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Abstract

Using repeat imaging of a galaxy cluster taken over a seventeen-year baseline, we examine
the impact that degraded Charge Transfer Efficiency (CTE) has on photometric
measurements of extended sources using the ACS/WFC on HST. We examine how
measured brightnesses depend on time since ACS installation, source location on the WFC
detectors, source brightness, and local background level in individual exposures. We find
that global brightness measurements using large apertures are generally reliable within
∼0.05 magnitudes across the WFC detectors if exposure backgrounds are above 20e−/pixel
and sources are brighter than ∼ 300e− in a single exposure. However, brightness
measurements on smaller scales can suffer deficiencies in excess of 0.1 mags (sometimes,
significantly more) in recent data unless sources are very close to the CCD serial registers
(≲ 512 pixels), or brighter than ∼ 3000 e− in a single exposure. We also show how degraded
CTE can result in artificial asymmetries in galaxy light distributions, which are largely
mitigated if backgrounds are > 20e−/pixel and targets are not far (> 1536 pixels) from the
serial registers. As expected, brightness measurements in later epoch data are best when
using CTE-corrected images (FLC/DRC), but our results imply that the pixel-based CTE
correction algorithm employed by the ACS reduction pipeline does not necessarily place
charge back into its original location within extended sources. Based on this study, users
are advised to keep backgrounds above the already recommended 30e−/pixel, ensure targets
will have at least ∼ 300e− in a single exposure, and place targets close to the serial registers
if analysis of their spatially resolved properties is needed.
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Introduction

An important property of Charge-Coupled Devices (CCDs) is their Charge Transfer Effi-
ciency (CTE), which refers to how effectively charge is transferred between adjacent pixels
during the read-out process. The Wide Field Channel (WFC) on the Advanced Camera for
Surveys (ACS) aboard the Hubble Space Telescope (HST) has been in the harsh environment
of space for over two decades, where high energy particles have damaged its CCD detectors,
leading to degradation of its CTE, or an increase in its Charge Transfer Inefficiency (CTI).
A decline in CTE leads to charge getting trapped and later released during the read-out pro-
cess, leading to “trails” behind sources in the direction opposite to the path taken by charge
during read-out. This leads to targets having lower than expected brightness measurements
and shifts in their centroids.

The degradation of CTE and its impact on the measured properties of point sources
has been extensively studied over the lifetime of ACS. It has been shown that CTE is
steadily declining with time, and has the largest negative impact when sources are faint,
far from the serial registers (i.e., charge is transferred across many pixels), and on low
(< 30e−/pixel) backgrounds (Riess & Mack, 2004; Chiaberge, 2012; Chiaberge & Ryon,
2022; Anderson, 2022). Based on these trends, empirical correction formulas for point-
source brightness have been developed (Chiaberge, 2012; Chiaberge & Ryon, 2022), and a
pixel-based CTE correction algorithm, calibrated on individual hot pixels from the WFC
detectors, was developed and is part of the standard WFC reduction pipeline to produce
“CTE-corrected” (FLC/DRC) images (Anderson & Bedin, 2010; Anderson & Ryon, 2018).

However, the impact of degraded CTE on extended source photometry has not been
studied until now. It is possible that extended sources suffer relatively less brightness loss
from degraded CTE (compared to point sources) because their extended nature means they
effectively raise the local “background” around many of their component pixels, also known
as “self-shielding”. Nonetheless, they still have numerous pixels adjacent to empty sky as
well as faint regions which, depending on the background level and location on the detector,
could still be subject to the effects of CTI. It is important to carefully test the impact of
degraded CTE on extended sources to ensure reliable results can be derived from ACS/WFC
imaging data for a variety of science cases.

In this report, we present an analysis of the impact that degraded CTE has on the
measured brightnesses of extended sources using imaging data from a galaxy cluster field
that has been observed using the same filters over a seventeen year baseline. We directly
compare brightnesses measured using matched large and small apertures, as well as the 2D
light distributions, over a range of epochs. We test how brightness measurements depend
on time since ACS installation, as well as the local backgrounds, brightnesses, and locations
of objects in individual exposures. We conclude with a series of recommendations observers
should follow to ensure optimal measurements with WFC.

Data

WFC imaging data of galaxy cluster CL0024+16 is used for this study, and the observing
programs used are summarized in Table 1. CL0024+16 was first observed in 2004 as part
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program Year ASN EXPTIME FLASHDUR
ID ID [s] [s]

GO 10325 2004 J91JC4010 4× 1305 + 1× 1215 0
ACS/CAL 13603 2013 JCH001010 4× 500 0
ACS/CAL 13603 2013 JCH001020 4× 500 0.7
ACS/CAL 13603 2013 JCH001030 4× 500 1.4
ACS/CAL 16870 2021 JERU01010 4× 500 0
ACS/CAL 16870 2021 JERU01020 4× 500 0.7
ACS/CAL 16870 2021 JERU01030 4× 500 1.4

Table 1: Summary of observing programs targeting CL0024+16 used in this study.

of HST GO 10325 (PI: H. Ford). A F435W image from this program is shown in Figure 1).
Although these first observations were taken after the WFC CCDs had been subjected to
the harsh environment of outer space for ∼ 2 years, the degradation of its CTE at that point
is expected to be minimal. Additionally, these images are more than three times deeper
than other imaging data for these fields, further reducing any impact of degraded CTE.
Therefore, we treat the 2004 data as “truth” and use them as the reference for comparison
to later epochs.

Observations of this same field were carried out in 2013 and 2021 (programs CAL/ACS
13603 and CAL/ACS 16870, PI: M. Chiaberge), after ACS had been in space for 11 and 19
years. These observations were explicitly designed to yield lower backgrounds in individual
exposures in order to directly test situations where the effects of CTI are expected to be most
pronounced. Therefore, a blue filter (F435W) was used, and exposure times were limited to
4× 500 seconds. ACS/CAL 13603 and ACS/CAL 16870 each consisted of three orbits, and
used a tight four-point dither pattern in each orbit. The second and third orbits had LED
post-flash durations of 0.7 and 1.4 seconds to increase the background levels by ∼ 10 and
∼ 20e−pix over the intrinsic sky background of ∼ 15− 20e−/pix (averaged over the detector
in the unflashed exposures)1.

Methods

In the following section, we discuss how our combined images were generated, how these
were aligned with one another, how sources were detected and their properties measured,
and the final quality cuts applied to our data set.

Image Generation and Alignment

Drizzlepac (specifically the Astrodrizzle Python routine) is used to generate combined
distortion-free images for each program/orbit. We generate both non-CTE-corrected DRZ
images and CTE-corrected DRC images. The following are the key parameters we set:

1The post-flash LED does not uniformly illuminate the CCDs, so background levels can vary by up to
∼ 10e�=pixel across the detector in post-flashed exposures.
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Figure 1: The galaxy cluster CL0024+16 used for this study, imaged in F435W as part of GO 10325.
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• pixfrac=0.7

• skymethod=globalmin+match

• final scale=0.03333

• final rot=0

• driz cr snr = 3.0 2.5

• combine type = minmed

In particular, the values of final scale and driz cr snr were set smaller than default
to enable more robust rejection of cosmic rays. Setting combine type = minmed was also
very important for masking cosmic rays when only four exposures were available, otherwise
several residual cosmic rays were present in the final image. Defining final rot=0 ensured
all the images had the same angular orientation relative to north, but the centers of the
fields were not identical. Since our goal was to conduct matched aperture photometry across
all epochs and post-flash levels, these images needed to be aligned. There are only a few
bright stars in the field with which to conduct alignment, but regardless, we did not want
to use stars for alignment due to the potential that they moved appreciably in the span of
years separating our imaging at different epochs. We therefore used phase cross-correlation
on the full images, specifically using the phase cross correlation routine as part of the
skimage Python package. In all cases, the 2004 DRC image was considered the reference
image against which all other images were aligned to.

To ensure any high proper motion stars did not skew our results, we used SExtractor

(Bertin & Arnouts, 1996) to identify likely stars in both the reference image and the image to
be shifted, then replaced those regions with random noise consistent with the noise properties
of the respective image, effectively masking out the stars. The images were upsampled by
a factor of ten (implemented via an optional keyword in phase cross correlation) to
improve the accuracy of the alignment. Ideally, we would mask additional regions we did
not want considered during the alignment, e.g., regions with no coverage like the chip gap.
Unfortunately, the phase cross correlation routine disables upsampling if such masks are
used, lowering the accuracy of the alignment. Therefore, we conducted the alignment using
a large contiguous region, slightly less than 50% of the field, that avoided the chip gap in
all images. Lastly, to avoid CTE trails artificially skewing the alignment, we use the DRC
image from each program/orbit for the alignment and apply the same calculated shift to the
corresponding DRZs.

Figure 2 shows the same zoomed in region from the aligned DRZ and “CTE-corrected”
DRC images across all three programs used for this study. Only the images without post-flash
are shown. The impact of degraded CTE is apparent in the 2013 and 2021 DRZ images as
seen by the CTE “trails” that grow more pronounced as the distance from the serial register
increases (approximately corresponding to the left-to-right direction in these cutouts). The
DRC images show significantly less CTE trail structure.
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