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Introduction

Alongside EUVI, COR1 and COR2, the Heliospheric Imager (HI) instruments form an integral component of the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) instrument suite aboard the twin Solar Terrestrial Relations Observatory (STEREO) spacecraft. The near-identical HI instruments, mounted on the  side facing the Sun-Earth line on each STEREO spacecraft, comprise two broad-band visible-light refracting camera systems (HI-1 and HI-2) – based on radiatively-cooled charge-coupled device (CCD)-based detectors – housed in an array of forward, perimeter and internal baffles. This complex baffle system is designed to minimize stray light to a level whereby the faint Thomson-scattered signal from the solar wind plasma, and the coronal mass ejections therein, can be detected. Figure 1 presents the design concept of the HI instrument, taken from Eyles et al. (2009), showing the camera placement deep in the baffle system, as well as other salient instrument components. The one-shot HI door, utilized to protect the optical and baffle systems during ground operations, launch, and the initial cruise phase activities, was opened on 13 December 2006, on STEREO-A, and 11 January 2007, on STEREO-B.
Each inner (HI-1) camera has a 20° x 20°  field-of-view, the boresight of which is, in nominal operations, aligned at 14° elongation (angle from Sun-center) in the ecliptic plane. The boresight of the 70°  field-of-view outer (HI-2) cameras is aligned, again in nominal operations, at 53.7° elongation. Thus, between them, the HI cameras on each STEREO spacecraft provide elongation coverage extending from 4° to 88.7° along the Sun-Earth line; the inner edge of this combined HI field-of-view is closely matched to the outer field of view of the COR2 instrument. A summary of the HI instruments is given by Howard et al. (2008); for a more complete description, the reader is directed to Eyles et al. (2009).  
The goal of HI is to study the evolution of coronal mass ejections (CMEs) as they propagate through the inner heliosphere, out to Earth-like distances and beyond. These measurements, combined with those from EUVI, COR1 and COR2, aim to answer the questions:
· What is the timing of physical properties involved in CME initiation? What are the structures involved in CME initiation?
· What is the 3-dimensional structure and kinematic properties of CMEs?
· What is the 3-dimensional structure of active regions, coronal loops, helmet streamers, etc.?
· What are the critical forces controlling the properties of CMEs in the corona and interplanetary medium?
The spectral passband of the HI-1 cameras is 630 to 730 nm, to match that of COR2; an even wider passband, 400 to 1000 nm, is used for HI-2 in order to achieve the signal-to-noise ratio necessary to discern the faint solar wind signal. Notwithstanding their broad-band design, a long integration time is also required for the HI cameras, noting that a CME is typically only 1% of the brightness of the major background sources – namely the F-corona and the brighter stars – in the HI field-of-view. To this end, each HI image comprises the sum of multiple shorter exposures, 30 40-second exposures in the case of HI-1 imagery and 99 50-second exposures in the case of HI-2. The nominal cadence is 40 minutes and 120 minutes for HI-1 and HI-2 science images, respectively. Each exposure is scrubbed of energetic particles signatures  – cosmic rays and solar energetic particles – prior to summing, as the accumulated effect of energetic particle contamination over such a long integration time would be significant, even during quiet conditions. 
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Figure 1.  HI instrument design concept.
A 2k x 2k pixel CCD, with 15μ detectors, yields a pixel size of 35 arcsec and 2 arcmin for the 20° and 70° field-of-view of the inner, HI-1, and outer, HI-2, cameras, respectively. After energetic particle scrubbing, exposures are binned 2 x 2, resulting in an image bin size of 70 arcsec for HI-1 and 4 arcmin for HI-2. The wide-angle nature of the HI-2 cameras, in particular, results in significant geometrical distortion from the standard gnomic projection assumed for most solar instruments. This distortion, while characterized pre-launch on ground, has been refined in-flight through comparison with a star map. Indeed, inclusion of the camera distortion ascertained in this way is part of the standard HI pipeline processing undertaken to ascertain the accurate pointing for each HI image taken in flight. Similarly, comparison with the magnitudes of selected, non-variable, stars has been used to refine the on-ground HI photometric calibration parameters; such analysis has demonstrated that the degradation of the HI cameras over the first 7 years of the mission was less than 0.1% per year. This trend is likely to have continued, however due to the degraded stability that accompanied the switching-off of the attitude control gyros, on 18 September 2013 and 7 January 2014 for STEREO-A and STEREO-B, respectively, such accurate photometric calibration is no longer easily achievable. 
As noted above, the solar wind is of order 1% of the background signal at the elongations of HI, necessitating careful background determination to reveal the faint signatures of CMEs and other solar wind phenomena. Standard processing of HI data to Level 2 yields two background-subtracted products, the first, with a short timescale background removed (1-day background for HI-1 and 3-days for HI-2) and the second, with an 11-day background subtracted in order to study the morphology and evolution of more stable features such as the background corona. 
The aforementioned calibrations, and corrections, applied to HI imagery are described in the following sections of this Appendix, as listed below.
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Purpose

This document describes the photometric and geometric corrections used to convert from raw HI Level 0 images to calibrated Level 1 images, and the subsequent determination of the background for background-subtracted Level 2 products.  The Level 0 data are stored in FITS format, as described in [PIPELINE].  All calibration files are distributed as part of the SECCHI software package in SolarSoft.
Contents

Section A.2 describes the procedure used to convert the HI data from raw Level 0 units (data numbers, DN) to a variety of calibrated Level 1 units – specifically DNS (DNs/pixel/sec), mean solar brightness (MSB), and S10 units –  which is the basic step that underpins subsequent scientific analysis.  Section A.3 describes the geometric calibration of the data, and its implementation.  Section A.4 describes the procedure used for estimating the F-coronal and instrumental background.
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Overview

The initial photometric calibration of the HI instruments was performed via modelling and from laboratory measurements taken prior to launch (Eyles at al. 2009). This has since been refined using measurements of stars during operation. For HI-1 this was first done by Bewsher et al. (2010) and Bewsher, Brown & Eyles (2012). A similar analysis for HI-2 was carried out by Tappin, Eyles & Davies (2015). The time evolution of the calibration parameters was determined by Tappin, Eyles & Davies (2017).
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The HI photometric calibration, both on-ground and in-flight, is based on procedures developed over many years for similar visible-light instruments, on the Helios, SOHO and Coriolis missions.

Product Description

HI images are generated by taking a series of short exposures and then binning and summing them to produce the 1024 × 1024 images that are downlinked. This necessitates a certain level of on-board processing, which is described in detail by Eyles et al. (2009; section 5.3). In summary:
1. The electronic bias is determined from the CCD underscan columns and subtracted.
2. Energetic particle hits are removed (scrubbed) by comparison with the previous exposure.
3. The underscan and overscan regions are trimmed
4. The exposures are binned 2 × 2 from the original 2048 pixel square exposures to 1024 image bins square.
5. The exposures are summed. For HI-1, 30 exposures are summed to produce an image every 40 minutes. For HI-2, 99 exposures are summed to produce one image every two hours. The number of particle hits detected for each exposure are stored in the final, row of the image.
The resulting 24-bit images are downlinked as the Level 0 data.
After the downlinked telemetry stream has been reassembled to form the Level 0 images, a number of further operations are performed to produce the Level 1 images that are useful for analysis. This processing is described by Eyles et al. (2009; section 10). The determination of the unit conversion parameters and flat field are described by Bewsher et al. (2010), Bewsher, Brown & Eyles (2012) and Tappin, Eyles & Davies (2017) for HI-1 and by Tappin, Eyles & Davies (2015, 2017) for HI-2. In summary:
1. Remove the energetic particle scrubbing values  from the final row of the image, replacing the values in these bins with values from the adjacent row.
2. Identify saturated columns and missing data blocks, and insert appropriate data values (NaNs for saturation, interpolated values for missing blocks).
3. Apply the correction for shutterless readout of the cameras (see Section A.2.1.1).
4. Apply a flat-field correction to the image (see Section A.3.2.3).
5. Correct the pointing and optics parameter values in the headers.
6. Since superior conjunction, the images are rotated to place north at the top.
The calibrated images for HI are supplied in three sets of units:
· DN per CCD pixel per second (DNS).
· MSB (the mean surface brightness of the solar disk).
· S10 units (the brightness of mv = 10 star of solar type per square degree).
The MSB and S10 images are corrected for the variation in pixel solid angle across the field of view (see Appendix A.3 for more information). Thus the count-rate (DNS) images are more suitable for astronomical studies focused on point sources, while the MSB and S10 images are appropriate for studies of the solar wind, zodiacal light etc.
The background subtraction methods used to generate the Level 2 data are described below in Appendix A.4.
Theoretical Description

The basic process of converting from raw DNS to calibrated MSB can be described as follows

where CMBS is the conversion factor (MSB/pixel), npix is the solid angle of the Sun expressed in pixels and 

is the intensity of the Sun in DN/s [A is the area of the aperture, G is the electronic gain (= 15 photo-electrons per DN), Fsun(λ) is the spectral intensity of the Sun and T(λ) is the net efficiency of the instrument (optical transmission multiplied by detector QE)].
The conversion factor to S10/pixel is similar where npix is now the number of pixels within one square degree and Isun is replaced by .
Shutterless Correction

Before each scheduled exposure, the CCD is cleared row by row. As the CCD is exposed to the sky scene during this clear, each row accumulates charge based on the clear step time (CLEARTIM in the SECCHI header). The imaging area of the CCD is then held stable for the exposure time (EXPTIME) and is then read out row by row. Similarly, during readout, the CCD is also still accumulating charge, this time based on the read step time (READTIME). For further details see Eyles et al. (2009; section 10.1.2).
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then

Multiplying the recorded exposure by the inverse of this matrix would, assuming a true square wave response on the CCD, return the observation in terms of counts that would have been received in a single second. 
This is made slightly more complicated as the science data are binned 2 x 2 on-board, whereas the shutterless correction is carried out on the ground. So the cells along the main diagonal of T now actually include a combination of EXPTIME,  CLEARTIM and READTIM. That said, the basic pattern is the same with common values on the main diagonal and two different values below and above this.
Because the weighting matric T is highly symmetric, it’s possible to supply an analytic solution to the matrix inversion problem which greatly simplifies the shutterless correction process.  This analytic solution is implemented by the routine sc_inverse.pro found under $SSW/stereo/secchi/idl/prep/hi.  The basic method is as follows:
For a weighting matrix T of size NxN, let DIAG represent the values along the diagonal, ABOVE represent the values above the diagonal, and BELOW represent the values below the diagonal.  The inverse matrix P can then be calculated via the following algorithm (in IDL notation).
wt_above=double(above)/diag
wt_below=double(below)/diag

wt_above_1=wt_above-1
wt_below_1=wt_below-1

power_above=dblarr(n-1)
power_below=dblarr(n-1)

power_above[0]=1
power_below[0]=1

for row=1,n-2 do begin
    power_above[row]=power_above[row-1]*wt_above_1
    power_below[row]=power_below[row-1]*wt_below_1
end

v= [ 0 , wt_below *(power_below*reverse(power_above))]
u= [ 0 , wt_above *(power_above*reverse(power_below))]

d = -u[1]/wt_above - (total(v)-v[N-1])
f = 1/(diag*(d+wt_above*total(v)))

u[0]=d
v[0]=d
u=u*f
v=reverse(v)*f
p=dblarr(n,n,/nozero)
p[0,0]=u
for row=1,n-2 do begin
p[0,row]=v[n-row-1:n-2]
p[row,row]=u[0:n-row-1]
end
p[0,n-1]=v

This procedure is much faster than a standard matrix inversion routine.
Calibration and Validation
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The initial calibration was a combination of modelling and laboratory measurements carried out at Centre Spatial de Liège (CSL, Eyles et al. 2009).
In flight calibration, including the determination of the evolution of the instrument performance has been carried out using measurements of stars (Bewsher et al., 2010; Bewsher, Brown & Eyles, 2012; Tappin Eyles & Davies, 2015, 2017).
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The photometric calibration is validated by close correspondence with pre-launch modeled values and against stars with known stellar brightness.
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Overview

The initial geometric calibration of the HI instruments was done by modelling and from calibrations prior to launch (Eyles at al., 2009, Halain 2012). This has since been refined using measurements of background stars during science mission operations. 
For HI-1 this has been done by Brown, Bewsher & Eyles (2009) and Bewsher et al. (2010). A similar analysis for HI-2 has been carried out by Tappin, Eyles & Davies (2015).
Heritage

Since the HI instruments are the first of their kind there is no heritage of the analysis of data from similar instruments for wide-angle heliospheric imaging which we can draw upon.
Product Description

 A method is employed that derives the instrument pointing solutions, along with other optical parameters, by comparing the locations of stars identified in HI images with known star positions. For the vast majority of images, a good attitude solution has been obtained with a mean-squared deviation between the observed and predicted star positions of one image pixel or less. Updated values have been obtained for the instrument offsets relative to the spacecraft, and for the optical parameters of the HI cameras. With this method the HI images can be considered as “self-calibrating,” with the actual instrument offsets calculated as a byproduct. The updated pointing results and their by-products have been implemented in SolarSoft.
Theoretical Description

There are 3 aspects to the geometric calibration of the HI instruments:
· Calibration of the pointing offsets of the cameras relative to spacecraft attitude parameters.
· Correction for image distortion.
· Large-scale flat-field correction.
Camera Pointing Offsets

The methodology used here (see Brown, Bewsher & Eyles, 2009) is as follows:
1. Use spacecraft attitude parameters together with HI nominal pointing offsets to derive initial HI pointing estimates Hyaw, Hpitch, Hroll.
2. Identify stars from a star catalogue in the HI image (also using initial distortion parameter µ and paraxial focal length Fp, see below).
3. Calculate mean-square radial deviation between predicted and observed stars.
4. Perturb values of Hyaw, Hpitch, Hroll, µ and Fp until minimum mean-square deviation is found.
5. Use these optimized values for updating the pointing and image parameters in the headers of Level 1 images.
Correction for Image Distortion

Traditionally, almost all solar imaging instruments, including coronagraphs, have used the gnomonic or tan projection. In this projection, an object at an angle α to the instrument optical axis is projected onto the image plane at a radial distance r from image center given by:
r = F tan α 
where F is the focal length.
However, this representation is not adequate to describe the imaging properties of the HI cameras because of their wide-angle optics and the resultant distortion at the edge of the field-of-view, particularly in the case of HI-2.
Analysis of results from scans of the calibration source across the fields-of-view obtained during pre-launch calibrations showed that the image projection of both cameras can be accurately represented by the relationship:
r = Fp (μ + 1) sin α) / (μ + cos α)
where Fp is the paraxial focal length and μ is a distortion parameter (Note that this reverts to the tan projection in the case μ = 0)
The above relationship characterizes the Azimuthal Perspective (AZP) projection as derived by Calabretta & Greise, 2002. However, there is no particular physical basis for applying this projection to the HI cameras, the relationship is used simply because it is a suitable model which can accurately represent the behavior of the optics, including the distortion at the edges of the field-of-view.
The photometric conversion applied to Level 2 data for diffuse sources needs to take into account the variation in the solid angle subtended by a pixel across the FOV resulting from the AZP projection (see Bewsher, Brown & Eyles, 2010). Differentiating the above equation with respect to α we find:
Fp (dα/dr) = (μ + cos α)2 / [(μ + 1) (μ cos α + 1)]
which leads to a correction to the conversion factor from DNS to MSB given by:
CMSB (α) = CMSB ((μ + 1) (μ cos α + 1))2 / (μ + cos α)4 
where CMSB is the on-axis photometric conversion factor.
A similar correction applies to the conversion from DNS to S10 units.

[bookmark: _Ref51080789]Large-Scale Flat-Field Correction

Preliminary large-scale flat-field corrections for the HI-B cameras obtained during pre-launch calibrations at CSL were fitted to polynomials of type:
I = I0 (1 + a r2 + b r4)
where I is the response as a function of distance r from the center of the CCD image and I0 is the response on axis (CCD center).
The correction to be applied is then simply:
Icorr = Imeas / (1 + a r2 + b r4)
where Imeas is the measured signal in an image bin and Icorr is its corrected value.
In the case of HI-1, this approach was subsequently replaced by look-up tables of correction factors for every image bin, derived from in-orbit observations of stars (see Bewsher et al., 2010).
In the case of HI-2, the above 2-parameter polynomial correction was subsequently replaced by a 5-parameter correction of the form:
I / I0 = a0 + a1 r2 + a2 r4 + a3 max (r – a4, 0)2
(see Tappin, Eyles & Davies, 2015).
Calibration and Validation
Calibration

Pre-launch calibration of the HI instruments was performed at CSL (see Eyles at al., 2009 and Halain 2012). The instrument was installed in a 3m diameter vacuum chamber, and was mounted on a remotely-controlled rotary platform so that it could be rotated about a vertical axis. This allowed a horizontal light beam from a collimator to be scanned across the center-line of the HI-1 and HI-2 fields-of-view, corresponding to the direction of the ecliptic (it was only possible to scan in one direction).
A summary of the principal optical calibration parameters obtained in the pre-launch calibrations appears below:
	Parameter
	HI-1A
	HI-2A
	HI-1B
	HI-2B

	Paraxial focal length, Fp (mm)
	77.54
	21.46
	77.65
	21.52

	Paraxial plate scale (arcsec per pixel)
	35.92
	129.8
	35.87
	129.4

	Distortion parameter, µ
	0.167
	0.833
	0.100
	0.651

	Flat field parameter, a (mm-2)
	*
	*
	–2.18 x 10-4
	–6.24 x 10-4

	Flat field parameter, b (mm-4)
	*
	*
	< 10-12
	–1.65 x 10-6


· No values obtained for HI-A due to schedule constraints, HI-B values assumed for initial calibrations

Figure 2, below, shows the fits to the AZP projection with the above values of µ obtained for the HI-B cameras. The vertical axis represents the distortion expressed as the angular deviation from a linear plate-scale. The available data points for HI-2B are limited by the presence of an Earth occulter in front of the CCD on the centerline of the field-of-view.



Figure 2. Fits to the AZP projection.
The following updates to the pre-launch calibrations have been made using in-orbit observations of stars, as follows:
· Brown, Bewsher & Eyles (2009) used fits to star positions in the NOMAD catalog (Zacharias et al., 2004) to update the pointing offsets relative to spacecraft attitude parameters and to provide updated values for the distortion parameter µ for all 4 cameras. 
· Bewsher et al. (2010) used fits to star intensities in NOMAD to derive large-scale flat-field corrections for the HI-1 cameras. These were derived as look-up tables of correction factors for each image bin, rather than as a parameterized relationship. A correction to the photometric conversion factors allowing for the variation in solid angle per pixel across the FOV, taking into account the AZP projection, was also derived.
· Tappin, Eyles & Davies (2015) used fits to stars in the “Yale bright star catalogue” (Hoffleit & Warren, 1995) to derive an updated large-scale flat-field correction for the HI-2 cameras using the 5-parameter correction defined in Section A.3.2.3. 
The deviations of the fits to the AZP projection obtained from measured positions of stars in the HI-2 cameras were also examined. It was shown that there are systematic effects but the deviations are ≤ 1 image bin within the optimized circular field-of-view (i.e. out to bin radius 512, or approximately 35 degrees), with deviations up to ~ 4 bins in the corners of the image.
· Tappin (2017) presented the deviations of the fits to the AZP projection obtained from measured positions of stars for the HI-1 cameras. The fit is excellent with typical deviations << 1 image bin across the entire FOV (including corners).
Validation

The calibrations and corrections described in this section have been derived from detailed analysis of pre-launch and in-orbit data from the HI instruments. They have been validated by comparing stellar positions in the corrected images with their known position in astrometric catalogues.
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Overview

In common with all solar coronagraphs, there is a real challenge in determining the background that needs to be subtracted in order to extract the solar wind signal, including that of CMEs, from other sources. An additional issue with HI is the relatively low image cadence, required to mitigate the reduced Thomson scattered signal far from the Sun. After some experimentation, a robust statistical solution was found, based on the mean of the running lower quartile of the Level 1 data, to determine the stable background (F-corona and stray light). This background is calculated on an image bin by image bin basis (with a correction for pointing offsets – see below). To satisfy competing scientific requirements, we produce 1-day and 11-day backgrounds for HI-1 to either remove or retain longer-lived solar wind structures (such as the streamer belt), respectively. For HI-2, a 1-day background creates artefacts around stellar sources since the stars do not move far enough through the field of view and so a 3-day background is generated instead.  Figure 3 shows the Level 1 signal along the horizontal center of a sample HI-1 image (black line), and the corresponding signal with a 1-day running background removed (Level 2; red line).
In producing the data stack for the background calculation, a number of operational filters are applied:
· Images with more than 15 missing telemetry blocks are rejected – these adversely affect the shutterless correction, resulting in an apparent brightening in the rest of the column.
· Images where the pointing calibration is poor or failed are rejected.
· Images where the spacecraft is rolled from the nominal pointing are rejected.
· Images where the number of summed frames is outside the limits 20-40 for HI-1 and 80-110 for HI-2 are rejected.
· Columns where probable saturation has occurred are masked as are the adjacent columns due to potential issues with bleeding in the readout register (see Section 2.1.2).
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[bookmark: _Ref30767703]Figure 3.  Level 1 signal (black) and Level 2 signal (red) along the horizontal center of the HI-1A field of view.
A similar plot for HI-2 is shown in Figure 4. The dip on the left hand side is a result of the inclusion of the so-called Earth occulter as the instrument design (see Eyles et al., 2009). 
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Figure 4. Similar to Figure 3, for HI-2.
There is an additional issue with HI-1B in that occasionally the camera pointing becomes temporarily slightly unstable at a level that can cause movement of the image of a few bins (Tappin, 2017). To mitigate this effect, we check if the movement between the alignment of images in the stack used to generate the background is different by more than 1 bin to that expected. If that is the case, the stack is interpolated using the fitted pointing data to bring the data back to the expected pointing. For HI-2B, it is more challenging to get the pointing data to the required accuracy though in general it seems to be less of an issue in that data.
Heritage

The lower quartile subtraction method owes much to the work of Andrew Buffington, developed for the SMEI instrument (see Jackson et al., 2004), who recommended it as a statistically robust technique.
Product Description

The different kinds of background-subtracted data (Level 2 data) produced from HI data:
1 Day – HI-1 only, file names end ‘_br01’
3 Day – HI-2 only, files names end ‘_br03’
11 Day – both cameras, files names end ‘_br11’
Data is also provided in different units. Thus the options for the last portion of the Level 2 filenames can be given as:
_2<x>h<1|2><a|b>_br<nn>
Where x can be:
4 – data is still in units of DNS
b – data is in units of MSB
t – data is in S10 units.
The term nn is ‘01’, ‘03’ or ‘11’ and the vertical line (|) indicates ‘or’.
For example, the file ending would be:
	‘_24h1a_br01’ for HI-1A data in units of DNS with a 1-day background subtracted
	‘_2bh2a_br11’ for HI-2A data in units of MSB with an 11-day background subtracted
	‘_2th2b_br01’ for HI-2B data in S10 units with a 3-day background subtracted
	‘_2bh1b_br11’ for HI-1B data in units of MSB with an 11-day background subtracted
Figure 5 shows a sample HI-1A image without and with background subtraction. Note that, as well as the aforementioned processing to Level 2, SwRI has their own L2 processing pipeline (DeForest, Howard and Tappin, 2011).

[image: ]
Figure 5. Images before and after background subtraction. a) Level 1 data (scaled 5 orders of magnitude greater than subsequent panels) (b) Level 2 data with 1-day background subtracted (c) Level 2 data with 11-day background subtracted.
Error Analysis and Corrections

Movies are produced routinely for the images and can be a useful way of detecting issues in the raw data. In particular with HI-1B images, it is sometimes necessary to filter images where the pointing has changed mid exposure. 
Calibration and Validation
Calibration

Background-subtracted HI-1 images have been compared with the data obtained from the COR2 coronagraphs.
Validation

By aligning images using the pointing calibration, it is possible to significantly reduce the moving stellar sources in the field of view making the detection of transient sources easier.
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 10 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err		dist (deg)		AZP (deg)

		-4		9.683		2004		992		2003.48		991.72		980.0		16.5		0.1690		0.1704		0.0014		0.0014		1.55E-05		2.40E-10		0.0813139497		0.0804272341

		-5		8.683		1901		990		1900.66		989.95		877.2		14.8		0.1515		0.1525		0.0010		0.0010		-1.85E-05		3.44E-10		0.0568170918		0.0578790856

		-6		7.683		1799		989		1798.52		988.21		775.0		13.0		0.1341		0.1348		0.0007		0.0007		-1.62E-05		2.62E-10		0.0390988191		0.0400257697

		-7		6.683		1697		987		1697.01		986.46		673.5		11.3		0.1166		0.1171		0.0005		0.0005		2.36E-05		5.57E-10		0.0276543901		0.0263022103

		-8		5.683		1596		985		1595.56		984.69		572.1		9.5		0.0992		0.0995		0.0003		0.0003		1.14E-05		1.29E-10		0.0168043629		0.0161524049

		-9		4.683		1494		983		1494.24		982.93		470.7		7.7		0.0817		0.0819		0.0001		0.0002		-3.10E-05		9.62E-10		0.0072510585		0.0090281575

		-9		4.683		1494		983		1494.24		982.93		470.7		7.7		0.0817		0.0819		0.0001		0.0002		-3.10E-05		9.62E-10		0.0072510585		0.0090281575

		-10		3.683		1394		982		1393.59		981.18		370.1		6.0		0.0643		0.0644		0.0001		0.0001		-2.49E-07		6.20E-14		0.0043735789		0.0043878478

		-11		2.683		1293		980		1293.06		979.41		269.6		4.2		0.0468		0.0469		0.0000		0.0000		1.73E-05		3.01E-10		0.0026887786		0.0016952321

		-12		1.683		1193		978		1192.56		977.63		169.1		2.4		0.0294		0.0294		0.0000		0.0000		1.54E-05		2.38E-10		0.0013031028		0.0004182678

		-13		0.683		1092		976		1092.03		975.84		68.5		0.6		0.0119		0.0119		-0.0000		0.0000		-6.98E-06		4.88E-11		-0.0003721198		0.0000279579

		-14		-0.317		992		975		991.76		974.06		-31.7		-1.1		-0.0055		-0.0055		0.0000		-0.0000		7.96E-06		6.34E-11		0.0004534487		-0.00000279

		-15		-1.317		892		973		891.40		972.26		-132.1		-2.9		-0.0230		-0.0230		0.0000		-0.0000		1.21E-05		1.47E-10		0.0004940543		-0.0002002969
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																										Total		7.08E-09
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		Underscan		0						pixels		(x values already corrected)						Mu		0.10000				Max		2.36E-05		4.9

		X centre		1023.5						pixels								Correction		0.99795				Min		-4.08E-05		-8.4

		A offset		13.683						deg								Corrected Values:
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 20 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err		dist (deg)		AZP (deg)

		-20		33.340		1993		1007		1995.01		1012.10		971.5		10.8		0.5819		0.6096		0.0277		0.0286		-9.02E-04		8.13E-07		1.586		1.638

		-22		31.340		1930		1008		1932.76		1011.67		909.3		10.4		0.5470		0.5705		0.0235		0.0236		-3.30E-05		1.09E-09		1.348		1.350

		-22		31.340		1930		1009		1932.81		1011.70		909.3		10.4		0.5470		0.5705		0.0236		0.0236		-1.42E-06		2.03E-12		1.350		1.350

		-22		31.340		1930		1008		1932.77		1011.68		909.3		10.4		0.5470		0.5705		0.0235		0.0236		-2.67E-05		7.11E-10		1.348		1.350

		-24		29.340		1868		1009		1870.85		1011.26		847.4		10.0		0.5121		0.5317		0.0196		0.0192		3.94E-04		1.55E-07		1.123		1.100

		-26		27.340		1807		1011		1809.51		1010.88		786.0		9.6		0.4772		0.4932		0.0160		0.0154		5.80E-04		3.37E-07		0.918		0.884

		-28		25.340		1747		1010		1748.76		1010.50		725.3		9.2		0.4423		0.4551		0.0128		0.0122		5.90E-04		3.48E-07		0.734		0.700

		-30		23.340		1687		1010		1688.59		1010.15		665.1		8.9		0.4074		0.4173		0.0100		0.0095		4.68E-04		2.19E-07		0.571		0.544

		-32		21.340		1627		1010		1629.15		1009.83		605.7		8.5		0.3725		0.3800		0.0076		0.0072		3.56E-04		1.26E-07		0.434		0.414

		-34		19.340		1569		1009		1570.18		1009.49		546.7		8.2		0.3375		0.3430		0.0055		0.0053		1.34E-04		1.81E-08		0.314		0.306

		-36		17.340		1511		1009		1511.87		1009.19		488.4		7.9		0.3026		0.3064		0.0038		0.0038		-3.23E-05		1.04E-09		0.218		0.220

		-38		15.340		1453		1009		1454.13		1008.91		430.6		7.6		0.2677		0.2702		0.0025		0.0026		-1.59E-04		2.54E-08		0.143		0.152

		-40		13.340		1396		1009		1396.86		1008.61		373.4		7.3		0.2328		0.2343		0.0015		0.0017		-2.69E-04		7.26E-08		0.084		0.099

		-42		11.340		1339		1008		1340.03		1008.33		316.5		7.0		0.1979		0.1986		0.0007		0.0011		-3.42E-04		1.17E-07		0.041		0.061

		-44		9.340		1283		1008		1283.56		1008.03		260.1		6.7		0.1630		0.1632		0.0002		0.0006		-3.89E-04		1.51E-07		0.012		0.034

		-46		7.340		1227		1008		1227.46		1007.79		204.0		6.5		0.1281		0.1280		-0.0001		0.0003		-3.64E-04		1.32E-07		-0.004		0.016

		-48		5.340		1171		1008		1171.50		1007.48		148.0		6.2		0.0932		0.0929		-0.0003		0.0001		-3.74E-04		1.40E-07		-0.015		0.006

		-50		3.340		1115		1007		1115.87		1007.25		92.4		6.0		0.0583		0.0581		-0.0002		0.0000		-2.48E-04		6.14E-08		-0.013		0.002

		-52		1.340		1060		1007		1060.34		1007.01		36.8		5.7		0.0234		0.0234		0.0000		0.0000		-1.11E-07		1.24E-14		0.000		0.000

		-54		-0.660		1005		1007		1005.69		1006.77		-17.8		5.5		-0.0115		-0.0117		-0.0002		-0.0000		-1.71E-04		2.91E-08		-0.010		-0.000

		-56		-2.660		949		1007		949.36		1006.56		-74.1		5.3		-0.0464		-0.0466		-0.0002		-0.0000		-1.94E-04		3.78E-08		-0.012		-0.001

		-58		-4.660		894		1006		893.74		1006.33		-129.8		5.0		-0.0813		-0.0815		-0.0001		-0.0001		-6.89E-05		4.74E-09		-0.008		-0.004

		-60		-6.660		838		1006		838.02		1006.10		-185.5		4.8		-0.1162		-0.1164		-0.0002		-0.0002		4.17E-05		1.74E-09		-0.010		-0.012

		-62		-8.660		782		1006		782.08		1005.90		-241.4		4.6		-0.1511		-0.1515		-0.0004		-0.0005		1.20E-04		1.45E-08		-0.020		-0.027

		-64		-10.660		726		1006		725.85		1005.68		-297.7		4.4		-0.1861		-0.1868		-0.0007		-0.0009		1.65E-04		2.74E-08		-0.041		-0.051

		-66		-12.660		669		1006		669.28		1005.49		-354.2		4.2		-0.2210		-0.2223		-0.0013		-0.0015		1.84E-04		3.38E-08		-0.074		-0.085

		-68		-14.660		613		1005		612.35		1005.30		-411.2		4.0		-0.2559		-0.2580		-0.0021		-0.0023		2.02E-04		4.08E-08		-0.121		-0.132

		-70		-16.660		555		1005		554.89		1005.11		-468.6		3.8		-0.2908		-0.2940		-0.0032		-0.0034		1.52E-04		2.30E-08		-0.186		-0.195

		-72		-18.660		497		1005		496.98		1004.93		-526.5		3.6		-0.3257		-0.3304		-0.0047		-0.0048		1.23E-04		1.53E-08		-0.268		-0.275

																										Total		2.95E-06

																										RMS		3.30E-04		68.2

		Underscan		0						pixels		(x values already corrected)						Mu		0.6506234293				Max		5.90E-04		121.8

		Centre		1023.5						pixels								Correction		0.99419				Min		-3.89E-04		-80.2

		A offset		53.340						deg								Corrected Values:

		F (paraxial)		21.6428						mm								F (paraxial)		21.517028277

		Platescale		27.9806						pix/deg								Platescale		27.8180

				128.661						arcsec/pix										129.413

		Y centre		1001.3						pixels
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 20 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err

		-20		33.688		1993		1007		1995.01		1012.10		981.5		9.0		0.5880		0.6172		0.0292		0.0339		-4.71E-03		2.22E-05

		-22		31.688		1930		1008		1932.76		1011.67		919.3		8.6		0.5531		0.5780		0.0249		0.0280		-3.02E-03		9.11E-06

		-22		31.688		1930		1009		1932.81		1011.70		919.3		8.6		0.5531		0.5780		0.0250		0.0280		-2.99E-03		8.92E-06

		-22		31.688		1930		1008		1932.77		1011.68		919.3		8.6		0.5531		0.5780		0.0250		0.0280		-3.01E-03		9.07E-06

		-24		29.688		1868		1009		1870.85		1011.26		857.4		8.2		0.5182		0.5391		0.0209		0.0228		-1.88E-03		3.55E-06

		-26		27.688		1807		1011		1809.51		1010.88		796.0		7.8		0.4833		0.5005		0.0173		0.0184		-1.10E-03		1.21E-06

		-28		25.688		1747		1010		1748.76		1010.50		735.3		7.4		0.4483		0.4623		0.0140		0.0146		-5.92E-04		3.51E-07

		-30		23.688		1687		1010		1688.59		1010.15		675.1		7.0		0.4134		0.4245		0.0110		0.0113		-3.01E-04		9.08E-08

		-32		21.688		1627		1010		1629.15		1009.83		615.7		6.7		0.3785		0.3871		0.0086		0.0087		-7.87E-05		6.20E-09

		-34		19.688		1569		1009		1570.18		1009.49		556.7		6.4		0.3436		0.3500		0.0064		0.0064		-3.42E-05		1.17E-09

		-36		17.688		1511		1009		1511.87		1009.19		498.4		6.1		0.3087		0.3134		0.0047		0.0047		3.33E-06		1.11E-11

		-38		15.688		1453		1009		1454.13		1008.91		440.6		5.8		0.2738		0.2771		0.0033		0.0032		2.60E-05		6.76E-10

		-40		13.688		1396		1009		1396.86		1008.61		383.4		5.5		0.2389		0.2411		0.0022		0.0021		1.76E-05		3.09E-10

		-42		11.688		1339		1008		1340.03		1008.33		326.5		5.2		0.2040		0.2053		0.0013		0.0013		4.83E-06		2.33E-11

		-44		9.688		1283		1008		1283.56		1008.03		270.1		4.9		0.1691		0.1698		0.0007		0.0008		-1.90E-05		3.61E-10

		-46		7.688		1227		1008		1227.46		1007.79		214.0		4.7		0.1342		0.1346		0.0004		0.0004		-3.59E-06		1.29E-11

		-48		5.688		1171		1008		1171.50		1007.48		158.0		4.4		0.0993		0.0994		0.0001		0.0002		-5.24E-05		2.74E-09

		-50		3.688		1115		1007		1115.87		1007.25		102.4		4.1		0.0644		0.0644		0.0000		0.0000		1.90E-06		3.60E-12

		-52		1.688		1060		1007		1060.34		1007.01		46.8		3.9		0.0295		0.0296		0.0001		0.0000		8.07E-05		6.51E-09

		-54		-0.312		1005		1007		1005.69		1006.77		-7.8		3.7		-0.0054		-0.0054		0.0000		-0.0000		1.22E-05		1.49E-10

		-56		-2.312		949		1007		949.36		1006.56		-64.1		3.5		-0.0403		-0.0404		-0.0000		-0.0000		-3.23E-05		1.05E-09

		-58		-4.312		894		1006		893.74		1006.33		-119.8		3.2		-0.0753		-0.0753		-0.0001		-0.0001		-9.92E-06		9.85E-11

		-60		-6.312		838		1006		838.02		1006.10		-175.5		3.0		-0.1102		-0.1104		-0.0002		-0.0002		1.53E-05		2.33E-10

		-62		-8.312		782		1006		782.08		1005.90		-231.4		2.8		-0.1451		-0.1455		-0.0005		-0.0005		2.23E-05		4.97E-10

		-64		-10.312		726		1006		725.85		1005.68		-287.7		2.6		-0.1800		-0.1809		-0.0009		-0.0009		1.17E-05		1.38E-10

		-66		-12.312		669		1006		669.28		1005.49		-344.2		2.4		-0.2149		-0.2164		-0.0016		-0.0016		-5.33E-06		2.84E-11

		-68		-14.312		613		1005		612.35		1005.30		-401.2		2.2		-0.2498		-0.2522		-0.0024		-0.0024		2.02E-06		4.08E-12

		-70		-16.312		555		1005		554.89		1005.11		-458.6		2.0		-0.2847		-0.2884		-0.0037		-0.0036		-2.88E-05		8.28E-10

		-72		-18.312		497		1005		496.98		1004.93		-516.5		1.8		-0.3196		-0.3248		-0.0052		-0.0052		-1.65E-06		2.73E-12

																										Total		1.48E-08

																										RMS		2.34E-05		4.8

		Underscan		0						pixels		(x values already corrected)						Mu		0.5542435861				Max		8.07E-05		16.6

		Centre		1013.5						pixels								Correction		0.99206				Min		-1.88E-03		-388.8

		A offset		53.688						deg								Corrected Values:

		F (paraxial)		21.6428						mm								F (paraxial)		21.4709874464

		Platescale		27.9806						pix/deg								Platescale		27.7585

				128.661						arcsec/pix										129.690

		Y centre		1003.1						pixels

		Results for optimisation against x centre

		X_centre		Y_centre		A_offset		sq_err		rms_err

		1005.0		1006.8		53.990		5.67E-07		29.8

		1007.5		1004.7		53.900		9.22E-08		12.1

		1010.0		1003.8		53.812		4.10E-08		8.0

		1012.5		1003.3		53.724		1.71E-08		5.2

		1013.5		1003.1		53.688		1.48E-08		4.8

		1015.0		1002.9		53.636		1.90E-08		5.5

		1017.5		1002.6		53.547		4.60E-08		8.5

		1020.0		1002.4		53.459		9.87E-08		12.5

		1023.5		1002.2		53.336		2.13E-07		18.3

		1025.0		1002.3		53.283		2.72E-07		20.7

		1030.0		1002.2		53.107		5.42E-07		29.2
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 10 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err		dist (deg)		AZP (deg)

		-4		9.683		2004		992		2003.48		991.72		980.0		16.5		0.1690		0.1704		0.0014		0.0014		1.55E-05		2.40E-10		0.0813139497		0.0804272341

		-5		8.683		1901		990		1900.66		989.95		877.2		14.8		0.1515		0.1525		0.0010		0.0010		-1.85E-05		3.44E-10		0.0568170918		0.0578790856

		-6		7.683		1799		989		1798.52		988.21		775.0		13.0		0.1341		0.1348		0.0007		0.0007		-1.62E-05		2.62E-10		0.0390988191		0.0400257697

		-7		6.683		1697		987		1697.01		986.46		673.5		11.3		0.1166		0.1171		0.0005		0.0005		2.36E-05		5.57E-10		0.0276543901		0.0263022103

		-8		5.683		1596		985		1595.56		984.69		572.1		9.5		0.0992		0.0995		0.0003		0.0003		1.14E-05		1.29E-10		0.0168043629		0.0161524049

		-9		4.683		1494		983		1494.24		982.93		470.7		7.7		0.0817		0.0819		0.0001		0.0002		-3.10E-05		9.62E-10		0.0072510585		0.0090281575

		-9		4.683		1494		983		1494.24		982.93		470.7		7.7		0.0817		0.0819		0.0001		0.0002		-3.10E-05		9.62E-10		0.0072510585		0.0090281575

		-10		3.683		1394		982		1393.59		981.18		370.1		6.0		0.0643		0.0644		0.0001		0.0001		-2.49E-07		6.20E-14		0.0043735789		0.0043878478

		-11		2.683		1293		980		1293.06		979.41		269.6		4.2		0.0468		0.0469		0.0000		0.0000		1.73E-05		3.01E-10		0.0026887786		0.0016952321

		-12		1.683		1193		978		1192.56		977.63		169.1		2.4		0.0294		0.0294		0.0000		0.0000		1.54E-05		2.38E-10		0.0013031028		0.0004182678

		-13		0.683		1092		976		1092.03		975.84		68.5		0.6		0.0119		0.0119		-0.0000		0.0000		-6.98E-06		4.88E-11		-0.0003721198		0.0000279579

		-14		-0.317		992		975		991.76		974.06		-31.7		-1.1		-0.0055		-0.0055		0.0000		-0.0000		7.96E-06		6.34E-11		0.0004534487		-0.00000279

		-15		-1.317		892		973		891.40		972.26		-132.1		-2.9		-0.0230		-0.0230		0.0000		-0.0000		1.21E-05		1.47E-10		0.0004940543		-0.0002002969

		-16		-2.317		791		971		790.93		970.44		-232.6		-4.8		-0.0404		-0.0404		-0.0000		-0.0000		8.60E-06		7.39E-11		-0.0005985565		-0.0010912417

		-17		-3.317		691		969		690.29		968.61		-333.2		-6.6		-0.0579		-0.0579		-0.0001		-0.0001		-3.24E-06		1.05E-11		-0.0033893711		-0.0032037918

		-18		-4.317		590		967		589.62		969.77		-433.9		-5.4		-0.0753		-0.0754		-0.0001		-0.0001		1.86E-05		3.45E-10		-0.0060044802		-0.0070687409

		-19		-5.317		489		965		488.71		964.92		-534.8		-10.3		-0.0928		-0.0930		-0.0002		-0.0002		2.19E-05		4.79E-10		-0.0119669994		-0.0132206589

		-20		-6.317		388		964		387.32		963.07		-636.2		-12.1		-0.1103		-0.1106		-0.0004		-0.0004		-6.01E-07		3.61E-13		-0.0222335041		-0.0221990591

		-21		-7.317		286		962		285.49		961.19		-738.0		-14.0		-0.1277		-0.1283		-0.0006		-0.0006		-4.08E-05		1.67E-09		-0.0368885038		-0.0345495878

		-22		-8.317		184		960		183.65		959.30		-839.9		-15.9		-0.1452		-0.1461		-0.0009		-0.0009		-1.43E-05		2.05E-10		-0.0516450346		-0.0508252435

		-23		-9.317		82		958		81.33		957.39		-942.2		-17.8		-0.1626		-0.1639		-0.0012		-0.0012		7.00E-06		4.90E-11		-0.0711864982		-0.0715876292

																										Total		7.08E-09

																										RMS		1.62E-05		3.3

		Underscan		0						pixels		(x values already corrected)						Mu		0.10000				Max		2.36E-05		4.9

		X centre		1023.5						pixels								Correction		0.99795				Min		-4.08E-05		-8.4

		A offset		13.683						deg								Corrected Values:

		F (paraxial)		77.8						mm								F (paraxial)		77.6403847269

		Platescale		100.5827						pix/deg								Platescale		100.3763

				35.791						arcsec/pix										35.865

		Y centre		975.2						pixels
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 20 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err		dist (deg)		AZP (deg)

		-20		33.340		1993		1007		1995.01		1012.10		971.5		10.8		0.5819		0.6096		0.0277		0.0286		-9.02E-04		8.13E-07		1.586		1.638

		-22		31.340		1930		1008		1932.76		1011.67		909.3		10.4		0.5470		0.5705		0.0235		0.0236		-3.30E-05		1.09E-09		1.348		1.350

		-22		31.340		1930		1009		1932.81		1011.70		909.3		10.4		0.5470		0.5705		0.0236		0.0236		-1.42E-06		2.03E-12		1.350		1.350

		-22		31.340		1930		1008		1932.77		1011.68		909.3		10.4		0.5470		0.5705		0.0235		0.0236		-2.67E-05		7.11E-10		1.348		1.350

		-24		29.340		1868		1009		1870.85		1011.26		847.4		10.0		0.5121		0.5317		0.0196		0.0192		3.94E-04		1.55E-07		1.123		1.100

		-26		27.340		1807		1011		1809.51		1010.88		786.0		9.6		0.4772		0.4932		0.0160		0.0154		5.80E-04		3.37E-07		0.918		0.884

		-28		25.340		1747		1010		1748.76		1010.50		725.3		9.2		0.4423		0.4551		0.0128		0.0122		5.90E-04		3.48E-07		0.734		0.700

		-30		23.340		1687		1010		1688.59		1010.15		665.1		8.9		0.4074		0.4173		0.0100		0.0095		4.68E-04		2.19E-07		0.571		0.544

		-32		21.340		1627		1010		1629.15		1009.83		605.7		8.5		0.3725		0.3800		0.0076		0.0072		3.56E-04		1.26E-07		0.434		0.414

		-34		19.340		1569		1009		1570.18		1009.49		546.7		8.2		0.3375		0.3430		0.0055		0.0053		1.34E-04		1.81E-08		0.314		0.306

		-36		17.340		1511		1009		1511.87		1009.19		488.4		7.9		0.3026		0.3064		0.0038		0.0038		-3.23E-05		1.04E-09		0.218		0.220

		-38		15.340		1453		1009		1454.13		1008.91		430.6		7.6		0.2677		0.2702		0.0025		0.0026		-1.59E-04		2.54E-08		0.143		0.152

		-40		13.340		1396		1009		1396.86		1008.61		373.4		7.3		0.2328		0.2343		0.0015		0.0017		-2.69E-04		7.26E-08		0.084		0.099

		-42		11.340		1339		1008		1340.03		1008.33		316.5		7.0		0.1979		0.1986		0.0007		0.0011		-3.42E-04		1.17E-07		0.041		0.061

		-44		9.340		1283		1008		1283.56		1008.03		260.1		6.7		0.1630		0.1632		0.0002		0.0006		-3.89E-04		1.51E-07		0.012		0.034

		-46		7.340		1227		1008		1227.46		1007.79		204.0		6.5		0.1281		0.1280		-0.0001		0.0003		-3.64E-04		1.32E-07		-0.004		0.016

		-48		5.340		1171		1008		1171.50		1007.48		148.0		6.2		0.0932		0.0929		-0.0003		0.0001		-3.74E-04		1.40E-07		-0.015		0.006

		-50		3.340		1115		1007		1115.87		1007.25		92.4		6.0		0.0583		0.0581		-0.0002		0.0000		-2.48E-04		6.14E-08		-0.013		0.002

		-52		1.340		1060		1007		1060.34		1007.01		36.8		5.7		0.0234		0.0234		0.0000		0.0000		-1.11E-07		1.24E-14		0.000		0.000

		-54		-0.660		1005		1007		1005.69		1006.77		-17.8		5.5		-0.0115		-0.0117		-0.0002		-0.0000		-1.71E-04		2.91E-08		-0.010		-0.000

		-56		-2.660		949		1007		949.36		1006.56		-74.1		5.3		-0.0464		-0.0466		-0.0002		-0.0000		-1.94E-04		3.78E-08		-0.012		-0.001

		-58		-4.660		894		1006		893.74		1006.33		-129.8		5.0		-0.0813		-0.0815		-0.0001		-0.0001		-6.89E-05		4.74E-09		-0.008		-0.004

		-60		-6.660		838		1006		838.02		1006.10		-185.5		4.8		-0.1162		-0.1164		-0.0002		-0.0002		4.17E-05		1.74E-09		-0.010		-0.012

		-62		-8.660		782		1006		782.08		1005.90		-241.4		4.6		-0.1511		-0.1515		-0.0004		-0.0005		1.20E-04		1.45E-08		-0.020		-0.027

		-64		-10.660		726		1006		725.85		1005.68		-297.7		4.4		-0.1861		-0.1868		-0.0007		-0.0009		1.65E-04		2.74E-08		-0.041		-0.051

		-66		-12.660		669		1006		669.28		1005.49		-354.2		4.2		-0.2210		-0.2223		-0.0013		-0.0015		1.84E-04		3.38E-08		-0.074		-0.085

		-68		-14.660		613		1005		612.35		1005.30		-411.2		4.0		-0.2559		-0.2580		-0.0021		-0.0023		2.02E-04		4.08E-08		-0.121		-0.132

		-70		-16.660		555		1005		554.89		1005.11		-468.6		3.8		-0.2908		-0.2940		-0.0032		-0.0034		1.52E-04		2.30E-08		-0.186		-0.195

		-72		-18.660		497		1005		496.98		1004.93		-526.5		3.6		-0.3257		-0.3304		-0.0047		-0.0048		1.23E-04		1.53E-08		-0.268		-0.275

																										Total		2.95E-06

																										RMS		3.30E-04		68.2

		Underscan		0						pixels		(x values already corrected)						Mu		0.6506234293				Max		5.90E-04		121.8

		Centre		1023.5						pixels								Correction		0.99419				Min		-3.89E-04		-80.2

		A offset		53.340						deg								Corrected Values:

		F (paraxial)		21.6428						mm								F (paraxial)		21.517028277

		Platescale		27.9806						pix/deg								Platescale		27.8180

				128.661						arcsec/pix										129.413

		Y centre		1001.3						pixels
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		x_max and y_max are maximum values in image; x and y are centroided with centroid radius of 20 pixels

		MSGE (deg)		A (deg)		x_max		y_max		x		y		x_cen		y_cen		A (rad)		p (rad)		dist		AZP		error		sq_err

		-20		33.688		1993		1007		1995.01		1012.10		981.5		9.0		0.5880		0.6172		0.0292		0.0339		-4.71E-03		2.22E-05

		-22		31.688		1930		1008		1932.76		1011.67		919.3		8.6		0.5531		0.5780		0.0249		0.0280		-3.02E-03		9.11E-06

		-22		31.688		1930		1009		1932.81		1011.70		919.3		8.6		0.5531		0.5780		0.0250		0.0280		-2.99E-03		8.92E-06

		-22		31.688		1930		1008		1932.77		1011.68		919.3		8.6		0.5531		0.5780		0.0250		0.0280		-3.01E-03		9.07E-06

		-24		29.688		1868		1009		1870.85		1011.26		857.4		8.2		0.5182		0.5391		0.0209		0.0228		-1.88E-03		3.55E-06

		-26		27.688		1807		1011		1809.51		1010.88		796.0		7.8		0.4833		0.5005		0.0173		0.0184		-1.10E-03		1.21E-06

		-28		25.688		1747		1010		1748.76		1010.50		735.3		7.4		0.4483		0.4623		0.0140		0.0146		-5.92E-04		3.51E-07

		-30		23.688		1687		1010		1688.59		1010.15		675.1		7.0		0.4134		0.4245		0.0110		0.0113		-3.01E-04		9.08E-08

		-32		21.688		1627		1010		1629.15		1009.83		615.7		6.7		0.3785		0.3871		0.0086		0.0087		-7.87E-05		6.20E-09

		-34		19.688		1569		1009		1570.18		1009.49		556.7		6.4		0.3436		0.3500		0.0064		0.0064		-3.42E-05		1.17E-09

		-36		17.688		1511		1009		1511.87		1009.19		498.4		6.1		0.3087		0.3134		0.0047		0.0047		3.33E-06		1.11E-11

		-38		15.688		1453		1009		1454.13		1008.91		440.6		5.8		0.2738		0.2771		0.0033		0.0032		2.60E-05		6.76E-10

		-40		13.688		1396		1009		1396.86		1008.61		383.4		5.5		0.2389		0.2411		0.0022		0.0021		1.76E-05		3.09E-10

		-42		11.688		1339		1008		1340.03		1008.33		326.5		5.2		0.2040		0.2053		0.0013		0.0013		4.83E-06		2.33E-11

		-44		9.688		1283		1008		1283.56		1008.03		270.1		4.9		0.1691		0.1698		0.0007		0.0008		-1.90E-05		3.61E-10

		-46		7.688		1227		1008		1227.46		1007.79		214.0		4.7		0.1342		0.1346		0.0004		0.0004		-3.59E-06		1.29E-11

		-48		5.688		1171		1008		1171.50		1007.48		158.0		4.4		0.0993		0.0994		0.0001		0.0002		-5.24E-05		2.74E-09

		-50		3.688		1115		1007		1115.87		1007.25		102.4		4.1		0.0644		0.0644		0.0000		0.0000		1.90E-06		3.60E-12

		-52		1.688		1060		1007		1060.34		1007.01		46.8		3.9		0.0295		0.0296		0.0001		0.0000		8.07E-05		6.51E-09

		-54		-0.312		1005		1007		1005.69		1006.77		-7.8		3.7		-0.0054		-0.0054		0.0000		-0.0000		1.22E-05		1.49E-10

		-56		-2.312		949		1007		949.36		1006.56		-64.1		3.5		-0.0403		-0.0404		-0.0000		-0.0000		-3.23E-05		1.05E-09

		-58		-4.312		894		1006		893.74		1006.33		-119.8		3.2		-0.0753		-0.0753		-0.0001		-0.0001		-9.92E-06		9.85E-11

		-60		-6.312		838		1006		838.02		1006.10		-175.5		3.0		-0.1102		-0.1104		-0.0002		-0.0002		1.53E-05		2.33E-10

		-62		-8.312		782		1006		782.08		1005.90		-231.4		2.8		-0.1451		-0.1455		-0.0005		-0.0005		2.23E-05		4.97E-10

		-64		-10.312		726		1006		725.85		1005.68		-287.7		2.6		-0.1800		-0.1809		-0.0009		-0.0009		1.17E-05		1.38E-10

		-66		-12.312		669		1006		669.28		1005.49		-344.2		2.4		-0.2149		-0.2164		-0.0016		-0.0016		-5.33E-06		2.84E-11

		-68		-14.312		613		1005		612.35		1005.30		-401.2		2.2		-0.2498		-0.2522		-0.0024		-0.0024		2.02E-06		4.08E-12

		-70		-16.312		555		1005		554.89		1005.11		-458.6		2.0		-0.2847		-0.2884		-0.0037		-0.0036		-2.88E-05		8.28E-10

		-72		-18.312		497		1005		496.98		1004.93		-516.5		1.8		-0.3196		-0.3248		-0.0052		-0.0052		-1.65E-06		2.73E-12

																										Total		1.48E-08

																										RMS		2.34E-05		4.8

		Underscan		0						pixels		(x values already corrected)						Mu		0.5542435861				Max		8.07E-05		16.6

		Centre		1013.5						pixels								Correction		0.99206				Min		-1.88E-03		-388.8

		A offset		53.688						deg								Corrected Values:

		F (paraxial)		21.6428						mm								F (paraxial)		21.4709874464

		Platescale		27.9806						pix/deg								Platescale		27.7585

				128.661						arcsec/pix										129.690

		Y centre		1003.1						pixels

		Results for optimisation against x centre

		X_centre		Y_centre		A_offset		sq_err		rms_err

		1005.0		1006.8		53.990		5.67E-07		29.8

		1007.5		1004.7		53.900		9.22E-08		12.1

		1010.0		1003.8		53.812		4.10E-08		8.0

		1012.5		1003.3		53.724		1.71E-08		5.2

		1013.5		1003.1		53.688		1.48E-08		4.8

		1015.0		1002.9		53.636		1.90E-08		5.5

		1017.5		1002.6		53.547		4.60E-08		8.5

		1020.0		1002.4		53.459		9.87E-08		12.5

		1023.5		1002.2		53.336		2.13E-07		18.3

		1025.0		1002.3		53.283		2.72E-07		20.7

		1030.0		1002.2		53.107		5.42E-07		29.2
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