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Abstract
The goal of the astrometric calibration of the ACS/HRC polarizer filters is to obtain

a coordinate system free of distortion to a precision level of ∼ 1 mas. So far, such

calibrations have been done only for wide-band filters. The observations of the globular

cluster 47 Tuc exposed through the representative filters F220W,F250W,F330W,F435W

crossed with three blue-optimized UV polarizers, POL0UV, POL60UV, POL120UV ,

and F475W,F606W,F658W,F775W crossed with three visible-light-optimized polarizers

POL0V, POL60V, POL120V have been used to examine the geometric distortion of polarizer

filters. The effective PSF library by Anderson and King has been used to obtain the working

sets of X,Y coordinates for stars in assorted polarized and non-polarized images. The

distortion solution developed by Anderson and King for HRC was used to correct for the

low-frequency and high-frequency components as a function of wavelength for broad-band

filters. The polarizer filters have also a high-frequency component, tightly correlated with

the polarization angle. For each representative filter crossed with a chosen polarizer a

2D correction table was obtained. As a result, the new solution for the polarizer filters

has substantially lowered the residual scatter – from 0.6 pixels to better than 0.03 pixels.

The main conclusion of this study is that the amount of distortion in the polarizer filters,

reaching ∼ 0.6 pixels and having a complex appearance, can be successfully corrected for

down to the required precision level of 1 mas.
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1. Introduction

The goal of the astrometric calibration of the ACS/HRC polarizer filters is to obtain a

world coordinate system (WCS) free of distortion down to the precision level of 1 mas. If

the precise CCD metrology and a distortion-free WCS are neglected, image re-sampling and

stacking may produce the effect of image blurring. The geometric distortion is a complicated

issue, especially in the case of ACS/HRC. The distortion solution developed by Anderson

& King (2004) for HRC consists of two components, a low-frequency component from

OTA (the Optical Telescope Assembly) and ACS optics, and a high-frequency component

introduced by the chosen filter. It is clear that any additional optical component such as

a polarizer might add a new component of distortion. What are the properties of this

new component? To answer this question we use the ACS/HRC observations of 47 Tuc

taken with and without polarizer filters. After correcting for the known non-polarimetric

geometric distortion and filter dependency, it was noticed that the residuals of positions

between polarized and non-polarized images have a complicated anisotropic structure and

the RMS of residuals is ∼ 0.6 pixels. As discussed by Biretta & Kozhurina-Platais in

ISR–0410, this extra geometric distortion is due to the optical irregularities in the polaroid

material produced during the manufacturing process. Thus, for polarized ACS/HRC images

it is necessary to model an additional distortion, which is the third component of distortion

owing to the properties of the polarizer itself.

2. The Observations

The initial program (GO–9586), ACS Polarization Calibration by Biretta et al. (2004)

was designed to perform the on-orbit calibration of the ACS polarization properties,

including the geometric distortion calibration of the polarizer filters. The globular cluster

47 Tuc (NGC 104) was observed in the HRC channel through the representative filters

F220W,F250W,F330W and F435W crossed with three blue-optimized UV polarizers,

(POL0UV, POL60UV, POL120UV ), as well as with filters F475W,F606W,F658W and

F775W crossed with three visible light optimized polarizers (POL0V, POL60V and

POL120V ). To study the astrometric properties of the polarizer filters, non-polarized

observations of 47 Tuc (GO–9019) were also used. These observations were originally taken

to constrain the low-frequency flat fields (Mack et.al. 2002), and consist of observations

with large offsets, through each of the 10 broadband filters. After correction for known

geometric distortion including the filter dependency, these observations served as an

astrometric standard to solve for additional geometric distortion from the polarizer filters.

A supplemental program for the ACS polarization calibration (GO–10055) also consists of
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47 Tuc observations taken through filters F250W,F330W and F435W , crossed with UV

polarizers and through F606W , F775W , crossed with the visible-light polarizers. These

observations were obtained with the same pointing and orientation. Table 1 describes

all GO programs and data sets which were used in the astrometric calibrations of the

ACS/HRC polarization properties.

3. The Reductions

3.1. The effective PSF

The first step in the analysis of astrometric properties of any instrument is to measure

the positions of stars in each exposure and to collect the astrometric information presented

by the image. Thus the flat-fielded ∗ flt.fits images of ACS/HRC were used to measure

accurate stellar positions in the original images. The accuracy of stellar positions depends

critically upon how accurately the PSF model represents the real observational PSF ,

especially in the case of an under-sampled PSF . Anderson and King (2000) developed a

new concept of effective PSF to measure accurate star positions and magnitudes for the

HST WFPC2 images where the PSF is severely under-sampled and varies across the CCD

chips. The approach of the effective PSF can be summarized as follows:

1. it is completely empirical – no analytical function is involved;

2. the effective PSF is derived from the observed pixel values of star images;

3. the ePSF is fit to the pixel values by simple evaluation and scaling.

Thus, the ePSF is based on an empirical model rather than an analytical model. In

the case of ACS/HRC images, where the PSF is marginally well sampled, the construction

of an ePSF is simpler than for the WFPC2 images. The detailed discussion of the PSF

construction procedure can be found in Anderson and King (2004) where a great deal of

attention is paid to the spatial variability of ePSF . The conclusion of this study is that the

ePSF model for the entire HRC chip is quite stable as opposed to the WFPC2 PSF which

varies with time and position on the chip (Anderson & King 2000, 2003). While the ePSF

is stable over the entire HRC chip and with time, it does vary as a function of wavelength.

Anderson and King have constructed an ePSF library for ten commonly used wide-band

filters.

If the ePSF varies as a function of wavelength, could the ePSF change when a polarizer is

introduced? Figure 1 shows contour plots of the ePSF for a non-polarized (F606W ) image,
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Fig. 1.— Contour plots of the ePSF . From left to right: ePSF for non-polarized

image through filter F606W and ePSFs for polarized images with F606W + POL0V ,

F606 + POL60V and F606W + POL120V respectively.

and three ePSF for the filter+polarizer combinations F606W +POL0V , F606W +POL60V

and F606W + POL120V . Figure 1 shows the contour plots of ePSF for non-polarized

(F606W ) image., and three ePSF for filter+polarizer combinations: F606W + POL0V ,

F606W + POL60V and F606W + POL120. As can be seen in Figure 1, the shape for all

PSFs is very similar. Also, optical ray-tracing shows that the RMS spot size for polarizers

is ∼ 0.1 HRC pixel (Woodruff 1996). In the worst case, some rays are errant by about 0.5

pixel off, but this represents only 1% light. The optical ray-tracing also shows that the spot

patterns are fairly symmetrical. Thus, we have adopted the ePSF without polarizer to the

images with polarizers as well.

The FORTRAN code provided by Anderson reads in a tabulated ePSF and HRC images

and returns a list of the positions and fluxes for stars in those images. It is important to

note here that a 5 × 5 pixel non-circular aperture was chosen to measure the star’s flux in

order to minimize contamination from close neighbors. The 5 × 5 inner box contains most

of the flux (∼ 70%) and includes the steepest pixel-to-pixel gradient, crucial for excellent

astrometry. Thus, all images of 47 Tuc taken in the ACS polarization calibration programs

were measured using this ePSF , which outputs accurate positions X,Y and fluxes f .
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3.2. Correction for Distortion

The distortion solution developed by Anderson & King (2003) for the HRC consists of

two components, a low-frequency component from the OTA (Optical Telescope Assembly)

and the ACS optics, and a high-frequency component apparently introduced by the filter. If

X,Y are observed pixel positions, and X0, Y0 are the positions scaled at the chip center as

X0 = (X-512)/512

Y0 = (Y-512)/512

then the distortion free positions X
′

,Y
′

are:

X
′

= X0 + X (X0,Y0) + Fx(X0,Y0)

Y
′

= Y0 + Y(X0,Y0) + Fy(X0,Y0)

where X (X0,Y0), Y(X0,Y0) are 4th order polynomials, i.e.

X (X0,Y0) = Ax + BxX0 + CxY0 + DxX0
2 + ... + OxY0

4

Y(X0,Y0) = Ay + ByX0 + CyY0 + DyX0
2 + ... + OyY0

4

and Fx(X0,Y0), Fy(X0,Y0) is a look-up table for the fine-scale portion of the solution due to

fine structure in the spectral filter itself. In essence, the look-up table is a 2D correction in

the form of a 65×65 grid encompassing the entire 1024×1024 pixel image. The FORTRAN

program provided by Anderson contains all necessary polynomials and the look-up table

corrections for all commonly used filters in ACS/HRC. This program was used to correct

for distortion in all images of 47 Tuc.
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Fig. 2.— Schematic illustration of a free-of-distortion master catalog. The non-polarized

observations of 47 Tuc were used to create master catalogs for the subsequent astrometric

calibration of the polarizer filters. The coordinates (X,Y ) are in HRC pixels corrected for

distortion.

4. Distortion Model for Polarizer Filters

4.1. The Free-of-Distortion Master Catalog

For each of the filters F220W,F330W,F435W,F475W , F606W , the measured positions

taken without a polarizer (proposal GO–9019) and corrected for distortion as described in

section 3.2, were used to create master catalogs. The positions of stars in overlapping areas

were used to bring the offset images onto the system of the central pointing, applying a

linear transformation. A schematic illustration of a the resulting master catalog is given in

Fig. 2.

These catalogs in the distortion-free coordinate system served as an astrometric

reference field. We attempted to create a super-master catalog by including the observations

from proposal GO–10055, taken without the polarizer filters but at a different epoch (see

Table 1). The comparison of the positions between the two different epochs 2002 and 2004

shows some systematic trends in the differences of positions. Figure 3 shows that this

systematic is significant. A 3rd order polynomial is required to model these systematics,

which range from 0.02 to 0.1 pixel, while the measurement precision is on the order of
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Fig. 3.— Comparison of positions X,Y between two data sets taken with F606W filter at

two different epochs – May 2002 and February 2004. The fits with 3rd polynomials indicates

some amount of systematics in the residuals. The coordinates X,Y are given in HRC pixels.

∼ 0.005 pixels. The deviation to 0.1 pixel as shown in Figure 3 is primarily an edge

effect with the cubic fit. The typical deviations are at few 0.01 pixel level. The latter are

within the range of scale changes that could occur from such effects as differential velocity

aberration which is not accounted for here.

One could argue that the distribution of residuals is nearly flat. However, no matter

how small the systematics are, they should not be propagated into the standard astrometric

flat field. But it is interesting to mention here that the RMS of residuals is ∼ 0.1 pixels, a

some portion of which apparently is contributed by the internal velocity dispersion of 47

Tuc known to be ∼ 0.6 mas yr−1 (King & Anderson 2000).

Thus, in order to avoid potential epoch-dependent systematic errors in the positions of

the master catalog, we decided to ignore the GO–9019 and GO–9586 observations when

feasible. The exception was made for two filters F220W and F475W in which there were

no combination of images taken at the same epoch, both with and without a polarizer.

We also should note that for F658N no observations were taken and there is no distortion

model for this filter. As indicated in Table 1, the GO-10055 observations have two images

in each of F250W ,F330W ,F435W ,606W and F775W filters with and without the polarizer

filters, at the same pointing and orientation. The positions obtained from the non-polarized
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Fig. 4.— Three slices through the residuals of positions X,Y , between polarized image

F606W+POL0V and positions from the non-polarized images through filter F606W . The

upper panel is a superposition of all three slices of residuals. The coordinates X,Y are given

in HRC pixels.

images were used to create a master catalog for each spectral filter.

4.2. Solution

The positions obtained from images taken through the polarizer filters and corrected

for distortion were transformed into the distortion-free master catalog as described in the

previous Section. A linear transformation was applied to identify matching stars in the two

catalogs. Figures 4,5 and 6 illustrate the raw residuals between X,Y positions from images

crossed with polarizers filters, POL0V , POL60V , POL120V and the positions obtained

from non-polarized images through the F606W filter. Three narrow slices through the

image centered at δx,δy: 128, 512, 896 pixel with a width of 64 pixels show a complicated

structure of residuals as a function of position. The amplitude of residuals is ∼ 0.5 pixels

or even larger for some polarizers. The phase and amplitude of residuals varies significantly

across the field-of-view of polarized images and from one polarizer to another.
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Fig. 5.— The same as Figure 4, the residuals of positions between polarized image

F606W+POL60V and positions from the non-polarized images through filter F606W . The

coordinates X,Y are given in HRC pixels.

4.3. Distortion Model

In order to model the complicated pattern of residuals or, more precisely, the distortion

of a polarizer (see Fig. 4,5,6), we first employed a high order polynomial solution. After

several iterations and application of a 5th order polynomial the solution did not improve.

Therefore, instead of using a polynomial model we obtained a tabulated distortion by

smoothing the residual field in bins separated by 16 pixels in each coordinate. Since the

amplitude of distortion is relatively small, such a tabular representation is precise and

convenient to use. Anderson and King (2004) first offered an identical approach for the

fine-scale structure correction in wide-band filters. Following the same strategy but in the

application for polarizers, we imposed a 65 × 65 grid over the entire 1024 × 1024 pixel

residual map of the polarized HRC image. The numerical implementation was realized in

the FORTRAN code which involves binning in 16 × 16 pixel boxes and then smoothing of

the binned residual map. The binned data are first clipped using average sigma-clipping.

Then each grid point of residuals is smoothed with a 5 × 5 quadratic smoothing kernel

(Anderson & King, 2000). The resulting smoothed maps of residuals for various polarizers

are shown in Fig. 7-11.
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Fig. 6.— The same as Figure 4, the residuals of positions X,Y between polarized image

F606W + POL120V and positions from the non-polarized image through filter F606W .

All together 21 look-up tables were derived for five wide-band filters crossed with three

visible-light-optimized polarizers POL0V , POL60V , POL120V and three UV -optimized

polarizers POL0UV , POL60UV , POL120UV . A typical correction for a polarizer’s

geometric distortion reaches 0.3 pix although in extreme cases it can reach 0.6 pixels. After

applying the look-up table corrections to the images with a polarizer by using a simple

linear correction, the resulting residual map is essentially flat as illustrated by Fig. 12-14.

The RMS scatter of such residuals for the F660W filter crossed with POL0V , POL60V

and POL120V ∼< 0.03 pixel in each coordinate and thus meets the 1 mas requirement. It

should be stressed that the look-up tables for polarizer distortions are derived only from

two frames available in each of the polarizer and filter combination. As a result the average

cumulative number of data-points per bin is only three which statistically speaking is

marginally sufficient. This low number of data-points in combination with a highly variable

pattern of polarizer’s distortion across the HRC is the main reason why some structure can

be observed in the resulting residual maps given in Figs. 12-14.
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In formal terms the full geometric distortion solution for polarizers can be presented as

X
′

= X0 + X (X0,Y0) + Fx(X0,Y0) + Px(X0,Y0)

Y
′

= Y0 + Y(X0,Y0) + Fy(X0,Y0) + Py(X0,Y0)

where X (X0,Y0), Y(X0,Y0) are 4th order polynomials and Fx(X0,Y0), Fy(X0,Y0) are the

filter dependent look-up tables in accordance with the Anderson & King formalism (see

Sect. 3.2). Px(X0,Y0), Py(X0,Y0) are the newly-derived polarizer-induced look-up tables.

The latter represent a further advance in the practice of geometric distortion correction for

the ACS/HRC camera.

5. Conclusions

This Report presents a detailed description of results developed to account for the

polarizer-induced geometric distortion. It is possible owing to the superb analysis of the

ACS/HRC geometric distortion discussed and implemented by Anderson & King (2004).

The techniques of using on astrometric standard field allow us to characterize the polarizer’s

geometric distortion down to the 1 mas precision level. The precision of existing look-up

tables can be further improved in the future by including more HRC frames, when available.

We find that the the precision of geometric distortion for the ACS/HRC polarizers is very

much dependent not only on the general geometric distortion and a particular spectral filter

but also the polarizer itself, which in turn is dependent upon the range of optimization

wavelengths, i.e., UV or visible light. For the UV-optimized polarizers the distortion is mild

and reaches ∼< 0.3 pixels, while for visible-optimized polarizers the maximum geometric

distortion is higher and can be ∼< 0.6 pixels. As discussed by Biretta & Kozhurina-Platais

(2004), this additional distortion induced by the polarizers is most likely caused by optical

irregularities in the polaroid material produced as a result of the manufacturing process.

The new distortion solution will be implemented into ACS pipline later in 2004. With our

new calibrations it is possible to correct the polarizer distortions down to a level of ∼ 0.03

pixel RMS.

We thank Jay Anderson for sharing the ACS/HRC ePSF library, centering code and

the distortion code for wide-band filters. We also wish to thank the ACS+WFPC2 Branch

for comments on an earlier version of these results. V.K-P. is grateful to Ronald Gilliland for
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Fig. 7.— Vector diagram showing the smoothed residuals on a 65 × 65 grid. From top to

bottom: residuals between positions form polarized images F330W + POL0UV , F330W

+ POL60UV , F330W + POL120UV and positions from non-polarized distortion-corrected

F330W images. The largest vector has an amplitude of 0.23 pixel. The size of the residuals

are scaled by factor of 10. The coordinates X,Y are given in units of HRC pixels divided

by 16.



Fig. 8.— Vector diagram showing the smoothed residuals on 65x65 grid. From top to bottom:

the residuals between positions from polarized images (F435W + POL0UV , F435W +

POL60UV and F435W + POL120UV ) and positions from non-polarized images through

F435W . The largest vector has an amplitude of 0.23 pixel. The size of the residuals are

scaled by a factor of 10. The coordinates X,Y are given in units of HRC pixels divided by

16.



Fig. 9.— Vector diagram showing the the smoothed residuals on a 65x65 grid. From top to

bottom: residuals between positions from polarized images (F475W + POL0V , F475W +

POL60V and F475W + POL120V ) and positions from non-polarized images F475W . The

largest vector has an amplitude of 0.67 pixel. The size of the residuals are scaled by a factor

of 10. The coordinates X,Y are given in units of HRC pixels divided by 16.



Fig. 10.— Vector diagram showing the smoothed residuals on a 65x65 grid. From top to

bottom: residuals between positions from polarized images (F606W + POL0V , F606W +

POL60V and F606W + POL120V ) and non-polarized images F606W . The largest vector

has an amplitude of 0.6 pixel. The size of the residuals are scaled by a factor of 10. The

coordinates X,Y are given in units of HRC pixels divided by 16.



Fig. 11.— The vector diagram illustrates the smoothing residuals on a 65x65 grid. From top

to bottom: residuals between positions from polarized images (F775W + POL0V , F775W

+ POL60V and F775W + POL120V ) and positions from non-polarized images F775W .

The largest vector has an amplitude 0.46 pixel. The size of the residuals are scaled by a

factor of 10. The coordinates X,Y are given in units of HRC pixels divided by 16.



Fig. 12.— Three slices through residuals of positions X,Y between polarized image F606W

+ POL0V and positions from non-polarized image through filter F606W after look-up table

correction. For comparison with Figure 4. The coordinates X,Y are given in HRC pixels.



Fig. 13.— The same as Figure 12, the residuals of positions X,Y between polarized image

F606W + POL60V and positions from non-polarized image through filter F606W after

look-up table correction. For comparison with Figure 5. The coordinates X,Y are given in

HRC pixels.



Fig. 14.— The slices through the residuals of positions X,Y between polarized image F606W

+ POL120V and positions from non-polarized image through filter F606W after look-up

table correction. For comparison with Figure 6. The coordinates X,Y are given at HRC

pixels.



Table 1. HRC data sets used at ACS polarization calibration

Prog Date α(J2000.0) δ(J2000.0) Offset Orientat Filter1 Filter2 Exp N

9019 2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F220W CLEARS2 170 10

2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.
◦5 F330W CLEARS2 66 10

2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.
◦5 F435W CLEARS2 60 10

2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.
◦5 F475W CLEARS2 60 10

2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.
◦5 F606W CLEARS2 60 10

2002.05 6:01:37.7 -72:05:00.6 0 ± 6 15.
◦5 F775W CLEARS2 60 10

9586 2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F220W POL0UV 300 10

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F220W POL60UV 300 10

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F220W POL120UV 300 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F330W POL0UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F330W POL60UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F330W POL120UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F435W POL0UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F435W POL60UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F435W POL120UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F475W POL00V 300 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F475W POL60V 300 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F606W POL0V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F606W POL60V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.◦ F606W POL120V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F658N POL0V 60 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F658N POL60V 60 2

2002.05 6:01:37.7 -72:05:00.6 0 54.8.
◦ F658N POL0UV 60 2

10055 2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F250W CLEAR1S 50 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F250W POL0UV 300 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F250W POL60UV 300 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F250W POL120UV 300 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F330W CLEAR1S 40 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F330W POL0UV 150 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F330W POL60UV 150 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F330W POL120UV 150 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F435W CLEAR1S 20 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F435W POL0UV 60 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F435W POL60UV 60 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F435W POL120UV 60 2



– 22 –

Table 1—Continued

Prog Date α(J2000.0) δ(J2000.0) Offset Orientat Filter1 Filter2 Exp N

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F606W CLEAR2S 10 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F606W POL0V 30 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F606W POL6UV 30 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.
◦ F606W POL120V 30 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F775W CLEAR2S 10 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F775W POL0V 30 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F775W POL60V 30 2

2004.02 6:01:37.7 -72:05:00.6 0 −39.8.◦ F775W POL120V 30 2


