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Abstract
The goal of polarimetry calibrations of ACS/HRC polarizer filters is to obtain the

photometric accuracy from polarized images at the level of 1%. So far such calibration has

been done only for the standard wide-band filters, F250W, F330W,F435W, F475W, F606W,

F814W, F775W. Thus, the observations of the globular cluster of 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 how the sensitivity varies cross the detector. The effective PSF library

by Anderson and King has been used to obtain the working sets of X,Y coordinates and

Flux for stars in assorted polarized and non-polarized image. Applying the gaussian

smoothing technique to the ratio of fluxes from polarized and non-polarized images, so-called

low-frequency flat-fields or L flats were derived to correct the low-frequency variations

across the ACS/HRC. After applying the additional corrections to the polarized images the

accuracy of photometry has reached the required precision of 1%.
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1. Introduction

The ACS/HRC is optimized for a high resolution photometry and polarimetry of

ACS/HRC is only of secondary importance. However, we still need to calibrate the

ACS/HRC polarimetry properties for the case where one would like to compare polarized

and non-polarized images of the same target. Some of these astrophysical targets could be

extended objects ranging from planetary nebula, to the Martian surface, to GRB outbursts

and because of that we have to know the accuracy of polarization across the ACS/HRC

field of view. The accuracy of polarimetry and of photometry, especially when detecting

very faint or diffuse objects demands great attention to the acquisition of good high-quality

flat-fields. After dividing the science images by the high S/N flat-field frames (Gilliland,

1992), so that high-frequency variations have been removed, the images are supposed to

have a very flat sky level. However, polarized images taken with ACS/HRC through two

filters (a spectral filter and a polarizer) might have non-uniform illumination due to the

reflections between these two filters. The variations in the illumination or variations in

the sensitivity across the detector will introduce spatial variability or a gradient structure

in the photometry as well as in the polarimetry. Thus, the polarimetry calibrations

should also include the accurate flat-field corrections – low-noise Earth flats to correct the

high-frequency variations and noisier, median-filtered, frames to correct for low-frequency

variations.

Manfroid (1995), Wild (1997) and Manfroid et al. (2001) discussed and offered the

technique of implementing the stellar photometry frames as noisier, median-filtered, images

to correct for the low-frequency non-uniformities of the detector. The benefit of this

technique was successfully applied to ACS by van der Marel (2003) and by Mack et al.

(2002) and it was shown that a low-frequency flat could be improved via stellar photometry,

observing the stellar fields with slightly different pointing and orientations. Then the

difference of magnitudes between measurements for the same stars at different positions on

the detector should constrain the structure - which would be as a low frequency correction

or L flat.

In the case of low-frequency correction for polarizer filters it is the ratio of the flux

from polarized images to the flux of non-polarized images. The globular cluster 47 Tuc with

high stellar density over the ACS/HRC FOV and weakly polarized as it was shown by Forte

et al. (2002) was chosen for observation with and without polarizer filters. The effective

PSF library by Anderson and King (2004) has been used to obtain the working sets of X,Y

coordinates and F fluxes for stars in assorted polarized and non-polarized image. The flux
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ratio derived from stellar photomery of polarized and non-polarized images were smoothed

by a moving box and gaussian. The derived median-filtered images are applicable to correct

the low-frequency sensitivity variations, or so-called L flat. After applying the derived

corrections to the polarized images the accuracy of photometry has reached the required

precision level of 1%.

2. The Observations and Reductions

2.1. Observations

The ACS Polarization Calibration program (GO–9586, PI W. Sparks), ( see Biretta

et al., 2004) was designed to perform the on-orbit calibration of the ACS polarization

properties, including the low-frequency variation in the flat fields across the field of view

in the polarizer filters. The globular cluster 47 Tuc (NGC 104) was observed in the

HRC channel through the representative filters F220W,F250W,F330W,F435W crossed

with the three blue-optimized UV polarizers, POL0UV, POL60UV, POL120UV , and

the F475W,F606W,F658W,F775W filters crossed with the three visible light optimized

polarizers POL0V, POL60V, POL120V . To study the photometric properties of the

polarizer filters, archival 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 nine broadband

filters. These observations served as a photometric standard to solve for additional

fluctuations in the flat-field from polarizer filters.

A supplemental program for the ACS polarization calibration (GO–10055) also

consists of 47 Tuc observations taken through filters F250W,F330W,F435W and

observations taken through these filters crossed with the three blue-optimized UV

polarizers, POL0UV, POL60UV, POL120UV with the same pointing and orientation. In

addition, images of 47 Tuc were taken through filters F606W , F775W and in combination

with the three visible light optimized polarizers POL0V, POL60V, POL120V with same

pointing and orientation. Table 1 describes all polarimetry calibration programs and data

sets which were used in photometric calibrations of the ACS/HRC polarization properties.

The initial polarization calibration proposal (GO–9586) includes observations of

47 Tuc taken only through filters crossed with polarizers but no observations taken

without polarizers. Whereas, the additional polarization calibration proposal (GO-10055)
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includes observations taken with polarizers and without in the same range of wide-band

filters as GO-9586. Because of that, the data from GO-9586 were ignored with the

exception of wide-band filters F475W crossed with the three visible-light optimized

polarizers POL0V, POL60V, POL120V . It is important to outline here that polarized

and non-polarized images taken at the same epoch and orientation not only simplify the

reduction steps but also advantageous in a way as:

1. minimization of CTE effect;

2. minimization of interaction of the target polarization with the instrumental

polarization when deriving the polarizer flats (i.e. unless the target is perfectly

unpolarized, the ratio of counts in the polarized to non-polarized image will be a weak

function of HST roll angle).

2.2. Reduction

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

the flux of stars in each exposure and collect the photometric information presented by

the image. The ACS/HRC non-polarized and polarized images were corrected with high

S/N flat-fields so that the high-frequency variations have been removed (ACS ISR Bohlin,

et al. 2003). The non-polarized images were additionally corrected for the low-frequency

variations with the L flats (ACS ISR Mack, J., et al. 2002). Thus, the flat-fielded

ACS/HRC images (∗ flt.fits) were used to measure accurate stellar positions and flux on

the images with and without a polarizer.

The accuracy of measured stellar flux depends critically upon how accurately the PSF

model represents the real observational PSF , and especially in the case of an under-sampled

PSF it critically depends how accurately the center of the stellar flux distribution is

measured. Anderson and King (2000) developed a new concept of effective PSF to measure

accurate star positions and magnitudes for the HST/ACS/HRC images (Anderson & King,

2004, Kozhrina-Platais & Biretta, 2004)).

The FORTRAN code provided by Anderson, reads in a tabulated ePSF and the

HRC images and returns a list of the positions and fluxes for stars in these images. Thus,

all images of 47 Tuc taken in the ACS polarization calibration programs were measured

using ePSF , which outputs accurate positions X,Y and fluxes F . It is important to note

here that a 5 × 5 pixel aperture is used in this code to measure the star’s flux in order to



– 5 –

minimize contamination from close neighbors. The 5× 5 inner box contains most of the flux

(∼ 70%). However, in order to detect the variations in sensitivity due to reflections between

spectral filter crossed with polarized filters, we need to collect most of the flux ∼ 100% at

chosen aperture. Because of that IRAF aperture photometry task was used to perform the

flux measurement with larger aperture radius. A non-standard IRAF script was written to

perform the following:

1. the bright saturated stars were eliminated from the measurement using the bad pixels

mask from data quality;

2. to preserve the photometric accuracy all images were corrected for the pixel-area (C.

Pavlovsky et al, 2005);

3. the accurate positions X,Y derived from ePSF fitting (Kozhurina-Platais & Biretta

(2004)) were used as input for a measurement;

4. the flux measurements were performed with aperture radius of 5,6,7 pixels, with the

inner radius of the sky annulus equal 8 pixels and the width of sky annulus 3 pixels.

What is the optimal radius for aperture photometry? To answer on this question the

Fig. 1.— The flux ratio from polarized image F606W +POL60V and flux from non-polarized

image through filter the F606W . From top to bottom the flux ratio measured with different

aperture radii, ePSF = 2.5 pixels, Rap=5,6,7 pixels respectively. The coordinates X,Y are

given in HRC pixels.
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flux ratio of polarized and non-polarized images derived with different radius of aperture

photometry have been plotted as X and Y positions, Fig.1.

As seen in Fig.1 (the top panel), the flux ratio sharply drop-off at about X=800 and

Y =500 pixels. The depression of the flux ratio could be explained by ’bubbles’ in the glue

that bonds the separate filter components. (R. Bohlin, 2005). The bubbles aberrate the

PSF in the way that ∼ 10% of the light throws into the far wings of the PSF. Thus, a large

radius of aperture photometry is needed to detect all light from the stars. With the Rap = 7

pixels as seen in Fig.1 (the bottom panel), the depression of the flux ratio at the location of

bubbles was reduced from ∼ 20% down to ∼< 5%.

In this manner, all images of 47 Tuc in the ACS/HRC polarization calibration programs

were measured using ePSF as outputs of accurate positions and as well IRAF aperture

photometry with Rap = 7 pixels, which outputs accurate fluxes F .

As described by Kozhurina-Platais and Biretta (2004), the measured positions from

non-polarized images were corrected for distortion applying the Anderson and King (2004)

ACS/HRC distortion model. The positions from polarized images corrected for ACS/HRC

distortion and additional component of distortion owing to the properties of the polarizer

itself as described by Kozhurina-Platais et al. (2004), were linearly transformed into the

system of non-polarized images in order to identify matching stars in two catalogs.

3. Representation of the Low-frequency flat field for polarizer filters

Manfroid (1995), Wild (1997) and Manfroid et al. (2001) discuss a technique for

using the stellar photometry frames as noisier, median-filtered, images to correct for the

low-frequency non-uniformities of the detector. The low-frequency non-uniformities in

polarized images could be a result of illumination due to reflections between these two

filters. The variations in the illumination or variations in the sensitivity across the detector

will introduce spatial variability or a gradient structure in the photometry. The correction

for low-frequency variations in polarizer filters could be presented as

L(p, x, y) = Flux(f, p)/F lux(f)

Where Flux(f) — is the measured flux from the non-polarized image, taken only through

spectral filters, i.e. F250W,F330W,F435W,F475, F606W , and F775W .

Flux(f, p) — is the measured flux from the polarized image taken in combination with

blue-optimized UV polarizers or crossed with the three visible-light-optimized polarizers.
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Fig. 2.— Slices with a width of 16 pixels through the flux ratio from polarized image

F606W + POL0V and flux from non-polarized image through filter the F606W . The solid

line is the running average of the flux ratio. The coordinates X,Y are given in HRC pixels.

Fig. 3.— The same as Figure 2, but for F606W + POL60V .
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Fig. 4.— The same as Figure 2, but for F606W + POL120V .

Thus, the ratio of flux for the same star from polarized and non-polarized images at

different positions on the detector constrains the structure, which represents correction for

the low-frequency deviations in ACS/HRC field-of-view, or so-called L flat. The flux ratio

from the polarized images F606W + POL0V , F606W + POL60V , F606W + POL120V

and non-polarized image F606W are shown in Figures 2-4, where narrow slices through the

images are centered at the selected δx, δy: 128, 256, 384, 512, 640, 768 and 896 with a

width of 16 pixels. The over plotted solid line represents the running average of the ratio’s

trend for each slice. As seen in Figures 2-4, although the ratio does not have a complicated

structure and is almost flat across the detector, some local deviations in F (f, p)/F (f), up

to ∼ 5%, are observed. To achieve an L flat accurate to ∼< 1%, the flux ratio has to be

smoothed so that the random noise fluctuations in photometry would be locally accurate

up to ∼ 1% or less for any position in the ACS/HRC FOV in the polarized image.

4. The smoothing

The van der Marel (2003) method of implementing fourth-order polynomials has been

used to correct for residual low-frequency flat-field structure in the ACS/HRC for 10

wide-band filters. The mathematical framework of this technique has been developed for

data with observational restrictions such as substantial dither patterns in ∆α=±6′′ and

∆δ=±6′′ directions for each image and the large number of stars per matrix solution.
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In the case of low-frequency flat-field calibration for polarizer filters only two frames

were available in each wide-band filters and two frames crossed with polarizers, which were

taken with the same pointing and rotation, i.e. without offsets in ∆α and ∆δ directions.

The low number of observational data-points make the fourth-order polynomial corrections

inappropriate. Thus, the smoothing technique have been chosen instead of the high-order

polynomial corrections. Let L(p, x, y) represents a 2D array of the flux ratio between

Fig. 5.— Slices with a width of 16 pixels through the flux ratio from polarized image

F606W + POL60V and flux from non-polarized image through filter F606W . The black

color shows the running average of the flux ratio, green with the box size of 48 pixels, red

line is the flux ratio smoothed with box size of 80 pixels and the blue line is the flux ratio

smoothed with box of 112 pixels with respect to the 1024 × 1024 image. The yellow line

shows the gaussian smoothing with σ=48 pixels. The coordinates X,Y are given in the HRC

pixels.

the polarized and non-polarized images across the ACS/HRC image. A 64 × 64 grid was

imposed over the entire 1024 × 1024 pixels of L(p, x, y). The numerical implementation was

realized in the IDL code which involves binning in 16 × 16 pixel boxes. The binned flux

ratio first were clipped using 3-sigma clipping, removing “salt and pepper” noise so at each

grid point, those values were replaced with the computed median value. The first attempt

was made by smoothing with a square box of 3 × 3, 5 × 5, 7 × 7 pixels moving average

with respect to the 64 × 64 image. After the smoothing was performed on the 2D 64 × 64

array, the linear interpolation was employed by nearest-neighbor sampling, to the original

size of 1024 × 1024 pixels. In order to choose the appropriate size of smoothing box which
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would represent the true variation in L(p, x, y), we plot the flux’s ratio with different sizes

of smoothing box of 3 × 3, 5 × 5, 7 × 7 pixels with respect to the 64 × 64 image. Figure

5 shows slices with a width of 16 pixels through the flux ratio from the polarized image

F606W + POL60V and non-polarized image through F606W , where the black line is the

running average of the flux ratio with over-plotted error bar.

As seen in Fig.5, the median moving box of 3 × 3 pix is the best representation of the

true fluctuations in the flux ratio, nevertheless the median box size of 7 × 7 pixels with

respect to 64 × 64 image was chosen to smooth only the low spatial frequencies, since the

so-called LP − flats, used in the pipeline already contains all high spatial frequencies. The

smoothing with different square box moving average help to understand what is the best

’filter’ to use for smoothing, however, the gaussian smoothing is less susceptible to noise.

Because of that, gaussian with σ=48 pixels (with respect to the 1024 × 1204 image) was

applied to smooth the flux ratio.

5. The Low-Frequency Flat Fields for Polarizers Filters

5.1. Visible-Light-Optimized Polarizers

5.1.1. L flat for F475W with combination of POL0V , POL60V and POL120V

The observations with F475W filter from proposal GO–9019 (ACS/HRC photometric

calibration) were taken without polarizer and the observations from proposal GO–9586 (ACS

polarization calibration) were taken only in combination of three visible-light-optimized

polarizers POL0V , POL60V and POL120V . These two data sets, observed with different

pointing and orientation (see Table1) and taken two months apart, were used to calibrate

the F475W filter in combination with each of three polarizers.

First, the measured positions of stars from GO–9019 in overlapping areas were

corrected for distortion as described at Sec.2.2. Then, the corrected positions were used

to bring the offset images onto the system of the central pointing, by applying a linear

transformation. The photometry of matching stars in overlapping areas between the offset

images, were checked for systematic error in the residuals. As seen in Fig.6, the photometry

residuals between the offset images are essentially flat.

Thus, the observations from GO–9019 were used to create a photometric master

catalog. The positions from polarized images (GO-9586) corrected for ACS/HRC distortion

and the additional component of distortion owing to the properties of the polarizer itself (as

described in Sec.2.2), were linearly transformed onto the system of the photometric master
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Fig. 6.— Photometric residuals in overlapping area between the offset images from GO–

9019. The text in each plot is showing the offsets in α and δ directions for each image. The

offsets in ∆α and ∆δ are given in [′′]. The coordinates X,Y are given in the HRC pixels.

Fig. 7.— Differences in photometry between the polarized image taken through F475W +

POL0 and non-polarized image through F475W as a function of X and Y . The upper two

panels represent the photometry before correction for CTE, and two bottom panels show

the photometry after the CTE correction. The coordinates X,Y are given in the units of

HRC pixels.
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catalog in order to identify matching stars in the two catalogs.

The accuracy of the low-frequency correction for polarizer filters will greatly depend

on how accurately the stellar flux is measured. The Charge Transfer Efficiency (CTE) is

the most important issue which effects the photometric observations. As discussed by Riess

(2004) the photometric losses due to CTE for ACS/HRC range from ∼ 1% to ∼ 5% and are

more visible in Y direction. The presented formulae by Riess correct photometric losses as

a function of source’s position, flux, background, time dependency and aperture size. Here,

the photometry was corrected applying the appropriate coefficients from Riess (2003, see

Table 2). Although, the non-polarized observations and observations of polarized images

were taken at different time, with different pointing and orientation, the photometric losses

for these observations are negligible (see Figure 7), and there is no Y direction dependency.

However, there is about ∼< 3% spatial sensitivity deviation across the ACS/HRC field

of view as seen in Fig. 8 - 10, and even more for polarizers POL0V and POL60V where the

maximum deviation is at ∼< 10%. A significant deviation in the flux ratio can be explained

by primary defects, such as bubbles in the glue that bonds the separate filter components

(Bohlin it et al, 2003). Such artifacts in polarizer filter POL0V and POL60V aberrate PSF

so that significant fraction of the light from the star throws the light into the far wings of

PSF, whereas at wide-band filters most of the flux contains in PSF’ core (Bohlin, 2005).

Another way to look at the derived low-frequency flat-field is the contour plots of the

smoothed flux ratio with gaussian σ=48 pixels, which presented in Fig. 11. The area of

worst blemishes seen in Fig.10 (the top and the middle panels which represent L flats for

POL0V and POL60V respectively) are occurred at the location of primary defects for these

two filters (Bohlin, et al, 2003). Non-smoothed, rippled properties of low-frequency flats for

polarizer filters could be explained by by optical irregularities in the Polaroid material as a

result of the manufacturing process. If we divide polarized stellar images by newly derived

L flats for polarizer filters, then the fluctuations in sensitivity across the HRC FOV should

be flat, thus taking out low frequency deviations. Figure 12 presents the residuals between

polarized images corrected for the derived low-frequency flats and non-polarized images.

As seen in Fig. 12, the residuals across the entire image are essentially flat with some local

incoherent noise structure.

5.1.2. L flat for F606W in combination with POL0V , POL60V and POL120V

To derive the low-frequency correction for filter F606W in combination with three

visible-light optimized polarizers, the observations from proposal GO–10055 were used (see
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Fig. 8.— Slices with a width of 16 pixels through the flux ratio from polarized image

F475W + POL0V and flux from non-polarized image through filter F475W . Colored lines

show the smoothed ratio with different size of smoothing box. The black line shows the

running average of the flux ratio, green with the box size of 48 pix, red line is the flux ratio

smoothed with box size of 80 pix and the blue line is the flux ratio smoothed with box of

112 pix and yellow with gaussian σ=48 pix. The coordinates X,Y are given in HRC pixels.
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Fig. 9.— The same as Figure 8 only for images through F475W +POL60V and the F475W

filter.
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Fig. 10.— The same as Figure 8, only for images through F475W +POL120V and through

the F475W filter.
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Fig. 11.— Contour plots of the L flats for combination F475W + POL0V , F475W +

POL60V , F475W +POL120V , from top to bottom, respectively. The contour intervals are

superimposed in steps of 0.005. The coordinates X,Y are given in HRC pixels.
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Fig. 12.— Residuals between polarized images corrected for the newest L flats and non-

polarized images, in slices through δx and δy. The black line represent the running average

of the polarized image corrected for L flat(F475W + POL0V ). The red line represent the

polarized image corrected for L flat(F475W + POL60V ). The green line shows L flat for

combination F475W + POL120V . The coordinates X,Y are given in HRC pixels.
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Fig. 13.— Slices with a width of 16 pixels through δx and δy of the flux ratio from polarized

image F606W + POL0V and flux from non-polarized image through filter F606W . The

different line’s color showing the smoothed ratio with different smoothing boxes size. The

black color is the running average of the flux ratio, the green line shows the smoothed ratio

with the box size of 48 pix, the red line is the smoothed ratio with box size of 80 pix and

the blue line shows the flux ratio smoothed with box of 112 pix. The yellow color is running

average of smoothed ratio with gaussian σ=48 pix. The coordinates X,Y are given in HRC

pixels.
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Fig. 14.— The same as Figure 13 only for images through F606W + POL60V and F606W .
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Fig. 15.— The same as Figure 13, only for images through F606W +POL120V and through

F606W .
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Table 1). Both polarized and non-polarized images were taken with the same pointing and

orientation. As described in Section 2.2, the images were reduced with ePSF to derive

accurate X,Y positions and were used as input to measure the flux with aperture radius of

7 pixels. The positions X,Y derived from non-polarized images were corrected using the

ACS/HRC distortion model. The polarized images were corrected for additional distortion

introduced by polarizers them-self. The positions and fluxes obtained from non-polarized

images were used to create a photometric master catalog. The positions obtained from

polarized images then were linearly transformed into this master catalog in order to identify

matched stars in the two catalogs. All observations with F606W filter and in combination

with the three visible-light-optimized polarizers were taken at the same pointing, orientation

and the same time, therefore, the CTE effect is negligible.

From Figures 13-15, the flux ratio is almost flat across the detector, although some

local deviations in F (f, p)/F (f) are observed. A significant deviation in the flux ratio equal

to ∼ 5% is observed for polarizer filters POL0V and POL60V , which are similar to F475W

crossed with these two polarizers. The deviation in the flux ratio could be explained by

primary defects, such sa bubbles in the filter assembly, similar to F475W + POL0V and

F475W + POL60V . Similarly to all L flats in wide-band spectral filters, the HRC region

[460:563,460:563] was used to normalize to unity.

The contour plots of the derived new low-frequency flat-fields are presented in Fig. 16.

The L flat for F606W + POL0V at location of X = [0 : 100], Y = [350 : 450] pixel is

depressed by about ∼ 3% and identical to location of the bubbles. A similar bubbles effect

is visible for the polarizer filter F606W + POL60V at the X = [750 : 850], Y = [350 : 450],

where it is depressed by ∼ 5%, which is also indicated by Fig. 16 at the middle panel.

After dividing the polarized stellar images by newly derived low-frequency flats, the

variations in the sensitivity across the HRC become flat, as seen in Fig. 17, although some

random fluctuations at the level of ∼ 1% are also present.

5.1.3. L flat for F775W with combination of POL0V , POL60V and POL120V

The calibration for the three visible-light-optimized polarizers POL0V , POL60 and

POL120V crossed with the F775W filter were derived from GO–10055 observations,

where images were taken with the same pointing and orientation, for both polarized and

non-polarized images. The reductions of the observations were done as described in Sec.2.2.

The flux ratios of the polarized and non-polarized images were obtained as described for
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Fig. 16.— The contour plots of the L flats for combination F606W + POL0V , F606W +

POL60V , F606W + POL120V , from top to bottom. The contour intervals equally spaced

with the step=0.005. The coordinates X,Y are given in HRC pixels.
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Fig. 17.— Slices at δx and δy through polarized images corrected for the derived L flats.

The black line shows the residuals between polarized image corrected for L flat(F606W +

POL0V ) and non-polarized image through F606W . The red line shows the residuals after

correction for L flat with combination F606W + POL60V . The green line represent image

corrected by F606W + POL120V . The coordinates X,Y are given in HRC pixels.
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F606W (Sec. 5.1.1). Similar to F606W , the CTE effect was also negligible for the flux

ratio in the F775W filter, since the observations were taken with the same orientation,

pointing, and at the same time. The flux ratio of polarized images F775W + POL0V ,

F775W + POL60W , F775W + POL120 to non-polarized images through F775W are

shown in Figures 17-19, where the narrow slices through the images are centered at selected

X,Y with a width of 8 pixels. The over-plotted solid line represents the running average

of the ratio’s trend for each slice, and the color lines represent the running average of the

smoothed ratio’s trend for each slice with smoothing box width equal to 48, 80, and 112

pixels and with gaussian σ=48 pixels.

The contour plots of derived low-frequency flat-fields for polarizers POL0V , POL60V

and POL120V crossed with F775W are presented in Fig. 20. The visual inspection of

contour plots for F775W crossed with three visible-light-optimized polarizers are almost

identical with the contour plots for F606W crossed with the same polarizers. The location

of the depression in derived L flats is the same as for F475W and F606W crossed with

there polarizers, which additionally confirm the location of the primary defect, bubbles.

Dividing the polarized images by new derived L flats, residuals between polarized

images and non-polarized images through F775W are flat with some random fluctuation of

noise as seen Fig. 21. The fluctuation of the noise is at a level of 1%.

5.2. Blue-Optimized UV Polarizers

5.2.1. L flat for F250W in combination with POL0UV , POL60UV and POL120UV

The calibration for three blue-optimized UV polarizers POL0UV , POL60UV and

POL120UV crossed with the F250W filter were derived from GO–10055 observations,

where images were taken with the same pointing and orientation for polarized and

non-polarized images.

If for visible-light-optimized polarizers was chosen aperture photometry,then for

blue-optimized UV polarizers, the ePSF with radius of 2.5 pixels was used to derived

the flux ratio from polarized and non-polarized images, as it described in Sec.2.2. The

reductions of observations were done as described at Sec.2.2 and the flux ratio from

polarized and non-polarized images were obtained as described for F606W (Sec. 5.1.1).

Similar to F606W filter crossed with three visible-light-optimized polarizers, the CTE effect

was negligible in the flux ratio for the F250W filters. The flux ratio from polarized images

F250W + POL0UV , F250W + POL60UV , F250W + POL120UV and non-polarized

images through F250W are shown in Figures 23-25, where the narrow slices through the
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Fig. 18.— Slices through δx and δy of the flux ratio from polarized image F775W +POL0V

and flux from non-polarized image through filter F775W . The black line represents the

running average of the flux ratio. The green line represents the baseline of smoothed flux

ratio with the box size of 48 pix. The red and blue lines represent the smoothed flux ratio

with box of 80 and 112 pix, and yellow with gaussian σ=48 pix, respectively. The coordinates

X,Y are given at HRC pixels.
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Fig. 19.— The same as Figure 18 only for images through F775W + POL60V and F775W .
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Fig. 20.— The same as Figure 18, only for images through F775W +POL120V and through

F775W .
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Fig. 21.— The contour plots of the L flats for combination F775W + POL0V , F775W +

POL60V , F775W + 120V , from top to bottom. The contour intervals equally spaced with

rounded steps=0.005. The coordinates X,Y are given in HRC pixels.
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Fig. 22.— Slices δx and δy through residuals between polarized images corrected for new

derived low-frequency flats and non-polarized images. The black line shows the residuals

between polarized image corrected for F775 + POL0V and non-polarized image through

F775W . The green and red lines show the residuals between polarized image corrected for

F775 + POL60V and F775 + POL120V , respectively, and non-polarized image through

F775W . The coordinates X,Y are given in HRC pixels.
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Fig. 23.— The slices through δx and δy of the flux ratio from polarized image F250W +

POL0UV and flux from non-polarized image through filter F250W . The solid line represents

the running average of the ratio’s trends for each slice. The green, red and blue lines show

the running average of smoothed ratio’s trends with the median smoothing box of 48, 80 and

112 pix, respectively. The yellow color line is the gaussian with σ=48 pix. The coordinates

X,Y are given at HRC pixels.
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Fig. 24.— The same as Figure 23 only for images through F250W +POL60UV and F250W .
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Fig. 25.— The same as Figure 23, only for images through F250W + POL120UV and

through F250W .
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images are centered at selected X,Y with a width of 16 pixels. The over-plotted solid line

represents the running average of the ratio’ trends for each slice, and colored lines represent

the running average of the smoothed ratio’s trends for each slice with different smoothing

boxes. The blue-optimized UV polarizers crossed with F250W filters are blocking more

light from the stars, because signal-to-noise ratio (S/N) is lower to compare with images

taking through, for example F606W and visual-light-optimized filters. The ratio of the flux

from polarized images F250W with combination of three blue-optimized UV polarizers and

non-polarized images are noisier (Fig.23-25). The photometric error of the measurements

are presented in these figures are dominated the real sensitivity variations. The structure

seen in the contour plots (Fig. 26) of the L flats for F250W crossed with three polarizers,

appears to be the result of noisier data. After the correction for newly derived L flats, the

residuals of the flux ratio from polarized and non-polarized images are essentially flat with

incoherent fluctuation of noise, as seen in Fig. 27.

5.2.2. L flat for F330W in combination with POL0UV , POL60UV and POL120UV

The calibration for three three blue-optimized UV polarizers POL0UV , POL60UV

and POL120UV crossed with the F330W filter were derived from GO–10055 observations,

where images were taken with the same pointing and orientation for polarized and non-

polarized images. The reduction of the observations were done as described in Sec.2 and the

flux ratios from polarized and non-polarized images were obtained as described for F250W

(Sec. 5.1.1). Similar to F250W filter crossed with three blue-optimized UV polarizers,

the CTE effect was also negligible in the flux ratio in the F330W filters. The flux ratio

from polarized images F330W + POL0UV , F330W + POL60UV , F330W + POL120UV

and non-polarized images through F330W are shown in Figures 28-30, where the narrow

slices through the images are centered at selected X,Y with a width of 16 pixels. The

over-plotted solid line represents the running average of the ratio’ trends for each slice, and

the color line represents the running average of the smoothed ratio’s trends for each slice

with different smoothing boxes.

The contour plots of the new derived L flat for F330W filters in combination with the

three blue-optimized polarizers are presented at Fig. 31. As seen in Fig. 28-30, the data are

noisier, since the UV polarizer filters are blocking more light from the stars and the S/N

ratio is lower. Some structure seen in the contour plots is also the result of noisier data.

Figure 32 presents the residuals of polarized images corrected for the newest derived

low-frequency flats, which are also essentially flat with random fluctuation of noise at the

level of ∼< 1%.
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Fig. 26.— The contour plots of the L flats for combination of F250W + POL0UV ,

F250W + POL60UV , F250W + POL120UV . The contours intervals equally spaced with

step=0.005. The coordinates X,Y are given in HRC pixels.
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Fig. 27.— Slices at δx and δy through residuals between polarized images corrected for new

low-frequency flats and non-polarized images through F250W . The black line shows the

polarized image corrected for low-frequency flat F250W + POL0UV . The image corrected

for F250W + POL60UV presented by red line. The green line shows the polarized image

corrected for F250W + POL120UV . The coordinates X,Y are given in HRC pixels.
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Fig. 28.— The slices through δx and δy of the flux ratio from polarized image F330W +

POL0UV and flux from non-polarized image through filter F330W . The solid line represents

the running average of the ratio’s trends for each slice. The red line show the running

average of smoothed ratio’s trends with the smoothing box of 48 pix. The red and green

lines represent the smoothed flux ratio with 80 and 112 pix, respectively. The yellow line is

the running average of smoothed ratio with gaussian σ=48 pix. The coordinates X,Y are

given at HRC pixels.
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Fig. 29.— The same as Figure 28 only for images through F330W +POL60UV and F330W .
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Fig. 30.— The same as Figure 28, only for images through F330W + POL120UV and

through F330W .
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Fig. 31.— The contour plots of the L flats for combination of F330W + POL0UV ,

F330W +POL60UV and F330W +POL120UV (from top to bottom). The equally spaced

contours with step=0.005. The coordinates X,Y are given in HRC pixels.



– 40 –

Fig. 32.— Slices at δx and δy through residuals between polarized images corrected for new

low-frequency flats and non-polarized images through F330W . The black line show image

corrected for F330W + POL0UV . The red and green lines represent images corrected for

F330W + POL60UV and F330W + POL120UV , respectively. The coordinates X,Y are

given in HRC pixels.
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5.2.3. L flat for F435W in combination with POL0UV , POL60UV and POL120UV

Fig. 33.— The slices through δx and δy of the flux ratio from polarized image F435W +

POL0UV and flux from non-polarized image through filter F435W . The solid line represents

the running average of the ratio’s trends for each slice and the red line is the running average

of smoothed ratio’s trends with the median smoothing box=48 pix, the green and blue are

the running average of smoothed ratio’s trends with median smoothing box=80 and 112

pixels, respectively. The yellow line is the running average of smoothed ratio with gaussian

σ=48 pix. The coordinates X,Y are given at HRC pixels.

As for F330W filter with combination of blue-optimized UV polarizers observations

from GO–10055 were used to derived the L flats to correct for low-frequency variations in

the polarizers filters crossed with F435W . The polarized and non-polarized observations

were taken with the same pointing and orientation and at the same time. Because of that

the photometric losses due to the CTE effect are negligible and the CTE correction was

ignored. The reduction were similar to how it was described in Sec.5.1.2. The X and Y

coordinates from non-polarized images were corrected for distortion and F flux - were

corrected for pixel area. The X,Y coordinates from polarized images were corrected for
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Fig. 34.— The same as Figure 33 only for images through F435W +POL60UV and F435W .
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Fig. 35.— The same as Figure 33, only for images through F435W + POL120UV and

through F435W .
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Fig. 36.— The contour plots of the L flats for combination of F435W + POL0UV ,

F435W + POL60UV and F435W + POl120UV from top to bottom. The contours levels

equally spaced with the rounded steps = 0.01. The coordinates X,Y are given in HRC

pixels.
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Fig. 37.— The slices through δx and δy of the residuals between raw images in

combination of F435W + POL0UV as a red line, F435W + POL60UV as a green line and

F435W + POL120UV as blue line corrected for a new derived L flats with combination of

F435W + POL0UV , F435W + POL60UV , and F435W + POL120UV . The coordinates

X,Y are given in HRC pixels.
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ACS/HRC distortion and the additional component of distortion owing to the properties

of the polarizers itself. After the distortion correction was applied to the two data sets,

the polarized X and Y were linearly transformed onto the system of non-polarized images

to identify the matched stars. Figures 32-34 present the flux ratio from polarized and

non-polarized images over plotted with the flux ratio’s running average and color line as

the running average of smoothed ratio with moving box of 48, 80 and 112 pixels and with

gaussian σ=48 pixels.

The contour plot of L flat presented at Fig. 36 shows that data used for calibration of

UV polarizers are more noisier, since the UV polarizer filters are blocking more light from

the stars, i.e. S/N in polarized and non-polarized taken through filters F250W , F330W ,

F435W is lower when compared to images taken through F606W , for example. Some

structure presented at the contour plots Fig. 36, can be explained by noise due to low S/N.

Figure 37 shows the slices through polarized images corrected for derived low-frequency

flats, which are also flats as for other blue-optimized UV polarized images.

6. Discussion

In order to check the accuracy of the new derived low-frequency flats, the aperture

photometry was performed on polarized images F475W +POL0V , F475W +POL60V and

F475W + POL120V corrected by new derived L flat. The reduction were done similar as

in Sec. 5.1.1. The flux ratio from non-polarized image and polarized images corrected for

the new L flats, were used to derive the standard deviation of the flux ratio in 16 × 16

boxes divided by
√

N , where N is number of stars in each box and smoothed these numbers

as described in Sec.4.

The distribution of the standard errors of the derived low-frequency flats as function of

position are shown in Figs. 38-40. The standard error of measurements is ∼< 1% and, thus,

meeting the 1% requirement.

This report focussed on calibration of the low-frequency flats for polarizer filters. It

would be interesting to derive the polarization for stars observed with ACS/HRC and

then confirm the results of the ACS/HRC instrumental polarization calibration by Biretta

et al, (2004). As discussed by Biretta et al, 2004, the uncertainties on the instrumental

polarizations are dominated by the uncertainties of the flat field. In the case of polarized

images taken through spectral filters in combination with polarizer filters, the uncertainties

in flat field have two components: the spectral filter ingredient of the flats and the

pixel-scale variation induced by the polarizer.
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Fig. 38.— Distribution of smoothed errors of the newly derived L flat for combination

F475W + POL0V at various δx and δy slices. The coordinates X,Y are given in HRC

pixels.
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Fig. 39.— The same as Figure 38, only for combination F475W + POL60V .
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Fig. 40.— The same as Figure 38, but for combination F475W + POL120V .

Fig. 41.— Polarization P F606W as function of X and Y for all stars observed with

ACS/HRC. The coordinates X,Y are given in HRC pixels.



– 50 –

Since the low-frequency flat for spectral filters corrects the polarized images for the

first component, then the questions is: Do the newly derived L flats for the polarizers

adequately correct for the second component? Or the newly derived L flats for polarizers

introduce some additional uncertainties in instrumental polarization?

To answer these questions, the observations of weakly polarized globular cluster 47Tuc

were used, taken with ACS/HRC through the F606W filters cross with three visible-light

optimized polarizers. The aperture photometry was performed on images taken through

F606W + POL0V , F606W + POL60V , F606W + POL120V , corrected by newly derived

low-frequency.

Then, the polarization could be derived as

P =

√

(Q2 + U2)

I

where, I,Q and U are effective Stoke parameters (see Biretta, J. et al., 2004). The

coefficients of an “instrumental” Stoke vectors were used from Table 6.6 ( Pavlovsky, C. et

al. 2005)

The polarization as a function of X and Y for stars in globular cluster 47Tuc observed

with ACS/HRC is presented in Fig. 41. On average, the polarization value for all observed

stars is about 0.8%. According to Forte et al., (2002), the polarization measurement in V

band for 77 stars outside of the cluster core, is P = 0.4%. The difference in results could

be explained by a few factors such as: 1) the current results of polarization were derived

for the cluster nucleus stars, whereas the Forte et al results were derived for stars far from

the cluster core (outside a 4′ radius); 2) as discussed by Forte et al., variations in the

polarization across the field of the cluster are attributed to the variable foreground dust.

Nevertheless, the derived polarization results appear to indicate that new low-frequency

flats for polarizers do not create additional uncertainties on the instrumental polarizations

in ACS/HRC. Also, the derived polarization for 47 Tuc stars complementary verified the

results of the ACS Polarization Calibration.
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7. Conclusions

This report presents a detailed analysis of non-uniform illumination induced by the

polarizer filters. Applying the median smoothing technique, to the flux ratio from polarized

and non- polarized images, 9 low-frequency flat-fields were derived in the form of corrections

to the high-frequency flat-fields for wide-band filters: F250W , F330W , F435, crossed

with the three blue-optimized UV polarizers, POL0UV , POL60UV , POL120UV . And

9 for wide-band filters F475, F606W and F775W , crossed with the three visible-light-

optimized polarizers POL0V , POL60V , POL120V . A typical correction for low-frequency

non-uniformities of the polarizers reaches about 2 − 3% although in extreme cases it can

reach about ∼ 5 − 7%. Summarizing, the accuracy of photometry for ACS/HRC polarizers

is very much dependent not only on general pixel-to-pixel variations across the ACS/HRC

detector and through 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 variations in sensitivity are mild and are ∼< 1%, while for

visible-optimized polarizers the maximum of variations is higher and can be ∼ 5 − 7%. The

similar conclusion was driven in the polarizer-induced geometric distortion (Kozhurina-

Platais & Biretta (2004)), where was shown that the polarizer-induced geometric distortion

is dependent upon the range of optimization wavelengths, i.e. UV or visible light. For the

UV-optimized polarizers the distortion is mild while for for visible-optimized polarizers

the maximum geometric distortion is higher. Such irregularity in astrometric and as well

as photometric properties of polarizers are caused by optical irregularities in the Polaroid

material, produced as a result of the manufacturing process.

Unfortunately, for two wide-band filters F220W and F658N , no ePSF library entrios

exist. The geometric distortion models and filter dependent distortion are not available for

these two filters. Because of that, the low-frequency flat-fields for these two filters crossed

with polarizers are not obtained.
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Table 1. HRC data sets used at ACS polarization calibration

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

9019 2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F220W CLEAR1S 170 10

2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F330W CLEAR1S 66 10

2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F435W CLEAR1S 60 10

2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F475W CLEAR1S 60 10

2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F606W CLEAR1S 60 10

2002.04 6:01:37.7 -72:05:00.6 0 ± 6 15.◦5 F775W CLEAR1S 60 10

9586 2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F220W POL0UV 300 10

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F220W POL60UV 300 10

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F220W POL120UV 300 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F330W POL0UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F330W POL60UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F330W POL120UV 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F435W POL0UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F435W POL60UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F435W POL120UV 60 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F475W POL0V 300 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F475W POL60V 300 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F475W POL120V 300 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F606W POL0V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F606W POL60V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F606W POL120V 150 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F658N POL0V 60 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ F658N POL60V 60 2

2002.05 6:01:37.7 -72:05:00.6 0 58.8.◦ 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 CLEAR2S 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

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 POL60V 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


