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ABSTRACT

In this report, we examine the behavior of Charge Transfer Efficiency (CTE) on the
WFCS3/UVIS detector over time as computed by the Extended Pixel Edge Response
(EPER) technique, using internal calibration data acquired from 2009 through 2025. We
find that the C'TE has continued to decline as expected, with a steeper loss rate for lower
signal levels. The lowest signal level (160 e-) has continued to decline at a rate of 0.0001
per year, with a total overall decline of 0.0015. Analyses from 2016 and 2020 found that
the rate of decline was not well fit by a linear function. This report verifies the rate of
decline is instead better fit by a quadratic function (which results in the smallest min. and
mazx. residuals, on average) or a cubic function (which has the best “goodness of fit” x* and
R? values). We continue to see periodic oscillations of the residuals around all three fit
lines (linear, quadratic, and cubic) on which we perform a Lomb-Scargle periodogram
analysis of the residuals. We find a periodicity of about 8 years for the residuals around the
linear fit lines and about 9 years for the quadratic and cubic fit lines.

1 Introduction

All HST CCD detectors, including WFC3/UVIS, experience degradation to the Charge
Transfer Efficiency (CTE) of the detector, mainly caused by continuing damage to the sil-
icon lattice by cosmic rays (Khandrika et al., 2016). CTE losses can degrade the precision
of stellar photometry and astrometry measurements taken with the affected CCD detectors,
so it is important to monitor and characterize the degradation. One method of monitoring
CTE loss in the WFC3/UVIS channel is the Extended Pixel Edge Response (EPER) tech-
nique, initially applied to WFC3 data during the April 2007 Ambient Calibration campaign
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(Robberto, 2007). The EPER technique, described by |Janesick (2001), takes advantage of
a special readout mode that provides a larger-than-normal overscan area (extended pixel
region). The technique measures the excess charge in the overscan pixels of the CCD, which
appears as an exponential tail of charge that decreases with distance from the science pixels
(described in more detail in Kozhurina-Platais et al. (2009)) . The most recent EPER-based
analysis of CTE losses in the WFC3/UVIS detector, conducted in 2020, found that the CTE
had declined below 0.9990 for the lowest signal level (160 e-) over the previous 10 years at
a rate of 0.0001 per year (Khandrikaj, 2020)). Additionally, Khandrika (2020) found that the
residuals of the linear fit exhibit a periodicity that is anti-correlated with solar activity.

This report serves as an update to the previous WFC3/UVIS EPER CTE measurements
(Khandrika/ (2020) and references therein), and presents an analysis and results of WFC3/UVIS
EPER observations acquired for all data from launch in 2009 (HST Cycle 17) to 2024-2025
(HST Cycle 32).

2 Data

The structure of the visits and the exposure parameters for data taken in the WFC3/UVIS
EPER calibration programs has remained the same across all programs and cycles, which
provides a stable dataset from which to measure the EPER CTE. For each program, short
internal flat-field observations are taken in pairs with two different filters at various exposure
times to achieve specific illumination levels. Table [1| outlines the filter, exposure time,
illumination level, and image type for each exposure in the pair of EPER visits. Table [2]lists
the calibration programs through which the UVIS EPER data were acquired.

Table 1: Observational parameters for a two-visit pair, where n is the first visit in
the series and n+1 is the second.

Visit | Image Type | Filter | Exp. Time | Illumination Level
n DARK - 0.5 -
n TUNGSTEN | F390M 9.2 160e-
n TUNGSTEN | F390M 22.9 400e-

n—+1 DARK - 0.5 -

n+ 1| TUNGSTEN | F390W 6.4 800e-

n+ 1| TUNGSTEN | F438W 7.6 1600e-

n+ 1| TUNGSTEN | F438W 22.7 5000e-
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Table 2: List of calibration proposals to measure CTE loss in WFC3/UVIS using
the EPER method.

Proposal ID | Cycle | Principal Investigator | Frequency of Obs.
11924 17 Kozhurina-Platais Once a month
12347 18 Kozhurina-Platais Once a month
12691 19 Kozhurina-Platais Once a month
13082 20 Bourque Once a month
13565 21 Bourque Every other month
14011 22 Bowers Every other month
14377 23 Khandrika Every other month
14540 24 Khandrika Every other month
14989 25 Fowler Every other month
15575 26 Fowler Every other month
15720 27 Fowler Every other month
16400 28 Khandrika Every other month
16572 28 Khandrika Every other month
17008 30 Khandrika Every other month
17353 31 Khandrika Every other month
17673 32 O’Connor Every other month

3 Analysis

An IDL script, as described in [Kozhurina-Platais et al.| (2011) with updates and further
details in |[Khandrika et al.| (2016)), was developed to measure the CTE loss from the on-orbit
EPER observations and used in subsequent analyses. The full methodology of the EPER
analysis is described in detail in the aforementioned reports, but a brief summary of the
analysis is as follows: internal flat fields are taken in a special readout mode which generates
extra overscan areas, and the deferred charge due to CTE within that overscan (or extended
pixel region) is measured. The overscan columns are first averaged to mitigate random
noise and increase the signal-to-noise ratio, and any extraneous signal (i.e. due to low-level
periodic electronic noise that varies from image to image) is removed via sigma-clipping.
The CTE is then calculated as the ratio of the total deferred charge in the overscan column
average to the charge level in the last column of science pixels multiplied by the number of
pixel transfers in the CCD register. We followed a similar procedure in this report, using
the legacy IDL script (mentioned above) to process our data.
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4 Results

Figure [If shows the CTE as a function of time and illumination level. We find that the
WFC3/UVIS CTE, as measured using the EPER method, has continued to decline with
time and declines more steeply at fainter illumination levels, as observed in previous studies
(Khandrika) 2020). The rate of decline in CTE per year and the overall level of decline in
the CTE per illumination level is listed in Table [3| For the lowest signal level, the CTE has
declined by up to 0.0015 over the last 15 years with a rate of decline of 0.0001 per year.

Figure (1] shows that CTE values are closer to the ideal value of 1.0 at higher signal levels,
which suggests a power law relationship between CTE and signal level. |Kozhurina-Platais
et al| (2009)) discusses this, and defines the power-law relationship between the CTE and
signal level with Equation [1}

CTE =1-mx S (1)

Equation 1: Power law relationship between CTE and signal level, where m and p
are free parameters and S is the signal level of the last column (in electrons).

Another way to quantify CTE loss is charge transfer inefficiency (CTI), which can be defined
as CT'I =1 — CTE. We can then rewrite Equation [I] as:

log(CTI) = log(m) + p x log(S) (2)

Equation 2: The relationship between CTI (the loss of charge as signal is transferred
between pixels) and signal level (S), where log(m) and p are the slope and the
intercept of the log-log CTT, respectively.

Figure [3|shows the measured EPER CTTI as a function of signal level, with linear fits for each
observation and colors to represent the CTI value for each of the detector’s amps (A, B, C,
and D). The slope (p) and intercept log(m) for the CTI, described in Equation [2] are plotted
in Figure 3| as well. We find a stable CTI slope over time where p = —0.72 + 0.05 (where
the uncertainty is reported as the standard deviation of the p values) and an increasing
intercept (log(m)) over time. These results are consistent with [Khandrika et al.| (2016)) and
the previous reports mentioned therein, which report p = —0.68 and an increasing CTE
intercept over time.
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Table 3: Overall decline in the CTE with time for all illumination levels, corre-
sponding to the points seen in Figure [Il A linear fit to each of the illumination
levels was made (as seen in the top plot of Figure 1) and the slope and uncertainty
in slope are shown here as the linear decline in CTE level per year.

Illumination | Overall CTE | Linear Decline Uncertainty
Level (e-) Decline per Year (Slope) in Slope
160 e- 0.00151 —9.57 x 107° +0.08 x 107°
400 e- 0.00075 —4.76 x 107° +0.04 x 107°
800 e- 0.00046 —2.91 x 107° +0.02 x 107°
1650 e- 0.00028 ~1.78 x 107° +0.01 x 107°
5000 e- 0.00014 —0.87 x 107° +0.01 x 107°
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WFC3/UVIS CTE Loss
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Figure 1: Average CTE measurement using the EPER method as a function of time for 5
different illumination levels: 160e-, 400e-, 800e-, 1650e-, and 5000e-. A linear (top), quadratic
(middle), and cubic (bottom) function are fitted to the data. The WFC3/UVIS CTE as
measured by the EPER method continues to decline with time and declines more steeply at
fainter illumination levels.
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WFC3/UVIS EPER CTE Loss Residuals to Fits
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Figure 2: Residuals between the data and the linear (top), quadratic (middle), and cubic
(bottom) fit functions for all illumination levels.
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Log-Log Plot of CTI
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Figure 3: (Top) CTI versus the signal level in electrons with a linear fit (overplotted in red)
to CTT values for images within each observation. Four different colors represent each of the
four amps of the detector. (Middle) p (from the power law relationship of CT1I to signal level)
versus time on a log-log scale. (Bottom) The intercept of the CTI (log(m)) as a function of

time on a log-log scale.
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To assess whether CTE was declining linearly, Khandrika (2020) performed a linear, quadratic,
and cubic fit to the CTE data, and found that the quadratic fit resulted in the lowest reduced
chi-squared and smallest residuals. We re-confirm the 2016 and 2020 findings that the rate
of decline is not well-matched by a linear fit. We provide the reduced x? goodness-of-fit
values, coefficient of determination values (R?), maximum residuals, and minimum residuals
in Table . We find that the data are better fit by a quadratic function (which has the
smallest min. and max. residuals, on average) or cubic function (with the smallest reduced
x> and best R? values) .

Table 4: Various fits, residuals, reduced x? and the coefficient of determination
values (R?) for the different illumination levels.

Illumination . Residual Min | Residual Max
Fit Reduced x? | R?
Level (x107?) (x107°)
160 e- Linear 3.91 0.9960 -4.3 8.5
160 e- Quadratic 2.85 0.9969 -4.5 5.7
160 e- Cubic 2.21 0.9975 -5.5 6.1
400 e- Linear 5.84 0.9965 -2.5 3.7
400 e- Quadratic 4.47 0.9972 -2.2 2.6
400 e- Cubic 3.11 0.9980 -2.6 3.4
800 e- Linear 9.34 0.9965 -1.2 2.4
800 e- Quadratic 6.87 0.9974 -1.3 1.6
800 e- Cubic 4.80 0.9980 -1.3 2.0
1650 e- Linear 13.50 0.9965 -0.8 1.4
1650 e- Quadratic 9.81 0.9974 -0.6 0.9
1650 e- Cubic 6.90 0.9980 -0.7 1.2
5000 e- Linear 25.69 0.9969 -0.3 0.6
5000 e- Quadratic 20.10 0.9975 -0.4 0.4
5000 e- Cubic 14.35 0.9981 -0.5 0.7

Khandrika (2020) observed a cyclical nature of the linear fit residuals and found that it was
inversely correlated with solar activity. We build upon the analysis and investigate cyclical
oscillations in the linear, quadratic, and cubic fit residuals with additional data from 2009
to 2025, as shown in Figure 2] We choose to analyze the residual oscillations around each of
the fit lines (linear, quadratic, and cubic), and use astropy to compute the period of these
oscillations by creating a Lomb-Scargle periodogram.E] Figure 4| shows the periodograms of

!See astropy.timeseries.lombscargle documentation and Appendix A for more info.
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the residuals around the linear fit line for all five illumination levels. Figures[5and [6] located
in Appendix A, show the periodograms for all 5 illumination levels for residuals around the
quadratic and cubic fit lines, respectively.

We find that the CTE loss residuals oscillate at a period of about 8.1 4+ 0.4 years around
the linear fit line for an illumination level of 160 e- (please see Figure {4 for all illumination
levels) and at periods of about 9.1 £ 0.3 and 9.0 £ 0.3 around the quadratic and cubic fit
lines (for an illumination level of 160 e-; see Appendix A for plots), respectively. Though the
periodicity in the residuals is slightly smaller than the 11 year solar activity period, we are
limited by the 15 year lifetime of the WFC3 instrument and we are likely underestimating
the uncertainty in the periodicity. Thus, we cannot say conclusively whether or not the CTE
loss residuals are correlated with solar activity.

10
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Periodograms by Level
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Figure 4: Lomb-Scargle periodogram of CTE-loss residuals around a linear fit line for each
of the illumination levels. The characteristic best period is marked with a vertical black line.
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5 Conclusions

We find that the WFC3/UVIS CTE loss as measured using the EPER method continues to
decrease, with a steeper rate of decline at lower signal levels. The lowest illumination level
of 160 e- declines the most at a rate of 0.0001 per year, which agrees well with previous
results (Khandrikal 2020). We also find that the rate of decline is better fit by a quadratic
or cubic function compared to a linear function, thus confirming results from 2016 and 2020
(Khandrika et al| (2016), Khandrika (2020))). Finally, we continue to observe a cyclical
pattern in the residuals, with a periodicity of about 8 or 9 years, depending on the fit
function. CTE loss will continue to be monitored using the EPER method to identify any
changes in behavior that may affect the health of the instrument.
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such as Fourier transforms, the Lomb-Scargle method can be used on unevenly sampled
data, and works by fitting sinusoids over a range of trial frequencies. For each frequency, it
measures how well a sinusoidal model fits the data, producing a “power” that indicates the
strength of the periodic signal. The frequency with the highest power is considered the most
likely periodicity present in the data, and gives us the “best frequency” (VanderPlas, 2018]).
The best period is then computed easily as m. We use the Lomb-Scargle method
to characterize the oscillations of the residuals in CTE-loss around the fit lines, as seen in

Figures [4] [f, and [6]

To estimate uncertainty on the computed “best periods”, we randomly resample the data
(time and residuals) and recompute the Lomb-Scargle periodogram each time. We collect
the best period from each resample and compute the standard deviation of these periods,
which we use as the uncertainty in the best period.

13
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Periodograms by Level
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Figure 5: Lomb-Scargle periodogram of CTE-loss residuals around a quadratic fit line for
each of the illumination levels. The characteristic best period is marked with a vertical black
line.
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Periodograms by Level
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Figure 6: Lomb-Scargle periodogram of CTE-loss residuals around a cubic fit line for each of
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