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Abstract
We present an analysis of the Charge Transfer Efficiency correction for a science project

using high-precision photometry in a rather crowded field derived with the “effective PSF”
(ePSF) method of Anderson & King (2006) on ACS/WFC non-drizzled (* flt.fits)

images. The analysis shows that the CTE effect induces not only a loss of flux but also a

centroid shift, both of which have an amplitude that depends on the star’s signal level and

position on the chip. Centroid shifts are typically of order ∼< 0.1 pixels, which is significant

for high-precision astrometry. We also show that the detailed dependency of ACS/WFC

CTE loss on signal level (and/or sky background level) is different for ePSF-fitting

photometry than that implied by the Riess & Mack (2004) algorithm which was derived from

aperture photometry on drizzled images. We present a CTE correction technique which

can be used for data sets where images of a given field with different exposure times are

compared or combined. We show that this technique extends the photometry and astrometry
accuracies advertized for ePSF fitting of well-exposed stars (i.e., 1% and 0.01 pixel rms,

respectively) down to very faint levels. The CTE-induced photometric losses and centroid

shifts are parameterized in terms of the location of the source on the ACS/WFC CCD chips

and the magnitudes of sources.
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1. Introduction

It is a well-known fact that there is a significant Charge Transfer Efficiency effect for

all CCD detectors used on HST instruments: WFPC2 (Whitmore et al. 1999; Dolphin

2000), STIS (Gilliland et al. 1999; Goudfrooij & Kimble 2003; Goudfrooij et al. 2006);

ACS (Riess 2003; Riess & Mack 2004). The analysis by Riess & Mack (2004) provided

an algorithm to correct the CTE-induced photometric losses in aperture photometry as a

function of object position, flux, sky background, observing epoch, and aperture size. This
algorithm was derived from so-called drizzled (∗ drz.fits) images, i.e., combined ACS

images corrected for geometric distortion by the Multidrizzle software (Koekemoer et al.

2002) that is currently installed in the ACS on-the-fly re-calibration (OTFR) pipeline. An

independent external photometric test of CTE-induced loss from drizzled ACS images was

discussed by Chiaberge et al. (2006).

Recently, Anderson & King (2006) offered a powerful new tool to derive high-precision

astrometry and photometry from ACS/WFC flat-fielded (∗ flt.fits) images, so-called

effective PSF (hereafter ePSF). The photometry and astrometry with ePSF fitting for

well-exposed stars provide an rms accuracy of 0.01 mag and 0.01 pixel, respectively, across

the full field of the ACS/WFC camera (Anderson & King 2005, 2006). To achieve such

high accuracy for photometry and astrometry using the ePSF method down to faint signal

levels, it is important to determine the effect of CTE-induced flux loss and centroid shift on

the precision of photometry and astrometry using flat-fielded (rather than drizzled) CCD
images.

In this report, we present an analysis that is the part of a high-precision photometry

GO project using ACS/WFC observations. Science results of this project will be discussed
in Goudfrooij et al. (2007). Here we concentrate on aspects related to the CTE correction

derived from ePSF-fitting photometry on ACS/WFC flat-fielded images. This analysis

provides a differential correction to photometry and to centroid shifts due to imperfect

CTE.

2. Observations

The general observer program GO–10595 (PI P. Goudfrooij) was designed to perform
high-precision photometry at the 1% level in order to derive high-accuracy ages and

metallicities for star clusters in the Large Magellanic Cloud (LMC). Each target star cluster

was observed with ACS/WFC through the F435W (B), F555W (V ; F606W was used

for some clusters instead) and F814W (I) filters. The exposures included a single short

exposure through each filter (40, 30, and 8 s in F435W, F555W, and F814W, respectively),

plus two long exposures of 340 s through each filter. The short exposure and one of the long

exposures of each cluster was observed with the same (identical) pointing and orientation,

whereas the second long exposure was spatially offset from the other two exposures to
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sample the gap between the two ACS chips and to facilitate the identification and masking

of hot pixels.

3. Reduction and Analysis Procedure

The flat-fielded ACS/WFC images (∗ flt.fits) were used to measure accurate stellar

positions and fluxes. The accuracy of stellar photometry critically depends upon the
accuracy of the model representing the real observational PSF, especially in the case of an

undersampled PSF. Anderson & King (2000) developed a new concept of ePSF to measure

accurate star positions and magnitudes for HST WFPC2 images where the PSF is severely

undersampled and spatially variable across the CCD chips. The basic approach of the

ePSF method is that the PSF is derived purely empirically from observed pixel intensity

values by simple evaluation and scaling. No analytical function is fitted, in contrast with

PSF-fitting methods used within DAOPHOT, DoPHOT or DOLPHOT. In the case of

ACS/WFC images, where the PSF is less severely undersampled, the construction of an

ePSF is simpler than for WFPC2 images. A detailed discussion of the ePSF construction

procedure can be found in Anderson & King (2006) where attention is paid to the spatial
variability of ePSF. A variation of the PSF across the WFC chips is represented by an

9 × 10 array of fiducial PSFs between which PSFs are interpolated. The variation of PSF

with time due to (e.g.) telescope breathing is presented within ePSF as a spatially constant

perturbation to the PSF for each image. While ePSF uses the inner box of 5 × 5 pixels2 of

the target stars to fit the PSF, the default output magnitudes are normalized to a radius

of 10 WFC pixels which is the aperture used for ACS flux calibration (e.g., Sirianni et al.

2005).

The FORTRAN code provided by Jay Anderson reads in ACS/WFC images as well

as a tabulated ePSF and returns a list of (X,Y ) positions and fluxes for stars from the

images. It is important to note that, the ePSF fitting code provided by Anderson corrects

WFC images for the effective area of each pixel (i.e., the pixel-area map) and thus preserves

the photometric accuracy (Pavlovsky et al. 2006), even though we worked with flat-fielded

images to which no geometric distortion correction was applied.

Measured positions from the ∗ flt.fits images were corrected for geometric distortion

applying the ACS/WFC distortion model of Anderson & King (2006). The (X,Y) positions

of stars in the short exposure were then matched to those in the long exposure taken in
the same pointing position to identify the stars common to both images to a tolerance of

0.3 pixels. This tolerance was deemed small enough to avoid spurious results, while large

enough to allow a robust measurement of CTE-induced centroid shifts (see Section 4.2

below).
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Fig. 1.— Difference between instrumental magnitudes derived from short and long exposures

of a star cluster in GO program 10595 as function of instrumental magnitude (from the long

exposure) for filters F435W, F555W and F814W (from top to bottom, respectively). The

overplotted solid red line is the fit of an exponential function representing the trend in

magnitude residuals.
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4. CTE effects for ACS/WFC flat-fielded images

4.1. Photometric Flux Loss

Imperfect Charge Transfer Efficiency is likely the most important instrumental issue

affecting photometry with the ACS CCDs. As discussed by Riess & Mack (2004), typical

photometric losses for ACS/WFC ranged from ∼ 1% to ∼ 5% in 2003, and grow with

on-orbit time. The Riess & Mack (2004) algorithm was derived to correct such photometric

losses for sparsely populated fields as a function of the source’s position, flux, background,
time and aperture size. Thus, aperture photometry derived from ACS/WFC ∗ drz.fits

images can be corrected for CTE-induced photometric loss by applying the appropriate

coefficients from Riess & Mack (2004, their Table 2). Here, our interest is to derive the

correction of CTE-induced loss in photometry derived with the ePSF from ACS/WFC

flat-fielded (∗ flt.fits) images.

In order to properly identify and quantify the CTE-induced loss of signal, we compare

photometry derived with ePSF from flat-fielded images taken with short and long

exposures as function of instrumental magnitude. We define the instrumental magnitude

as −2.5× log10(
SIGNAL

exptime
), where SIGNAL is the signal from the star (in e−) as given by

the ePSF formalism, and exptime is the exposure time in seconds. Further, we define
“magnitude residuals” as

∆Mag ≡ Maglong − Magshort (1)

As can be seen in Figure 1, ∆Mag is increasing (in absolute value) for faint stars, as

expected for CTE-induced photometric losses (which are known to increase with decreasing

source signal, see Riess & Mack 2004; Goudfrooij et al. 2006). The differences in ∆Mag

values between the different filters (see Figure 1) are most likely due to differences in sky

background level, which are listed for each exposure in Table 1. Note in particular that the

sky background value of the short F814W exposure is significantly lower than that of the

other exposures.

Table 1: Average sky background values of the images used in this report.

Image Exp. Time (s) Sky value (e−)

F435W–short 40 2.6

F435W–long 340 7.0

F555W–short 30 2.6

F555W–long 340 32.2

F814W–short 8 0.7

F814W–long 340 21.2

We present the measured values of ∆Mag as functions of magnitude, X positions and

Y positions in Fig. 2 for four different ranges of instrumental magnitudes: The top row
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Fig. 2.— ∆Mag (the difference between measured magnitudes in long and short exposures)

as function of instrumental magnitude (the left panel) and X and Y positions (the right

two panels) for F435W images for different magnitude ranges. The top row of panels shows

results for all stars in the range of −8 ∼< Mag ∼< 0 mag, the second row does so for bright

stars with Mag ∼< −5.5, the third row for stars −5.5 ∼< Mag ∼< −3.0; and the bottom row for

stars with Mag ∼> −3.0. The over-plotted red solid line in the bottom right panel shows the

trend of ∆Mag as function of Y position for the WFC2 chip (Y ∼< 2048) and for the WFC1

chip (Y ∼> 2048). The X and Y positions are given in ACS WFC pixels.
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of panels shows results for all detected stars, the second row does so for bright stars with

Mag ∼< −5.5, the third row for stars with −5.5 ∼< Mag ∼< −3.0, and the bottom row for stars

with Mag ∼> −3.0. As can be seen in Fig. 2, there is no discernable evidence of photometric

losses in the X-direction (i.e., the serial read-out direction; see the central panels in Figure

2). However, the right panel of Fig. 2 does show strong evidence for photometric losses in

the Y direction (the parallel read-out direction). The solid red line in the bottom right

panel of Fig. 2 shows that the trend of ∆Mag versus Y position has different slopes for the

different ACS CCD chips (WFC1 versus WFC2). This difference is due to the fact that the

read-out amplifiers for the ACS WFC chips are located at row 1 (for the WFC2 chip) and
row 4096 (for the WFC1 chip), i.e., the read-out directions for the two chips are opposite

to each other (see Fig. 3).

4.2. Centroid Shifts

Another (less well-known) effect of imperfect CTE is that of centroid shifts. Figure

3 schematically shows the configuration of the WFC1 and WFC2 CCDs and the parallel

read-out directions. The black profile is a schematic illustration of the charge distribution
from the source for data free of any CTE loss, whereas the green profile shows the

CTE-impacted charge distribution. The peak intensity is decreased and the center is shifted

relative to the black profile by an amount ∆Y in the direction away from the read-out

register. (The read-out registers are at the top of the WFC1 chip and at the bottom of the

WFC2 chip.)

CTE-induced centroid shifts have been discussed in some detail in a recent paper

by Goudfrooij et al. (2006) for STIS observations. However for the case of ACS/WFC

imaging, the amplitudes and functional dependences of CTE-induced centroid shifts on

signal and background levels have not been parameterized yet. One of the goals of this

report is to find differential photometric corrections for CTE loss in short exposures and

explore the CTE-induced centroid shifts. To do so, first we correct X,Y raw positions for

geometric distortion applying the ACS/WFC distortion model of Anderson & King (2006)

and second we use general linear transformation to match the stars from long exposure
with the corresponding stars in the short exposure. After the stars are matched, X,Y raw

positions from images of long exposure are compared with X,Y raw positions from images

of short exposure. Thus, we define the X and Y residuals as

∆X ≡ Xlong − Xshort (2)

and

∆Y ≡ Ylong − Yshort (3)

To illustrate and quantify the CTE-induced centroid shifts, the observations through the

F435W filters were used here. Fig. 4 shows the residuals of X and Y positions between
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Fig. 3.— Schematic illustration of CTE loss in the two ACS WFC chips. Red arrows show

the read-out direction for the WFC1 and WFC2 chips. Solid black lines depict schematic

PSF profiles in the absence of any CTE loss, while green lines depict schematic CTE-induced

PSF profiles, showing the effect of CTE-induced photometric loss and centroid shifts ∆Y .

long and short exposures (∆X and ∆Y , respectively) as a function of X and Y positions

for different ranges of instrumental magnitudes (the same ranges as in Fig. 2). The bottom

right panel of Fig. 4 shows a sharply defined discontinuity in ∆Y at Y = 2048. This is

a clear indication of CTE-induced centroid shifts in the direction away from the read-out
register. Fig. 4 also shows that the amplitude of the centroid shift depends on the brightness

of the star. The centroid shift is negligible for bright stars (−5.5 ∼< Mag ∼< −3.0), while it

grows up to ∼ 0.15 pixels for faint stars (Mag ∼> −3.0.) if they are located far away from

the read-out amplifier.

In order to see the functional dependence of the centroid shifts (∆Y ) on the magnitude

of the star, we select stars in the top half of the WFC2 chip (which is furthest away

from the amplifier), i.e., 1048 ∼< Y ∼< 2048 for WFC2, and in the bottom half of WFC1

(2048 ∼< Y ∼< 3048). We plot ∆Y for the selected stars as a function of instrumental

magnitude for both chips in Fig. 5, which shows that the dependence of the centroid shifts

∆Y on magnitude is consistent with being linear.

Thus, the analysis of the CTE effect to photometry and astrometry derived with ePSF

fitting from flat-fielded images shows that the flux loss and centroid shifts are a function

of position on the chips (distance from the readout register), and the signal strength

(magnitude dependency).
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Fig. 4.— Difference of X and Y positions between the long and short F435W exposures.

From top to bottom, the residuals ∆X (left panel) and ∆Y (right panel) are shown for 4

different ranges of magnitudes: −8 ∼< Mag, −8.0 ∼< Mag ∼< −5.5, −5.5 ∼< Mag ∼< −3.0 and

Mag ∼> −3.0. The red lines in the right panels indicate the trend of CTE-induced centroid

shift (∆Y ) in the direction away from the read-out register for WFC2 (∼< 2048 pixels) and

for WFC1 (∼> 2048 pixels). The X and Y coordinates are given in ACS WFC pixels.
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Fig. 5.— Centroid shift ∆Y as function of instrumental magnitude for filters F435W, F555W

and F814W (from top to bottom, respectively) and ACS CCD chips (left panel for WFC2,

right panel for WFC1). The overplotted solid red line represents a linear fit of ∆Y versus

instrumental magnitude.
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5. Functional Forms of the CTE Correction Formulae

In this section, we describe functional forms that can be used to correct CCD imaging

photometry for the effects of imperfect CTE to photometry and centroid shifts. It should

be noted that CTE loss is dependent on sky background level (e.g., Riess & Mack 2004;

Goudfrooij et al. 2006) in addition to signal level and Y position as mentioned below. Given

the small number of sky background levels sampled by the GO observations described here,

a quantitative functional form of the dependence on sky background level will be deferred
to a later report (Chiaberge et al., in preparation). A relevant and common application of

the formalism described below is to correct photometry and/or astrometry from a set of

images of a given field with different exposure times for the differential effects of imperfect

CTE.

As shown in Figure 1, the CTE-induced photometric loss (the difference between short

and long exposures (∆Mag)) as function of (instrumental) stellar magnitude M can be

expressed as an exponential relation:

∆Mag = a1 + a2 × ea3×M (4)

where a1, a2, and a3 are free parameters. (For reference, a “full” second term in Eq. (4)

would include an exponential dependence on sky background level as well.) As Figure

2 showed, the CTE-induced photometric loss is well described by a linear function of Y

position and can be expressed as:

∆Mag = a1 + a2×Y (5)

Thus, the full correction for CTE-induced photometric loss ∆M can be represented as a

combination of the dependencies on magnitude and Y positions, namely:

∆Mag = a1 + a2 × ea3×M + a4×Y (6)

As to the CTE-induced centroid shifts ∆Y , Figs. 4 and 5 indicate that the centroid shift is
well represented as linear functions of magnitude M and position Y , namely:

∆Y = b1 + b2×M + b3×Y (7)

where b1, b2, and b3 are free parameters.

Equations (4) and (7) were solved numerically for each of the ACS WFC1 and WFC2

chips. The numerical implementation of the fitting of two-parametric functions was realized
by employing a non-linear least-square fit using the IDL library by Markwardt (2006).

Results of the application of the best-fit parameters to equations (4) and (7) for the F435W

images described in Section 2 are shown in Figures 6 and 7. After applying the corrections

described above for CTE-induced flux loss and CTE-induced centroid shifts, the systematic

residuals in photometry and astrometry are essentially eliminated. The rms scatter of

magnitude residuals is about 0.02 mag and the rms scatter of residual in Y position is

about 0.05 pixels.
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Fig. 6.— ∆Mag as function of instrumental magnitude and Y positions for the WFC1 chip

of the F435W images described in Section 2. The top two rows of plots show the residuals

in magnitude (∆Mag) as function of instrumental magnitude and Y position before (left

panels) and after applaying the correction to the short exposure (right panels). The bottom

two plots show the CTE-induced centroid shift ∆Y as function of instrumental magnitude

and Y position before (leaft panel) and and after correction (right panel) applyed to Y

positions of the short exposure. The X,Y coordinates are given in ACS WFC pixels.



– 13 –

Fig. 7.— The same as Fig. 6, now for the WFC2 chip.
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6. Concluding Remarks and Comparison with Previous Work

This report has presented a detailed description of differential correction for

CTE-induced flux loss and CTE-induced centroid shifts derived with ePSF fitting

using ACS/WFC flat-fielded images associated with a science project which required

high-precision photometry. At the time these data were being analyzed, the only available

CTE correction formula for ACS/WFC photometry was that by Riess & Mack (2004) from

aperture photometry on a sparse field using drizzled images. The following two reasons
were taken into consideration in the decision to derive our independent CTE corrections.

First, the star clusters used in this study are significantly crowded, whereas Riess & Mack

(2004) used a sparsely populated field. Second, we performed PSF-fitting photometry on

flat-fielded (∗ flt.fits) images where the distribution of the flux is somewhat different

from drizzled images, since drizzled images have undergone resampling of signal by the

MultiDrizzle software. Given these differences, we checked how well our derived ePSF

photometry would be corrected for CTE loss by Eq. (1) of Riess & Mack (2004):

Y CTE = 10A×SKY B×FLUXC×
Y

2048
×(MJD − 52333)/365 (8)

where SKY is the background in e−, FLUX is the total flux of the star in e−, Y is the

number of transfers (i.e., if Ystar ∼> 2048 then Y = 4096.0 − Ystar else Y = Ystar), and

MJD is the Julian date of the observations. To enable an apples-to-apples comparison in

terms of aperture sizes for the two different measurement methods, we used the values of

coefficients A, B and C (in Eq. (8) above) for an aperture radius of 3 pixels from Table

2 of Riess & Mack (2004), and we used ePSF-fitted instrumental magnitudes corrected

to an aperture radius of 3 pixels as well. The latter correction was performed by running

aperture photometry with a radius of 3 pixels on the input stars (and allowing the program

to recenter the stars, as did Riess & Mack 2004) and performing a least-square fit to the

difference between the magnitudes from ePSF and those from the aperture photometry as
a function of ePSF instrumental magnitude, using a linear function.

The comparison of ∆Mag (i.e., the difference in instrumental magnitude from long

and short exposures derived with ePSF) after correction for CTE loss according to the
Riess & Mack formalism is presented in Fig. 8. The red solid line in the top panel of Fig.

8 is a linear fit to the dependence of ∆Mag on instrumental magnitude after application

of Eq. (8). As Fig. 8 shows, application of the Riess & Mack formula to ePSF-fitting

photometry renders “corrected” values of ∆Mag that are slightly negative, meaning that

it slightly overestimates the CTE loss of the short exposure relative to that of the long

exposure. For the data discussed here, the mean disagreement stays within 0.01 mag

for bright stars (instrumental magnitude Mag ∼< −7) and reaches 0.03 mag at m = −1.

While a full exploration of the possible causes of this disagreement is beyond the scope of

this report, one likely cause is the difference in analysis techniques: Riess & Mack (2004)

performed aperture photometry on drizzled images (∗ drz.fits), whereas we performed
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ePSF fitting on ∗ flt.fits images. In particular, PSF-fitting photometry allocates greater

weights to the central pixels of stars relative to those in the outskirts of the PSF, whereas

aperture photometry allocates equal weights to every pixel within the aperture. Given that

CTE loss increases with decreasing signal level, it can be expected that the Riess & Mack

(2004) formula overestimates the CTE correction that should be applied to PSF-fitting

photometry, which is indeed the result found here.

Fig. 8.— ∆Mag (as defined in Eq. [1]) after application of the Riess & Mack (2004) CTE

correction formula as function of instrumental magnitude, X and Y positions for the F435W

images. The solid red line on the top panel is a linear fit to the residuals in magnitude ∆Mag.

Note the improved magnitude residuals on Y positions dependency compare with the right

top panel of Fig.2.

In summary, the differential correction of CTE-induced photometric loss and

astrometric centroid shift for a short exposure has been derived from a comparison of

long and short exposures. (In general, the correction for CTE loss depends on the sky

background level as well.) The CTE correction as described by equations (4)–(7) is
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parameterized in terms of two variables only, the location of the source on the CCD chips

(i.e., the WFC1 and WFC2 chips) and the instrumental magnitudes of sources. A similar

CTE correction technique can be used for similar analyses (i.e., PSF-fitting photometry

on ∗ flt.fits images) and similar types of data sets, when short and long exposures are

taken with the same pointing and orientation.

To determine accurate CTE corrections applicable to any type of photometric and/or

astrometric observations with ACS/WFC ∗ drz.fits as well as ∗ flt.fits images (i.e.,

involving the dependencies on sky background and on-orbit time), it is necessary to analyze

special calibration programs for photometric monitoring of CTE loss which is currently

under way by the STScI ACS team (Chiaberge et al. 2006 and in preparation).
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