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Abstract

From simple source centroiding to large-area image mosaics, a multifaceted variety of scientific ap-

plications with the Wide-Field Imager (WFI) of the Wide-Field InfraRed Survey Telescope (WFIRST)

require accurate and/or precise astrometry. To this goal, cutting-edge knowledge of the Point-Spread

Function (PSF) and of the geometric distortion are required.

The primary purpose of this technical report is to quantify the achievable precision of the geometric-

distortion solution of the WFI using Gaia stars as a reference and a stellar field with similar charac-

teristics of those that will be targeted by the Bulge Microlensing Survey. To this aim, we: (i) simulate

a set of dithered images of the Sagittarius window in the Galactic bulge; (ii) distort the “raw” images

according to a given geometric distortion; (iii) take into account for inter-pixel capacitance (IPC) effects

and jitter RMS; (iv) solve for the geometric distortion using expected Gaia stars in the field; and (v)

perform an exploratory investigation of jitter RMS and IPC effects on the shape the PSF.

We find that, when Gaia’s expected end-of-mission astrometric errors are ignored, we can solve for

the geometric-distortion solution of a single WFI detector to 0.03 pixel root mean square (RMS) using

library, WebbPSF-based PSF models. The solution improves by a factor of about 6 when the PSFs are

perturbed to take into account for jitter and IPC effects. When we include Gaia’s end-of-mission astro-

metric errors, the precision of the recovered geometric-distortion solution with the perturbed (library)

PSF models worsens to about 0.03 (0.04) pixel RMS.

We find IPC effects to introduce significant pixel-phase errors in the measured stellar positions when

the adopted PSF model does not account for them. Jitter RMS typically has a lesser effect on the PSF

shape.

The geometric-distortion solution is expected to substantially improve when the distortion itself is

solved for using an autocalibration approach based on much larger dithers (up to the entire WFI detec-

tor). We will focus on the autocalibration approach in a future technical report.
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1. Introduction

Astrometry, the art of precise measurement of celestial positions, distances, and motions, is funda-

mental to all other fields of astronomy, astrophysics, and cosmology, from the pointing of telescopes to

the production of large-area image mosaics. As we have now entered the high-precision era (with the

advent of the Hubble Space Telescope and Gaia), astrometry is set to play an increasingly important

role.

Astrometry is one of the five major discovery areas identified in the 2010 Decadal Survey “New

Worlds, New Horizons in Astronomy and Astrophysics”, and the Wide Field Infrared Survey Telescope

(WFIRST) was recognized as the top large space priority. The Wide-Field Imager (WFI) on-board

WFIRST will be the main instrument expected to deliver high-precision astrometric measurements for

the mission core surveys as well as for a large variety of other scientific investigations (see, e.g., The

WFIRST Astrometry Working Group 2017). High-precision Point-Spread-Function (PSF) models and

a well-characterized geometric-distortion solution are paramount to achieve high-precision astrometric

measurements with the WFI. Needless to say, high-precision PSF models and geometric-distortion solu-

tions will greatly benefit all fields of astronomy, and not just those requiring high-precision astrometric

measurements.

There are two main ways to solve for the geometric distortion. The first method (hereafter: the

external-catalog method) fully relies on stellar positions from an astrometrically-flat external catalog.

The geometric-distortion solution is obtained from the analysis of position residuals of stars in common

between the external catalog and those measured in the raw images. In principle, just a few exposures

are sufficient to derive the geometric-distortion solution with this method, provided that the selected

field has a sufficiently large number of high signal-to-noise stars and the available PSF models are already

validated and optimized. On the other hand, any systematic error present in the reference catalog will

also be present in the distortion solution.

The second method (hereafter: the autocalibration method) aims at simultaneously constructing

an astrometrically-flat reference catalog and solving for the geometric distortion. The basis of the

autocalibration is to observe the same stars in as many different locations on the detector as possible,

and to compute their average positions on a common reference frame. From here on, the autocalibration

method follows the same steps as the external-catalog method. Once a first geometric-distortion solution

is found, stellar positions are corrected and the procedure is iterated in order to improve both the

geometric distortion and the reference catalog. This method typically requires many more exposures

(and thus, telescope time) than the first method, but the obtained solution is independent of any external

source of error. The achievable solution with the autocalibration method is tightly dependent on the

adopted dither pattern, and could suffer from inherent degeneracies due to particular choices (or lack

thereof) of number, orientation, and offset of the observations.

A celestial field suitable to model the WFI PSF and geometric distortion must have a sufficient

number of reference stars in the right magnitude range over several arcmin2 (ideally, over an area at

least as extended as the WFI field of view, FoV). Reference stars must be relatively isolated from each

other, so that light contamination from neighbors is minimized, but must also be numerous enough that

PSF spatial variations and local changes in geometric distortion can be properly accounted for. Several

celestial fields meet these criteria, e.g., the globular cluster NGC 5139 (ω Cen, currently used by the

Hubble Space Telescope, HST ), the Magellanic clouds (planned calibration fields for the James Webb
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Space Telescope), or the relatively dust-free windows towards the Galactic bulge (used, e.g., for the

geometric-distortion calibration of the wide-field camera of the 2.2m-class MPI/ESO telescope).

The WFIRST Exoplanet MicroLensing (EML) survey (Bennett et al. 2018)1 plans to repeatedly

observe the same stellar fields in the Galactic bulge, and these observations are expected to help model

PSFs and geometric distortion, and monitor their behavior variations over time. The Bulge windows

per se might not be ideal fields for solving for the geometric distortion. In fact, there are several

possible limitations, going from the relatively bright Gaia limit —possibly due to a combination of

source confusion and downlinking restrictions— to the relatively high stellar density (crowding) of these

fields. The Large Magellanic Cloud might offer sources with a more suitable distribution of magnitudes,

deeper Gaia observations, and the freedom to choose dither patterns specifically designed to solve for the

geometric distortion (compared to those optimized to maximize the science return of the EML survey).

The big advantage of a Bulge field is that the observations will happen anyway and the PSF will be

characterized quite well. Therefore, for the purpose of this exploratory technical report, we decided to

simulate a field with similar characteristics as the Bulge windows. The simulated data was reduced,

modeled and analyzed in exactly the same way as we would have handled real WFIRST data.

In the following, we will consider the external-catalog method based on the Gaia DR1 catalog (Gaia

Collaboration et al. 2016a,b). The Data Release 2 (DR2) of the Gaia mission (Gaia Collaboration et

al. 2018) was not yet available when we started this project, but the DR1 already contains hundreds

of stars within each of the 18 WFI Sensor Chip Assembly (SCA) detectors around the Galactic bulge

(e.g., Bellini et al. 2017), a number more than sufficient for our simulations. Our external catalog is

constituted by those stars in the simulated scene that would have been present in the Gaia DR1.

2. Set up of the astronomical scene

Typically, the geometric distortion of wide-field mosaic cameras is first independently solved for

each detector. Then, the distortion-corrected pixels of the SCAs are collected together to construct

astrometrically-flat, full-frame mosaics (e.g., Libralato et al. 2015). Under the assumption that the WFI

SCAs will all have the same characteristics, we limited the following analysis to SCA 16, one of the corner

SCAs of the WFI. We also considered only images taken through the W146 filter (formerly known as

W149), which will be the most used filter in the EML survey.

To set up the astronomical scene, we started from one of the four Hubble Space Telescope Advance

Camera for Surveys (ACS) Wide-Field Camera (WFC) fields of the Sagittarius Window Eclipsing Ex-

trasolar Planet Search (SWEEPS) program (P.I.: K. Sahu, GO-9750, GO-12586). The mF606W versus

mF606W − mF814W CMD of the field is shown on the left-hand panel of Fig. 1. The most populated

regions of the CMD are rendered with a Hess diagram (i.e., a density map of stars in a CMD). The

CMD contains about 250,000 stars. We cross-identified stars in the field with the Gaia DR1 catalog,

and found 1171 sources in common down to mF606W ≃ 19, which represents the Gaia faint limit in the

field (green line in the CMD). Stars above the red line at mF606W ≃ 17.3 are expected to hard saturate

in W146.2 Hard saturation limits the number of Gaia sources in the ACS/WFC field that can easily be

1The primary goals of the EML survey are to conduct a census of exoplanets beyond 1 AU and detect free-floating

planets unbound from their parent stars.
2The read-up-the-ramp technique used by the WFI during image acquisition fails when a pixel saturates before the third

read.
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Figure 1: (Left:) the SWEEPS single-field CMD on which we based our master catalog. Stars brighter than the

red line are hard saturated if observed with WFIRST, and cannot be easily fit by the PSF. The green line marks

the Gaia DR1 faint limit. (Right:) the relative size of a full-frame ACS/WFC and of a single WFI SCA.

fit by the PSF and used to solve for the geometric distortion down to 395.3

The right-hand panel of the figure shows the relative size of a full-frame ACS/WFC image and that

of a single WFIRST WFI SCA, the latter being nearly 5 times larger than the former.

We generated a distortion-free master catalog of stars having the same stellar density of the SWEEPS

field, a flat distribution in position, and with W146 magnitudes resembling the luminosity function of the

SWEEPS field itself. The master catalog covers 5600 × 5600 SCA pixels and is larger than the 4k× 4k

pixels of the SCAs, to allow for some dithering of the simulated images. The master catalog contains

over 2.2 million stars, or about 1 star every 4× 4 SCA pixels, and will be used to simulate SCA images.4

We also defined a reference catalog that will be used to solve for the geometric distortion. Scaling up

from the SWEEPS field, we estimate the brightest 10,000 stars of the master catalog to be “Gaia” stars.

About 3400 of them are fainter than the hard saturation limit, and are homogeneously distributed over

the entire 5600 × 5600 SCA pixels of the master catalog. These are the reference stars.

3. Simulation of WFI single-SCA images

Together with solving for the geometric distortion, another goal of this project is to assess to what

extent jitter RMS and inter-pixel capacitance (IPC) effects change the shape of the PSF, and how this

3To be compared to the ∼ 1000 Gaia stars in a typical ACS field in the Large Magellanic Cloud.
4Note that a good fraction of these stars will be lost in the background noise.
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change can affect our measurements of stellar positions.

Pandeia and STIPS, the Science Operations Center software simulation tools, currently represent the

state-of-the-art in WFIRST image simulations. These tools are still under development, and while extra

care is taken in estimating image background and noise, these tools do not yet produce distorted images,

nor do they take into account spatial variations of the PSF, which are instead already implemented in

WebbPSF, the PSF generation tool of WFIRST. Because of these limitations, we decided to generate

our own set of single-SCA images.

First, we defined a dither pattern of 125 pointings covering a region of about 20 × 20 pixels. The

first 10 × 10 pointings are initially centered on a 2 × 2-pixel grid, and then we allowed for a random

adjustment of up to ±0.5 pixel along both the X and Y directions. The remaining 25 pointings are

instead centered on a 4× 4-pixel grid, and the same random adjustment is applied (left panel of Fig. 2).

Given the cadence of the EML survey, 125 images of the same field can be taken in about 31 hours.

(The geometric-distortion solution for the WFI based on the external-catalog method will require fewer

images given that they be properly dithered, but a detailed characterization of the PSF might require

more images).

The number of pointings was chosen with no particular reason in mind, but we do want to have

a near homogeneous sampling of the pixel phase for the analysis of PSF variations, and the first 100

pointings we generated turned out to somewhat underpopulate one of the pixel-phase quadrants. The

final pixel-phase location of the 125 pointings is shown on the right panel of Fig. 2. (Note that there

is also no need to stop at 125 pointings for the Bulge field, since the EML survey will collect data for

months, for a total of more than 40,000 images per field.)

Next, we have to assume a field distortion for the WFI. When we started this project, there was

no geometric-distortion model for the WFI available yet, but it was known that the field distortion

is expected to be of the order of 1% across the entire field of view. This implied that the measured

distance between two stars at the opposite corners of a SCA is expected to be off with respect to their

true distance by about 40–60 pixels. The exact shape of the assumed geometric distortion does not really

matter, as long as it produces deviations of the order of 1%. Generally speaking, many optical systems

will have either barrel or pin cushion distortion, the shape of which can be approximated by third-order

polynomials (Kovalesky & Seidelmann, 2004). Coma and field curvature can usually be represented

by third-order polynomials in the x and y coordinates of a detector (e.g., Kovalesky 2013). Distortion

and astigmatism also give rise to third-order terms (see also Wyant & Creath 1992). Therefore, it is

reasonable to assume the geometric distortion of the WFI to vary spatially according to a third-order

polynomial. The geometric-distortion solution of the Large Binocular Camera (LBC) at the prime focus

of the Large Binocular Telescope has exactly these characteristics (Bellini & Bedin 2009), so we decided

to simply adopt their geometric-distortion solution of the LBC chip 1 for our simulations (see, e.g., their

Fig. 4).

The third-order polynomials (one per axis) of the geometric distortion have the form:
{

δx(x̂, ŷ) = a1x̂+ a2ŷ + a3x̂
2 + a4x̂ŷ + a5ŷ

2 + a6x̂
3 + a7x̂

2ŷ + a8x̂ŷ
2 + a9ŷ

3

δy(x̂, ŷ) = b1x̂+ b2ŷ + b3x̂
2 + b4x̂ŷ + b5ŷ

2 + b6x̂
3 + b7x̂

2ŷ + b8x̂ŷ
2 + b9ŷ

3,

where δx and δy indicate the geometric-distortion corrections along the X and Y axes. The values of

the coefficients aq and bq (where q = [1, 9] or [1, 21]) are given using the normalized positions (x̂,ŷ) with

respect to the center of the SCA (x0, y0) = (2048, 2048), so that, e.g., x̂ = x−x0

x0
. The input coefficients

aq and bq are listed in Table 1. Normalized positions make it easier to recognize the magnitude of the
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Figure 2: (left:) The adopted dither pattern of the 125 simulated images (The open circles mark the position

of the central pixel in each image) with respect to the center of the master catalog (black cross). (Right:) The

corresponding pixel-phase mapping of the dither pattern.

contribution given by each solution term. The LBC distortion solution assumes a1 = 0 and a2 = 0 so

that, at the center of the SCA, the pixel scale of the solution along the X axis is equal to that of the

reference pixel along the X axis, and the corrected Y axis is aligned to the Y axis of the reference pixel.

Since the detector axes do not necessarily have the same scales nor are they perpendicular to each other,

b1 and b2 must be free to assume whatever values fit best. While this assumption necessarily imposes

some limitations in the derived solution and removes two free parameters, it will not significantly impact

the results presented here.

Given a pointing location on the master catalog, we inverted the geometric distortion around this

location and computed “raw” positions of stars in master catalog. Stars within the 4k×4k pixel boundary

of the image are added using a 3× 3 array of spatially-variable, WebbPSF-generated PSF models.

The adopted PSF models are supersampled by a factor of four with respect to the SCA pixels, and

Table 1: Coefficients of the adopted third-order polynomials.

Term(q) Polyn. aq bq
1 x 0.0 −6.3689377012

2 y 0.0 −20.3652680211

3 x2 7.1691397673 −0.6133881694

4 xy −3.2967145478 10.6777036662

5 y2 −12.1994232842 −11.3375132110

6 x3 1.0644485308 0.0484810758

7 x2y 0.1629207633 2.4946781846

8 xy2 5.6572363719 0.3047657713

9 y3 0.3094452218 12.6918911158

6



Figure 3: (Left:) The central 91 × 91 pixels of the 3 × 3 array of library PSFs generated by WebbPSF. (Right:)

difference between the SCA-averaged PSF and the PSF array in the central 51 × 51 pixels. The peak-to-peak

difference is about 6%.

Figure 4: From left to right, the histogram of adopted the jitter values along the major and minor axes of the

2D Gaussians, the angles θ between the major axes of the jitter Gaussians and the X axis of the SCA, and the

3× 3-pixel IPC kernel.

are exactly centered on the center of a pixel. The PSFs are tailored to specific locations on the SCA:

the four corners, the center of the image, and the center of each of the 4 edges. The appropriate PSF

to use at any location on the image is obtained by bi-linear interpolation of the four surrounding PSF

models of the array.5

The left panel of Fig. 3 shows the central 91 × 91 supersampled pixels of these 3 × 3 PSF models.

To better emphasize the spatial variation of the PSF within the SCA, we computed the average of these

9 PSFs, and subtract it from each PSF. The resulting central 51 × 51-pixel residuals are on the right

panel of the figure. A darker (brighter) color means less (more) flux with respect to the average PSF.

The peak-to-peak variation is about 6%.

Our images have an exposure time of about 60 seconds (22 reads). A GGaia = 15 star on the red-giant

branch of the Bulge sequence has an HAB magnitude ∼ 17.4. The red-giant branch and the upper main

5Note that a bi-linear interpolation of the PSF models is sufficient when the PSF shape varies slowly across the detector,

as it is the case for HST detectors, but high-order interpolations might be necessary if the PSF varies significantly over

distances of a few hundreds of pixels.

7



Figure 5: The full frame (4096 × 4096 pixels) view of one of the simulated images (top), containing about 1.2

million stars. A zoom-in of the central 1024× 1024 pixels, and a further zoom-in of the innermost 150× 150 pixels

is shown on the bottom.

sequence of both the Galactic bulge and disc are nearly vertical in the mF606W −H2MASS CMD. Since we

are mostly interested in bright stars, we simply applied a constant to convert ACS mF606W into W146

magnitudes. The WFIRST Galaxy-Survey exposure-time calculator (ETC, Hirata et al. 2012) estimates

the central pixel of an HAB = 17.4 star to generate 2000 e− in its central pixel in 1 second. We added
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stellar fluxes to the simulated images following these prescriptions and assuming a GAIN=1. We assumed

a pure Poisson noise that should be the dominant source of error for bright pixels, since we are only

interested in the the central pixels of bright stars for PSF fitting and geometric-distortion derivation.

The Poisson noise of pixels that saturate before the end of the exposure is scaled appropriately.

To each pixel, we added a zodiacal light contribution of 1 e− s−1 pix−1, estimated using the ETC of

the infrared channel of the Wide Field Camera 3 of HST. We also added an extra 0.5 e− s−1 pix−1 (with

Poisson noise) to account to some extent for the incompleteness of the SWEEPS catalog. We included a

dark current of 0.005 e− s−1 pix−1 and a read-out of 20 e− (WFIRST Cycle 7 Reference Information6).

To simulate the jitter RMS, we started by generating 2D Gaussians with major- and minor-axis values

randomly extracted from a Gaussian distribution with σ = 0.014 arcsec, and rotated the 2D Gaussian

by a random angle between 0◦ and 45◦ with respect to the SCA axes. These 2D Gaussians were then

used to create 5 × 5-pixel jitter RMS kernels that were convolved with the simulated image to account

for jitter RMS variations. The histogram of the adopted major axis (MJ), minor axis (mJ), and θ values

are shown in Fig. 4. We also convolved the simulated image with the 3 × 3 IPC kernel listed in the

WFIRST Cycle 7 WFI Reference Information (right panel of Fig. 4). Finally, to each pixel we applied

the pixel-area map obtained by inverting the geometric-distortion solution. Note that the simulated

images are not meant to be as precise as possible in terms of noise and background. The purpose of the

simulated images is to provide a reliable representation of the scene to study the geometric distortion

and the impact of IPC effects and jitter RMS.

As an example, the top panel of Fig. 5 shows the full-frame (4096 × 4096 pixels) of one of the

simulated images, containing about 1.2 million stars. The regions within two white squares at the center

are zoomed-in in the bottom panels. The larger square has a size of 1024×1024 pixels, the size of smaller

square is 150× 150 pixels.

4. PSF analysis

We measured stellar positions and fluxes of relatively bright and isolated objects7 using the

3 × 3 array of WebbPSF-generated PSF models (hereafter, the library PSFs). Each measured

star is accompanied by a diagnostic parameter, the QFIT parameter, that tells us how much the

shape of the fitted star resembles that of the PSF. A QFIT value of zero implies that the star

shape is identical to the PSF model. The higher the QFIT, the more discordant the star shape is

(or, conversely, the PSF model is). Typically, relatively bright and isolated stars in HST images

have QFIT ∼ 0.015. Bright but blended sources can be easily identified as those few sources with

much higher QFIT values than the bulk of stars with similar magnitudes. Since we are interested

in bright and isolated stars, the QFIT parameter can help us in excluding blends.

The top-left panel of Fig. 6 shows QFIT values versus instrumental magnitudes8 for the first

simulated image. The red horizontal line is at QFIT=0.015; the green line is at QFIT=0.05. Well-

measured stars are within the gray box (about 7500 sources). The library PSFs do not optimally

fit the simulated stars. For completeness, on the top-right corner the figure also reports the jitter

6wfirst.gsfc.nasa.gov/science/WFIRST_Reference_Information.html
7Qualified sources must have at least 1000 counts in their central pixel and no brighter pixels within a radius of 9 pixels.
8The instrumental magnitude is defined as −2.5× log(Flux), where Flux is the total flux under the fit PSF.
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Figure 6: (Top:) on the left, QFIT versus instrumental magnitude of bright stars stars measured in image 1 using

the library PSFs. Well-measured stars have a QFIT value of 0.05 (green line). Well-measured stars in HST images

have typical QFIT values of 0.015 (red line). We selected stars within the gray box to show the pixel-phase space

mapping. (Bottom:) Similar to the top panels, but for the perturbed ePSFs.

values along the major (MJ) and minor (mJ) axes, as well as the angle θ between the major

axis and the X axis of the image. In addition, since stars were added with a random position,

their measured position should randomly populate the pixel-phase space. Instead, the pixel-phase

space is not covered uniformly by the well-measured stars (top-left panel of the figure).

Therefore, we made use of the stars within the gray box to derive empirical PSFs by spatially

perturbing the library PSFs in a 3 × 3 array over the image. Well-measured stars with these

improved PSFs models (hereafter, the perturbed ePSFs) have QFIT values around 0.015, and the

resulting pixel-phase space mapping appear more uniform (bottom panels of Fig. 6). We derived

perturbed ePSF models for all the 125 images.

Note that these perturbed PSF models do not take into account color-dependent variations, nor

for the so-called “brighter-fatter” effects, in which electrons in a pixel are more likely to migrate

to nearby pixels the more charge is already accumulated in that pixel, resulting in brighter stars

appearing “fatter”. Our perturbation PSFs only account for the combined IPC plus jitter RMS

effects, which are the only two effects that we included in our simulated images.

Overall, QFIT values and pixel-phase mapping of images reduced with the library PSFs are

very similar to each other. We found IPC effects —unaccounted for in the library PSFs— to be

primarily responsible for these effects. For a handful of images with larger jitter RMS (& 2.5σ),

both QFIT values and pixel-phase mapping are significantly worse (e.g., Fig. 7), implying that
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Figure 7: Similar to Fig. 6, but for a simulated image with significantly larger jitter RMS.

Figure 8: (Left:) initial SCA map of the geometric-distortion residuals on the SCA obtained as the average within

a 21×21-element lookup table. The length of the residual vectors is magnified by a factor of 25. The side panels

show the single-axis residuals versus x and y positions. Only 25% of the residuals are plotted, for clarity. (Right:)

the corresponding ∆x versus ∆y residual map. Five concentric circles with radii from 5 to 40 pixels guide the eye

in estimating the size of the distortion. Note also the unavoidable presence of several mismatches.
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Figure 9: Difference (input values minus measured) of the polynomial coefficients as a function of the iteration

number for the third-order polynomial solution based perturbed-ePSF positions. These differences progressively

tend to zero as the solution converges. Due to the shape of the input geometric distortion, the higher-order

coefficients of the Y distortion converge faster than those of the X distortion.

also jitter RMS should be taken into account to achieve high-precision measurements.

5. Solving for the geometric distortion

We solved for the geometric distortion using both the library PSFs and the perturbed ePSFs,

to see to what extent imperfect PSFs can affect the recovered geometric-distortion solution. In

addition, we considered both third- and fifth-order polynomials to fit the geometric distortion,

under the assumption that we don’t know a-priori the real shape of the geometric distortion.

The geometric-distortion solution was obtained through an iterative process, closely following the

prescriptions given in Bellini & Bedin (2009).

In a nutshell, “Gaia” stars in the reference catalog are cross-identified with stars in the sim-

ulated images. “Gaia” positions are then transformed into the raw reference system of each

exposure by means of 4-parameter linear transformations (shifts in x and y positions, rotation,

and scale). Each cross-identified star in each exposure produces a set of two residuals, defined

as the difference between the measured x and y raw positions of the star in the raw coordinate

system of the image minus the corresponding “Gaia” star transformed x and y positions. The

2D residual map is shown on the right panel of Fig. 8.
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Figure 10: Similar to Fig. 9 but for the fifth-order polynomial solution based on perturbed-ePSF positions. About

twice as many iterations are necessary to converge with respect to the third-order solution.

We collected together the position residuals of all stars in all images as a function of stellar

positions, and constructed a lookup table made up of 21 × 21 square elements of 192 pixels

on a side (left panel of Fig. 8 for the perturbed ePSF positions). Within each grid element p,

we computed the 3σ-clipped median values of the distortion residuals along the X and Y axes

(∆x,∆y), and of the stellar normalized positions x̂, ŷ.

To solve for the polynomial coefficients along a given axis —say the X axis— we populated a

9× 9 (third order) or 21× 21 (fifth order) matrix M and one 9× 1 (or 21× 1 for the fifth-order

case) column vector Va: The matrix and the vector for the third-order polynomial solution have

the form:
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Figure 11: Final SCA residual maps after 1000 iterations for the third-order polynomial fits (top) and the fifth-

order polynomials (bottom). Solutions based on the library PSFs (perturbed ePSFs) are on the left (right). The

scale of the side panels is the same in all plots, for a direct comparison of the size of the residuals.
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. (The matrix and vectors used for the fifth-order polynomial solutions have similar
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forms.) The solution for the third-order polynomial is given by a 9×1 column vector A containing

the best-fit values for the coefficients aq:

A =











a1
a2
...

a9











= M
−1
Va.

The solution for the fifth-order polynomial is given by a 21 × 1 column vector of similar form.

Corrected positions xcorr, ycorr can then be obtained as:
{

xcorr = x+ δx(x̂, ŷ)

ycorr = y + δy(x̂, ŷ).

At the beginning of the iterative process, we had to allow for a generous searching radius

(50 pixels) in order to cross-identify “Gaia” stars with stars in each image. This inevitably led

to a few initial mismatches, visible as outliers in Fig. 8. As the geometric-distortion solution

converges, smaller and smaller searching radii can be used, mitigating the contamination due to

mismatches. A very similar lookup table and residual map were obtained for the residuals based

on the library PSFs.

We corrected the raw positions of each image by half the suggested value, to facilitate con-

vergence. The new positions are used to compute improved 4-parameter linear transformations

between the reference catalog and each image. New, smaller residuals are collected as a function

of raw stellar positions and improved polynomial coefficients are derived. The process is iterated

several times, until a certain criterion is met. For instance, for the UVIS distortion solution

(Bellini & Bedin 2009) we stopped iterating when the values of the median position residuals

within each grid element changed by less than 0.001 pixels from one iteration to the next. For the

sake of this test, we iterated the process 1000 times. We note that after about 250 iterations the

geometric-distortion solutions based on third-order polynomials for both the library- perturbed-

ePSF cases improved only marginally. This can be seen in Fig. 9, where in each panel we plot

the difference (input minus measured) of the third-order polynomial coefficients as a function of

iteration number for the perturbed-ePSF case.

About twice as many iterations were necessary to obtain comparable corrections for the fifth-

order solutions. It might be that fifth-order-based solutions converge slowly because the higher-

order coefficients, not present in the input geometric distortion, initially absorbed most of the

initial X-axis distortion, and slowly released their contribution to the lower-order coefficients

(Fig. 10).

6. Results and Discussion

Figure 11 shows the final SCA residual maps after 1000 iterations for the third-order poly-

nomial fits (top) and fifth-order polynomial fits (bottom), for both the library-PSF (left) and

perturbed-ePSF (right) cases. The side panels of each plot show the single-axis residuals as func-

tion of each axis, and have the same scale in all panels. Clearly, the final geometric-distortion
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Figure 12: Final ∆y versus ∆x residual maps after 1000 iterations for the third-order polynomial fits based on

the library-PSF (left) and perturbed-ePSF positions (right). Both panels have the same axis scale. We rendered

the central region with a density map, for clarity. Concentric circles have a radius from 0.025 to 0.2 pixels (inner

to outer).

residuals based on the perturbed ePSFs are significantly smaller than those based on the library

PSFs. The larger residuals for the library PSF cases are due to pixel-phase errors. In addition,

the third-order and the fifth-order-polynomial based solutions provide similar final residuals, with

the latter having slightly larger residuals. Since the coefficients for the fifth-order solutions take

longer to converge than for the third-order solutions (Figs. 9 and 10), more iterations might be

necessary for the fifth-order solution to provide the same precision as that of the third-order

solution. In what follows, we will consider the runs based on the third-order polynomials, but all

the discussion applies to the fifth-order polynomials as well.

The final ∆x versus ∆y residual maps for the library-PSF and the perturbed-ePSF cases are

shown in Fig. 12 (left and right panels, respectively). Both panels have the same axis scale, for a

direct comparison of the size and shape of the residual patterns. The 1D RMS of the residuals is

0.029 pixels for the library-PSF case, and 0.005 pixels for the perturbed-ePSF case. (Note that

simulated images based on artificial stars always underestimate the real errors, since stars are

added with perfect knowledge of their shape.)

A systematic-free residual map should resemble a symmetric 2D Gaussian, but both panels of

Fig. 12 show an asymmetric trend. Unaccounted-for IPC effects and jitter RMS produce pixel-

phase errors in the measured stellar positions, which themselves end up as systematic errors in

the geometric-distortion solution, as we can see in the left panel of Fig. 12. But the right-panel

of the figure also reveals some degree of asymmetry, most-likely due to residual pixel-phase errors

due to IPC effects. Our perturbed ePSF models are based on the library PSFs, and although

they work relatively well, they are still not perfect. The density map the pixel-phase distribution

of all well-measured stars from all 125 images (Fig. 13) reveals a cross-like pattern similar to the

diamond-like shape of the geometric-distortion residuals on the right panel of Fig. 12, implying

that our perturbed ePSFs still suffer from IPC-related issues.
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Figure 13: The pixel-phase density map of all stars used for the perturbed-ePSF solution.

A better approach would have been to construct our own library of spatially-varying ePSFs

from scratch. The derivation of accurate PSF models is necessarily an iterative process. Without

precise PSF models we cannot derive precise stellar positions and fluxes. Without precise stellar

positions and fluxes we cannot derive precise PSF models. Iteration breaks this degeneracy. This

represents a limitation of the current analysis.

Using well-measured stars from all the 125 images together we would obtain an initial set of

starting ePSFs that account for IPC effects and average jitter RMS effects. These starting ePSFs

would have been pixel-phase-error free from the onset, and their perturbation in each individual

exposure would have taken care of the residual jitter effects. Alternatively, since we have a model

for the IPC kernel, we could convolve it with the library PSFs, and then perturb the IPC-corrected

PSFs on an image-by-image basis to minimize jitter RMS effects. However, for the purpose of

this exploratory investigation, our current ePSF models are more than sufficient to show that

17



Figure 14: Effects of Gaia’s end-of-mission proper-motion errors (extrapolated to mid 2025) on the final ∆x

versus ∆y geometric-distortion residual map for the perturbed-ePSF case.

well-characterized, fine-tuned PSFs models are necessary to obtain geometric-distortion solutions

as precise as possible. Future analyses will be based on a more detailed characterization of the

PSFs.

Finally, a note on the external-catalog method. So far, we have completely ignored any

astrometric error in the reference “Gaia” catalog. Here we have employed stars that would be

near the faint limit of Gaia. We performed a final test based on the perturbed ePSFs and the third-

order polynomial solution of the geometric distortion in which we included the Gaia’s expected

end-of-mission proper-motion errors (extrapolated to mid-2025) to the stellar positions of our

reference catalog. These proper motion errors are based on the simulations described in Pancino

et al. (2017). The corresponding final geometric-distortion residual map after 1000 iterations is

shown in Fig. 14. The 1D RMS of the residuals turns out to be about 0.03 pixels: a factor of six
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worse than without including proper-motion errors. When library PSFs are used, the 1D RMS of

the residuals increases to about 0.04 pixels. In case the goal is to obtain a geometric-distortion

solution as precise as possible (at least as precise as the PSFs are to measure stellar positions in

an image (see, e.g., Anderson & King 2003; Bellini, Anderson & Bedin 2011), then Gaia stars

won’t provide a precise enough reference to solve for the geometric distortion of the WFI.

Future investigations will apply the autocalibration method to solve for the geometric dis-

tortion of the SCA. The autocalibration method may be more demanding in terms of telescope

time, depending on the program design, but promises to provide geometric-distortion solutions

with precision comparable to that with which stellar positions are measured via PSF fitting on an

image. (Note that also a combination of external catalog and autocalibration methods could be

a viable option.) We will also construct fully-empirical ePSF models that are free of pixel-phase

errors from the onset.
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