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ABSTRACT
Intrinsic excess thermal energy trapped in the silicon lattice of the Wide Field Camera 3
(WFC3) ultraviolet-visible (UVIS) detector, known as dark current, is typically removed
from science observations using UVIS dark calibration reference files. However, this dark
current can be used as a means to characterize a pixel’s behavior and determine whether
the pixel varies excessively over time compared to its expected noise. We use a novel data
structure known as a ‘pixel history’ image to efficiently evaluate each WFC3/UVIS pixel over
time. We find that the vast majority of hot pixels (∼8% of the detector in 2018) are in fact
quite stable and as such, can be calibrated. A small portion of pixels (<1%) are genuinely
unstable and should not be used. To encode this distinction in the UVIS bad pixel reference
files, we employ a data quality flag (32) to mark the ‘unstable’ pixels identified in this study.
Hot pixels continue to be assigned the usual data quality flag (16). With the additional data
quality flag, WFC3/UVIS users will have enhanced control over which pixels to include, and
which to exclude, in their analyses. The new bad pixel tables have been installed in the
automated calibration pipeline and are available via MAST.

1. Introduction
Since its installation in 2009 during Servicing Mission 4 (SM4), the Wide Field Camera
3 (WFC3) instrument ultraviolet-visible (UVIS) detector has been acquiring dark images on
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a daily basis. These dark images are observations taken with the shutter closed in order to
measure the inherent excess thermal energy that manifests itself as a non-zero count rate in
Charged Couple Device (CCD) detectors such as WFC3/UVIS; this phenomenon is known
as dark current (Dressel, 2018; section 5.4.8). Dark images are used to monitor the evolution
of dark current and hot pixels over time, as well as to generate dark calibration reference
files used to subtract out the dark current from science observations (Bourque & Baggett,
2016).
The pixels within a typical dark image fall into one of three populations: (1) uniform
background pixels of low count-rate (currently ∼9 e-/hr), (2) individual pixels of high countrate known as hot pixels (defined as >54 e-/hr), and (3) groups of pixels that are subject
to incident cosmic rays. These populations and their properties are further described in
Bourque & Baggett, 2016.
The aforementioned UVIS dark observations are stacked to create dark calibration reference files which can be subtracted from science observations to correct for the dark current.
The WFC3 team at STScI generates and delivers these dark reference files on a regular basis
(Bourque & Baggett, 2016).
Roughly every four weeks, an anneal procedure is performed in which the WFC3/UVIS
detector is warmed to ∼20C in order to eradicate some of the excess charge that is trapped
within the silicon lattice of the CCD, typically fixing ∼10-20% of the hot pixels (Dressel,
2018; section 6.9.1). The time between two anneal procedures is hereafter referred to as an
anneal cycle.
Given the plethora of UVIS dark images acquired over the ∼9 years of on-orbit operation,
we aim to use these data to explore how individual pixels behave over time. Since the
population of hot pixels changes after anneal procedures, we perform our stability analysis
in steps, anneal cycle by anneal cycle, and not across multiple anneal cycles. Our goal is to
identify and flag pixels that vary significantly in dark current over an anneal cycle compared
to their expected uncertainty; such pixels are deemed ‘unstable’ and thus more unreliable
compared to their stable counterparts. Conversely, we also aim to identify pixels that are
stable despite being flagged as hot pixels; since their variance is low and their uncertainties
are well calculated, such pixels need not be discarded during nominal calibration of hot
pixels.
For our metric of ‘stability’, we have utilized the following equation, hereafter referred
to as the stability ratio:
F =

V ariance(SCI) − M ean(ERR2 )
+1
M ean(SCI)

where SCI is the science value of the pixel (found in the SCI array of the corresponding dark
image) and ERR is the uncertainty of the pixel value (found in the ERR array of the corre2

sponding dark image). This equation was adopted from a similar study performed for the
Advanced Camera for Surveys (ACS) Wide Field Channel (WFC) detector (Borncamp et al.,
2017). The ACS/WFC detector is a CCD which exhibits similar pixel stability characteristics
as well as similar (although significantly higher) dark current to that of WFC3/UVIS.
With the stability ratio, we seek to classify each UVIS pixel over an anneal cycle into
one of four categories:
1. Cold and Stable: mean(SCI) < 54 e-/hr and F < 2
2. Cold and Unstable: mean(SCI) < 54 e-/hr and F ≥ 2
3. Hot and Stable: mean(SCI) ≥ 54 e-/hr and F < 2
4. Hot and Unstable: mean(SCI) ≥ 54 e-/hr and F ≥ 2
To deliver the locations of unstable pixels to interested users, we provide a new UVIS
bad pixel table reference file for each anneal cycle since the November 2012 anneal cycle. In
these bad pixel tables, each unstable pixel is listed in a separate row with a flag identifier
of 32. Hot pixels will continue to have a data quality flag of 16, and thus a hot and stable
pixel will have a flag of 48 (16 + 32) in the DQ extension of calibrated science data. Note
that the flag of 32 is the same as the unstable pixel flag used by the WFC3/IR channel and
the ACS/WFC detector.
This paper outlines how UVIS dark observations are used to measure and analyze the
stability of pixels across each anneal cycle since November 2012. In chapter 2, we list the
observations and data that were used as part of this analysis. In chapter 3, we discuss the
data structure we used to efficiently perform the stability analysis. In chapter 4, we provide
a detailed overview of the algorithm and criteria used to determine the stability of a pixel.
In chapter 5, we discuss the results of our stability analysis and quantify how many pixels
are in each of the four categories. Lastly, in chapter 6, we discuss how unstable pixels are
delivered to users as part of new UVIS bad pixel table reference files.
All supporting software and documentation (including this paper) are provided in the
version-controlled GitHub pixhist repository, available at https://github.com/spacetelescope/
pixhist. Interested users are encouraged to reach out to the author for collaborative access
to the source code.

2. Observations
For each proposal cycle since its installation, WFC3 has employed dedicated calibration
programs to acquire UVIS dark images. Table 1 lists the programs from which the data in
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Program ID
13071
13073
13074
13075
13076
13554
13556
13557
13558
14000
14002
14003
14004
14366
14368
14369
14370
14529
14531
14532
14533
14978
14980
14981
14982

Program Title
WFC3/UVIS Anneal
UVIS CCD Daily Monitor A
UVIS CCD Daily Monitor B
UVIS CCD Daily Monitor C
UVIS CCD Daily Monitor D
WFC3 UVIS Anneal
UVIS CCD Daily Monitor A
UVIS CCD Daily Monitor B
UVIS CCD Daily Monitor C
WFC3 UVIS Anneal
WFC3 UVIS Daily Monitor A
WFC3 UVIS Daily Monitor B
WFC3 UVIS Daily Monitor C
WFC3 UVIS Anneal
WFC3 UVIS Daily Monitor A
WFC3 UVIS Daily Monitor B
WFC3 UVIS Daily Monitor C
WFC3 UVIS Anneal
WFC3 UVIS Daily Monitor A
WFC3 UVIS Daily Monitor B
WFC3 UVIS Daily Monitor C
WFC3 UVIS Anneal
WFC3 Daily Monitor A
WFC3 Daily Monitor B
WFC3 Daily Monitor C

PI
S. Baggett
J. Biretta
J. Biretta
J. Biretta
J. Biretta
S. Baggett
M. Bourque
M. Bourque
M. Bourque
S. Baggett
M. Bourque
M. Bourque
M. Bourque
S. Baggett
M. Bourque
M. Bourque
M. Bourque
S. Baggett
M. Bourque
M. Bourque
M. Bourque
S. Baggett
C. Martlin
C. Martlin
C. Martlin

Cycle
20
20
20
20
20
21
21
21
21
22
22
22
22
23
23
23
23
24
24
24
24
25
25
25
25

Date Span
2012-11-07 - 2013-10-11
2012-11-04 - 2013-01-09
2013-01-10 - 2013-03-16
2013-03-17 - 2013-07-19
2013-07-20 - 2013-10-31
2013-11-09 - 2014-11-06
2013-11-02 - 2014-02-23
2014-02-24 - 2014-06-18
2014-06-18 - 2014-11-04
2014-12-04 - 2015-10-06
2014-11-05 - 2015-03-05
2015-03-06 - 2015-07-04
2015-07-05 - 2015-11-01
2015-11-02 - 2016-12-09
2015-11-02 - 2016-03-05
2016-03-06 - 2016-07-05
2016-07-05 - 2016-11-03
2016-11-30 - 2017-11-03
2016-11-03 - 2017-03-07
2017-03-07 - 2017-07-06
2017-07-06 - 2017-11-05
2017-11-28 - 2018-11-05
2017-11-06 - 2018-03-08
2018-03-09 - 2018-07-08
2018-07-08 - 2018-11-08

Table 1:WFC3/UVIS calibration programs which acquire UVIS dark exposures that are used for dark reference file generation, UVIS health & stability monitoring, and this pixel stability analysis.

this analysis were drawn. Specifically, we utilized all on-orbit dark images with 900 second
exposure times and postflash levels of 12 electrons, which corresponds to roughly 80-100
images per anneal cycle. The various calibration steps that were performed on each RAW
dark image from these programs are described in Chapter 4.

3. Pixel History Images
The dark images used for this analysis as described in chapter 2 are stored in a standard
FITS format extension and are available from the Milkulski Archive for Space Telescopes
(MAST). However, in order to simplify and optimize the efficiency of our analysis from a
4

Fig. 1.—A representation of the construction of a pixel history image. Input frames (left) are first ordered
by time of observation, then a particular column is extracted from each input frame and placed into a new
image array. Note that to aid in the visualization, the data shown are just a small subsection of the input
frames.

programmatic and computational perspective, we calibrated and cosmic-ray-corrected the
input * raw.fits dark FITS files then transformed the FITS files into a new data format
which we refer to as a pixel history image (Anderson, 2014; Chapter 5). To construct a
pixel history image, each column of the detector is extracted for each input dark image and
placed into a new time-ordered array, such that the x-axis of the pixel history image array
yields the history of the column over an anneal cycle (Figure 1). In other words, with the
pixel history format, one simply needs to measure a pixel’s value along the x-axis in order
to assess the pixel’s temporal behavior over a given anneal cycle.
In order to store the pixel history images efficiently for each of the 4096 UVIS columns
in each chip and for each anneal cycle, we utilized the Hierarchical Data Format (HDF)
(The HDF Group, 2000) and the h5py python library (Collette, 2008). The HDF file format
permits data for an entire anneal cycle to be stored in a single file while allowing the user
to read only a specific pixel history image (corresponding to a single UVIS column) into
memory at a given time. This significantly reduces the amount of RAM required to perform
computations on the data. Furthermore, HDF allows for an organized storage of the data,
minimizing the amount of bookkeeping and indexing needed.
The hierarchical structure that we used in the HDF files is shown in Figure 2. The
name of the HDF file is the year, month, and day of the start of the anneal cycle in the
format YYYY-MM-DD. Data is first split by readout amplifier (A, B, C, and D; corresponding
to the detector quadrants (Figure 6.16 of the WFC3 Instrument Handbook (Dressel, 2018)).
This allows for the application of amplifier-specific parameters and measurements (e.g. CCD
gain, readnoise, etc.) to the corresponding data. Next, we split the data by column number,
from 1 to 4096. Lastly, the HDF file stores both the science data (i.e. the SCI array of the
original FITS file) and uncertainty data (i.e. the ERR array of the original FITS file). We
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Fig. 2.—The hierarchical data structure used to store data in HDF files for pixel stability analysis.

refer to the combination of <amp>/<col>/<type> (e.g. A/1/sci) as a visit. Each visit is
stored as a numpy multi-dimensional array objects (ndarray) (Oliphant, 2006).

4. Algorithm Overview
We describe the process for determining the stability of pixels in a given anneal cycle, from the input observations (the individual dark images) to the end product (a UVIS
bad pixel table reference file containing stability flags). The algorithm is implemented using the Python programming language along with various supporting third-party python
libraries such as astropy (Robitaille et al., 2013), h5py (The HDF Group, 2000), and numpy
(Oliphant, 2006).
a. Gather RAW darks from anneal cycle
All available individual * raw.fits dark frames from the WFC3/UVIS Daily Monitor
and WFC3/UVIS Anneal programs (described in Chapter 2) that were observed during a
given anneal cycle are gathered from the MAST archive and placed into a separate processing
directory.
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b. Subtract bias levels from input darks
In order to subtract the bias signal that is inherent in the individual * raw.fits frames,
the dark images are processed with the CALWF3 calibration pipeline (Gennaro et al., 2018;
Chapter 3) with the BLEVCORR and BIASCORR header keywords set to PERFORM. CALWF3 is
run with the appropriate parameter setting to save the temporary * blv tmp.fits files (i.e.
bias-subtracted images with overscan regions trimmed). The * blv tmp.fits files serve as
input files for the next step, which is cosmic ray identification.
c. Identify cosmic rays
In order to find cosmic rays in the input * blv tmp.fits darks, the CRCORR header keywords are set to PERFORM and the filenames are put into an association table. Sending this
association table through CALWF3 allows the pipeline to stack the anneal cycle darks in order
to identify pixels that are affected by incident cosmic rays, and flag them with a value of
8192 in the Data Quality (DQ) arrays of the files. The algorithm used for identifying cosmic
rays is governed by the cosmic-ray rejection parameter table header keyword (CRREJTAB).
The CRREJTAB identifies the rejection threshold (CRSIGMAS), the radius (in pixels) for propagating cosmic rays (CRRADIUS), and the propagation factor (CRTHRESH), which in the case
of this analysis, were set to CRSIGMAS=40,39,38, CRRADIUS=0.5, and CRTHRESH=0.5555 respectively. We visually inspected flagged images to verify correct and complete cosmic ray
identification.
d. Grow cosmic ray mask
To ensure that the wings of the cosmic rays are completely flagged, we “grow” (i.e.
expand) the cosmic ray masks in the DQ arrays of the * blv tmp.fits by a radius of 2 pixels
(Figure 3). The resulting masks may be somewhat larger than required, but we prefer to err
on the conservative side and ensure that no pixels affected by cosmic rays are used in the
stability analysis.

Fig. 3.—A zoomed-in example of a region of a cosmic ray mask before (left) and after (right) the cosmic ray
mask is grown.
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e. Build pixel history images
Each of the cosmic-ray-masked-and-grown * blv tmp.fits files (SCI, ERR, and DQ arrays, as well as the primary headers) are first read into memory and stored in two-dimensional
numpy arrays. Next, pixels that are flagged in the DQ arrays, i.e. bad detector pixels (flag=4),
saturated pixels (flag=256), pixels with bad flat values (flag=512), sink pixels (flag=1024),
and cosmic rays (flag=8192), are set to a NaN value so that they are ignored during future
analysis. Next, the data from the two UVIS chips are stacked into one two dimensional array
of size 4102 rows by 4096 columns (recall that each UVIS chip is 2051 rows by 4096 columns
in the overscan-trimmed * blv tmp.fits files). Then, the data are split by amplifier as well
as column number, and appended into the corresponding location within the HDF file. As a
result, the HDF file contains pixel history images for each UVIS column, both for SCI data
and for ERR data (as described in chapter 3).
f. Calculate stability ratio and mean SCI values
Now that pixel history images have been created with the values of each UVIS pixel over
an anneal cycle, we construct three other arrays of data to aid in the analysis of stability:
(1) a 4102 x 4096 image that contains the calculated stability ratio for each pixel (hereby
referred to as the stability ratio image), (2) a 4102 x 4096 image that contains the mean
value of the SCI data (hereby referred to as the scimean image), and (3) a 4102 x 4096
image that contains the mean value of the ERR data (hereby reffered to as the errmean
image). To construct the stability ratio and scimean/errmean images, the stability ratio and
mean SCI/ERR value are computed along the x-axis (time axis) of each pixel history image,
and collapsed into a single value for the corresponding pixel. For these three images, only
pixels that are non-NaN (i.e. pixels that were not flagged in the DQ arrays of the input images)
are used in the calculation. The stability ratio, as well as the scimean/errmean images are
further described in chapter 5.
g. Apply the stability threshold
With the stability ratio calculated for each UVIS pixel, one can assess whether a given
pixel is stable or unstable. To determine this, we set a specific ‘stability threshold’ for each
anneal cycle; if the stability ratio for a pixel is equal or greater to this threshold, that pixel
is deemed to be unstable. The stability threshold is defined as the value of stability ratio at
which the stability ratio as a function of percentage of cold & stable pixels (i.e. scimean <
54 e-/hr and F < 2) changes by less than 0.5%. As the threshold is computed from each
anneal cycle’s data, it changes slowly as the detector ages (see Appendix A). Figure 4 shows
results for the 2018-09-03 anneal cycle: the percentage of cold & stable pixels changes by
less than 0.5% at a stability ratio of 3.0. For pixels that have a stability ratio equal or greater
to this threshold, their locations are noted and stored in memory in order to be placed into
a UVIS bad pixel table.
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Fig. 4.—The percentage of pixels in each of the four categories as a function of the applied stability ratio.
The optimal stability ratio is defined as the point at which the percentage of cold & stable pixels changes
by less than 0.5% (3.0 for this anneal cycle).

h. Build bad pixel table
Updated bad pixel tables are constructed by using a copy of the current UVIS bad pixel
table (u5d2012li bpx.fits) as a baseline: it contains known bad detector pixels (DQ flag of
4) and known bad flatfield pixels (DQ flag of 512). Now for each newly-identified unstable
pixel, a new row is appended to the table, marking the pixel location on the appropriate
chip as well as the DQ flag (32). For more information on how the UVIS bad pixel table
is constructed and stored, see the WFC3 Data Handbook (Gennaro et al, 2018; Section
3.2.3). Hot pixel flags (16) will continue to be provided in the DQ extensions of the dark
reference files. The final bad pixel table for the anneal cycle is given a USEAFTER date set
to the beginning of the anneal cycle. That is, the table based on the anneal cycle’s dark is
appropriate for, and applied to, all UVIS science data in that anneal cycle.
i. Verify bad pixel table
To confirm that the locations placed into the UVIS bad pixel table correctly match the
locations of the unstable pixels, we verify the newly-constructed bad pixel table by running
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a test UVIS raw image through the nominal CALWF3 pipeline, setting the BPIXTAB header
keyword to use the newly created table. We then compare the pixels flagged with 32 in
the DQ array to that of the locations of the unstable pixels in the stability ratio image. If
the difference between the two collections are null, the table is delivered to the Calibration
Reference Data System (CRDS), which is described further in Chapter 6.

5. Results
In this chapter, we discuss the results for the classification of pixels into one of the four
categories (cold & stable, cold & unstable, hot & stable, and hot & unstable) described
in Chapter 1. As an example, we use the anneal cycle that began on 2018-09-03, however, it should be noted that each anneal cycle shows similar characteristics to that of the
2018-09-03 anneal cycle. A complete table of results for each anneal cycle is provided in
Appendix A.
Figure 5 shows the mean SCI values for the anneal cycle in units of electrons. Note that
the pixels that are shaded white correspond to pixels whose values were NaN for all input
files (mostly corresponding to permanently bad detector rows and columns, or permanent
sink pixels). Overall, the values are uniformly distributed across the detector. There seems
to be a subtle trend for lower values near the outer corners. This is where the readout
amplifiers are located, so the pattern may be indicative of a Charged Transfer Efficiency
(CTE) effect. Figure 6 shows a similar plot, for the corresponding mean ERR values; the
pattern is consistent with that in Figure 5.
Figure 7 plots the number of NaN values for a given pixel through the anneal cycle,
which contained a total of 89 darks. As expected, pixels that are part of known bad detector
columns and rows or are permanent sink pixels have high NaN counts, while the vast majority
of pixels experience ∼10 or less NaN values (likely due to incident cosmic rays). Similarly,
Figure 8 shows the pixels that contained NaN values for all input files in the anneal cycle
(white).
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Fig. 5.—The mean SCI values for each pixel throughout the 2018-09-03 anneal cycle, in units of electrons.

Fig. 6.—The mean ERR values for each pixel throughout the 2018-09-03 anneal cycle, in units of electrons.
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Fig. 7.—The number of NaN values out of 89 darks experienced by a given pixel throughout the 2018-09-03
anneal cycle.

Fig. 8.—The population of pixels (white) that experienced NaN values in each of the 89 input files throughout
the 2018-09-03 anneal cycle.

12

The stability ratio values for each pixel in the anneal cycle are shown in Figure 9. There
is a clear trend for higher stability ratio values (less stable pixels) to be found near the chip
gap (y ∼2000). We attribute this to CTE degradation. That is, pixels near the chip gap (i.e.
far from the readout amplifiers) will be inherently more noisy due to residual CTE. More
details concerning CTE losses are available in WFC3 ISR 2017-09 (Gosmeyer & Baggett,
2017) and references therein.

Fig. 9.—The calculated stability ratio of each pixel for the 2018-09-03 anneal cycle.

To visualize how each pixel falls into one of the four classifications described in Chapter
1, we plot the stability ratio versus the mean SCI value, shown in Figure 10. Note that we plot
the parameters on a logarithmic scale, both in the plot axes as well as the distribution/density
of values (i.e. the colorbar). The solid blue line represents the calculated stability threshold,
while the solid green line represents the hot pixel threshold of 54 e-/hr (or 13.5 electrons
over the 900s exposure time). We see that the vast majority of pixels (∼90% of the detector)
fall under the cold & stable classification, while the next largest population are hot & stable
pixels (∼7% of the detector). The pixels that are unstable (i.e. above the blue line) make
up only ∼1% of the detector collectively.
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Fig. 10.—The calculated stability ratio versus the mean SCI value for each pixel in the 2018-09-03 anneal
cycle. The solid green vertical line indicates the nominal hot pixel threshold, while the solid blue horizontal
line represents the chosen stability threshold applied for this anneal cycle. The colorbar denotes the density
of the distribution. Note that both axes, as well as the colorbar, are plotted in logarithmic scale. The
color-coded percentages in the upper left correspond to the color coding used in figure 11.
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Figure 11 shows the breakdown of each of four classes of pixels for each anneal cycle
since the November 2012 anneal cycle. To simplify the visualization, the y-axis is a broken
logarithmic axis; the population of cold & stable pixels comprises ∼90% of the distribution.
Note that the unstable populations, both cold and hot, remain fairly consistent from anneal
cycle to anneal cycle, while the population of hot & stable pixels is slowly increasing with
time. This behavior is not unexpected given the number of hot pixels in WFC3/UVIS
increases by ∼0.2-0.5% every year (Bourque & Baggett, 2016).

Fig. 11.—The number of pixels (as a percentage of the detector) in each of the categories for each anneal
cycle since the November 2012 anneal cycle.

Though normally the increasing population of hot & stable pixels would be discarded
in science observations via hot pixel flags in UVIS dark calibration reference files, such
pixels need not be thrown away since they do not vary significantly throughout the anneal
cycle relative to their expected uncertainty (as indicated by their calculated stability ratio).
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In other words, ∼4-7% (depending on epoch) of the detector pixels (or ∼95% of the hot
pixel population) are sufficiently stable to be calibrated in science observations rather than
discarded. Conversely, ∼0.5-0.8% of the detector are cold & unstable and thus untrustworthy
for scientific measurement. The prior bad pixel methodology would have treated the cold
and unstable pixels as nominally ‘good’; such pixels are now flagged and provided in the bad
pixel tables for users to choose whether or not to use them.

6. Updates to Bad Pixel Tables
UVIS bad pixel tables that pass the verification step described in Chapter 4 are delivered
to CRDS. The name of the files (which are effectively a timestamp) are determined using the
CRDS reference file naming convention (described in http://www.stsci.edu/hst/observatory/
crds/file structure.html). WFC3 bad pixel tables have a suffix of * bpx.fits. Moving
forward, future bad pixel table files will become available to the user community within 7-10
days from the conclusion of the anneal cycle. Users can obtain calibrated data with the
new stability flags applied by simply re-retrieving their data from the MAST archive. Users
wishing to manually re-calibrate can obtain the new bad pixel table reference files through
the CRDS website (https://hst-crds.stsci.edu/). For further information on how UVIS bad
pixel tables are applied through the calibration pipeline, see the WFC3 Data Handbook,
Section 3.2.3 (Gennaro et al., 2018).
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Appendix A
The table below summarizes the number of pixels in each of the four categories (as a
percentage of the detector), along with the stability threshold used, for each anneal cycle.
Shading separates results by calendar year. Values for the four categories are given as a
percentage of the detector.
Anneal Date
2012-11-08
2012-12-06
2013-01-01
2013-01-31
2013-02-28
2013-03-26
2013-04-26
2013-05-22
2013-06-20
2013-07-18
2013-08-15
2013-09-12
2013-10-10
2013-11-10
2013-12-04
2014-01-02
2014-01-30
2014-02-26
2014-03-28
2014-04-23
2014-05-20
2014-06-18
2014-07-15
2014-08-13
2014-09-11
2014-10-10
2014-11-05
2014-12-04
2014-12-31
2015-01-29
2015-02-28
2015-03-23
2015-04-22

Stability Threshold
2.1
2.2
2.2
2.3
2.2
2.2
2.2
2.2
2.2
2.2
2.3
2.3
2.3
2.3
2.3
2.4
2.3
2.3
2.4
2.3
2.3
2.3
2.4
2.4
2.4
2.4
2.3
2.4
2.4
2.4
2.5
2.4
2.5

cold & stable
94.53
94.78
94.59
94.72
94.57
94.43
94.35
94.45
94.19
94.36
94.14
93.49
93.98
93.97
93.86
93.52
93.69
93.63
93.49
93.73
93.24
93.58
93.22
93.39
92.43
93.11
93.24
93.05
93.23
93.26
93.38
93.33
93.11
18

hot & stable
3.87
3.65
3.81
3.67
3.84
3.87
4.00
3.89
4.08
3.95
4.15
4.67
4.27
4.34
4.40
4.49
4.33
4.35
4.53
4.28
4.73
4.44
4.75
4.63
5.59
4.88
4.77
4.95
4.81
4.75
4.67
4.69
4.88

cold & unstable
0.47
0.48
0.48
0.45
0.46
0.53
0.50
0.49
0.53
0.50
0.49
0.52
0.52
0.44
0.49
0.52
0.54
0.54
0.53
0.55
0.53
0.53
0.56
0.54
0.52
0.57
0.56
0.56
0.54
0.55
0.53
0.56
0.58

hot & unstable
0.27
0.21
0.26
0.26
0.22
0.28
0.24
0.25
0.26
0.24
0.26
0.26
0.25
0.22
0.24
0.25
0.22
0.26
0.22
0.22
0.26
0.22
0.26
0.23
0.24
0.22
0.22
0.22
0.20
0.22
0.19
0.21
0.21

Anneal Date
2015-05-20
2015-06-20
2015-07-15
2015-08-12
2015-09-08
2015-10-05
2015-11-04
2015-12-02
2015-12-30
2016-01-25
2016-02-22
2016-03-24
2016-04-19
2016-05-21
2016-06-15
2016-07-13
2016-08-12
2016-09-07
2016-10-08
2016-11-05
2016-11-30
2016-12-29
2017-01-23
2017-02-23
2017-03-20
2017-04-19
2017-05-18
2017-06-13
2017-07-14
2017-08-10
2017-09-04
2017-10-04
2017-11-03
2017-11-28
2017-12-26
2018-01-25
2018-02-21
2018-03-24

Stability Threshold
2.4
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.6
2.5
2.6
2.6
2.6
2.6
2.5
2.7
2.6
2.7
2.7
2.6
2.7
2.6
2.7
2.7
2.7
2.8
2.7
2.8
2.8
2.7
2.8
2.8
2.8
2.8
2.8
2.9
2.9

cold & stable
92.95
93.06
93.03
93.18
92.17
93.10
92.90
92.76
92.87
92.95
92.68
92.62
92.38
92.70
92.23
92.44
92.19
92.37
92.41
92.27
92.26
92.27
92.01
91.85
92.01
92.03
91.50
92.11
91.86
92.09
91.72
91.66
91.86
91.48
91.57
91.42
91.34
91.50

19

hot & stable
5.03
5.01
4.98
4.87
5.82
4.94
5.10
5.24
5.15
5.05
5.31
5.34
5.59
5.33
5.60
5.52
5.79
5.57
5.60
5.74
5.69
5.71
5.93
6.10
5.92
5.95
6.45
5.82
6.08
5.90
6.19
6.24
6.13
6.43
6.35
6.50
6.57
6.46

cold & unstable
0.58
0.51
0.57
0.54
0.57
0.54
0.56
0.57
0.56
0.59
0.58
0.61
0.60
0.56
0.64
0.60
0.59
0.63
0.57
0.55
0.61
0.58
0.62
0.61
0.64
0.58
0.61
0.62
0.62
0.59
0.65
0.66
0.57
0.65
0.64
0.63
0.64
0.60

hot & unstable
0.23
0.20
0.21
0.20
0.23
0.20
0.22
0.21
0.20
0.21
0.22
0.22
0.23
0.20
0.23
0.23
0.22
0.23
0.21
0.21
0.23
0.22
0.24
0.23
0.24
0.23
0.23
0.25
0.24
0.21
0.25
0.24
0.21
0.25
0.25
0.24
0.26
0.23

Anneal Date
2018-04-20
2018-05-19
2018-06-12
2018-07-13
2018-08-06
2018-09-03
2018-10-01

Stability Threshold
2.9
2.9
2.9
2.9
2.9
3.0
3.2

cold & stable
91.26
91.05
91.21
91.25
91.23
90.81
90.98

20

hot & stable
6.64
6.90
6.64
6.67
6.70
7.10
6.97

cold & unstable
0.65
0.59
0.69
0.63
0.62
0.63
0.49

hot & unstable
0.26
0.23
0.27
0.23
0.25
0.25
0.27

