vs. wavelength from the objective grism images. The
subroutine that establishes the wavelengths is called calwfc_spec_wave.pro, which is called by
the higher-level calwfc_spec.pro that also locates the spectrum of interest. These routines utilize
the direct image method, which was adopted for NICMOS. A new routine wfc_wavecal.pro
utilizes the zero order (ZO) spectral image as the reference point for wavelengths and the
spectral extractions,

Comparing the expected position to the measured position determines the accuracy of the
astrometry in the headers of the *flr_fits files. For four often observed stars, the mean distance
between expected and measured position is in Table 1 for zero POSTARG. Non-zero
POSTARGs had the same range of position accuracy. An IR camera pixel is ~0.13 arcsec.

Table 1. Mean difference in pixels between expected and measured positions. GD153 and GD71 have
unaccounted high proper motions, which increases the pointing error above the nominal ~1 arcsec.

Star Mean Distance RMS

( pixels) ( pixels)
GD71 16.74 2.73
GD153 22.31 2.97
GRW+70D5824 3.77 6.74
P330E 6.64 2.37

The DrizzlePac Handbook table B.1 (Gonzaga et al. 2012) lists the pointing uncertainties for
repeated observations within an orbit (same guide stars), i.e. ~2-20 milli-arcsec, which is <0.15
WEFC3/IR pixel. Across multiple visits and telescope orientations, the pointing uncertainties are
~1 arcsec or ~8 WFC3/IR pixels. GD71 and GD153 have mean pointing errors larger than 1
arcsec, because the known large proper motions were not always specified in phase 2. However,
a box of 51 x 51 pixels (~6.6 x 6.6 arcsec) centered on the predicted position will accommodate
the systematic offsets in Table 1 and will include the actual location of the target on the direct



image. The position is measured on the direct image with calwfc_imagepos.pro, and then the
measured pointing error can be used to correct the ZO position that is predicted from the
astrometry for the grism image. The ZO is found in a 31x31 search box by calwfc_spec.pro; and
even if the ZO falls off the image, the first and second orders can be located. If there is no direct
image, the requirements for specifying the target coordinates are stricter.

To extract spectra from the *_flt fits files with the ZOE method, many details are in the
calwfc_spec.pro routine, where the grism header astrometry solution and the target celestial
coordinates provide target pixel coordinates, as if an imaging filter were in place. The offsets
from the target coordinates to the zero order were first determined by Petro (2010), Table C-2,
where the offsets in (X,Y) pixels are (-252,-4) and (-188,0) for G102 and G141, respectively. A
box of 31x31 pixels (~4x4 arcsec for the platescale of 0.13 arcsec/px), centered on the predicted
position is searched for the brightest pixel and the IDL procedure cntrd is used to refine the ZO
position to the sub-pixel level. To locate the spectral orders, an 11 px high search box around the
approximate Y-position is used by calwfc_spec to find the exact centroid Y-positions of the -1,
+1, and +2 orders that fall on the image. The wavelength ranges for the searches are 8000-11000
A for G102 and 10333-16000 A for G141. Because planetary nebulae (PNe) have weak

continua, the bright emission line at 10830 A that is used for the wavelength calibration defines
the (X,Y) location of the faint -1 order. After the order positions are found, a linear fit to the Y-
pixel vs. the X-pixel is made to define the angle and exact position for the spectral trace. The
average angle of the grism spectra with respect to the image rows determines the approximate
location of the spectral trace. For ~100 spectra with each grism, the average slope and rms scatter
in degrees are (0.67,0.05) for G102 and (0.41,0.07) for G141.

For a 2¢ angular variation of 0°.14, the deviation over the 1014 pixel detector width is
2.5px, which means that the exact orientation must be found to maintain sub-pixel precision in
the centering of spectral extractions.

3. Wavelength Solution

3.1 Reference Wavelengths

To derive a global wavelength solution, the approach of Pirzkal et al. (2009) for NICMOS
and of Kuntschner et al. (2009a, 2009b) for WFC3 is adopted. While Kuntschner analyzed only
the 2009 observations of the planetary nebulae, Hb12 (PN G111.8-02.8) and Vy2-2 (PN G045 4-

02.7) , newer observations of Vy2-2 from proposal IDs 13093 and 13094 are included in our
updated calibration. Just as for the previous work, our results depend on the effective
wavelengths of emission features in a ground-based PNe reference spectrum. However, a Vy2-2
reference spectrum with dubious provenance was used in the Pirzkal and Kuntschner ISRs to
establish the reference wavelengths. This spectrum matches Hora et al. (1999) longward of
11500 A; but at the undocumented shorter wavelengths, the match with WFC3 observations is
poor for the 10830/10938 Hel/Py ratio, as illustrated in Figure 1. Instead, our reference is a
high-resolution spectrum of IC5117, which has an excitation level similar to Vy2-2 and has
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Figure 1. The spectral region that includes the 10833 A He I and 10941 A HI Py lines where the vertical
dashed fiducials are at their lab vacuum wavelengths, as shifted to the -71km/s radial velocity of Vy2-2.
Solid black line and diamonds: the WFC3 G141spectrum of Vy2-2 in second order. Red dots and squares:
IC5117 ground based spectrum shifted from its -26 to the -71 km/s radial velocity of Vy2-2. Solid Red
line: same IC5117 spectrum smoothed to the approximate resolution of G141. Dashed green line: mystery
spectrum used for previous analyses of Vy2-2 but is a poor match to the Vy2-2 WFC3 line ratio of
Hel/Py.

observations between 0.8 and 1.7 ym (Rudy et al. 2001, Rudy 2013) that agree better with the
WEC3 observations in Figure 1. The radial velocity of -71.2 km/s for Vy2-2 defines the fiducial
lab wavelengths, i.e. IC5117 is shifted from its -26.1 km/s radial velocity to the -71.2 km/s of
Vy2-2. The radial velocity of -5 km/s must be accounted in assigning wavelengths to the
emission features of Hb12 (= PN G111.8-02.8).

In Table 2, the centroids of the unsmoothed, original IC5117 profiles agree to ~1A with the
lab wavelengths, which establishes the precision of the reference line wavelengths. The
algorithm for measuring the centroids must be the same for the smoothed effective wavelengths
in Table 2 as for measuring the features in the WFC3 spectra. To emphasize the importance of



the line peaks over the line wings, which are prone to contamination from weaker lines, a
continuum level is subtracted; and each line is clipped to zero below 50% of its peak. A signal-

weighted centroid of the clipped feature defines the apparent wavelength.

Because the effective wavelength of the smoothed features depends on the instrumental
resolution, separate values are required for G102 and G141, as well as for first and second order
in each grism. Thus, four values of the effective WFC3 wavelength appear in Table 2. To match
the WFC3 resolution, the IC5117 spectrum is convolved with a triangular function with FWHM
of 80 and 120 A for G102 and G141 , respectively in first order, and 40 and 60 A in second order,
as illustrated in Figure 2. Among our five reference lines in Table 2, the biggest shift of the
smoothed profiles from the lab wavelength is 2.3 A for 16411.7 A of G141 in first order. The
three lines, 8448.7, 10052.2, and 16113.7 A, are not used in our analysis; and 8448.7 shows a
large shift for the G141 first order due to the richness of the emission line features in that region.
For comparison, the final column labeled K09 of Table 2 contains the Kuntschner et al. (2009a,

2009b) values after conversion to vacuum.

Table 2. Wavelengths (A) of Emission Line Features in IC5117. All values are vacuum, except for the
column lab-air. The centroids of the profile are listed before any convolution and after smoothing to the
four different cases of the WFC3 grism resolution. IC5117 is shifted to the rest frame by +26.1 km/s,

while the error (Err) is the unsmoothed wavelength minus the lab-vac value.

Ion lab-air lab-vac Unsmooth Err G102-1st Gl41-1st G102-2nd G141-2nd K09
oI 8446.4 8448.7 8448.1 -0.6 8443.9 8418.0 8444.9 8446.7 8448.7
[SIII] 9068.6 9071.1 9071.7 0.6 9070.0 9070.0 9071.4 9070.5 9071.1
[SIII]+Pe Blend” Blend” 9534.8 e 9535.1 9535.1 9535.1 9535.2 9533.2
HI P7 10049.4 10052.2 10053.0 0.8 10060.2 10063.5 10052.2 10053.6 10052.2
HeI 10830.3" 10833.3"" 10833.4 0.1 10833.5 10834.5 10833.4 10833.4 10833.3
Hel 12818.1 12821.6 12822.7 1.1 12820.8 12820.8 12821.6 12821.0 12823.0
HI Brl3 16109.3 16113.7 16112.6 -1.1 16112.1 16111.4 16112.4 16112.3 16113.7
HI Brl2 16407.2 16411.7 16410.3 -1.4 16413.2 16414.0 16412.1 16412.7 16411.7

* The effective wavelength of the smoothed blend of 9533.2 [SIII[]+9548.6 Pe is 9535.1 in three cases.
The air wavelength corresponding to 9535.1 is 9532.5 A. Lab-Vac wavelengths are from the NIST

Atomic Spectra Database (ASD) at http://www.nist.gov/pml/data/asd.ctm.

** Calculated Ritz air and vacuum wavelengths from NIST ASD

3.2 Emission Lines in G102 and G141

The program wlmeas.pro partially automates the measurement of the X-positions of the lines
in Table 2, using the same 50% clipping algorithm as was used for centroiding the IC5117
reference line wavelengths. The He I line at 10833 A is often saturated (data quality=256) in the
+1st order, so that those positions are defined by the zero readout from the _ima fits files with
effective exposure time of 2.91 s. Furthermore, there are many data quality flags of 32 (unstable

photometric response) and 512 (bad or uncertain flat field value) that must be accounted in
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Figure 2. The reference emission lines on a vacuum wavelength scale corrected only for the IC5117
radial velocity of -26.1 km/s. Squares: original data from Rudy with the line centroids indicated by the
fiducial dashed lines. The reference profiles are also shown after smoothing to the approximate WFC3
resolution of 120, 80, 60, and 40 A in order of broadest (dash) to narrowest (dash-dot) convolved profile.

measuring line centroids in the WFC3 grism data. Centroids for the zero order and each of the
spectral lines in Table 2 are measured and visually verified in a total of 135 orders (-1, +1, or +2)
for a set of 72 G102 and G141 PN spectra of Vy2-2 and Hb12. These X,Y locations cover the
entire field of view normally used for the grism spectra. In the second order of G141, lines



longward of 16000 A are not measurable because of confusion with the strong Hel 10833 and Py
10941 A lines in third order.

3.3 Global Wavelength Solution

Following Pirzkal et al. (2009) and Kuntschner et al. (2009a, 2009b), the wavelength A is a
linear function of the distance from the zero order position x,.

A=b+m(x—x,),

where b is a constant offset in A and x is the pixel location along the spectral trace. The line pairs
9071 & 10833 A for G102 and 10833 & 16412 A for G141 establish the dispersion m in A/pixel.
In the second order of G141, 12822 A must be used instead of 16412 A. The offset b and the
dispersion m values computed for each observation are fit with a two dimensional solution over
the field, as a function of the 0-order position (xz ,y):

b=b0+blxz+b2yz

m = mgp+ m; xz+m2yz.

The IDL program wlmake.pro organizes the line centroid measurements and evaluates the
results after computing the coefficients b, and m; for each of the orders -1, +1, and +2 with the
surface fitting program sfit.pro. These coefficients appear in Table 3 for each of the two grisms
and three orders.

Table 3. Coefficients defining the field dependence of the wavelength solution for each grism and the
grating orders -1, +1, and +2.

Grism Order b, b, b, m, m, m,
G102 -1 205.229 -0.015426 -0.019207 24.7007 0.000047 0.001478
G102 +1 148.538 0.145605 -0.008558 23.8796 -0.000332 0.001489
G102 +2 213.571 0.561877 -0.040419 23.9983 -0.000797 0.001532
Gl41 -1 165.764 0.055688 0.016568 46.4521 0.000382 0.002960
G141 +1 156.339 0.111342 -0.010926 45.3203 -0.000408 0.002818
G141 +2 193.093 0.164508 -0.017031 45.6062 -0.000499 0.002840
4. Results

4.1 Precision

For each measured line position, the wavelength is computed according to the above
prescription and compared to its effective wavelength from Table 2. The rms standard deviations
(not errors in the mean) of these differences of predicted-minus-reference wavelengths appear in
Table 4 and are less than ~0.2 pixels (4.9 A&93 A) for the nominal dispersions of 24.5 and
46.5 A/pixel for G102 and G141, respectively. For example, in +1* order, where there are 27
measurements, the largest error of ~20 is 15.5 A for the G141 16412 A line in ic6906bzg. In first



order, these spectra have a range of dispersion in A/pixel of 23.9-25.2 for G102 and 45.4-47.9
for G141.

The average offset for the longest and shortest wavelength lines in each mode is zero by
definition, because those two lines define the least square fits for » and m. As the 9535 and
12822 A lines are not used to define the wavelength solutions, the mean offsets of these lines
provide an independent check for any systematic error in our method, as tabulated in Table 5.
These errors do not exceed 0.1 pixel in the 5 cases, so that there is no evidence for non-linearity
in the WFC3 grism wavelength scales.

Table 4. rms standard deviation of the errors in A for three measured lines for each grism. N is the
number of measurements.

Grism  Order 9072A 9535A 10833A 128228 16412A N

G102 -1 2.2 2.3 2.6 6
G102 +1 5.3 5.0 4.6 27
G102 +2 5.0 4.1 31 16
G141 -1 5.1 3.0 7.0 15
G141 +1 6.5 7.6 7.9 27
G141 +2 5.5 6.3 20

Table 5 Mean offset in A of the two emission lines used as an independent verification.

Grism Order Line Mean N
A A

G102 -1 9535 2.4 6

G102 +1 9535 -1.2 27

G102 +2 9535 -2.2 16

Gl41 -1 12822 5.2 15

Gl41 +1 12822 -1.3 27

4.2 Comparison with Direct Image Extraction Method

Figures 3 and 4 are made by wlpub.pro and compare our ZOE results with the direct image
aXe solution and dispersion constants of Kuntschner. Our DIM results are from an IDL code that
defines the wavelengths from the stellar position on the direct image and Kuntschner dispersion
constants. The two IDL methods, ZOE and DIM, achieve generally comparable repeatability for
the illustrated emission lines of Vy2-2 from the program IDs 11937 and 13093, where direct
images are obtained for every grism exposure. A few spectral images that are not included in
Figures 3-4 have large negative X POSTARGs of more than about -30 for G102 and -40 for
G141, so that the zero order falls off the image and makes the ZOE wavelengths less accurate,
because the predicted ZO location must be used. However, the predicted ZO location can be
updated from the astrometric error found for the direct image, when available. Even then, the
wavelength solution must be extrapolated outside the constrained region and can be inaccurate,
because the fitted solution is only for cases with a measured ZO position. For G102, the
minimum X pixel values of ZOs that constrain the fit for the +1* order is ~80 for the Y-range of
174-922. Correspondingly for G141, the minimum X is ~150 for the Y-range of 178-925. In
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Figure 3. The G102 WFC3 reference emission line profiles of Vy2-2 on a vacuum wavelength scale. All
the spectra from programs 11937 and 13093 with both ZOE (black) and aXe (red) wavelength solutions
are overplotted with the number of observation indicated. The vertical dashed lines are at the reference
wavelengths for the -71 km/s radial velocity of Vy2-2
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Figure 4. The G141 WFC3 reference emission line profiles of Vy2-2 on a vacuum wavelength scale
as in Figure 3. The weak second-order 16412 A line falls on top of the strong 10833 A line in third
order and is not shown.
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case the ZO falls off the image, DIM should be used, because anchoring the wavelengths to a
measurement is better than anchoring to positions predicted from the astrometry.

For spectra with measured ZO positions, the main differences between the ZOE and our
DIM results, using the aXe dispersion constants, are small positive offsets in the mean
wavelengths of the emission features, especially in first order. For example, our rest wavelength
for G141 is 10834.6 A from Table 2, i.e. 10832.0 A at the -71 km/s of Vy2-2, while the red
features in Figure 4 are centered ~30 A longward.

Some programs do not always pair a grism image with a direct image and/or may also use
large POSTARGs. In principle, the (X,Y) pixel coordinates of the grism orders should be
predictable from the available direct images. The publicly available aXe code relies on a user
created catalog to determine the locations of the grism orders. In the typical reduction process,
the direct images are processed with AstroDrizzle to create a master image; then a source catalog
with sky coordinates, pixel position, brightness, and shape information is made from the master
using SEXTRACTOR (or other source finding software). This catalog is the basis of the
subsequent aXe spectral extractions. For example, Figure 5 compares the ZOE and aXe results
for IC 5117 from program 13582 with four POSTARG2 near 0, one at -45, and one at +45
arcsec, where there is a direct image at each position. The wavelength errors are small regardless
of POSTARG. For program 13094, the postargs in the 13094 headers are the same in the data
headers; but the “IR” reference point is used, which triggers an extra hidden POSTARG! of ~64
arcsec when moving from the direct to the grism image. Fortunately, the astrometric solution for
these grism images properly accounts for the hidden postarg to an accuracy of few pixels, so that
the ZOE succeeds by searching for the ZO in the neighborhood of the astrometry predictions.
Alternatively, DIM works well, if the position of the direct image that is predicted by the grism
astrometry is corrected by the actual astrometric error found on the direct image.

Figure 6 shows the separation in pixels between the direct image and the ZO image for
GD71 and GD153 at different POSTARGs, where the offsets between the direct image and ZO
are measured from paired image/grism observations. The values shown are relative to the Petro
(2010) x,y offsets of (-252,-4) for G102 and (-188,0) for G141 that are made at POSTARGI1=0,
POSTARG?2=0. The change in separation is least near POSTARG2=0, regardless of POSTARG1
and largest for G102 in X for sources near the bottom of the detector. Even when sources are
placed using the same or very similar POSTARGs, the separation varies by up to 0.5 pixels in
both x and y directions, corresponding to an uncertainty of about ~12A (G102) and ~23A
(G141).
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Figure 5. The 12821 A line in the +1% order of G141 for the planetary nebula IC 5117 from program
13582 reduced using the ZOE method (black) and DIM (red) at six positions on the IR array. The Y-
axis scale is arbitrary as IC 5117 is an extended source; and our extraction heights of 10 pixels for aXe
and 6 pixels for the IDL ZOE do not contain all of this resolved object.

12



POSTARG2 (arcsec)

POSTARG2 (arcsec)

60

40

N
o

o

-20

-60

60

40

N
o

o

-20

-60

POSTARG1 (arcsec)

r -4.70
3 +
L x x
L 4.54 3.02 —4.37
I +
i -1.30
~ +
I 0.74
- * X
L 1.12 0.91
[ 2.82
+

i 453
L +
B 6.81  6.79
o X !"
L 6.51 6.67
F 8.61
- +

| | ' ' ' | ' ' ' | ' ' ' |
-40 -20 0 20 40

POSTARG1 (arcsec)
G102 Y Offsets

. T
r 0.55
+ +
L X >;
L . 74

0.59 017 0
r +
i 0.13
- +
r 0.09
L % x
L 0.37 0.18
[ 0.02
+

N 0.16
L +
- ~0.06 ,-0.29
L 0.1 -0.16
F -0.04
- +

| | L L L | L L L | L L L |
-40 -20 0 20 40

60

40

N
o

POSTARG2 (orcsec)
o

-40

-60

G141 X offsets

60

40

N
o

POSTARG2 (arcsec)
o

-40

-60

POSTARG1 (arcsec)

[ -4.63 -4.07 1
i ; ; |
i x x |
L -4.51 -4.01 i
I -3.34 |
+
[ -197 -1.79 ]
+ +
I -0.38 1
— * X
I -0.62 -0.08 |
L 050 1.11 |
+ +
L 2.24 1
- + -
- 386 459 , 4.63 7
i x . |
i 373 4.09 |
- 5.30 1
- + -
| - ' M| ' P | P ' | - ' M|
-40 -20 0 20 40
POSTARG1 (arcsec)
G141 Y offsets
—— g
I 058 1.04 1
i 3 3 |
i x x |
L 0.90 1.02 i
I 0.68 |
+
| 060 0.35 ]
+ +
I 0.23 1
L £ x i
I 0.38 0.53 |
L o1 0.11 |
+ +
L 0.07 1
- + -
- 008 -0.10 , 056 7
i x . |
i 0.00 -0.09 |
g -0.18 1
- + -
| - 1 M| 1 L | L 1 | - 1 M|
-40 -20 0 20 40

Figure 6. Variation in pixel units of the grism (ZO — direct image separation) with POSTARG location
for the two WFC3/IR grisms relative to the values in Petro (2010). Data are for two of the WD standard
stars, GD71 (black x) and GD153 (blue +) and are measured for matched pairs of direct and grism
images. The deviations from the Petro values are smallest in X offset near detector center at
POSTARG2=0.
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Appendix: Data files used in this study

Table A: aXe calibration files

G102 Gl41
configuration file WFC3.IR.G102.V2.0.conf WFC3.IR.G141.V2.5 conf
sensitivity 1st order WEFC3.IR.G102.1st.sens.2 fits WEFC3.IR.G141.1st.sens.2 fits

sensitivity Oth order WEFC3.IR.G102.0th.sens.1 fits WEFC3.IR.G141.0th.sens.1 fits
sensitivity 2nd order WFC3.IR.G102.2nd.sens.2 fits WFC3.IR.G141.2nd.sens.2 fits
sensitivity 3rd order WEFC3.IR.G102.3rd.sens.2 fits WEFC3.IR.G141.3rd.sens.2 fits
sensitivity -1st order WFC3.IR.G102.m1st.sens.2 fits WFC3.IR.G141.m1st.sens.2.5 fits
flat-field cube WEFC3.1IR.G102 flat.2 fits WEFC3.1IR.G141 flat.2 fits

master sky image WEFC3.IR.G101 .sky.V.1.0 fits WEFC3.IR.G141 .sky.V1.0 fits

Table B: Datasets used in this study, along with target names, filter, and POSTARGs. Vy2-2 and IC5117
are planetary nebulae, the remaining targets are stars.

PropID Root Target Alt.Name Filter POSTARG1 POSTARG2
11926 ibcf0cvng P330E P330E G102 0 0
ibcf0cvoq P330E P330E G141 0 0.5
12699 ibwib6m8qg P330E P330E G102 43 -45
ibwib6m9qg P330E P330E G102 43 -25
ibwib6mbg P330E P330E G102 43 0
ibwib6mdg P330E P330E G102 43 25
ibwib6mfqg P330E P330E G102 43 50
11552 iab901leiq GD153 F098M -20 0
iab90lejq GD153 F105W -20 0
iab901lekqg GD153 G102 -20 0
iab901lelqg GD153 G102 -20.5 0.5
iab90lemg GD153 G102 -21 1
iab90leng GD153 G102 -21.2 1.2
iab90leqq GD153 F098M 23 -45
iab90lerqg GD153 F105W 23 -45
iab90lesqg GD153 G102 23 -45
iab904meq GD153 Fl40wW -20 0
iab904mfq GD153 Fl60W -20 0
iab904mgq GD153 Gl41 -20 0
iab904mkqg GD153 Gl41 -20.5 0.5
iab904mlqg GD153 Gl41 -21 1
iab904mmg GD153 Gl41 -21.2 1.2
iab904moq GD153 F140W 23 -45
iab904mpg  GD153 F160W 23 -45
iab904mgqg  GD153 G141 23 -45
iab9alewq GD153 F098M -50 45
iab9alexq GD153 F105W -50 45
iabY9aleyq GD153 G102 -50 45
iab9admsqg GD153 Fl140wW -50 45
iab9admtqg GD153 Fl60W -50 45
iab9ad4muqg GD153 Gl41 -50 45
12702 ibwglasdqg GD153 F098M -20 0
ibwglaseq GD153 F105wW -20 0
ibwglasfq GD153 G102 -20 0
ibwglasgq GD153 G102 -20 2
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ibwglasng
ibwglasoq
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ibwglasqq
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13092

ibwglblhg
ibwglbliqg
ibwglblijqg
ibwglblkg
ibwglblmg
ibwglblng
ibwglblog
ibwglblpg
ibwglblqqg
ibwglblrg
ibwglbltg
ibwglblug
ibwglblvg
ibwglblwqg
ibwglblxqg
ibwglblyqg
ibwglbmOg
ibwglbmlg
ibwglbm2qg
ibwglbm3qg
ibwglbméqg
ibwglbm5qg
ibwglbm7qg
ibwglbm8qg
ibwglbm9qg
ibwglbmag
ibwglbmbg
ibwglbmcqg
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13575

11936

ic46lah8qg
ic461lah9q
ic46lahbg
ic46lahcq
ic46lahdg
ic46laheq
ic46lahfqg
ic46lahgqg
ic46lahhg
ic46lahijq
ich318brg
ich318bsqg
ich318btg
ich318bug
ibbt0lozqg
ibbt01lp0qg
ibbt01lplg
ibbt01p2qg
ibbt01p3qg
ibbt01lp6qg
ibbt01lp7qg
ibbt01p8qg
ibbt01p9qg
ibbt0lpaqgq
ibbt01lpbg
ibbt0lpcqg
ibbt01lpdg
ibbt0lpeq
ibbt01lpgqg
ibbt01lphg
ibbt01lpig
ibbt01lpjq
ibbt01lpkg
ibbt01lplg
ibbt01lpmg
ibbt01lpng
ibbt0lpog
ibbt01lpqgq
ibbt01lprg
ibbt01lpsqg
ibbt01lptg
ibbt01lpug
ibbt01lpvg
ibbt02atqg
ibbt02auq
ibbt02avqg
ibbt02awqg
ibbt02ayq
ibbt02azq
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GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71
GD71

Fle60w
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Fl40wW
Fle60w
G141
Fl40wW
Fle60w
G141
Fl40wW
Fle60w
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-50
-50
-20
-20
-20

23
23
23
-50
-50
-50
23
23
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-20
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-50
-50
-20
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-50
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-20
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Table C. Planetary Nebulae data as per Table B.

PropID Root TARGET Alt. Name FILTER POSTARGl POSTARG2
13582 ich90laag IC5117 F098M -20.0 0
ich90labg IC5117 F127M -20.0 0
ich90lacq IC5117 F105wW -20.0 0
ich90ladg IC5117 G102 -20.0 0
ich90laeq IC5117 G102 -20.5 0.5
ich90lafqg IC5117 G102 -21.0 1
ich90lagq IC5117 G102 -21.2 1.2
ich90lajg IC5117 F098M -20.0 45
ich90lakg IC5117 F127M -20.0 45
ich90lalg IC5117 F105wW -20.0 45
ich90lamg IC5117 G102 -20.0 45
ich90lang IC5117 F098M -20.0 -45
ich90laog IC5117 F127M -20.0 -45
ich90lapg 1IC5117 F105W -20.0 -45
ich90lagqg IC5117 G102 -20.0 -45
ich902ccqg IC5117 Fl40wW -20.0 0
ich902cdg IC5117 F167N -20.0 0
ich902ceq IC5117 Fl60W -20.0 0
ich902cfq IC5117 Gl41 -20.0 0
ich902chg IC5117 Gl41 -20.5 0.5
ich902cig IC5117 Gl41 -21.0 1
ich902cjq IC5117 Gl41 -21.2 1.2
ich902clg IC5117 Fl40wW -20.0 45
ich902cmg IC5117 F167N -20.0 45
ich902cng IC5117 Fle0w -20.0 45
ich902cog IC5117 Gl41 -20.0 45
ich902cpg IC5117 Fl40wW -20.0 -45
ich902cqq 1IC5117 F167N -20.0 -45
ich902crg IC5117 Fle0w -20.0 -45
ich902csq IC5117 Gl41 -20.0 -45
11552 iab907j5q PN-G111.8-02.8 PN Hb 12 F098M -20.0 0
iab907j6qg PN-G111.8-02.8 PN Hb 12 G102 -20.0 0
iab907j9q PN-G111.8-02.8 PN Hb 12 F098M -50.0 45
iab907jaq PN-G111.8-02.8 PN Hb 12 G102 -50.0 45
iab907jbg PN-G111.8-02.8 PN Hb 12 F098M -20.0 45
iab907jcqg PN-G111.8-02.8 PN Hb 12 G102 -20.0 45
iab907jeq PN-G111.8-02.8 PN Hb 12 G102 -23.0 -45
iab907jfq PN-G111.8-02.8 PN Hb 12 F098M -50.0 0
iab907jgqg PN-G111.8-02.8 PN Hb 12 G102 -50.0 0
iab907jhg PN-G111.8-02.8 PN Hb 12 F098M 23.0 0
iab907jiq PN-G111.8-02.8 PN Hb 12 G102 23.0 0
iab907jkqg PN-G111.8-02.8 PN Hb 12 F098M -50.0 -45
iab907jlg PN-G111.8-02.8 PN Hb 12 G102 -50.0 -45
iab907jmg PN-G111.8-02.8 PN Hb 12 F098M -20.0 -45
iab907jng PN-G111.8-02.8 PN Hb 12 G102 -20.0 -45
iab907joq PN-G111.8-02.8 PN Hb 12 F098M 23.0 -45
iab907jpg PN-G111.8-02.8 PN Hb 12 G102 23.0 -45
iab908s3q PN-G111.8-02.8 PN Hb 12 F140W -20.0 0
iab908s4q PN-G111.8-02.8 PN Hb 12 Gl41 -20.0 0
iab908s8gq PN-G111.8-02.8 PN Hb 12 F140W -50.0 45
iab908s9q PN-G111.8-02.8 PN Hb 12 Gl41 -50.0 45
iab908sdqg PN-G111.8-02.8 PN Hb 12 F140W -20.0 45
iab908seq PN-G111.8-02.8 PN Hb 12 Gl41 -20.0 45
iab908shg PN-G111.8-02.8 PN Hb 12 F140W 23.0 45
iab908siq PN-G111.8-02.8 PN Hb 12 Gl41 23.0 45
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11937

iab908slqg
iab908smg
iab908spq
iab908sqq
iab908t9qg
iab908taq
iab908tdg
iab908teq
iab908thg
iab908tiqg
ibbullalqg
ibbulla2qgq
ibbulla3qg
ibbulladq
ibbulla5qgq
ibbulla6qg
ibbulla8qg
ibbulla9q
ibbullaaq
ibbullabg
ibbullacqg
ibbulladg
ibbullaeq
ibbullafqg
ibbullagqgq
ibbullaigqg
ibbullajqg
ibbullakqg
ibbullalqg
ibbullamg
ibbullang
ibbullaogq
ibbullapg
ibbullaqq
ibbullasqg
ibbullatqg
ibbullaug
ibbullavqg
ibbullawg
ibbullaxq
ibbul2twg
ibbu02txqg
ibbu02tyq
ibbu02tzqg
ibbul2ulq
ibbu02ulqg
ibbul2u3q
ibbu02u4dq
ibbul2u5q
ibbul2uwqg
ibbu02uxqg
ibbu02uyq
ibbu02v0q
ibbul2vlqg
ibbul2v2qgq
ibbul2v3qg
ibbul2viq
ibbul2v5q

PN-G111.8-02.8
PN-G111.8-02.8
PN-G111.8-02.8
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PN Hb 12
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PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7

23

Fl40wW
G141
Fl40wW
G141
Fl40wW
G141
Fl40wW
G141
Fl40wW
G141
F098M
F105W
G102
G102
G102
G102
F098M
F105wW
G102
F098M
F105wW
G102
F098M
F105wW
G102
F098M
F105wW
G102
F098M
F105W
G102
F098M
F105wW
G102
F098M
F105wW
G102
F098M
F105wW
G102
Fl40wW
Fle0w
G141
G141
G141
G141
Fl40wW
Fle0w
G141
Fl40wW
Fl60w
G141
Fl40wW
Fle0w
G141
Fl40wW
Fle0w
G141

-50.
-50.

23.

23.
-50.
-50.
-20.
-20.

23.

23.
-20.
-20.
-20.
-20.
-21.
-21.
-50.
-50.
-50.
-20.
-20.
-20.

23.

23.

23.
-50.
-50.
-50.

23.

23.

23.
-50.
-50.
-50.
-20.
-20.
-20.

23.

23.

23.
-20.
-20.
-20.
-20.
-21.
-21.
-50.
-50.
-50.
-20.
-20.
-20.

23.

23.

23.
-50.
-50.
-50.

OO OO OO ODOOODOONOUIIODODODODODODODODODODODO0ODODODODODO0ODODODODODO0ODODODOOONOUIODODODODOOOOOOOOO



12356

ibbul2viq
ibbul2v8q
ibbu02v9q
ibbul2vaq
ibbul2vbg
ibbul2vcqg
ibbul2veq
ibbul2vfq
ibbul2vgq
ibbu02vhg
ibbu02vig
ibbu02vijq
ibmg01lbpg
ibmg01lbqgqg
ibmg0lbrg
ibmg01lbsqg
ibmg01lbtg
ibmg01lbug
ibmg01lbwqg
ibmg01lbxqg
ibmg01lbyqg
ibmg0lclg
ibmg0lc2qg
ibmg01lc3qg
ibmg0lc4qg
ibmg01lc5qg
ibmg0lcéqg
ibmg02hijqg
ibmg02hkg
ibmg02hlqg
ibmg02hmg
ibmg02hng
ibmg02hoqg
ibmg02hrg
ibmg02hsqg
ibmg02htqg
ibmg02hug
ibmg02hvg
ibmg02hwqg
ibmg02hyqg
ibmg02hzqg
ibmg02i0qg
ibmg02ilqg
ibmg02i2qg
ibmg02i3qg
ibmg02i5qg
ibmg02i6qg
ibmg02i7qg
ibmg02i8qg
ibmg02i9q
ibmg02iaqg
ibmg02icqg
ibmg02idg
ibmg02ieq
ibmg02ifqg
ibmg02igqg
ibmg02ihg
ibmg5lalqg

vVY2-2
vVY2-2
vVY2-2
vVY2-2
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PN-G045.4-02.7
PN-G045.4-02.7
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PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
PN-G045.4-02.7
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12703

ibmg51a3q
ibmg51la4dqg
ibmg51a5qg
ibmg51la6qg
ibmg51la7q
ibmg51a8qg
ibmg5laaq
ibmg51labg
ibmg5lacqg
ibmg51ladg
ibmg5laeq
ibmg5lafqg
ibmg53mng
ibmg53moq
ibmg53mpqg
ibmg53mqgq
ibmg53mrqg
ibmg53msqg
ibmg53mug
ibmg53mvqg
ibmg53mwqg
ibmg53mxqg
ibmg53myq
ibmg53mzqg
ibmg53nlqg
ibmg53n2qg
ibmg53n3qg
ibmg53n4q
ibmg53n5qg
ibmg53n6qg
ibmg53n8qg
ibmg53n9qg
ibmg53naq
ibmg53nbg
ibmg53ncqg
ibmg53ndqg
ibmg53nfq
ibmg53ngq
ibmg53nhg
ibmg53niqg
ibmg53nijq
ibmg53nkqg
ibwib7r4q
ibwib7r5q
ibwib7r7q
ibwib7r9q
ibwib7rbg
ibwib7rdgq
ibwt0lrvg
ibwt0lrwg
ibwt01lrxqg
ibwt01lryqg
ibwt01lrzqg
ibwt01s0qg
ibwt01lsmg
ibwt01lsng
ibwt0lsoq
ibwt01lsqq

vVY2-2
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ibwt01lsrqg
ibwt01lssqg
ibwt01lstqg
ibwt01lsuqg
ibwt01lsvqg
ibwt01lswqg
ibwt01lsxqg
ibwt01lsyq
ibwt01t0q
ibwt01ltlqg
ibwt01t2q
ibwt01t3qg
ibwt01lt4qg
ibwt01t5qg
ibwt01lt6q
ibwt01t7q
ibwt01t8qg
ibwtOltaq
ibwt01ltbg
ibwtOltcq
ibwt01tdg
ibwtOlteq
ibwt01ltfqg
ibwt01ltgq
ibwt01lthg
ibwt01ltig
ibwt01ltkqg
ibwt01ltlqg
ibwt01ltmg
ibwt01ltng
ibwt0Oltoq
ibwt01ltpg
ibwt01ltqq
ibwt01ltrg
ibwt01ltsqg
ibwt01ltug
ibwt01ltvg
ibwt01ltwg
ibwt01ltxqg
ibwt01ltyqg
ibwt01ltzqg
ibwt01lulq
ibwt01lulg
ibwt01lu2qg
ibwt01ludqg
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