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ABSTRACT

The STIS CCD detector suffers from charge transfer inefficiency (CTI) which can be
corrected for using a pixel-based or empirical flux correction (CTI = 1− CTE). Here
we present a comparison of these two CTI correction methods and compare these to
the magnitudes derived from non-CTI corrected CCD images. We use data spanning
2010 to 2022 and derive photometry for the same sources for each CTI method to
compare the magnitudes. We explore the absolute differences between the CTI corrected
magnitudes, and their spatial, time and magnitude dependence. The offsets are smallest
for the brightest stars and deviate further from zero with increasing magnitude (<
18 mag: 0.020 mag, 0.12%; 18–19 mag: 0.037 mag, 0.20%; 19–22 mag: −0.084 mag,
−0.35%). Stars brighter than 19 mag are marginally over-corrected with both CTI
methods. Stars fainter than 19 mag are slightly under-corrected by the pixel-based CTI
method and slightly over-corrected with the empirical flux CTI method. Generally, we
find that the offsets between the codes are small (< 1%), consistent with past results,
and well within the quoted ∼ 5% STIS photometric errors.
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1. Introduction

The Space Telescope Imaging Spectrograph (STIS) instrument on the Hubble Space
Telescope (HST) has three detectors, including one charge-coupled device (CCD).
Photons land on the CCD and are converted to charge which is then transferred across
the array to the ‘readout’, first in the slow parallel direction and then in the fast serial
direction. This transfer of charge is not efficient and therefore a charge transfer
inefficiency (CTI) correction is required to minimize CTI effects on the data. The
detector is also subject to time-dependent sensitivity (TDS) effects as it ages. In
addition, the CTI worsens with time as the detector is exposed to radiation during orbit.

CTI corrections are not applied by default in the standard CALSTIS pipeline for
STIS imaging. The choice of correction method is up to the user and there are currently
two ways to correct for the effects of CTI on STIS CCD images. The first is a pixel-
based correction (based on the work of Anderson & Bedin, 2010), where the CTI effects
of the detector are modeled and removed directly from the images themselves. This type
of method is also applied to the other HST instruments as standard and it is considered
the most flexible correction as it can be applied to images even if they have extended
and complex structures. The other method is an empirical flux correction (based on
equations from Goudfrooij et al., 2006) where the magnitude of a source is measured
from non-CTI corrected images and a CTI correction to the magnitude is derived. This
empirical flux CTI correction is applied to STIS CCD spectra in the HSTCAL CALSTIS
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pipeline with the CTECORR algorithm but not to imaging. The correction is applied
during the spectral extraction phase using parameters defined in the CCDTAB reference
file.

In this work, we compare the photometric performance of the two STIS CTI
correction methods and discuss the benefits and shortfalls of each. A similar comparison
of the photometric performance was performed in STIS Instrument Science Report
(ISR) 2015-04 (Biretta et al., 2015b) which we refer back to for a comparison of
the results derived here. However, there are some important differences between the
studies that we cover when comparing the results. Two other ISRs comparing the CTI
methods look at the astrometric accuracy (Biretta et al., 2015c, STIS ISR 2015-05) and
the detector spatial and temperature CTI dependence (Biretta et al., 2015a, STIS ISR
2015-03) which we refer the reader to for more information.

We go over the data properties, including observations, CTI corrections, and
image alignment in Section 2. We then detail the analysis performed on the images
in Section 3 (source detection, PSF creation and photometry). This analysis includes a
summary of the same methods described in the recent full-field sensitivity analysis in
STIS ISR 2022-02 (Prichard, 2022a) which is an update to the work presented in STIS
ISR 2013-03 (Roman-Duval & Proffitt, 2013). We then present the results, including
a comparison of the CTI corrected magnitudes, and their spatial, time and magnitude
dependence in Section 4. In Section 5, we compare the methods and results of this work
to that of ISR 2015-04. Finally, we give an overview of this study and summarize our
main results in Section 6.

2. Data

2.1 Observations

We use the CCD images used to track the full-field sensitivity of STIS (ISR 2013-02,
ISR 2022-02) downloaded from MAST with ASTROQUERY (Ginsburg et al., 2019). We
use only those images taken after Servicing Mission 4 (SM4) in 2009 (when STIS was
repaired), as these are the only ones that can be corrected with the pixel-based CTI code
at present (see Section 2.2). The CCD observations are of the standard star field NCG
5139 taken yearly between 2010 and 2022. All the images are taken with the unfiltered
50CCD aperture, on default science amplifier D, and with CCDGAIN = 4 to minimize
saturation. The images have mostly 10 s and 60 s total exposure times with 2 s and 30 s
per read, respectively, and the same position angles (PAs). See Table 1 for a summary
of the images used in this analysis and their properties. The CCD data were calibrated,
cosmic-ray rejected and distortion corrected (sx2.fits files).

2.2 CCD CTI Corrections

For the CTI method comparison, we apply the two different CTI correction codes at
different stages of the analysis. The new pixel-based CTI correction method is run with
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theSTIS CTI code1 and produces fully-calibrated CTI corrected images (s2c.�ts) ready
for analysis. This code is based on the work of Anderson & Bedin, 2010 with parameters
calibrated to STIS data (work done by Lockwood et al., see ISR 2015-04 and references
therein).

The code for the original empirical CTI correction,CTESTIS2, is available in the
STISTOOLS package (previously available in IRAF as
STSDAS.HST CALIB .STIS.CTESTIS3). This code is based on the equations and work of
Goudfrooij & Bohlin 2006, Goudfrooij et al. 2006. For STIS spectroscopy, this code is
applied as standard in theCALSTIS pipeline for extracted spectra. For STIS imaging,
users run this code to derive empirical CTI corrections for source photometry. This
routine takes inputs of net counts for a source (background subtracted), a sky
background estimate, and they-position on the detector (since CTI effects worsen
furthest from the readout). The sky background is measured from individual
cosmic-ray split, bias- and dark-subtracted, and �at-�elded images (�t.�ts) that have
not had any sky subtracted. The net counts measured from the science images (sx2.�ts)
are then scaled to the exposure time of the split image (e.g., ifCRSPLIT = 5, the
counts are divided by �ve). The code then generates an empirical magnitude correction
(� m) to be applied to the derived source magnitude.

At present theSTIS CTI pixel-based CTI correction code is only applicable to
data taken after post-SM4 on ampli�er D. We therefore only use those CCD images in
this analysis to directly compare the pixel-based CTI correction method (`pixbased'),
empirical� m CTI correction (`empirical') method and non-CTI corrected magnitudes
(`no CTI'). For this analysis, we only use images taken at two sky background levels,
corresponding to the 2 s and 30 s split exposure times. The corrections are applied to a
wider range of sky backgrounds in other science data.

2.3 Image Alignment

The images were aligned using theTWEAKREG routine from the DrizzlePac package
(Gonzaga et al. 2012, Hoffmann et al. 2021)4 and as described in ISR 2022-02. The
images were aligned onto the reference image (obat01050 from proposal 11854) with
an average accuracy of� 0:1–0:2 pix. Position, rotation and linear stretch information
is applied to the WCS header keywords withTWEAKREG, but the STIS geometric
distortion corrections remain unchanged. We successfully aligned all 65 of the CCD
exposures (spanning 2010 to 2022), for both pixel-based CTI corrected and non-CTI
corrected images. Tips and tricks for testingTWEAKREG parameters for STIS imaging

1https://www.stsci.edu/hst/instrumentation/stis/
data-analysis-and-software-tools/pixel-based-cti

2https://stistools.readthedocs.io/en/latest/ctestis.html
3https://github.com/iraf-community/stsdas/blob/main/stsdas/pkg/hst_

calib/stis/ctestis.cl
4https://drizzlepac.readthedocs.io/en/latest/index.html
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are available in a new STIS DrizzlePac Jupyter Notebook5.

3. Analysis

The source detection, photometry and analysis methods used for this CTI method
comparison is in line with that presented in ISR 2022-02. We brie�y summarize each
of the analysis steps here but refer the reader to that full-�eld sensitivity ISR for more
details.

3.1 Source Detection & Catalogs

We use the Python DAOSTARFINDER routine from thePHOTUTILS package (Bradley
et al. 2020) to identify sources on the reference image. We use the pixel-based CTI
corrected image for source detection then use the same source list and positions for the
non-CTI corrected images for consistency. We set parameters to identify round
(roundlo=-0.25 and roundhi=0.25 ) and sharp (sharphi=0.85 ) point
sources. We then perform some basic cleaning to remove close pairs (within0:800) and
a visual inspection to remove contaminated or non-stellar objects. We identify a
cleaned list of 125 sources (red) shown in Figure 1 on the pixel-based CTI corrected
(top) and non-CTI corrected reference image (bottom).

We then select a subset of stars that appear in all the images for creating consistent
point-spread functions (PSFs) for all the pointings. We select stars with a clear pro�le
and no signs of saturation (as determined from the reference images), resulting in a list
of 19 `PSF stars'.

3.2 PSF Creation

We use the PSFs for each image to determine appropriate aperture sizes to use for
photometry. To create a PSF for each image, we stack the stars in the PSF list using new
PSF stacking tools6. We extract each star and interpolate them onto a sub-pixel grid for
�ne alignment. The PSFs are aligned on the brightest pixel and the median is taken.
We interpolate the average PSF pro�les back to the native CCD pixel scale to generate
one PSF per image. We �t a 2D Moffat pro�le (usingASTROPY models7, Astropy
Collaboration 2013, 2018) to each PSF to determine a full-width-half-max (FWHM)
value in pixels. See Table 1 for a summary of PSF FWHM values for each image.

5https://github.com/spacetelescope/STIS-Notebooks ,
https://www.stsci.edu/hst/instrumentation/stis/data-analysis-and-software-tools

6https://github.com/mrevalski/hst_wfc3_psf_modeling
7http://www.astropy.org
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