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ABSTRACT

In this report, we analyze all WFC3/IR internal flat field calibration programs through
2024, updating trends in count-rate and sensitivity effects. We update the analysis of Ryan
to include 13 cycles of WFC3/IR internal flat field images, up to Cycle 31. We follow
a similar post-analysis masking technique to the earlier study, filtering out pizels affected by
persistence up to 6 days prior. We confirm that the mode count-rate of each filter in
WFCS3/IR is decreasing with time at about 0.25 - 0.40% yr~*, 0.31 - 0.33% yr~' averaged
over all filters. However, the rate of decrease has become relatively less stable in recent
cycles; we note a small (~ 0.7% over expected) increase in count-rate in Cycle 31 in all
filters. More data will be needed to confirm this increase. As in the previous study, the
count-rate decrease is wavelength dependent, although the additional data has considerably
tightened the trend. The previous study had noted that F160W and F153M were nearly
unaffected by the count-rate decrease. In contrast, the additional data in this report restores
the count-rate decrease in F160W and F153M back in line with other filters. Despite this
correction to the reddest wavelength filters, the yearly decrease is still larger at bluer
wavelengths, and the count-rate increase in Cycle 31 is greater at redder wavelengths. Both
trends support the proposed reddening tungsten lamp from earlier studies, although a
similar (in time and magnitude) increase in photometric sensitivity was also noted in
globular cluster observations from other studies. Ultimately, the changes we measure in the
internal flat fields are a combination of the reddening lamp and the changing overall
sensitivity in the IR detector. Shortly after these observations, HST entered reduced gyro
mode, and a future report will determine which trends are affected.
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Introduction

The IR channel on Wide-Field Camera 3 (WFC3/IR) onboard the Hubble Space Tele-
scope (HST) is monitored for performance regularly using four tungsten lamps. These lamps
illuminate the detector during “internal” orbit time (in which no science observations are
made and no external light enters the optics) to create flat fields that are used to correct
science data taken during that cycle. The flat fields are particularly used to measure pixel-
to-pixel fluctuations, mean count-rates (overall sensitivity by filter), and other effects that
depend on wavelength.

In this report, we build on previous studies of the IR internal flat fields (Baggett 2009;
Hilbert 2009; Dahlen 2013; Ryan and Baggett |2015; Ryan 2019)) to update previously noted
changes in mode count-rate and corresponding sensitivity changes. Each of these earlier
studies refined and streamlined the methodology presented in the most recent study Ryan
2019, In particular, the most recent study had enough time baseline to establish that the
mean count-rate had begun to decrease steadily in each Cycle after MJD 56000 (approxi-
mately Cycle 21) in all but the bluest filters in the IR set. However, the fit quality suffered
from relatively few datapoints in medium band filters, and because the first 30% of their
data was from early in the mission, more time baseline to refine trends retains significant
value.

In this report, we explore the trends presented in earlier studies using an effective time
baseline approximately 75% larger than considered by Ryan [2019, after accounting for the
MJD cutoff at 56000. In the Methods section, we describe the full dataset and processing
methods; in the Results section, we present the resulting measurements for count-rate and
implications; in the Summary section, we summarize our conclusions and future tasks in
light of changes in HST observing beyond 2024.

Data and Methods

The data used in this study belong to the WFC3/IR internal flat monitoring calibration
program whose Proposal IDs (PIDs) are listed in Table [I, We used the astroquery API to
query and download all the data from the Mikulski Archive for Space Telescopes (MAST)
archive. We found a total of 1418 observation files that included data taken in both the
medium and wide-bandpass filters. An additional 147 observations were made in narrow
band filters in these programs, but are not utilized in this or prior studies due to low signal
and larger uncertainties; these data could be considered as an ensemble in a future report. A
complete list of the observing programs, filters used and number of files is shown in Table [I]
To ensure uniformity of the dataset all of these data were processed by the standard WFC3
calibration pipeline, calwf3 version 3.7.1. We used the pipeline produced calibrated (fit)
files for all of our data analysis/T]

Inspection of flat fields showed that the data included pixels with non-nominal response,

'We note that all observations were made before the conversion of HST to reduced gyro mode (RGM).
As of August 2024, we are still exploring the impacts of RGM on HST operations and data quality, and we
anticipate that calibration programs such as IR internal flat fields will have an altered cadence in 2024.
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Filter SMOV Cyl7 Cyl8 Cyl9 Cy20 Cy21 Cy22 Cy23 Cy24 Cy25 Cy26 Cy27 Cy28 Cy29 Cy30 Cy3l Al
11433 11915 12338 12712 13098 13587 14029 14391 14548 14998 15591 15731 16411 16586 17021 17370 All

F098M 10 22 3 2 2 2 2 2 2 2 2 2 2 2 2 2 61
F105W 20 22 39 23 20 9 8 8 8 8 8 8 8 8 8 5 210
F110W 20 36 39 23 20 9 8 8 8 8 8 8 8 8 8 5 224
F125W 20 44 39 23 20 9 8 8 8 8 8 8 8 8 8 5 232
F127M 20 22 3 2 2 2 2 2 2 2 2 2 2 2 2 71
F139M 20 44 3 2 2 2 2 2 2 2 2 2 2 2 2 2 93
F140W 20 30 23 23 20 9 8 8 8 8 8 8 8 8 8 5 202
F153M 20 22 3 2 2 2 2 2 2 2 2 2 2 2 2 2 71
F160W 20 66 39 23 20 9 8 8 8 8 8 8 8 8 8 5 254

TOTAL 170 308 191 123 108
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Table 1: Cycle designation and proposal ID for all files included in this work.

which could be due to over scan region, cosmic ray hits, permanently bad and/or hot pixels,
or other effects. These pixels were identified and masked using the DQ extension of in the
fit files and were excluded from further analysis. This resulted in exclusion of ~ 4-5% of the
pixels. Previous work by Ryan and Baggett 2015 had shown that persistence (and “burping”
in some cases) can affect any given IR observation. We ran a pipeline that uses a model
(see the WFC3 IR persistence URL for details) that estimates the IR persistence stimuli,
and then generates a stimulus image. This image is used to identify pixels that suffer from
persistence. These persistence stimuli images can be queried from the MAST archive.

Based on the recommendation in Ryan and Baggett |2015, we generated persistence stim-
uli images based on observations that were taken up to 6 days prior to the flat-field data.
These stimuli images were used to flag all pixels with a stimulus greater than 70,000 electrons
(i.e. near the IR saturation level). In the vast majority of datasets, this removed less than
2% of the pixels, and had a negligible effect. In a tiny minority of observations (10 of 1208,
or 0.8%, in all filters except F105W), there was a very large stimulus that wiped out more
than 90% the pixels (usually more than 98%, and in a few cases more than 99.95% of the
pixels). However, in F105W, this effect was much more pronounced: this saturation effect
dominated in 31 of 210 observations (15%) and flagged more than 10% of the pixels in 7
additional observations.

Although the number of pixels with persistence flags remains relatively constant, the
number of pixels with DQ flags, and therefore the total number of masked pixels in our
observations, is trending upward over time. As an example, the number of pixels in each
mask is plotted for each F125W file in Figure , showing the DQ pixel mask counts (green
triangles and linear fit) and persistence mask counts (blue circles). The cause of this increase
is likely attributable to new IR blob and other known artifacts building up over time. The
persistence masking remains a significant factor relative to the DQ masks.

We considered the effect of applying a quadrant-dependent saturation level, which would
lower the threshold slightly in some pixels. Lowering the overall saturation threshold to
69,000 did not significantly change the number of flagged pixels and did not change the
statistics above, so we chose to remain with a simpler uniform threshold of 70,000 electrons.
In any case, the impact of masking is relatively small, as we will see in the following analysis.


https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/ir-persistence
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Masked Pixels Over Time (F125W)
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Figure 1: DQ pixel mask counts (green triangles and fit line) and the persistence mask counts
(blue circles) for each F125W observation in this report, as a function of date.

Following Ryan [2019, we then first computed the mode count-rate from each unmodified
calibration image. First, we identified the mode count-rate by peak value. As noted in, for
example, Figure 1 of Ryan [2019, the exact mode is uncertain due to the flat-topped count-
rate in the vicinity of the peak value. This can vary by up to 4+ 10 bins (out of 500) and
produces an intrinsic scatter in the relations we measured.

An alternate method involves fitting a Gaussian function to the 20 bins surrounding
the peak value and returning this centroid as the mode count-rate. Although this produced
similar overall scatter, there was some evidence (particularly in the F140W dataset) that the
fits clustered around “good” or “bad” values depending on the shape of the peak. We first
applied a sigma-clip filter on the F140W dataset, and found that by excluding the worst 17%
of count-rate center fits by chi-squared value, we greatly reduced the scatter. However, this
sigma clip value was not consistent from band-to-band, falling between 2 and 10%. Thus,
we determined that a reasonable clip value was somewhat arbitrary, and we decided to use
the straight peak (maximum) value for consistency and include slightly higher scatter. This
differs somewhat from the technique in Ryan [2019 and may explain a small part of some
results that are discrepant from their analysis in the following section.

We provide an illustration of the two methods for an example calibration file in Figure
2l In the top panel, we consider a file (rootname “if4z02ivq”) with no masking (blue his-
toogram), after applying a data quality (DQ) mask (green line), and after applying both a
DQ and stim (persistence) mask (orange). The relative impact of the masks is minor, as
noted previously.

We then applied the same techniques first with the DQ mask applied, and then with
the persistence mask applied as described above. Although the computed slopes changed
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Figure 2: Schematic of the effect of masking on pixel count-rates (top) and the difference
in the peak vs. gaussian fit method (bottom) for an example calibration file. The bottom
panel is a zoom in on the peak to highlight the slight difference between the actual peak
count-rate value vs. the value inferred from a Gaussian fit to this narrow region. In most
cases, the fit method and mask have only minor impact on the measured count-rate (see
discussion in the Data and Methods section).
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slightly, the overall rate of change per year did not vary by more than 0.02% per year. Thus,
we take 0.02% per year as the uncertainty in derived sensitivity change that follows.

Results

We show the measured peak count-rates for all nine channels using the full dataset in
Figures [3] and [4] using two methods: a outlier-clipped Gaussian fit to the peak value, and
the maximum value itself, respectively. Following the same procedure as Ryan 2019, a linear
fit to all datapoints taken at MJD > 56000 is added for guidance in each plot. As did the
earlier study, we find that current trends began approximately at MJD of 56000 in all filters.

We present the derived change in peak count-rate per year as a function of central wave-
length for each filter in Table [2 using four different methods of peak determination. The
“Slope” column represents the change in peak count-rate per year, measured using all avail-
able datasets and fitting a Gaussian to the peak region. The “Clip” column applies an
additional sigma-clip to the dataset to remove extreme outliers using chi-squared cuts; the
most aggressive clip was made for F140W. The “MJD<3500” column uses only data available
in Ryan 2019, i.e. data prior to MJD 5500043500 (58500). The “Peak” column simply uses
the mode count-rate without fitting a Gaussian to determine the change in count-rate. The
final “Stim Mask” column removes all pixels with nonzero data quality flags and all pixels
receiving a stimulus greater than 70,000 electrons in the prior six days to the observation.
All of these methods yield broadly similar values: the mean value for each column is similar,
between -0.31 and -0.33 % yr~! regardless of method. The clipping significantly improves
the scatter in F160W and F140W, and removes some potential systematic uncertainty in the
Gaussian fit, but overall it does not change the derived per year changes significantly. Mask-
ing slightly reduces the decline rate, but appears to be the least significant factor considered
here. Thus, we consider both methods equivalently in our color analysis below.

The most significant update is a result of the addition of newer datasets, which smooth
out the trend with wavelength. Although we still note that the peak count-rate in the bluer
wavelength channels decreases more sharply per year than in the redder wavelength channels,
as noted by Ryan [2019, the trend with wavelength is much less steep than their work found
(Figure , using both peak fitting techniques. The difference between the two methods in
derived slope is less than 6%.

The mean count-rate for all measurements in a Cycle for each filter is shown in Table
and Figure[6] The rate decreases consistently from Cycle 17 to 30 at 0.32% per year overall,
before ticking upward in Cycle 31 by an average of 0.38% across the filters, an increase
of ~ 0.7% over expectations. The increasing count-rate shows a larger change at redder
wavelengths - albeit with considerable scatter - meaning that reddening effect continues
despite the sudden increase in count-rate for Cycle 31.

We speculate that the increasing trend began at ~ MJD 60200 (mid 2023), although we
do not have a hypothesis for the cause or timing. However, we note a very similar increase
in photometric sensitivity as measured in globular clusters Marinelli et al. 2024, In their
Figure 5, Marinelli et al. |2024 find a ~ 0.7 - 0.8% increase in the F160W median magnitude
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Filter PHOTPLAM  Slope Clip MJD<3500 Peak Stim Mask
pam % yr=t % yrt % yr—t % yr=t % yr!
FO98M 0.99 -0.339  -0.364 -0.408 -0.326 -0.319
F105W 1.06 -0.337  -0.334 -0.371 -0.328 -0.318
F110W 1.15 -0.371  -0.343 -0.393 -0.356 -0.352
F125W 1.25 -0.326  -0.323 -0.334 -0.314 -0.331
F127M 1.27 -0.360 -0.360 -0.328 -0.327 -0.317
F139M 1.38 -0.323  -0.307 -0.438 -0.313 -0.309
F140W 1.39 -0.315  -0.298 -0.328 -0.315 -0.308
F153M 1.53 -0.335  -0.317 -0.099 -0.259 -0.246
F160W 1.54 -0.259  -0.269 -0.251 -0.262 -0.265
Mean -0.329 -0.324 -0.327 -0.311 -0.307

Table 2: Derived change per year in peak count-rate using four different methods noted in
the text, for each filter in our sample. The overall fit uncertainty is taken to be 0.020% yr—!,

or about 6% of the derived fit (see text for details).

of 47 Tuc observations in mid 2023, which coincides
the internal flat fields in this work.

with the noted count-rate increase in

Cycle Cyl7 Cyl8 Cyl9 Cy20 Cy21 Cy22 Cy23 Cy24 Cy25

Cy26 Cy27 Cy28 Cy29 Cy30 Cy3l Cy31/30

MJD 221 735 944 1358 1677 2042 2406 2864 3212

3575 3941 4294 4672 5040 5407

F098M
F105W
F110W
F125W
F127M
F139M
F140W
F153M
F160W

131.80
309.39
669.69
505.84
126.02
112.20
729.09
127.19
511.64

131.78
307.21
677.70
498.60
126.10
111.86
733.86
127.52
514.48

131.68
306.46
676.15
498.89
125.90
109.20
733.00
127.10
513.53

131.64
305.92
674.83
497.12
126.16
112.14
731.59
126.44
512.40

130.88
304.85
671.04
496.38
125.40
111.80
728.89
127.50
512.29

130.28
303.89
668.39
494.21
124.69
110.46
726.34
126.69
510.93

129.68
303.21
666.71
493.58
124.94
110.81
724.91
127.25
507.13

129.16
301.55
663.66
490.85
124.08
110.00
722.24
126.68
508.16

128.93
299.97
660.86
489.02
123.94
109.61
719.47
125.96
506.51

128.14
298.15
656.17
485.61
122.70
109.48
715.03
125.71
503.62

127.36
296.77
653.94
483.66
121.77
108.59
711.82
123.90
501.77

126.75
296.20
651.00
481.09
121.44
107.81
709.21
123.83
499.85

126.84
295.43
650.07
481.18
121.32
108.26
708.59
121.89
498.73

126.88
297.09
649.76
483.12
121.63
108.38
710.79
123.51
501.24

+0.03%
+0.56%
-0.05%
+0.40%
+0.26%
+0.11%
+0.31%
+1.33%
+0.50%

128.25
299.52
658.57
487.81
122.60
109.20
717.74
125.72
505.25

Mean

+0.38%

Table 3: Mean peak count-rate (measured via Gaussian fit) for each Cycle and filter, and
the percent change from Cy30 to Cy31 in the final column.

Summary

In this report, we extend and update the work of Ryan [2019 on WFC3/IR internal flat
field images, up to Cycle 31 (early 2024). We follow a similar post-analysis masking technique
to the earlier study, filtering out pixels affected by persistence up to 6 days prior, but find
that the masks do not significantly affect the derived count-rate trends.
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1. We confirm that the mode count-rate of each filter in WFC3/IR is decreasing with time
at a rate of 0.25 - 0.40% yr—!, although the rate of decrease has become somewhat less
stable in recent cycles. All count-rates decreased between 0.31 and 0.33 % yr~! when
averaged over all filters and cycles, for each of the four different measurement methods.
We confirm that the decrease is faster at bluer wavelengths, but find a smoother trend
with wavelength than previous studies, which we attribute to the additional years of
data.

2. We also note a small (~ 0.7% over expected) increase in count-rate in Cycle 31 in
all filters, approximately equivalent to two cycles worth of downward trend previously,
This increase is slightly greater at redder wavelengths, unlike the overall decrease which
is greater at bluer wavelengths. More data will be needed to confirm this increase and
any impacts from the reduced gyro mode. This increase is comparable to the uptick
noted in the photometric sensitivity measured in globular clusters (Marinelli et al.
2024)) around the same time frame (2023-2024).

The changes we observe in the internal flat fields remain a combination of the intrinsic
changes in sensitivity in the IR detector combined with the reddening tungsten lamp. We
hope to continue calibration studies on WFC3/IR in the near future, to follow up on the
surprising changes we observed in Cycle 31. From the user standpoint, WFC3/IR remains
stable and predictable, although the slight increase in Cycle 31 may support adjustments to
photometric sensitivity in future releases.
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Figure 3: Peak count rates measured for all observations in the nine wide and medium band
filters in this study using a Gaussian fit for each dataset followed by an outlier threshold clip
selected based on the distribution of chi-squared values. A linear fit to the entire dataset
MJD > 56000 is shown, and reported in the “Clip” column of Table
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Figure 4: Peak count rates measured for all observations in the nine wide and medium band
filters in this study. A linear fit to the entire dataset MJD > 56000 is shown, and reported
in the “Peak” column of Table
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Figure 5: Top: Peak count rates measured using the Gaussian Clip technique for all obser-
vations in the nine wide and medium band filters in this study. A linear fit to the entire
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Figure 6: Peak count rates measured by Gaussian fit for all observations in the nine wide
and medium band filters, averaged by Cycle. The bump in Cycle 31 is discussed in the text.
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