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ABSTRACT

An analysis of WFPC2 observations of Omega Cen and NGC 2419 leads to the following
results.
1. The correction formula developed by Whitmore, Heyer, and Casertano (1999; hereafter
WHC99) does a reasonable job of correcting for CTE loss down to extremely low count
levels (i.e., so faint you cannot actually see the object but only know of its existence from
longer exposures). There is no sharp cutoff to the detection threshold for very faint stars.
2. A comparison of the WHC99 formula with the Dolphin (2000b; hereafter D00) formula
shows reasonable agreement for bright and moderately bright stars, with the D00 formula
giving better results. However, at very faint levels, the D00 formula overestimates, and the
WHC99 formula underestimates, the correction by tens of percent. Our current recom-
mendation is to use the D00 formula for CTE loss correction.
3. A reexamination of the long-vs-short nonlinearity shows that the effect is very small (a
few percent) or nonexistent for uncrowded fields, with less than ~ 1000 stars per chip.
However, for crowded fields, with ~ 10,000 stars per chip, apparent nonlinearities of tens
of percent are possible. The most likely explanation is that this is due to an overestimate of
the sky measurement in the short exposure, which is probably due to the presence of scat-
tered light around bright stars and the subsequent improvement in CTE loss in these
regions. No correction formula has been derived in the current study since the effect is
dependent on the analysis parameters (aperture size)  and probably also on the photome-
try package (psf-fitting, aperture photometry, ...).
4. Preflashing may be a useful method of reducing the effects of CTE loss for certain
observations (moderately bright objects on very faint backgrounds), but the effects of
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added noise and longer overheads limit its effectiveness.
5. The detection thresholds for typical broad band observations have been reduced by ~
0.1 - 0.2 mag in the ~7 years since WFPC2 was launched. For worst-case observations
(F336W) the effect is currently ~ 0.4 magnitudes.

1.0 Introduction

The Charge Transfer Efficiency (CTE) of the WFPC2 is declining with time, as first
shown by Whitmore (1998). By February 1999, for worst case observations (very faint
objects on very faint backgrounds) the effect of CTE loss from the top of the chip had
reached levels of ~ 40 % (Whitmore, Heyer, Casertano 1999; hereafter WHC99). For more
typical observations, CTE loss was 5 - 6 % by this date. See Heyer (2001) for the most
recent CTE monitoring analysis. Formulae have been derived by various groups to attempt
to correct for the effects of CTE loss (WHC99; Saha, Lambert & Prosser 2000; Dolphin
2000b, hereafter D00).  Various techniques are currently being studied to minimize the
effect of CTE loss on new HST instruments (ACS and WFC3 will include a preflash
capability).

The primary goals of the current study are to use CTE monitoring observations to
explore a variety of key points related to the CTE problem on WFPC2.

These are:

1. Determine CTE loss for extremely faint sources, in order to assess if the faintest
objects completely disappear or just become progressively fainter, as predicted by
the formulae.

2. Compare the WHC99 correction formulae with the D00 correction formulae.

3. Reexamine the long-vs-short problem, as discussed by Casertano & Mutchler
(1998).

4. Examine under what circumstances it might be beneficial to preflash.

5. Estimate the loss in detection threshold as a function of time.

2.0 Observations and Reductions

The first dataset that will be examined is from calibration proposal 8447, taken on
August 17, 2000. The observations use a variety of datasets of Omega Cen in F439W (80
sec), F555W (2 sec, 16 sec), and F814W (14 sec, 100 sec) with a variety of preflash values
(0, 20, 50, 200, and 1000 electrons), with the target field centered first on WF2 and then on
WF4. The analysis of this dataset for the purpose of routine monitoring of the CTE is
reported in Heyer (2001). In the current Instrument Science Report we will examine only
the F814W, 14 sec and 100 sec exposures on the WF2 chip using a gain of 15. The basic
strategy will be to identify the stars in the 100 sec exposure and then measure the flux at
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the same location in the 14 sec exposure, even though the star may not be visible. This
allows us to measure CTE loss at very low levels. As in past studies in this series
(WHC99), the radii for object/inner-sky/outer-sky apertures will be 2/5/10 pixels, and the
phot routine in the daophot package will be utilized.

Unlike our previous work, where we made differential measurements of the same stars
observed on the WF2 and WF4 (since the field is rotated 180 degrees on the two chips), in
the current section we compare observations on the WF2 only (i.e., in identical positions),
but with different exposure times (14 and 100 sec). The shorter exposures have lower
background and lower signal, both contributing to a larger degree of CTE loss. We note
that WHC99 found that CTE was the same on all three WF chips, within the noise of ~1%.
Analysis and interpretation of this dataset is discussed in Section 3.1.

The second dataset that will be examined is from calibration proposal 7630. This con-
sists of observations of NGC 2419 on November 18, 1997, using a wide range of exposure
times (10, 40, 100, 300, 1000 sec) and preflash values (0, 10, 100 electrons), with a gain of
7, and was primarily taken in order to examine the so-called long-vs-short problem (see
Casertano and Mutchler 1998 for details). Analysis of this dataset will be discussed in
Section 3.2. Section 3.3 will examine the visit 3 data for the NGC2419 dataset to deter-
mine if field overcrowding might be a problem.

3.0 Analysis

3.1 CTE at Extremely Low Light Levels, and a Comparison of the WHC99 and D00
CTE Correction Formulae

Some recent discussions of the effects of CTE loss suggested that the charge packets
from very faint sources would be completely eliminated as the signal was read out, down
to a value that represented some threshold (i.e., the number of available traps in the pixels
below the object). This assumes that traps are 100 % effective whenever charge is read out
(i.e., if there are 100 traps below a signal, then any target fainter than 100 electrons would
be eliminated).  However, the WHC99 and D00 formulae have a more gradual decline
with signal (proportional to Log(Counts) for WHC99 and e**[-Ln(Counts)] for D00), sug-
gesting a more statistical removal of charge. While the effects on the detection threshold
will be severe in either case, the complete removal of charge would be especially serious if
a sharp threshold exists.

Dolphin (2000b) examines CTE loss by comparing WFPC2 observations with ground
based observations of Omega Centauri and NGC 2419, using a baseline through March
2000, roughly a year longer than available for an earlier study by WHC99. In general, D00
finds good agreement with the WHC99 results, and the longer baseline and more extensive
data set used by D00 result in less scatter in the residuals. In particular, D00 finds similar
corrections to within a few hundredths of a magnitude in all cases except for recent (1998
3



Instrument Science Report WFPC2 2002-03
and later) data with low counts. In these cases the Dolphin corrections are larger than the
WHC99 corrections.

Figure 1 shows an image of the 100 sec Omega Cen observation on WF2 (~600 stars
above ~10 DN with a background of ~0.6 DN at gain =15).

Figure 1: WF2 image of the 100 sec Omega Cen Observation (F814W at gain=15, ~600
stars above ~10 DN with a background of ~0.6 DN).

Figure 2 shows four plots of the Throughput Ratio (defined as the ratio between the
counts in the 14 sec exposure to the counts in the 100 sec exposure) vs. Log(Counts) (in
DN for the long exposure; multiply by 15 to approximately convert to electrons) in four
different Y bands. While the stars near the bottom of the chip (Y < 200 pixels) are close to
the theoretical value of 0.14, those near the top of the chip (600 < Y < 800) show system-
atically lower values of the Throughput Ratio, due to CTE loss. We note that the
agreement between the observed and theoretical values for the Y < 200 pixels suggests
that the long-vs-short problem is negligible in this dataset. More about this topic in Sec-
tion 3.2.
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Figure 2: The Throughput Ratio (the ratio of the counts in the 14 sec exposure to the
counts in the 100 sec exposure) vs. Log(Counts) (in DN for the 100 sec exposure, multiply
the counts by 15 to approximately convert to electrons) for four Y-bands on WF2. Note
that near the bottom of the chip (Y < 200), the observed values are near the theoretical
value of 0.14, but near the top of the chip (600 < Y < 800) the observed ratios are smaller
due to the higher levels of CTE loss suffered by the 14 sec exposure.

Figure 3 and Figure 4 show the same plots after corrections have been made using first
the WHC99 formula and then the D00 formula. We note that throughput ratio values
below 0 are lost in these diagrams, since the correction formulas do not work for negative
counts. However, this affects our subsequent analysis by only a few percent for the faintest
stars. While the WHC99 corrected data are now in much better agreement with the theo-
retical value, we find that the formula overcorrects slightly for signals greater than 1000
DN (15,000 electrons) in the 100 sec exposure (~140 DN or ~2000 electrons in the 14 sec
exposure), and undercorrects somewhat for fainter signals.  This is similar to the result
reported in D00.

The Dolphin correction does better over most of the range, but overcorrects for objects
fainter than 100 DN (1500 electrons) in the 100 sec exposure (~14 DN or ~ 200 electrons
in the 14 sec exposure).  This is presumably because D00 was not able to constrain this
part of the parameter space since he used ground-based observations for the comparison,
which limits the sample to brighter stars.
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Figure 3: Same as Figure 2 but using the WHC99 formula to correct for CTE loss. While
there is a clear improvement from Figure 2, note that the formula overcorrects slightly for
very bright stars and undercorrects moderately for faint stars.

Figure 4: Same as Figure 2 but using the D00 formula to correct for CTE loss. The bright
stars are now in very good agreement with the theoretical prediction, but there is a ten-
dency for the faint stars to be overcorrected.
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Figure 5: The ratio of counts from a 14 sec exposure of Omega Cen in August, 2000 to the counts
in a 100 sec exposure, vs. the Y position on the chip (WF2 in this case with gain=15). The raw val-
ues (filled circles) fall below a ratio of 0.14 due to CTE loss. The different panels are for different
target brightness, as described by the labels. (Note: The selection is on the 100 sec exposure, the
approximate equivalent counts for the short exposure are also indicated but are not used in the
selection.) The filled squares show the values corrected using the WHC99 formula while the filled
triangles show the values corrected using the Dolphin formula. The open triangles show the latest
formula from Dolphin’s web page (July 2001, private communication, http://www.noao.edu/staff/
dolphin/wfpc2_calib/). Note that the Dolphin formula is somewhat better for the top four panels,
but is worse for the faintest stars in the bottom panel. The Y values have been offset slightly to
keep the points from falling on top of each other. The dotted line is a fit to the uncorrected data.
The fact that an extrapolation of the raw data (the dotted line) to the theoretical value of 0.14 at
y=0 indicates that the long-vs-short anomaly is negligible in this dataset.
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Figure 6: The ratio of counts between a 14 sec and 100 sec exposure for stars in Omega
Cen vs. the Y position for stars on all three WF chips. The raw values (filled circles) fall
below a ratio of 0.14 due to CTE loss. The different panels are for different target bright-
ness, as selected on the 100 sec exposure and described by the labels. The filled squares
show the values corrected using the Whitmore, Heyer & Casertano (1998) formula while
the filled triangles show the values corrected using the Dolphin (2001) formula. Note that
neither of the two correction formulae is very good for the faintest stars (~5 DN on the
short exposure). Also note that the extrapolation of the raw data to Y=0 (the sloped line) is
consistent with the predicted value of the throughput ratio based on the exposure times,
hence the long-vs-short anomaly is not a problem for this data set (from Dolphin 2002).

Figure 5 shows another representation of these results. The ratios of the means of the
14 and 100 sec exposures are shown for the four Y-ranges as a function of target bright-
ness.  The same trends discussed above can be more clearly seen in this diagram, in
particular the overcorrection by the D00 formula (by up to 50%) for the faintest stars. We
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note that an extrapolation of the raw values to Y=0 is again consistent with the theoretical
value of 0.14, hence requiring little or no long-vs-short correction for this dataset.

A few comments are in order concerning some key points of the analysis and some of
the checks that were made for the analysis shown in Figure 5. Fainter stars are essentially
invisible on the 14 sec exposure. Hence, it is important to set the centering algorithm to
"none" in the apphot task for the 14 sec exposure and to rely on the much better deter-
mined positions from the 100 sec exposure (after making a check that showed that the
positions for bright stars were the same to a few hundredths of a pixel). Failure to do this
in the initial runs resulted in significant overestimates (by ~ 10 - 20%) of the Throughput
Ratio for stars with ~ 5 DN on the short exposure, since the centering algorithm centers on
the highest noise spike in lieu of a brighter signal from the target, and hence tends to over-
estimate the flux from the very faint stars.

A curious result from Figure 5 is the fact that it implies less CTE loss for the faintest
stars, shown in the bottom panel, when compared to the slightly brighter stars in the panel
just above the bottom panel (i.e., the slope of the fit becomes shallower). This seems
unlikely, and casts doubt on the reliability of the measurements at these extremely faint
levels. In addition, in the next section we will find that a higher S/N dataset (Figure 13)
does not show a reversal.

In order to check this result more fully, Andrew Dolphin kindly repeated the analysis
using his HSTPHOT photometry package (Dolphin 2000a), comparing the HST observa-
tions with ground-based data, and including data from all three WF chips in order to boost
the S/N. His results are shown in Figure 6. We note that the bottom panel only includes
data down to 30 - 50 DN (for the 100 s exposure) rather than the 20 - 50 used in Figure 5.
We find very good agreement between Figure 5 and Figure 6 for the top 4 panels, but the
bottom panel in Figure 6 shows a steeper slope, and no reversal of the CTE loss for the
faintest stars. We consider Figure 6 the more reliable of the two results, primarily due to
the higher S/N. However, we note that neither the WHC99 nor the D00 formulae provide
very good fits to the data for extremely faint stars. This is not too surprising since in both
cases the formulae were determined using brighter stars, and extrapolated to extremely
faint limits (the stars generally cannot even be seen on the short exposure) which are atyp-
ical of nearly all science observations. Hence, we conclude that overall, the D00 formulae
provide better CTE corrections, although caution is required when using the formula for
extremely faint stars (below 100 electrons, which is equal to 7 DN using a gain of 15, or
14 DN when using a gain of 7). We again note that an extrapolation of the raw data to Y=0
in Figure 6 indicates negligible short-vs-long nonlinearity.

The sensitivity to incorrect sky measurements was also explored, as shown in Figure 7.
The mean sky value for the 14 sec exposures using the "centroid" option in the apphot
task and a 5 to 10 pixel aperture was 0.088 DN. Figure 7 shows the effects if constant sky
values of 0.038, 0.088, and 0.138 DN are used for the sky values. The different sky values
have essentially no effect for the top three panels, but moderate to severe effects for the
bottom two panels. This will be relevant to our discussion in Section 3.3.
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Figure 7: Same as Figure 5 except using constant values of 0.038, 0.088, and 0.138 DN
for the sky, rather than measuring the sky in an annulus with radius 5 - 10 pixels. The dot-
ted line shows the fit from Figure 5.
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Figure 8: Same as Figure 5, except using an offset of 10 pixels in the X location of the 14
sec exposures in order to do a null test. As expected, the values of the Throughput Ratios
are now very near zero (note the much smaller scale than used for Figure 5 and Figure 6).
The open circles show the results using both an offset and a constant value for the sky of
0.088 DN. See text for discussion.
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Another test of the reliability of our analysis techniques was performed by adding an
offset of 10 pixels to the X location of the stars in the 14 sec exposure. This should nearly
always end up on a region of blank sky, hence the result should be a Throughput Ratio
very near zero. Figure 8 shows that this is indeed the case (note the much smaller scale on
the Y-axis), with most of the values near zero or slightly above zero (a few offset positions
may actually fall on or near another star). The open circles show the results using the same
10 pixel offset, but a constant sky value of 0.088 DN. This test was inserted to determine if
the sky value using the centroid resulted in any systematic differences (e.g., the quantized
nature of the counts can result in some bizarre behavior when using medians). We see no
systematic differences.

Figure 9: 1000 sec exposure of NGC 2419 on the WF4 chip (~800 stars above ~60 DN
with a background of ~10 DN, gain=7).
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Figure 10: 1000 sec exposure of NGC 2419 on the WF2 chip (~7000 stars above ~60 DN
with a background of ~30 DN, gain=7).

3.2 A Reexamination of the Long-vs-Short Problem (NGC 2419 - uncrowded field)
Suggestions of a long-vs-short nonlinearity between short and long exposures was first

discussed by Stetson (1995), and then examined in more detail by Kelson et al. (1996),
Saha et al. (1996), and Casertano and Mutchler (1998). More recent studies, however,
have found less evidence for the existence of the "long-vs-short" problem (Dolphin
2000b). Dolphin (2000b) suggest that the apparent long-vs-short anomaly may be caused
by overestimating the value of the sky by a few electrons in the shorter exposure.

The dataset examined in Section 3.1 showed essentially no evidence of the long-vs-
short problem, with the extrapolated value of the threshold at Y=0 using the raw data (i.e.,
the value with no CTE loss) equal to the theoretical value of 0.14. In this section we will
repeat the analysis of Section 3.1 using the 1997 dataset from proposal 7619, as used in
the Casertano and Mutchler (1998) study. The target is the globular cluster NGC 2419,
13



Instrument Science Report WFPC2 2002-03
which is centered on the WF2. The stars on WF4 are much less densely packed, so we
begin on this chip, but we note that Casertano and Mutchler used WF2. Figure 9 and
Figure 10 show the WF4 (~800 stars) and WF2 (~7000 stars) chips, respectively. We will
revisit this point at the end of this section.

We first develop a master list of 826 stars from chip number 4 (WF4) by comparing the
1000 sec no-preflash exposure with the 1000 sec exposure with a 100 electron preflash.
This rather convoluted technique is required to remove cosmic rays, since only one expo-
sure was taken for each exposure time. The positions and photometry from the no-preflash
exposure are used for the later comparisons.

We start by examining the less crowded chip, WF4. Figure 11, Figure 12, Figure 13,
and Figure 14 show the results for the comparison between the 1000 sec exposure and the
100 sec, 40 sec (the two exposures considered separately), 40 sec combined image (13
exposures from the noiseless preflash test), and 10 sec exposures. In general, the results
show evidence for small amounts of long-vs-short nonlinearity (i.e., the extrapolation to
y=0 is below the theoretical values, see dotted line in Figure 11), with the only exception
being the faintest bin for the 10 sec exposure, which has the largest error bars, and hence is
highly uncertain.

The uncertainties for the 40 sec combined exposure (Figure 13) are much smaller than
for the other datasets, as expected. The apparent long-vs-short nonlinearity ranges from
2% to 8% in this diagram.

Hence, we find that typical values of the long-vs-short nonlinearity are a few percent
for stars in the range 20 - 400 DN (150 - 3000 electrons), similar to the results of Stetson
(1995), Kelson et al. (1996) and Saha (1996). We do not find the larger values (tens of per-
cent) predicted by the Casertano and Mutchler formula (1998), which are shown by the
arrows on Figure 13. One possible reason is that they made their measurements on WF2,
where the density of stars is much higher (i.e., the image is confusion limited with ~7000
stars, see Figure 10). We have, therefore, repeated the analysis for the 13 x 40 sec com-
bined exposure on WF2.

3.3 A Reexamination of the Long-vs-Short Problem (NGC 2419 - crowded field)
Figure 15 shows the result for the very crowded WF2 field (see Figure 10). The circles

show the results for the full chip. The squares show the results for the regions at the edges
of the chip, from Y = 70 -170 and Y = 670 - 770 (in an attempt to see if the severe crowd-
ing in the center of the chip causes problems). The filled symbols are the raw values while
the open symbols are corrected for CTE using the WHC99 formula. The dotted line is the
fit from the uncrowded WF4 shown in Figure 13 for comparison. We find that the results
for the very crowded WF2 data trace the uncrowded WF4 quite well for relatively high
counts, but at low counts they begin to deviate quite dramatically. Even though the appar-
ent long-vs-short nonlinearities for the crowded WF2 data are larger than for the WF4
(especially at low counts), the values appear to be significantly lower than the Casertano &
Mutchler formula (1998) would predict (see the arrows in Figure 15).
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Figure 11: The ratio of counts from a 100 sec exposure of NGC 2419 in November, 1997
to the counts in a 1000 sec exposure, vs. the Y position on the chip (WF4 with gain=7).
The raw values (filled circles) fall below a ratio of 0.10 due to CTE loss. The different pan-
els are for different target brightness, as described by the labels. The filled squares show
the values corrected using the WHC99 formula while the filled triangles show the values
corrected using the D00 formula. The dotted line is a best fit to the uncorrected data. The
fact that an extrapolation to y=0 falls below the theoretical value of 0.1 suggests that there
is a small long-vs-short problem with the NGC 2419 dataset.
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Figure 12: Same as Figure 11 but for two separate 40 sec (U4CT0106R, filled symbols,
and U4CT010EM, open symbols) exposures. The circles are for the raw values, while the
squares are corrected using the WHC99 formula. The two lines show the fits to the raw
data.
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Figure 13: Same as Figure 11 but for 13 combined 40 sec (U4CT04* exposures). The
arrows show the predictions based on the Casertano and Mutchler formula (1998) for the
apparent long-vs-short nonlinearity. The filled circle is for the raw data, while the open
circle is corrected using the WHC99 formula. The line is a fit to the raw data.
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Figure 14: Same as Figure 11 but for the 10 sec exposure. Note the much larger error bars
for this comparison.
18



Instrument Science Report WFPC2 2002-03
Figure 15: Same as Figure 13 but for the very crowded WF2 field. The circles show the
results for the full chip, the squares show the results for the regions from Y = 70 -170 and
Y = 670 - 770. The filled symbols are the raw values while the open symbols are corrected
for CTE using the WHC99 formula. The dotted line is the fit from the uncrowded WF4
from Figure 13 for comparison.
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These results suggest that the large apparent values of the long-vs-short nonlinearities
seen by Casertano and Mutchler (1998) may be due to the very crowded field on WF2.

3.4 Is the Long-vs-Short Anomaly Dependent on the Chip?
Another test that we performed was to analyze the 300 vs. 40 sec observations from

visit 3 of the NGC 2419 dataset from proposal 7630, which had the cluster centered in
WF4 instead of WF2. This allows us to determine whether the problem is due to crowding,
or due to differences between the two chips.

These observations were taken with no preflash, a ~100 electron preflash, and a ~1000
preflash. This provides another test of how well the preflash removes the CTE problem,
and/or the long-vs-short problem.

Figure 16, Figure 17, and Figure 18 show the results for WF4, which is now centered
on the cluster and is confusion limited. Figure 16, showing the no-preflash data, looks very
similar to the equivalent figure when the cluster was centered on WF2.

Figure 16: The ratio of counts from a 40 sec exposure of NGC 2419 in November, 1997 to
the counts in a 300 sec exposure vs. Log(Counts) for stars on WF4 for visit 3 (with the
cluster centered on WF4, hence a very crowded field) using no preflash.
20
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Figure 17 shows the same diagram when a ~100 electron preflash is applied. This
removes most, but not all of the CTE effect (e.g., the bright stars are still slightly below the
theoretical value in the 600 < Y < 800 plot), and increases the scatter somewhat.

Figure 17: Same as Figure 16 but with a ~100 sec preflash.

Figure 18 shows the results with a preflash of ~1000 electrons. This also appears to
remove most of the CTE effect (e.g., the bright stars are centered on the theoretical value
for all Y ranges), but adds considerable scatter compared to the no-preflash or ~100 pre-
flash data. Also note that the values around Log(Counts) = 3 (i.e., where the S/N is still
good enough to see trends) are well below the theoretical value, especially in the range
200 < Y < 600, which is the most crowded part of the chip. This again suggests that most
of the very large values of long-vs-short degradation may be due to difficulties measuring
faint stars in crowded fields, even when CTE has been eliminated by a large preflash.

Figure 19 and Figure 20 show mean values for the no-preflash (circles), ~100 preflash
(squares), and ~1000 preflash (triangles) data for the WF4 (crowded) and WF3
(uncrowded) data, respectively. The uncrowded WF2 data looks very similar to the
uncrowded WF3 data, only noisier due to fewer stars, and hence is not shown. The solid
symbols are for the raw values while the open symbols are corrected for CTE using
WHC99.
21
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Figure 18: Same as Figure 16 but with a ~1000 sec preflash.

The uncrowded WF3 and WF2 data show little or no evidence of a long-vs-short non-
linearity (Figure 20), similar to the results in Section 3.1. Note that the scatter is larger
than for earlier diagrams such as Figure 15 due to the shorter exposure time for the refer-
ence data set (300 sec instead of 1000 sec) and the use of only one instead of 13 short
exposures.

The WF4 data in Figure 19 look very similar to Figure 15, suggesting that the degrada-
tion for faint stars is due to crowding, rather than differences in the properties of the two
chips. Also note that the 100 electron preflash is roughly as effective as the 1000 electron
preflash in removing CTE loss, but introduces much less scatter. It is also interesting to
note that the no-preflash data corrected for CTE loss using the WHC99 formula (the open
circles) are reasonably compatible with the raw and corrected preflash data, indicating that
both methods can remove the effects of CTE loss. The only clear exception appears to be
that the WHC99 formula slightly overcorrects for the brightest stars, as discussed in Sec-
tion 3.1 above. The remaining difference from the theorectical value for the CTE corrected
and preflashed data probably represent any remaining long-vs-short effect and/or difficulty
in measuring faint stars in crowded fields.
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Figure 19: The ratio of counts from a 40 sec exposure of NGC 2419 in November, 1997
(visit 3) to the counts in a 300 sec exposure, vs. the Y position on WF4 (very crowded).
The data with no preflash is shown by circles, ~100 preflash by squares, and ~1000 pre-
flash by triangles. The filled symbols are for the raw data while the open symbols are for
data corrected for CTE loss using WHC99. The dotted line is fit to the raw, no-preflash
data (the solid circles).
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Figure 20: Same as Figure 19 for stars on WF3 (uncrowded).
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Figure 21: Results for visit 3 on WF3 (uncrowded) for the NGC 2419 data. The filled cir-
cles show the original values for a 2-pixel radius aperture while the open circles show the
results using a 1-pixel aperture. The dashed line shows the fit to the 1-pixel aperture data,
while the dotted line shows the fit to the 2-pixel aperture data.
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Figure 22: Same as Figure 21 for WF4 (crowded).
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3.5 Is the Long-vs-Short Anomaly Dependent on Aperture Size?
Another method to minimize the effects of crowding is to use a very small aperture, so

that the sky background correction becomes negligible. This is not generally recom-
mended since it  increases the uncertainty in the total magnitude because the aperture
correction becomes enormous. Figure 21 and Figure 22 show the results for visit 3 using
an aperture with a 1-pixel radius. The filled circles show the original values for a 2-pixel
radius aperture while the open circles show the results using a 1-pixel aperture. The
dashed line shows the fit to the 1-pixel aperture data, while the dotted line shows the fit to
the 2-pixel aperture data. The figures show that the smaller apertures have reduced the
long-vs-short problem; with values of 2 +/- 1 % for the uncrowded W3 and 4 +/- 1 % for
the more crowded W4. This suggests that the long-vs-short anomaly is a function of both
the crowding, and the specific reduction parameters (aperture size) that an observer uses. It
also suggests that the primary cause of the anomaly is an overestimate of the sky back-
ground in the shorter exposure. We note that the experiment of using various sky levels in
Section 3.1 (i.e. shown in Figure 7) supports this interpretation, since the case where the
sky is overestimated (“sky=0.138 DN” which overestimates the sky by 0.05 DN or 0.75
electrons) looks similar to Figure 15 and Figure 19.

3.6 A Reanalysis of Part of the Casertano and Mutchler (1998) Study
While the results from Sections 3.3 through 3.5 show evidence of a long-vs-short non-

linearity for very crowded fields, the amount is generally 1/3 to 1/2 the amount predicted
by the Casertano and Mutchler (1998) formula. In this section we reexamine the most
extreme case, the 1000 sec vs. 10 sec observation of NGC 2419, to see if we can under-
stand the difference. In general, the two analyses were quite similar; the primary
difference being that we used the "centroid" option to determine the sky background in
this paper, while Casertano and Mutchler used the "ofilter" option recommended by Fer-
guson (1996). We have verified that this difference does not change the effects reported in
this section. Another small difference is that we used 2/5/10 for the radii for object/inner-
sky/outer-sky while Casertano and Mutchler used 2/7/12. We adopted the Casertano and
Mutchler list of objects, and their coordinates, and then redid the photometry using our
setup. This provides a check on whether differences in analysis parameters are the main
reasons for the difference, or a difference in the selection of the objects.
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Figure 23: Comparison of the 1000 sec and 10 sec observations of NGC 2419 with the
Casertano and Mutchler (1998) formula. Filled circles are for raw values, while open sym-
bols are corrected for CTE loss using the WHC99 formula.
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Figure 23 shows the results of our comparison. For the bright and very bright stars we
find results similar to those in Sections 3.3 to 3.5, with the  formula overestimating the
long-vs-short nonlinearity by a factor of ~1/2. For the faintest stars we find roughly the
same degree of the anomaly as predicted by the Casertano and Mutchler formula for the
uncorrected data, but again substantially less for the CTE corrected values (open sym-
bols), which is the more relevant comparison since Casertano and Mutchler corrected for
CTE.

As part of the current study, Stefano Casertano (2002) has kindly reanalysed their data
and finds essentially the same result. Hence, we both find that large values of a short-vs-
long anomaly are possible for very faint stars on very crowded fields. However, it also
appears that the Casertano and Mutchler formula was tuned to fit the worst cases, and
hence overestimates the values for more typical cases.

3.7 Other Possible Causes of the Long-vs-Short Anomaly?
In Sections 3.1 and 3.2 we find that the long-vs-short anomaly is very small or non-

existant for relatively uncrowded fields (less than ~1000 stars per chip). However, in Sec-
tions 3.3 through 3.6 we find evidence for varying levels of a long-vs-short nonlinearity,
apparently associated with very crowded fields and the subsequent difficulty of accurately
estimating the sky background. It is also possible that other factors may affect our analy-
sis. Before we take a more careful look at the measurements of sky in Section 3.8, we first
discuss other possible causes of the long-vs-short anomaly.

Systematic errors in centering the stars on the two exposures could, in principle, cause
part of the effect. A bias which maximizes the counts in the longer exposures is introduced
by the fact that the positions are determined from the longer exposures. If there is a sys-
tematic offset of the short image with respect to the long exposure this would lead to a
degradation in the counts which might mimic the short-vs-long effect. However, an exam-
ination of the positions of the brighter stars shows that no offsets greater than 0.07 pixels
are present, with the exception of the 13 x 40 sec exposures, which are offset by 2.72 pix-
els in Y. The positions for the 13 x 40 sec exposures were corrected for this offset, hence
should be in good alignment with the 1000 sec exposure. In addition, comparing the 13
individual 40 sec exposures shows a maximum deviation of 0.03 pixels. We conclude that
miscentering problems at this level could only cause a very small portion of the problem.

Another possible systematic effect might be introduced by focus degradation due to
"breathing," which operates on an orbital time scale. However, it seems unlikely that this
is an important factor since we (and others) never find that the short exposure is too bright,
which might be expected in roughly fifty percent of the cases if the exposures are sched-
uled randomly with respect to the breathing.

3.8 Is the Long-vs-Short Anomaly Caused by the Sky or Object Measurement?
Previous sections have suggested that the long-vs-short anomaly may be caused by diffi-
culties in measuring the sky on very crowded images. We can address this question by
separating the measurement of the local sky and the measurement of the object.
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Figure 24: The ratios of the counts in the 10 sec exposure to the counts in the 1000 sec
exposure for the crowded NGC2419 field. The top panel shows the ratios in the object
apertures using a constant sky value of 0.30 DN for the short exposure and 30 DN for the
long exposure. The bottom panel shows the ratio for the local sky measurements. The sky
ratio is well above the predicted value of 0.01, demonstrating that the long-vs-short effect
is caused by the sky measurements rather than the object measurement. See text for
details. The dashed line shows a least squares fit for the object ratio data.
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The top panel in Figure 24 shows the ratio of the counts in the object aperture of the 10 sec
exposure to the counts in the 1000 sec exposure, after subtracting constant values of the
sky equal to 30 DN for the long exposure and 0.30 DN for the short exposure. The dashed
line shows the linear fit to the data. The measured slope is consistent with the normal CTE
effect. The intercept at Y= 0 is 0.00985 +/- 0.00012, very near the theoretical value of
0.01. Hence, there appears to be little or no long-vs-short problem for the ratio of the
object observations. However, the ratio of the local sky values (as measured in an annulus
between 5 and 10 pixels) shows a obvious tendency to be above the theoretical value of
0.01, with a median value of 0.0135. This appears to be the cause of the long-vs-short
anomaly in this data set; the sky values in the 10 sec exposure appears to be overestimated
by about 35 %, relative to the predicted value based on the sky measurement of the 1000
sec exposure.

Is this enough to produce the effects seen in Figure 23? We can make a crude estimate
as follows. The median sky for the 1000 sec exposure is ~32 DN. This would predict a
median sky value of 0.32 DN in the 10 sec exposure. However, the measured value is
~0.45 DN. Hence, the short exposure appears to be 0.13 DN too high. The area of the
object aperture is 3.14 x 2**2 = 12.6 pixels, hence we are oversubtracting the sky by 0.13
x 12.6 = 1.6 DN. The median counts in the object aperture for the long exposure for the
stars in the range 200-500 DN is 422 DN. Hence the predicted value for the 10 sec expo-
sure is 4.22 DN. The oversubtraction of 1.6 DN would result in a throughput ratio of (4.22
- 1.6)/422 = 0.0062, in fairly good agreement with both the Casertano and Mutchler for-
mula and the uncorrected data in the bottom panel of Figure 23 for y = 0. Doing the same
calculation for the other panels in Figure 23 results in estimates of 0.0084 for the through-
put ratio in the middle panel, and 0.0095 in the upper panel, in fairly good agreement with
the observations, but higher than the Casertano and Mutchler formula. We note that the
0.13 DN excess in the sky estimate for the short exposure is equal to ~ 1 electron (gain =
7), only slightly less than the amount that Dolphin (2000b) suggested would be needed to
explain the long-vs-short anomaly.

The remaining question is why the sky is overestimated in the short exposure. A re-
analysis of the Omega Cen dataset shown in Figure 5, using the same technique as
described above, provides a clue. Figure 25 shows the figure corresponding to Figure 24
for the Omega Cen data. We first note that the object ratio has a value of 0.1419 +/- 0.0039
at Y=0, in good agreement with the predicted value of 0.14, again showing no evidence for
a long-vs-short problem in the object measurements. In addition, the median value of the
sky ratio is 0.127, slightly below the predicted value. Hence, there should be no strong
long-vs-short anomaly in this data, in agreement with what we found in Figure 5. How-
ever, note that the sky ratio appears to be significantly higher in the region from Y = 340 -
520. A look at Figure 1 shows that there are several bright stars in this range. Could scat-
tered light from these stars be causing the problem? Figure 26 shows the Omega Cen
image with the stars above the predicted value of 0.14 as squares and the stars below the
predicted value as circles. We note that at and around the location of the bright stars all of
the symbols are squares.
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Figure 25: Same as Figure 24 except for the uncrowded Omega Cen observations used for
Figure 5. Note that in this case the median value for the sky ratio is in fair agreement with
the predicted value. However, values of the sky ratio in the range Y = 300 - 520 appear to
be systematically high.
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Figure 26: A portion of the Omega Cen image on WF2 where the stars with values of the
sky ratio > 0.14 from Figure 25 are shown as squares and values < 0.14 are shown as cir-
cles in the range Y = 300 - 520. Note that most of the stars near the very bright stars have
sky ratio values > 0.14. This suggests that the long-vs-short anomaly is due to the presence
of scattered light from bright stars affecting the sky background measurements on the
short exposures. See text for details.

Figure 27 quantifies the effect shown in Figure 26. In Figure 27 we plot the sky ratio
for all stars within 100 pixels of the 10 brightest stars on the WF2 chip. We find a clear
tendency for the sky ratios to be high at or near the location of the brightest stars.

Hence it appears that the increased scattered light around the bright stars results in the
overestimate in the sky background for the short exposures.  This would explain why the
effect is so strong in a crowded field, where scattered light from bright stars is ubiquitous.

However, we would expect a similar enhancement in the scattered light around the
bright stars for the long exposures, which in principle should cancel out the effect. In other
words, scattered light itself, along with the object and "true sky" counts, should all scale
linearly with exposure time. An example of something that does not scale linearly, how-
ever, is the effect of CTE loss, which increase exponentially as the background decreases.
Hence, the scattered light background around the bright stars on the short exposures
should have a larger effect on diminishing the local CTE loss in the sky measurement than
it does for the long exposures.

Can the CTE formulae quantitatively predict this effect? Unfortunately, the CTE cor-
rection equations are derived for a much different usage (for stars within a 2-pixel radius
on a relatively uniform background) and hence are not really appropriate in the current
context. Until we have a more physical understanding of CTE loss at the pixel level, it may
be difficult to prove if CTE loss is the true cause of the long-vs-short anomaly.
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Figure 27: Plot of the sky ratio for the 10 vs 1000 sec exposure of Omega Cen as a func-
tion of distance from the 5 brightest stars. This again shows that the sky ratio is overesti-
mated around the bright stars, out to a radius of ~ 40 pixels, as also shown by Figure 26.

What we can say is that the long-vs-short anomaly appears to be caused by an overesti-
mate of the sky background around bright stars for the short exposure, and that CTE loss
would be expected to cause an effect of this type.

Andrew Dolphin has performed an experiment which suggests another interpretion of
the results shown in Figure 25, Figure 26, and Figure 27. He first makes a scaled image of
the long (100 s) exposure designed to match the short (14 s) exposure by multiplying the
long exposure by 0.14. He then subtracts this image from the short exposure image. If the
effects shown in Figure 25, Figure 26, and Figure 27 are real, we would expect to find
enhanced values in this difference image within ~40 pixels of bright stars. However, this is
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not seen, suggesting that proximity to bright stars is only part of the reason for the high
sky measurements in the short image. Instead, Dolphin finds positive horizontal features in
the difference image in the same approximate range of Y values. These are likely to be due
to imperfect bias subtraction, and are at a level of ~0.1 DN, which is within the tolerance
quoted in the WFPC2 instrument Handbook. The effect of these features on sky measure-
ments is an average increase of approximately 0.035 DN in the sky value of the 14 second
image in the range 300 < Y < 520, thus accounting for much of the discrepancy seen in
Figure 25, Figure 26, and Figure 27.

We have also both examined potential sources of error in the measurement of back-
ground levels, especially at these extremely low count levels (e.g., problems introduced by
the largely discrete nature of the sky counts). By comparing the sky values measured using
each of the IRAF sky calculation algorithms on the 14 second image, Dolphin finds that:
"Most of the IRAF algorithms appear unsuitable for use on images with the very low
background levels common in short WFPC2 images (< ~1 DN). Only the mean and cen-
troid algorithms correctly calculate the sky with an accuracy of <0.05 DN, with the mean
algorithm more accurate but the centroid algorithm more robust. It appears that the best
option within IRAF is the centroid algorithm with very small histogram bins (0.001
sigma) and a large histogram half width (10 sigma); doing this approaches the accuracy of
a straight mean without sacrificing the robustness of the histogram centroid. Of particular
interest to this discussion, the ofilter algorithm systematically overestimated the sky value
by 0.05-0.1 DN on this image for sky values less than about 0.2 DN. If this discrepancy is
true in general, such an error would exactly explain some earlier reports of a long-vs-short
anomaly characterized by the loss of a fixed number of counts in all pixels containing
stars."

3.9 Recommendations for Dealing with the Long-vs-Short Problem

It is difficult to formulate recommendations for dealing with datasets where the long-
vs-short problem may be important without a deeper understanding of the physical causes.
Fortunately, it is generally only important for very crowded fields and for very faint
objects. One possible strategy is to assume a constant value for the background, as we did
in the upper panels of Figure 24 and Figure 25. However, this may not be appropriate for
fields where the local background is highly variable. Another approach is to use very small
pixels, which minimize the dependence on the background measurement. However, this
can introduce large uncertainties in the aperture corrections and dependence on focus
changes. Still another approach might be to look for dependencies in your data on the dis-
tance from bright stars. Finally, an estimate of the largest effect that the long-vs-short
anomaly might have on your data, if it is present at all, would be to assume an uncertainty
in your sky measurements of ~ 1 or 2 electrons (0.14 - 0.28 DN for gain = 7), which
appears to be a worst case scenario. We note that an accurate measurement of the sky
background is often the limiting factor in photometric accuracy, and we refer the reader to
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Ferguson (1996) for a discussion of examples where even larger effects are possible (e.g.,
the use of median or mode).

4.0 Under What Circumstance is it Beneficial to Preflash?

CTE loss can be reduced by increasing the background, hence filling some of the traps
before the target reaches them. One can artificially enhance the background by adding a
preflash. This removes the dependence on CTE correction formulae, which introduce their
own uncertainties (see Section 3.1). The problem with this approach is that it also adds
noise (see Figure 18). Figure 28 shows a calculation based on the WHC99 correction for-
mula, assuming a very low background for the raw image (0.1 electron, appropriate for a
very short exposure, a narrow-band exposure, or an exposure in the UV) versus an expo-
sure which has been preflashed with 25 electrons. The ratio of the S/N for the preflashed
image versus the raw image is plotted vs. the Log of the target brightness. The three curves
show the effects for a star near the bottom of the chip (X = 400, Y = 100, where the pre-
flash is never an advantage since CTE loss is low and the preflash adds noise), near the
center of the chip, and near the top of the chip (where the preflash is an advantage for the
brighter targets).  For more typical cases where the background is already sizeable, the
gains due to a preflash are even smaller.

An additional factor to consider is that the preflash exposure requires 2 - 5 minutes of
overhead per exposure (depending on the necessity of filter changes and read-out, and
length of the preflash exposure). In some cases these internal flat preflashes can be taken
during occultations by the Earth, hence not affecting the effective integration time. The
effect of the overhead time has not been included in the calculation since the exposure
time for a given target will vary. However, for the typical case of two 1000 sec exposures
per orbit, with the first preflash being taken during the occultation, the result would gener-
ally be that only two 900 sec exposures would fit into one orbit, resulting in a decrease of
~ 5 % in the S/N, and ~ 0.1 mag in detection threshold (assuming the noise is dominated
by Poisson statistics; the effective change would be smaller if other sources of noise dom-
inate). For shorter exposures the effect can be much larger, especially since a smaller
percentage of the preflash exposures can be taken during the occultation. For example, for
3 minute exposures the S/N would be diminished by ~ 40 %, offsetting any advantage of a
preflash over nearly the entire chip, even for best-case-scenarios such as shown in
Figure 28.

The assumption in all this is that a preflash has the same effect on CTE as the back-
ground from a normal exposure. This appears to be the case since the WHC99 equations
predict the results for preflashed exposures reasonably well.
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Figure 28: The ratio of the signal-to-noise for preflashed and unpreflashed observations
vs. Log(Counts) (in electrons) for an observation with very low background (0.1 electron)
and a preflash of 25 electrons. This represents a "best case" for considering a preflash
observation. The three curves show the results at three locations on the chip.
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5.0 Detection Threshold as a Function of Time

The CTE correction formulae can be used to estimate the evolution of the degradation
in S/N for stars due to CTE loss as a function of time, and hence allow us to determine
how the detection threshold (defined at S/N = 10) evolves. Table 1 shows an estimate of S/
N for a 1000 sec exposure using the F555W filter for a typical observation with a back-
ground of 50 electrons. We again assume aperture photometry with object/inner-sky/outer-
sky values of 2/5/10 pixels. Noise components are read noise (5 electrons/pixels), Poisson
noise, and the uncertainty in the CTE formula (25 %, based on a comparison of the
WHC99 and D00 formulae, as reported in Section 3.1).

Table 1. Signal-to-Noise at various magnitudes for 1000 sec exposure using F555W filter
(background = 50 electrons) at the top of the chip (i.e. y=800 pixels).

Note to Table 1:  This is for the worst case (at top of chip). The CTE effects are essen-
tially half as large for a random distribution of objects (with mean Y=400 instead of
Y=800).

Table 2 shows the results for cases where the background is much lower (e.g., short
exposures, narrow-band, or UV exposures), and CTE loss as a function of time plays a
more important role.

Table 2. Signal-to-Noise at various magnitudes for 1000 sec exposure using F336W filter
(background = 0.84 electrons) at the top of the chip.

V mag 04/24/1994 2000 2005 2010

22.0 103.1 102.2 101.5 100.8

23.0 67.4 65.7 64.4 63.0

24.0 39.9 38.0 36.5 35.1

25.0 21.2 19.5 18.3 17.2

25.5 14.7 13.4 12.4 11.5

26.0 10.0 9.0 8.2 7.5

27.0 4.4 3.8 3.4 3.0

U mag 04/24/1994 2000 2005 2010

19.0 68.5 67.4 66.4 65.3

20.0 52.8 50.1 47.9 45.6

21.0 35.8 32.1 29.5 27.0
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Table 1 and Table 2 (actually more finely binned versions of these tables) can be con-
verted to limiting magnitude for one orbit by interpolating to S/N = 10. The resulting
values are shown in Table 3 and Table 4. For the V band observations a rough estimate of
the limiting magnitudes for extrememly long exposures (~100 orbits) can be made by add-
ing 3.3 magnitudes to the values in Table 3. For the U band case the degradation is
somewhat faster because of the lower background. The results are given in Table 5.

Table 3. Limiting V Magnitude in 1000 sec.

Table 4. Limiting U Magnitude in 1000 sec.

Table 5. Limiting U Magnitude in 100 orbits.

Note that the WFPC2 ETC available on the web at STScI has been updated recently.
The precise numbers obtained with the new ETC are slightly different.

22.0 21.3 17.9 15.6 13.7

22.5 15.7 12.6 10.7 9.2

23.0 11.2 8.6 7.1 6.0

24.0 5.2 3.7 2.9 2.4

Date 04/24/1994 2000 2005 2010

Mag 26.0 25.87 25.76 25.67

Delta 0.13 0.24 0.33

Date 04/24/1994 2000 2005 2010

Mag 23.16 22.81 22.59 22.40

Delta 0.35 0.57 0.76

Date 04/24/1994 2000 2005 2010

Mag 26.97 26.44 26.09 25.81

Delta 0.53 0.88 1.16

U mag 04/24/1994 2000 2005 2010
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6.0 Conclusions and Future Plans

• The Dolphin (2000b) formula is currently the most accurate formula for removing the
effects of CTE loss. However, caution is required when using the formula for stars
with less than 100 electrons, where the D00 formula overestimates and the WHC99
formula underestimates the CTE loss by tens of percent. We also note that there is no
sharp cutoff to the detection theshold for very faint stars, contrary to the predictions of
certain models.

• There is little or no evidence for the long-vs-short anomaly for relatively uncrowded
fields (less than 1000 stars per chip), at the level of a few percent.

• An apparent long-vs-short effect is seen on very crowded fields (~10,000 stars per
chip). The effect is not fully understood at present, but appears to be due to an overes-
timate of the sky on the shorter exposures. There is some evidence that the effect is due
to the presence of scattered light around bright stars and the subsequent improvement
in CTE loss in these regions. The Casertano and Mutchler (1998) formula generally
overestimates the effect. We caution that the amount of the effect depends on the anal-
ysis set-up (aperture sizes, etc.) and probably also depends on the photometry package
used (PSF fitting or aperture photometry).

• Preflashing is a useful method for reducing the effect of CTE loss for certain observa-
tions (moderately bright objects on very faint backgrounds), but the effects of added
noise and longer overhead times limit its effectiveness.

• The detection theshold for typical broad band observations have been reduced by 0.1
to 0.2 mag since the WFPC2 was launched. For worst-case observations (F336W) the
effect is currently ~0.4 mag.
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