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Abstract
Observations of the globular cluster ω Cen taken with the F606W UVIS and F160W IR

filters have been used to examine the linear part of the WFC3/UVIS & IR geometric

distortion and to search for variations of the astrometric scale with time. The WFC3/UVIS

and IR geometric distortion appears to be stable and there is no evidence of a secular

changes on the two–years time scale, nonetheless IR exhibits a large scatter in the skew

variation. However, during each interval of the orbital target visibility, there is a linear

trend of the UVIS and IR X & Y axes skew at the level of ±2 and ±7 mas, respectively.

For the first time, variations of the astrometric scale on the orbital time scale are now

empirically confirmed, supporting the suggested effect of orbital breathing.

1. Introduction

Wide Field Camera 3 (WFC3), a fourth-generation imaging instrument of HST , was

installed on HST during Servicing Mission 4 in May 2009. By design, the focal plane

arrays of the WFC3/UVIS and IR cameras are tilted with respect to the incoming beam at

∼21◦ and ∼24◦, respectively. As a result, the WFC3/UVIS and IR images are distorted

by the amount of ∼ 7% across the detector, which corresponds to 120 pixels or ∼5′′ in the

UVIS and 35 pixels or ∼4′′ in the IR channel. Accurate knowledge of geometric distortion
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is important not only for deriving accurate positions, parallaxes and proper motions of

scientifically interesting objects but also to rectify the WFC3 images. The Multidrizzle

software (Koekemoer et al. 2002; Fruchter & Hook, 2002; Fruchter et al. 2009), currently

installed in the STScI on-the-fly pipeline (OTFR), requires accurate distortion correction in

order to combine dithered WFC3 images (UVIS and IR), to enhance the spatial resolution,

and to deepen the detection limit.

The WFC3/UVIS & IR geometric distortion, as described in Kozhurina-Platais et al.

(2009a,2009b), is represented by a fourth-order polynomial model that is accurate to a

level of 0.1 pixel (4 and 10 mas) in the UVIS and IR channel, respectively. The derived

coefficients of geometric distortion in the UVIS and IR channels are presented in the form

of a reference file called Instrument Distortion Correction Table (IDCTAB, Hack & Cox

2001) and used by STScI Multidrizzle software to correct the WFC3 images for distortion.

Any significant uncertainty in the geometric distortion correction is therefore detrimental

to the alignment of WFC3 images with Multidrizzle.

One of the main uncertainties in the geometric distortion is the potential variation of

X & Y scale over time. As shown by Anderson (2007), linear terms for the ACS/WFC

geometric distortion have changed monotonically since the ACS was installed in 2002.

The size of this change is clearly noticeable over 5 years, reaching about 15 mas (or 0.3

ACS pixels) from the original 2002 year-based distortion solution. This amount of change

in distortion would be not allowed to mapping of ACS images with Multidrizzle, which

requires an accuracy of geometric distortion at ∼<0.1 pixels. For this reason, it is important

to examine and monitor the WFC3 linear geometric distortion and forecast the evolution

of linear geometric distortion with time. The earlier results from one year of observations

(Kozhurina-Platais, et.al. 2010) showed that the WFC3 UVIS geometric distortion is stable

within 0.02 UVIS pixels or 1 mas , but the IR channel had not been analyzed at that time.

Here, we present the analysis and results of the WFC3/UVIS & IR time dependence of

linear geometric distortion in the first two years of WFC3 operations.

2. Observations

All observations of ω Cen taken through F606W UVIS and F160W IR filters

(Tables 1,2) used for the WFC3/UVIS & IR low-frequency flats and geometric distortion

calibration, were collected to look for a time-dependent evolution of the WFC3 linear

geometric distortion. These observations were taken with the same pointing but with

different POSTARGS (± 40′′ and ± 31′′ for UVIS and IR, respectively), HST roll-angles

(PA V3 ) and over a 2-year time baseline. During the second epoch observations (CAL-

11911), there was a problem with a guide star acquisition and because of that several

images in F606W filter were lost. A special supplemental calibration program CAL-12094

(PI L. Petro) was designed so that ω Cen would be observed through the F606W filter and
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the roll-angle would changed from a nominal roll–angle at the step of −10◦ (△(PA V3)).

In this calibration program, unfortunately, there was no time to observe ω Cen in the IR

channel.

Table 1: UVIS Observations of ωCen

Proposal ID Date α δ POSTARGS PA V3 △(PA V3) Number of

yy-mm-dd (◦) (◦) (′′) (◦) (◦) Images

11452 2009-07-15 201.6968 −47.47956 0 286.84 0 1

11911 2010-01-14 201.6928 −47.47905 ±40 105.01 0 9

12094 2010-04-25 201.6928 −47.47905 0 219.99 −10 7

11911 2010-04-29 201.6928 −47.47905 ±40 199.99 0 9

11911 2010-07-04 201.6928 −47.47905 ±40 280.01 0 9

12353 2010-12-12 201.6928 −47.47905 0 83.18 0 2

12339 2011-02-14 201.6928 −47.47905 ±40 139.99 0 9

12353 2011-03-20 201.6928 −47.479055 0 137.99 −5 6

12353 2011-07-25 201.6928 −47.479055 0 275.99 +10 5

Table 2: IR Observations of ω Cen

Proposal ID Date α δ POSTARGS PA V3 △(PA V3) Number of

yy-mm-dd (◦) (◦) (′′) (◦) (◦) Images

11928 2009-12-10 201.6928 −47.47905 ±31 85.99 0 9

11928 2010-03-21 201.6928 −47.47905 ±31 149.01 0 9

11928 2010-09-03 201.6928 −47.47905 ±31 312.98 0 9

12353 2010-12-18 201.6928 −47.47905 0 88.62 0 3

12353 2011-04-30 201.6928 −47.47905 0 187.99 −5 6

12340 2011-05-30 201.6928 −47.47905 ±31 242.00 0 9

12353 2011-07-25 201.6928 −47.47905 0 275.99 +10 4

For calibration program CAL-12353 (PI Kozhurina-Platais), the observations of ω Cen

were taken in three epochs separated by 3 months. This calibration program was designed

so that during the second epoch, March 2011, the roll-angle would changed from a nominal

roll–angle at the step of −5◦ but during the third epoch, July 2011, the roll-angle would

be changed from the nominal with the step of +10◦. Similar to UVIS observations, ω Cen

has been observed in IR, changing the roll-angle from a nominal at the step of −5◦ in the

second epoch and +10◦ in the third epoch.

There were 57 UVIS and 49 IR frames for inter-comparison, all of them with the

different POSTARG and different orientation, HST roll-angles (PA V3 ). If the relating
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frames would be taken with the same pointing and the same orientation, any systematic

errors in the geometric distortion would be cancel out but they would appears in with

frames taken with different pointing and orientation. Thus, a different POSTARG and

different roll-angle are important conditions to find out any systematic residuals in X & Y

positions after their were corrected for distortion.

3. Reductions

The purpose of this examination of the WFC3 linear geometric distortion is to

investigate whether there are changes in that linear distortion and, if so, to determine how

significant they are, and how accurate the UVIS and IR images could be mapped with

Multidrizzle. The Multidrizzle software outputs the results as individual ∗ single sci.fits

UVIS and IR images, which are corrected for distortion with IDCTAB. Therefore, it

is important to look for any systematic residuals in X & Y positions from the drizzled

images. In order to do so, the X & Y positions from UVIS and IR drizzled images

(∗ single sci.fits) were obtained using the IRAF/DAOPHOT/PHOT task with

CENTERPARS which includes a 2D-Gaussian fit to the PSF and which simultaneously

performs aperture photometry. As seen in Figure 1, a Gaussian fit to X and Y positions

as a function of instrumental magnitude, provides a reasonable formal measuring precision

(the centering errors of the Gaussian fit) even for the under-sampled UVIS & IR PSF.

Fig. 1.— Formal centering errors of X & Y positions as a function of instrumental magnitude,

for stars from a single UVIS drizzled images of ω Cen (left panel) and from a single IR drizzled

image (right panel). The points above the trend of astrometric error in UVIS (σXY ∼> 0.1 for

−5.0 ∼< mag ∼< −1) are likely to be spurious detection. For IR, the points above the trend

of astrometric error (σXY ∼> 0.1 for −4.0 ∼< mag ∼< −2) are likely to be spurious detections.

Stars brighter than −7 magnitude are saturated. Position errors (σXY ) are calculated as
√

(σ2

X + σ2

Y ).
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The instrumental magnitude is defined as Inst.mags =-2.5log10(FLUX/EXPTIME),

where FLUX is the signal from a star (in e−) as given by the formalism of aperture

photometry, and EXPTIME is the exposure time in seconds.

Nearly 60,000 stars in each UVIS drizzled image and 5,000 in each IR drizzled image

that are on the astrometric error trend (see Figure 1) were considered as accurately

measured. This is a sufficient number of stars to look for variations in the UVIS and IR

linear geometric distortion over time.

4. Analysis of WFC3 Linear Geometric Distortion

4.1. Definition of the Skew

The most significant geometric distortion parameters, that demonstrate the accuracy

of the distortion are the linear terms in the general transformation between two coordinate

systems, which were corrected for the higher order distortion. In order to validate the

WFC3 geometric distortion and to detect possible residual systematics in the positions, the

following linear transformation between two systems was used:

U = A1 + A2X + A3Y (1)

V = B1 + B2X + B3Y (2)

where U & V are positions in a rectangular coordinate system, used as a reference system

which is free of any systematics; X & Y are the measured positions corrected for distortion

with IDCTAB. A linear 3×2–parameter transformation from (X,Y ) into the (U ,V ) is a

simple linear transformation between the two coordinate systems (Taff 1980, Kiselev 1989).

Parameters A1 and B1 are the constant terms and represent an arbitrary offset between

the two coordinate systems; parameters A2, A3, B2, B3 are the linear terms. All these

parameters can be solved by least–squares minimization, iteratively rejecting the outliers

with large residuals. The resulting four terms A2, A3, B2, B3 from each least–squares

solution are used here to characterize the linear part of distortion.

The rotation angle between these two systems is defined as:

tan(θ) =
A3

B3

(3)

The skew term, which is the total amount of non-orthogonality between the principal

X & Y axes, can be derived from the following ratio of linear terms:

tan(γ) = −
A2A3 + B2B3

A2B3 − B2A3

(4)
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The scale term is proportional to:

M =
√

(A2B3 + B2A3) (5)

As described in Anderson (2007), the on-axis skew which represents the difference in

the scale between X, Y axes is approximately:

Mon−axis =
A2 − B3

2
(6)

The off-axis skew, representing non-perpendicularity between the X, Y axes is

approximately:

Moff−axis =
A3 + B2

2
(7)

Thus, the skew terms defined above, are the parameters characterizing the linear part

of the WFC3/UVIS and IR distortion. Hence, using these terms, the following assumptions

are tested:

• linear geometric distortion of WFC3/UVIS & IR images is free of skew–errors;

• linear geometric distortion for the WFC3/UVIS & IR is time–independent.

4.2. UVIS Long Term Skew Variations.

A correct way to calculate the skew is to compare the measured positions (X & Y,

Eq.1–2) of stars with their respective positions (U & V, Eq.1–2) in the reference frame – a

rectangular frame free of systematics, called the standard astrometric catalog. In the case

of ω Cen, the standard astrometric catalog in the vicinity of the center of this cluster was

obtained by Anderson (2009) using the ACS/WFC observations.

However, the epoch difference between the current observations of ω Cen and the

standard catalog is in a range of 4 – 5 years. According to Dinescu et al., (1999), the

absolute proper motion of ω Cen is µαcosδ=−4.9 mas and µδ=−3.5 mas per year.

Nonetheless, this systematic motion of the cluster contributes only to the constant terms

A1 and B1, which have absolutely no influence on the various skew terms defined by

Eqs.4–7. A significant contribution to the solutions and the skew terms would make not

this absolute motion, but the substantial internal velocity dispersion in the proper motions

of ω Cen, equal to 0.9 mas per year (Anderson & van der Marel 2010). This dispersion

scales up proportionally with the epoch difference. Hence, the epoch difference of four years
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contributes to the RMS of linear solution as much as ∼4 mas or ∼0.1 UVIS pixels, which

would be the expected RMS from frame–to–frame solution.

Therefore, in order to minimize the scatter and uncertainties in skew terms the first

observation of ω Cen taken right after SMOV in June 2009 (see Table 1) is defined to be

as a reference system, assuming that the UVIS camera was mechanically, optically, and

thermally stable, when WFC3 was installed on board the HST. Also, defining the first

observation as a “fiducial date” reduces the epoch difference between the first observation

and all other observations of ω Cen taken over two years, and minimizes the the effect of

internal proper motions on the change of the UVIS scale.

Thus, all observations of ω Cen taken over two years were drizzled with respect to the

first observation of ω Cen (see Table 1). The measured positions of this first drizzled image

are defined as U & V (Eq. 1–2). The positions derived from the other UVIS drizzled frames

observed later, are defined as the measured X & Y positions (Eq.1–2).

Another effect that can cause a scale change is velocity aberration, which across the

UVIS detector can vary as much as 5 parts in 100,000 (Cox & Gilliland, 2002). However,

the velocity aberration scale is an accurately calculated correction factor to the image and

is included in the header of the UVIS science fits file, and used by Multidrizzle. Thus, the

skew parameter calculated from UVIS drizzled images is velocity aberration free.

We used the least-squares method to solve for the 3×2 parameters (Eq.1–2) between

two coordinate systems — X & Y at each epoch and the reference U & V system. The

resulting linear coefficients (A2, A3, B2, B3 and their errors) are listed in Appendix A (Table

5). About 60,000 stars were used in each least–squares solution, yielding the RMS of ∼

0.06 UVIS pix (or ∼ 2 mas), as expected for the maximum two-year difference in epochs. It

is important to mention that in each least-squares solution the cosmic rays, saturated stars,

hot pixels, blended and spurious objects, which are above of the astrometric error trend

(left panel in Figure 1, see Sec.3 ) were interactively rejected from a solution as extreme

outliers with large residuals exceeding ∼> 0.1 pixels. A total of 5–10% detected objects were

rejected during this interactive process. These numbers vary from one drizzled images to

another depending on the degree of overlap between the U & V and X & Y systems.

The calculated skew (Eq.4, γ in [′′]) is plotted in Figure 2 (top panel). Each point in

the top panel Figure 2, is the calculated skew with an error bars representing the error from

each least squares solution for individual comparison of WFC3/UVIS drizzled image (X

& Y) with the reference system (U & V). The error from each least squares solutions are

negligible and as indicated in the top panel Figure 2, they are smaller then the symbol for

each skew value. The bottom panel in Figure 2 shows mean skew at each epoch with the

error bars representing the standard deviation of the skew values at that epoch.

As seen in the bottom panel of Figure 2, the skew may appear slowly changing with

time, but equally it can be considered to be a constant. In order to validate the possible

variation of skew with time, the polynomial of power 0 and 1 degree were used:
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Fig. 2.— Skew (γ from Eq.4) as a function of time spanning over two years for all the

WFC3/UVIS observations of globular cluster ω Cen taken through F606W filter. The top

panel shows the calculated skew with the error bars from each linear solution. The over-

plotted error bars are smaller than the symbols showing the skew. The purple solid line

represents a linear fit of skew vs time (MJD is Modified Julian Date). The red solid line

shows a fit with a constant. The bottom panel shows the mean skew with error bars indicating

the standard deviation. Similarly, the purple line shows is a linear fit and the red line is a

fit with a constant.

f0(T ) = a0 (8)

f1(T ) = a0 + a1×T (9)

where argument T is the time of observations (MJD - Modified Julian Date). The results

of the best linear fit are presented in Table 3. The errors in the coefficients of a linear

fit f1(T ) = a0 + a1×T , reported in Table 3, are almost equal to the coefficients themself,

and insignificant. On the other hand, the coefficient of a fit f0(T ) = a0,appears to be

statistically significant. It suggests that the total skew γ (Eq.4) in the UVIS geometric
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distortion is more likely to be constant. The remain offset of 1.′′7 over two years with small

deviation from the mean at about ±0.′′4, suggests that most likely this offset is due to some

small systematic unaccounted in the reference frame. Scaling by 2048 provides the effect of

displacement at the far edge of UVIS drizzled image, equal to 0.02±0.003 pixels.

Table 3: Fit parameters of the UVIS mean-epoch skew

Polynomial f(T ) a0 a1 STDDEV Number of Epochs

a0 + a1×T 151.0±104.9 -0.003±0.002 0.93 7

a0 1.7±0.4 0.99 7

The total amount of skew γ, as described in Sec.4.1 (Eq.4), can be separated into two

parts, the on–axis skew (Eq.6) representing the difference in the scale between the X & Y

axis, and the off–axis skew showing the non–perpendicularity between the two axis (Eq.7).

In both cases the on–axis and off–axis skew were calculated as the mean within each epoch

and their standard deviation. The top panel of Figure 3, shows the mean of the on–axis

skew per epoch as a function of time. The bottom panel of Figure 3, shows the mean of the

off–axis skew per epoch over the same time base.

Fig. 3.— Mean of the UVIS on–axis skew (Eq.6, top panel) and mean of the off–axis skew

(Eq.7 bottom) and their errors as function of time (MJD is Modified Julian Date). Scaling

by 2048 provides the size of the effect in pixels at the far edge of UVIS image. Each symbol

in the plots represents the mean skew within each epoch and their standard deviations. The

purple and red solid lines are the best linear and constant fits, respectively.

As seen in Figure 3, the best linear fit of two functions f1(T ) = a0 + a1×T (purple

solid line) and f0(T ) = a0 (red solid line) are nearly identical, suggesting that the two scale

terms (on–scale and off–scale skews) appear to be almost zero and constant over 2 years of
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UVIS observations. The small offset from zero of the off–axis skew (the bottom panel in

Figure 3) by about 0.01 pixels (0.4 mas) within the measurement errors. Most likely, as it

mentioned above, this offset is due to some small deviation in the reference frame itself.

In the case of ACS/WFC (Anderson, 2007), the skew terms in ACS/WFC geometric

distortion have monotonically changed over the span of 5 years. This linear trend is

particularly noticeable in the off–axis skew, which reach a total of 0.3 ACS pixels (15 mas).

The change of ACS/WFC skew over two years of observations is about 7.5 mas relative to

the original 2002-year-based distortion solution, whereas the WFC3/UVIS skew over two

years of observations shows no change.

4.3. UVIS Short Term Skew Variation

As discussed above, the WFC3/UVIS mean–epoch skew appears to be a constant with

respect to the original 2009-year-based distortion model. However, the skew within three

consecutive HST orbits (CAL-12094, April 2010, MJD∼55311.6) exhibits a linear trend of

the skew which is consistent within each interval of the orbital target visibility. Figure 4

shows the skew γ (Eq.4) calculated from these observations as a function of time (total

interval of time ∼6.5 hours). These observations were taken with the same pointing, but

the roll-angle has been intentionally changed within HST orbit from the nominal roll-angle

with the step of –10◦ (see Sec.2 ). In Figure 4, the target occultation and the orbital target

visibility phase are shown in yellow and green colors, respectively. On top of the green

color the duration of the shadow (the night-day terminator) is indicated by blue color.

As seen from this figure, the trend in the skew is linearly continuous during the orbital

target visibility and jumps with each guide star re-acquisition. The total amount of a skew

ranges from 0 to ∼ 7 ′′. The scaling of maximum skew variation by 2048 yields the effect

of displacement at the far edge of UVIS drizzled image about 0.05 UVIS pixels or 2mas .

Could the observed variations of skew be related to orbital events, or could it be caused by

the changing off-nominal HST roll-angle?

Similar to Figure 4, Figure 5 shows the skew calculated using the observations from

the calibration program CAL-11911, (MJD ≃ 55381.2, July 2010, see Figure 2), where the

observations of ω Cen were taken with the same HST roll–angle but with a large change of

POSTARG (± 40′′). As seen in Figure 5, the trend of a skew is also linear during the orbital

target visibility. However, in this case linear trend in the skew is changing from positive

to negative during the transition from one orbit to the next. The variation of skew in this

case could not be caused by changing the nominal HST roll-angle, for the reason mentioned

above. As discussed by R. Gilliland (2005), using a large set of observations from different

HST instruments (ACS, WF/PC, WFPC2, STIS and NICMOS), including the analysis of

the 9750 program with over ACS/WFC 100 orbits, and with multi-day observations and

pointing, have shown the strong variations of the ACS/WFC scale within the orbit.
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Fig. 4.— Same as in Figure 2 but for a short period of time (∼6.5 hours), over 3 consecutive

HST orbits (CAL-12094, April 2010, MJD∼55311.1). All observations have the same

pointing but the HST roll-angle had been changed with the step of −10◦ between exposures.

The over-plotted error bars are smaller than the red diamond showing the skew. The yellow

color indicates the period of the target occultation; green color indicates the orbital target

visibility; and blue shows the duration of the orbital night.

Fig. 5.— Same as in Figure 4 but for period of time (∼7.5 hours), over 3 consecutive HST

orbits (CAL-11911, July 2010, MJD∼55381.6) with a large POSTARG (± 40′′) and the same

HST roll-angle. The yellow color indicates the period of the target occultation; green color

indicates the orbital target visibility; and blue shows the duration of the orbital night.

A possible reason for the short term scale changes is the telescope “breathing”, which

takes place on orbital time scale and causes the change of focus and the shape of PSF. In

order to examine the effect of focus variation on the skew, the predicted temperature–based

focus model of WFC3/UVIS (http://www.stsci.edu/hst/observatory/focus/FocusModel)

is plotted as a function of time (Figure 6) with over-plotted calculated skew from the

calibration program CAL-11911, similar to Figure 5. The minima and the maxima of the
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calculated skew partially follow the pattern of the UVIS focus model. There is, however, a

significant fraction of the calculated skew that do not track the predicted focus model.

Fig. 6.— Variation of the calculated skew (the red circles and right Y –axis in arcsec) for a

short period time (∼7.5 hours), over 3 consecutive HST orbits (see Figure 5) with a large

POSTARG (± 40′′) and the same HST roll-angle. The blue solid curve is the temperature–

based model of the UVIS focus calculated for the time of observations (left Y –axis in µm).

In addition, there is also some disparity between the focus model and the measured

focus. As an example, Figure 7 (http://focustool.stsci.edu/) shows the measured UVIS

focus and the temperature–based focus model for June 4, 2010, a date close to the time of

observations from the calibration program CAL-11911 (MJD ≃ 55381.2, July 2010). As

seen in Figure 7, there is evidence of some divergence between the measured focus and its

model.

As discussed by Lallo (2007), there is always a gradual divergence between the

focus measurements and the temperature-based focus models over time. The descriptive

temperature–based focus model does not constrain or include all relevant parameters such

as periodical focus variations on HST orbit, combinations of Sun angle, off-nominal HST

roll-angle, Earth heating and the difference in temperature on the different part of HST due

to the shadow from Earth as described by Hershey et al. (1998). Because of that, there is

always a difference between measured focus and temperature–based focus.

Therefore, it is not surprising that significant focus differences between the first UVIS

observation and the consecutive observations, can systematically affect the PSF centroid

and, as a consequence, change the measured UVIS scale. Thus we conclude that, the linear

dependency of the scale change on a orbital time scale, as seen in Fig.4 and Fig.5, most

likely is related to the so–called orbital/thermal breathing. During which the UVIS skew

varies from image to image with linear deviations reaching about ± 8′′. Scaling by 2048,

this amount of deviation results into the maximum displacement at the far edge of UVIS

drizzled images, confined within ±0.05 UVIS pixels or ±2 mas .
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Fig. 7.— Comparison between the UVIS measured focus (red) and the UVIS temperature–

based focus model (blue).The plot is generated using the web tool provided by

(http://focustool.stsci.edu/).

The performed analysis, described above, have shown that the UVIS skew term is

linearly changing during each interval of the orbital target visibility at the far edge of UVIS

drizzled image at the level ± 2 mas . Due to the complexity of this effect and the lack of

multi-orbit observations, it difficult to adequately model the rate of the scale change on the

HST orbital time scale.

As a final note to the UVIS skew term variation, the UVIS skew term show the linear

a dependency over short periods of time, however, there is no evidence of secular changes of

the WFC3/UVIS scale and the WFC3/UVIS geometric distortion appears to be stable over

the period of two years.

4.4. IR Skew and its Stability

Similar to the verification of UVIS skew, all observations of ω Cen with WFC3/IR

channel through F160W filter with different pointing, POSTARG , and HST roll–angle

listed in Table 2, were used to verify the IR skew.

The first observations of ω Cen in the WFC3/IR channel were taken in December

2009. Similar to UVIS, the first observations of ω Cen with with POSTARG=0 (see Table

2) was used as a reference frame – U&V system. All other IR frames from Table 2 were

drizzled with respect to this first one and X & Y positions were used as measured system.

As it was done for the UVIS channel (Sec.4.2), a least–squares method was used to

solve for 3×2 parameters, characterizing the linear transformation between the X & Y

and U & V systems (Eq.1–2). The coefficients A2, A3, B2, B3 and their errors from each
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least-squares solution are listed in Appendix B. A total of ∼5,000 stars were used in each

solution. The RMS for each solution is ∼ 0.06 IR pixels (or 7 mas). In comparison with

the UVIS solution (Sec.4.2), the lower accuracy of IR solution is due to the less-accurate

measurements of the X & Y positions of the severely under-sampled IR PSF. About 5-10%

of the total detected objects which include few cosmic rays, saturated stars, hot pixels,

blended and spurious detected objects which are above of the trend of astrometric errors

(see left panel in Figure 1, Sec.3) were rejected during the interactive solutions as extreme

outliers with the large residuals (∼> 0.1 IR pixels). These numbers vary from one IR drizzled

image to another depending on the common stars overlapped between U & V and X & Y

systems.

Fig. 8.— Skew γ plotted as a function of time, spanning over two years of WFC3/IR

observations of ω Cen taken through F160W filter. The top panel shows the skew and the

error bars calculated from each linear solution. The over-plotted error bars are smaller than

the symbols showing the calculated skew. The purple solid line shows the linear fit of skew

vs time. The red line represent a fit with the constant. The bottom panel shows the mean

skew per each epoch and its error bars showing their standard deviations. The purple line

shows the linear fit and the red line is a fit with the constant.

Figure 8 shows the skew γ in [′′] calculated from Eq.4 and is plotted as a function

of time. The top panel in Figure 8 shows the skew and their errors calculated from each

solution for an IR drizzled image. The bottom panel of Figure 8 shows the mean skew
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at each IR epoch vs time, with errors bars indicating the standard deviation of the skew

values at that epoch. The fit parameters for the mean skew per epoch using two functions

f1(T ) = a0 + a1×T and f0(T ) = a0, where T is the time of observation, are presented in

Table 4. As seen from Table 4, the errors of coefficients from the fit with the polynomial of

power 1 are exceeding the coefficients them-self, which is a clear indication that the model

is not adequate. On the other hand, the error of the coefficient from the polynomial fit of

power 0 shows a marginally significant result. Scaling by 512 at the far edge of IR drizzled

image, the mean skew (γ) of −3.′′6±1.2 corresponds to 0.01±0.003 IR pixels.

Table 4: Fit Parameters of the IR epoch–mean skew vs time.

Polynomial f(T ) a0 a1 STDDEV Number of Epochs

a0 + a1×T 215.9±950.4 -0.004±0.02 9.5 7

a0 -3.6±1.2 8.7 7

Similar to UVIS, the on–axis (Eq.6) and off-axis (Eq.7) IR skew are presented in

Figure 9, the top and bottom panels, respectively.

Fig. 9.— Top panel: mean of the IR on–axis scale. Bottom panel: mean of the off–axis scale

per epoch as a function of time (MJD). Scaling by 512 provides the size of the effect in pixels

at the far edge of IR drizzled image. Each point represents the calculated mean scale terms

at each epoch along with its standard deviation. Over-plotted purple and red solid lines are

the linear fit and fit with a constant, respectively.
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The total IR skew γ is constant and has offset from zero at the level of −3.′′6 (see

Fig.8, bottom panel), although there is a 27′′ jump at the end of the time series. More

IR observations with large time base-line are required in order to properly interpret the

properties of IR skew. The offset of −3′′ corresponds to 0.01 IR pixels, which is similar to

the offset of ∼0.01 pixel shown in the on–axis skew (top panel, Figure 9), representing the

difference between the X and Y axes scale. This offset is similar to UVIS, therefore, it

suggests that the offset is due to some small unaccounted systematics in the reference frame.

Is the offset of the IR on–axis skew real? The IR PSF is severely under-sampled, with

the Full Width Half Maximum (FWHM) of the IR PSF equal to 0.′′256. The difference in

Xscale=0.′′135 and Yscale=0.′′121 is a clear indication of elongated IR PSF. The Gaussian model

used to find the centroids of stars in IRAF/DAOPHOT/CENTERPARS is probably not the

best approach to measure these under-sampled and elongated PSF. Most likely the offset

seeing in Figure 9 is due to the poor measurement of IR PSF centroids. Also, the reason of

scatter, seeing in Figure 9, is likely the result of focus variations. Unfortunately, there is no

available information on the IR temperature-based focus model and its measurements to be

compared with the IR skew.

To better understand the properties of IR skew, more IR observations are required.

In Cycle 19, the calibration proposal CAL–12714 (PI Kozhurina-Platais) is dedicated to

monitor linear geometric distortion for the UVIS and IR. New observations in the IR

channel are scheduled on April 2012. Additional observations and new calculations of the

skew will increased the number of epochs and, hence, will statistically better constrain the

IR skew dependency with time.

5. Conclusion

Two years of the ω Cen observations through WFC3/UVIS F606W and WFC3/IR

F160W filters, have been used to examine the linear part of the WFC3/UVIS & IR geometric

distortion and its variation over time. The resulting skew terms, one of the remaining

uncertainties in the geometric distortion, have been calculated from the comparison of the

first WFC3 observations right after the Servicing Mission 4 in June 2009 with the following

observations of ω Cen until July 2011.

Two additional WFC3 calibration programs, (CAL– 12904, CAL– 12353) were

specifically designed for the skew calibration, so that ω Cen would be observed at different

roll–angles during the HST orbit. These calibration programs with the step of a few degrees

from the nominal HST roll–angles within HST orbit have been performed for the first

time. The interesting finding of these observations is that the skew appears to linearly

change over the short time interval of orbital target visibility. All measurements of the

WFC3/UVIS and IR skew are confined within ±8′′ and ±20′′, respectively. The effect of

skew variation at the far edge of UVIS and IR drizzled images is at the level of 0.05 UVIS
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and IR pixels or 2 and 7 mas , respectively. The temporal dependency of skew variations

suggest that it can related to the focus variations over an HST orbital time scale, known as

orbital “breathing”. However, the precision level of the IR linear distortion mainly depends

on the accuracy of the centering technique for the measurement of X and Y positions of

severely under-sampled PSF on drizzled IR images. For the first time the variation of the

skew scale on the HST orbit is now observationally confirmed, thus supporting the early

suggestion of the orbital breathing effect on the scale.

Summarizing the assessment of the linear part of WFC3/UVIS and IR geometric

distortion, we conclude that over two years of the WFC3 operation on the HST board, the

WFC3/UVIS and IR geometric distortion is stable and there is no evidence of a secular

changes, with possible exception of occasional variation of the IR skew. However, there

are short term variations at the level of ±0.05 UVIS and IR pixels (or 2mas and 7mas at

the far edge of UVIS and IR drizzled image, respectively) that are likely due to the orbital

breathing.

As opposed to well–established monotonic variation of the ACS/WFC skew terms

(Anderson, 2007), the WFC3/UVIS and IR skew over two years of observations is stable

and nearly zero within the measurement errors, i.e. there is no evidence of a secular change

of the WFC3/UVIS and IR scale.

We will continue to monitor the variation of the WFC3/UVIS and IR distortion over

time.
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Appendix A

Table 5: List of coefficients and their errors from Eq.1,2 for UVIS

Image A2 σA2
A3 σA3

B2 σB2
B3 σB3

ibc301qrq 1.0000894 0.24E-06 -0.0000048 0.27E-06 -0.0000118 0.22E-06 1.0000988 0.25E-06

ibc302ivq 1.0000837 0.33E-06 -0.0000348 0.28E-06 0.0000288 0.33E-06 1.0000849 0.28E-06

ibc302j0q 1.0000667 0.39E-06 -0.0000985 0.46E-06 0.0000953 0.37E-06 1.0000675 0.43E-06

ibc302j2q 1.0000926 0.27E-06 -0.0000702 0.43E-06 0.0000455 0.26E-06 1.0001033 0.41E-06

ibc302j7q 1.0000792 0.37E-06 -0.0000478 0.50E-06 0.0000317 0.36E-06 1.0000807 0.48E-06

ibc302jcq 1.0000864 0.30E-06 0.0000068 0.28E-06 -0.0000218 0.30E-06 1.0000900 0.28E-06

ibc303n1q 1.0000956 0.29E-06 -0.0000039 0.24E-06 -0.0000093 0.30E-06 1.0000999 0.25E-06

ibc303n9q 1.0000700 0.22E-06 -0.0000053 0.23E-06 0.0000027 0.21E-06 1.0000693 0.22E-06

ibc303nbq 1.0000810 0.33E-06 -0.0000176 0.26E-06 0.0000152 0.31E-06 1.0000961 0.25E-06

ibc304v3q 1.0000089 0.21E-06 -0.0000271 0.22E-06 0.0000200 0.21E-06 1.0000160 0.22E-06

ibc306q7q 0.9999973 0.29E-06 -0.0000361 0.27E-06 0.0000392 0.29E-06 0.9999994 0.27E-06

ibc306qqq 1.0000074 0.28E-06 -0.0002044 0.24E-06 0.0002072 0.28E-06 1.0000199 0.24E-06

ibc306qsq 1.0000095 0.33E-06 -0.0003788 0.39E-06 0.0003765 0.33E-06 1.0000397 0.39E-06

ibc307qyq 1.0000057 0.20E-06 -0.0000463 0.20E-06 0.0000414 0.21E-06 1.0000070 0.20E-06

ibc307raq 1.0000283 0.29E-06 -0.0000780 0.24E-06 0.0000547 0.29E-06 1.0000175 0.24E-06

ibc307qgq 1.0000209 0.31E-06 -0.0001012 0.29E-06 0.0000928 0.30E-06 0.9999989 0.28E-06

ibc307rpq 0.9999995 0.23E-06 -0.0000545 0.28E-06 0.0000656 0.22E-06 0.9999884 0.26E-06

ibc307sjq 0.9999788 0.35E-06 -0.0000227 0.34E-06 0.0000579 0.34E-06 0.9999821 0.33E-06

ibc307soq 0.9999836 0.31E-06 -0.0000186 0.23E-06 0.0000310 0.31E-06 1.0000005 0.23E-06

ibc307sqq 0.9999859 0.36E-06 -0.0000109 0.34E-06 0.0000081 0.35E-06 1.0000202 0.33E-06

ibc307stq 1.0000091 0.23E-06 -0.0000194 0.30E-06 -0.0000031 0.24E-06 1.0000263 0.31E-06

ibc307syq 1.0000307 0.31E-06 -0.0000407 0.35E-06 -0.0000012 0.32E-06 1.0000410 0.35E-06

ibe801nnq 1.0000038 0.21E-06 -0.0000638 0.22E-06 0.0000605 0.23E-06 1.0000176 0.23E-06

ibe802npq 1.0000043 0.21E-06 -0.0000774 0.22E-06 0.0000703 0.21E-06 1.0000179 0.22E-06

ibe803nrq 1.0000190 0.38E-06 -0.0001920 0.27E-06 0.0001716 0.35E-06 0.9999951 0.25E-06

ibe804ntq 1.0000081 0.36E-06 -0.0001889 0.26E-06 0.0001636 0.34E-06 1.0000044 0.25E-06

ibe805nvq 1.0000005 0.35E-06 -0.0001852 0.24E-06 0.0001549 0.34E-06 1.0000078 0.24E-06

ibe806nxq 1.0000104 0.32E-06 -0.0001653 0.25E-06 0.0001600 0.35E-06 1.0000136 0.27E-06

ibe807nzq 1.0000075 0.33E-06 -0.0001779 0.24E-06 0.0001578 0.33E-06 1.0000120 0.24E-06

ibe808o1q 1.0000010 0.35E-06 -0.0001941 0.24E-06 0.0001623 0.36E-06 1.0000086 0.25E-06

ibe809o3q 1.0000115 0.35E-06 -0.0001757 0.24E-06 0.0001583 0.35E-06 1.0000012 0.24E-06

ibla01doq 1.0000189 0.28E-06 -0.0000334 0.28E-06 0.0000226 0.27E-06 1.0000147 0.28E-06

ibla01drq 1.0000240 0.34E-06 -0.0000268 0.34E-06 0.0000283 0.33E-06 1.0000163 0.32E-06

ibla01dwq 1.0000245 0.38E-06 -0.0000258 0.49E-06 0.0000081 0.36E-06 1.0000192 0.47E-06

ibla01dyq 1.0000121 0.34E-06 -0.0000284 0.41E-06 0.0000123 0.33E-06 1.0000195 0.40E-06

ibla01e1q 1.0000087 0.42E-06 -0.0000274 0.37E-06 0.0000154 0.42E-06 1.0000205 0.38E-06

ibla01e6q 1.0000110 0.31E-06 -0.0000220 0.26E-06 0.0000144 0.30E-06 1.0000152 0.26E-06

ibla01e8q 1.0000087 0.29E-06 -0.0000364 0.29E-06 0.0000332 0.27E-06 1.0000054 0.27E-06

ibla01ebq 1.0000169 0.27E-06 -0.0000312 0.25E-06 0.0000320 0.26E-06 1.0000076 0.24E-06

ibla01egq 1.0000145 0.37E-06 -0.0000182 0.29E-06 0.0000363 0.36E-06 1.0000092 0.28E-06
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Table 5: Continued

Image A2 σA2
A3 σA3

B2 σB2
B3 σB3

ibm501rkq 1.0000053 0.25E-06 -0.0000773 0.27E-06 0.0000719 0.25E-06 1.0000123 0.28E-06

ibm501rvq 1.0000116 0.25E-06 -0.0000775 0.27E-06 0.0000728 0.26E-06 1.0000097 0.28E-06

ibm503jzq 1.0000202 0.27E-06 -0.0000247 0.26E-06 0.0000092 0.27E-06 1.0000143 0.27E-06

ibm506k5q 1.0000207 0.28E-06 -0.0000293 0.28E-06 0.0000158 0.27E-06 1.0000179 0.27E-06

ibm507k7q 1.0000199 0.27E-06 -0.0000466 0.27E-06 0.0000384 0.27E-06 1.0000169 0.27E-06

ibm508k9q 1.0000179 0.27E-06 -0.0000581 0.27E-06 0.0000541 0.28E-06 1.0000159 0.28E-06

ibm516f8q 1.0000146 0.24E-06 -0.0000371 0.24E-06 0.0000312 0.24E-06 1.0000167 0.24E-06

ibm516fjq 1.0000130 0.24E-06 -0.0000431 0.24E-06 0.0000345 0.24E-06 1.0000155 0.24E-06

ibm517flq 1.0000126 0.23E-06 -0.0000349 0.22E-06 0.0000289 0.23E-06 1.0000107 0.23E-06

ibm518fnq 1.0000115 0.23E-06 -0.0000425 0.22E-06 0.0000399 0.23E-06 1.0000126 0.22E-06

ibm519fpq 1.0000128 0.25E-06 -0.0000566 0.24E-06 0.0000517 0.25E-06 1.0000112 0.24E-06
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Appendix B

Table 6: List of coefficients and their errors from Eq.1,2 for IR

Image A2 σA2
A3 σA3

B2 σB2
B3 σB3

ibcj01u3q 0.9999985 0.26E-05 -0.0000086 0.39E-05 -0.0000060 0.21E-05 1.0000256 0.31E-05

ibcj01u9q 0.9999880 0.40E-05 -0.0000174 0.46E-05 -0.0000252 0.33E-05 1.0000168 0.37E-05

ibcj02dhq 0.9999956 0.37E-05 -0.0000243 0.32E-05 -0.0000069 0.30E-05 1.0000025 0.26E-05

ibcj02drq 0.9999892 0.40E-05 -0.0000105 0.46E-05 0.0000012 0.33E-05 0.9999725 0.38E-05

ibcj02dxq 1.0000024 0.27E-05 -0.0000193 0.41E-05 0.0000148 0.21E-05 0.9999587 0.31E-05

ibcj03jxq 1.0000245 0.49E-05 -0.0000062 0.56E-05 0.0000222 0.37E-05 0.9999698 0.42E-05

ibcj03k7q 1.0000243 0.44E-05 -0.0000106 0.38E-05 0.0000220 0.33E-05 0.9999967 0.28E-05

ibcj03kdq 1.0000244 0.45E-05 -0.0000233 0.51E-05 0.0000192 0.37E-05 1.0000345 0.41E-05

ibcj04jdq 0.9999592 0.31E-05 0.0000185 0.33E-05 -0.0000056 0.28E-05 1.0000383 0.30E-05

ibcj04jnq 0.9999641 0.35E-05 0.0000349 0.35E-05 -0.0000276 0.31E-05 1.0000364 0.31E-05

ibcj04jtq 0.9999630 0.41E-05 0.0000299 0.39E-05 -0.0000100 0.37E-05 1.0000243 0.36E-05

ibcj05pfq 0.9999703 0.33E-05 0.0000017 0.41E-05 0.0000150 0.29E-05 1.0000169 0.37E-05

ibcj05ppq 0.9999592 0.44E-05 0.0000034 0.52E-05 0.0000322 0.40E-05 0.9999935 0.48E-05

ibcj05pvq 0.9999623 0.43E-05 -0.0000059 0.37E-05 0.0000244 0.39E-05 1.0000183 0.33E-05

ibcj06z9q 0.9999300 0.54E-05 0.0000054 0.42E-05 0.0000268 0.46E-05 1.0000459 0.36E-05

ibcj06zjq 0.9999583 0.37E-05 0.0000131 0.40E-05 0.0000191 0.33E-05 1.0000436 0.36E-05

ibcj06zpq 0.9999613 0.36E-05 0.0000340 0.46E-05 -0.0000188 0.32E-05 1.0000549 0.41E-05

ibcj07e0q 0.9999860 0.31E-05 -0.0000009 0.36E-05 0.0000291 0.26E-05 1.0000224 0.29E-05

ibcj07efq 1.0000021 0.38E-05 0.0000337 0.37E-05 0.0000225 0.32E-05 1.0000264 0.31E-05

ibcj07elq 1.0000262 0.52E-05 0.0000017 0.43E-05 0.0000758 0.44E-05 1.0000234 0.36E-05

ibcj08j0q 1.0000140 0.42E-05 0.0000457 0.47E-05 -0.0000032 0.36E-05 1.0000171 0.39E-05

ibcj08jfq 0.9999959 0.43E-05 0.0000102 0.63E-05 0.0000066 0.36E-05 1.0000064 0.52E-05

ibcj08jmq 0.9999651 0.37E-05 0.0000467 0.44E-05 -0.0000297 0.31E-05 1.0000145 0.37E-05

ibcj09k8q 0.9999378 0.47E-05 0.0000349 0.43E-05 -0.0000241 0.39E-05 1.0000185 0.36E-05

ibcj09kiq 0.9999531 0.33E-05 0.0000634 0.37E-05 -0.0000527 0.28E-05 1.0000274 0.31E-05

ibcj09koq 0.9999577 0.35E-05 0.0000971 0.44E-05 -0.0000516 0.29E-05 1.0000193 0.36E-05

ibm502hrq 0.9998784 0.26E-05 -0.0019361 0.29E-05 0.0019440 0.20E-05 0.9999966 0.23E-05

ibm502hxq 0.9998789 0.25E-05 -0.0019404 0.29E-05 0.0019431 0.21E-05 0.9999946 0.23E-05

ibm509dyq 0.9999516 0.31E-05 -0.0019194 0.33E-05 0.0019606 0.28E-05 0.9999479 0.29E-05

ibm510e0q 0.9999441 0.32E-05 -0.0019104 0.34E-05 0.0019828 0.27E-05 0.9999443 0.29E-05

ibm511e2q 0.9999407 0.32E-05 -0.0019245 0.34E-05 0.0020001 0.26E-05 0.9999413 0.28E-05

ibm512e4q 0.9999580 0.32E-05 -0.0019162 0.32E-05 0.0019505 0.29E-05 0.9999435 0.30E-05

ibm513e6q 0.9999658 0.32E-05 -0.0019417 0.32E-05 0.0019724 0.30E-05 0.9999327 0.30E-05

ibm514e8q 0.9999673 0.34E-05 -0.0019733 0.34E-05 0.0019874 0.33E-05 0.9999215 0.32E-05

ibm515etq 0.9998894 0.31E-05 -0.0004840 0.34E-05 0.0004890 0.25E-05 1.0000059 0.27E-05

iblq01cjq 0.9999114 0.35E-05 -0.0004781 0.39E-05 0.0005531 0.28E-05 0.9999966 0.31E-05

iblq01cuq 0.9998845 0.30E-05 -0.0004751 0.38E-05 0.0005464 0.25E-05 0.9999423 0.31E-05

iblq01d0q 0.9999129 0.45E-05 -0.0004620 0.51E-05 0.0005423 0.36E-05 0.9999282 0.41E-05

iblq02k6q 0.9999314 0.45E-05 -0.0005010 0.37E-05 0.0006016 0.38E-05 0.9999843 0.31E-05

iblq02kgq 0.9999627 0.59E-05 -0.0004596 0.53E-05 0.0005931 0.49E-05 1.0000229 0.44E-05

iblq02kmq 0.9999486 0.39E-05 -0.0005055 0.50E-05 0.0006103 0.33E-05 1.0000437 0.42E-05
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Table 6 continue

Image A2 σA2
A3 σA3

B2 σB2
B3 σB3

iblq03e5q 0.9999151 0.38E-05 -0.0004933 0.56E-05 0.0005502 0.32E-05 1.0000431 0.48E-05

iblq03efq 0.9998998 0.33E-05 -0.0004923 0.37E-05 0.0005399 0.28E-05 1.0000031 0.31E-05

iblq03elq 0.9998658 0.36E-05 -0.0004723 0.36E-05 0.0005226 0.29E-05 0.9999547 0.29E-05

ibm520frq 0.9998919 0.33E-05 -0.0003900 0.36E-05 0.0003567 0.26E-05 0.9999970 0.29E-05

ibm521ftq 0.9998882 0.32E-05 -0.0004142 0.36E-05 0.0003507 0.26E-05 1.0000035 0.29E-05

ibm522fvq 0.9999015 0.32E-05 -0.0004331 0.36E-05 0.0003588 0.26E-05 0.9999971 0.30E-05


