Detailed error budget
analysis and simulations




Error terms

Error terms can be grouped in 4 categories:

1. Astrophysical noise

Includes stellar activity on the central star and astrometric wobble of background reference
stars.

2. Fundamental measurement noise

Measurement noise due to the primary design parameters such as telescope diameter, pixel
sampling and wavelength. This would be equal to the total instrument noise in the absence of
defects in the detector or optical train.

Includes photon noise contribution from background stars and zodi background.
3. Static astrometric error terms

Contribution of all static defects, such as poorly calibrated detector response or manufacturing
errors in the optical surfaces.

Even perfectly static defects produce astrometric errors, as the trajectories of the background

stars on the focal plane are slightly different between observations (proper motion, parallax).

4. Dynamic astrometric error terms

Errors due to changes of the telescope and instrument between observations.

Includes variations in the shape of optics surfaces, variations in detector geometry (detector
pixels move between observations) and variations in detector sensitivity.

Dynamic errors are not fully calibrated by the spikes (spikes have a limited SNR, and do not
fully sample the field of view). Dynamic errors can also create errors in the measurement of the
spikes positions.
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Astrophysical

noise

Fundamental
measurement

noise

Static astrometric

errors

astrometric errors

Dynamic

Noise term

Sunspots and stellar activity

Astrometric signal of background
reference stars.

Photon noise on background stars
Photon noise due to zodiacal light
Detector finite sampling of a
polychromatic PSF

Detector readout noise

Detector flat field, and sensitivity
variations within pixels

Static astrometric distortion due to optics
surface figure

Static astrometric distortion due to
unknown detector geometry

Dynamic astrometric distortion due to
change in optics surface figure

Dynamic astrometric distortion due to
change in detector geometry

Dynamic astrometric distorition due to
change in detector response

Dynamic astrometric distorition due to
spots moving on mirror

Description

The central star photocenter moves due to stellar activity
and sunspots, creating an astrometric signal

Several background stars have astrometric motions due to
multiplicity and planets

Photon noise limits the position measurement accuracy on
faint stars. The faintest stars are below the zodiacal light
level.

The position measurement error is somewhat larger than
the photon-noise limit.

These unknown errors produce errors in the position
measurement of background stars. Thanks to their roll
anticorrelation, they average down quickly with roll.

Between observations, the trajectory of background stars
moves slightly on the focal plane due to proper motion and
parallax of the central star. This transforms static
distortions into a small time-variable astrometric error.

Mirror shapes change between observations, and this
distortion is not perfectly removed by the astrometric
calibration using diffraction spikes

The large focal plane array is likely made of many
individual chips which can move and deform. This
distortion is not perfectly removed by the astrometric
calibration using diffraction spikes.

Unknown changes in detector response are misidentified
as a motion of the spikes, creating a change in the
astrometric calibration

Spots move on the PM between observations, creating a
differential motion between spikes and background stars

Impact

Small to moderate

Small thanks to large number of
background stars (averaging).
Background stars are also distant
and low metallicity (Halo stars)

Dominant on faint stars

Small for Nyquist sampled image

Small if exposure time is properly
chosen

Small thanks to roll averaging

Moderate to strong

Can be mitigated by increasing total
light in spikes, which allow (1)
smaller spacing between spikes in
focal plane, and (2) reduced impact
of spike photon noise on the
astrometric calibration

Significant if > 1%

Small ?



Approach

Baseline: 1.4-m telescope (PECO), with 0.25 sq deg FOV (0.5 x 0.5 deq)

The FOV is chosen to reach performance goals in a sufficiently stable system.
Photon noise limited performance for this FOV is 0.044 pas single
measurement at galactic pole, but actual performance is significantly lower
(larger error) due to distortions and detector limits.

When detailed simulations are required, a smaller FOV system is used (0.1
deg radius = 0.03 sg deg FOV) to ease computations.



Telescope diameter (D)

Detector pixel size

Field of view (FOV)
Single measurement time

Dot coverage on PM (area)

Flat field error after
calibration, static (high
spatial frequency)

Flat field error, dynamic

Telescope roll

Uncalibrated change in
optics surface between
observations for M2 & M3

Static optics surface errror
(M3 mirror)

Astrometric accuracy,
single measurement, single
axis, m =3.7, galactic pole

0.03 sq deg (0.1
deg radius)

Value in Value for
simulations mission
14 m
44 mas

0.25 sq deg (0.5
deg X 0.5 degq)

48 hr

1% 8%

1.02% RMS, 6% peak

1e-4 RMS per pixel, uncorrelated
spatially and temporally between
observations

1.0 rad (+/- 0.5 rad)

40 pm

1.5 nm

0.58 uas 0.20 uas

Rationale for flight
instrument value

PECO sized, cost
constrained

Nyquist at 600 nm

low WF error across field, 1.6
Gpix detector

Typical single observation
duration for coronagraph

Keeps thoughput loss
moderate in coronagraph

Conservative estimate for
modern detector after
calibration

1e-4 loss in sensitivity for
each pixel over 48 hrs = 2%
per year = 10% over 5 yrs

Manageable sunshielding

Wavefront measurement
repeatability (optical element
removed / reinserted)
obtained when testing similar
sized optics on ground

WEF error and PSD taken from
similar existing optical
element

0.2 uas is required to
achieve science goals

Impact on astrometric accuracy

Astrometric accuracy goes as D?, thanks
to larger collecting area and smaller PSF
size (assuming constant FOV)

Little impact as long as sampling is close
to or finer than Nyquist

Astrometric accuracy goes as FOV™*°°

Astrometric accuracy goes as t°°

Larger dot coverage allows observation
of fainter sources.

Negligible effect on background PSF
measurement (well averaged with roll)

Negligible effect on background PSF
measurement, but significant effect on
measurement of spikes locations

Larger telescope roll leads to better
averaging of detector errors

Larger change in optics surface reduces
astrometric accuracy

Small impact on performance, as
background PSFs are almost fixed
between observations



Simulation description

Simulation assumes:

*1.4m telescope TMA (Woodruff design)

®1.5nm surface (3nm WEF) optics for M2 and M3, PSD provided by Tinsley
*Circular field of view, 0.2 deg diam (0.03 sq deq)

® Galactic pole observation (worst case scenario)
ecentral star is m =3.7 (faintest of the 7 PECO targets for which an Earth can

be imaged in <6hr, 14th brightest target in the 20 high priority targets list)
®*90% detector peak QE, 80% optical throughput (0.963 for optics reflectivity
X 0.92 due to dots on PM)

* Nyquist sampled detector at 0.6 micron = 44 mas pixels
*Telescope roll = 1 rad (larger angle = better averaging, but more difficult to

maintain stability)
*Single epoch observation = 2 day

Distortions in the system are computed with 3D raytracing (code written in C,
agreement with Code V results from Woodruff has been checked)
Images produced by Fourier transform, and then distorted according to

geometrical optics. Image sizes are 16k x 106k.



Numerical simulation approach
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Simulation details

This series of slides describes in more detail each step of the numerical
simulation. A red square is shown in the overal simulation description
diagram to indicate which part of the simulation is being described.

Green text label next to boxes show the image or file name used in the
source code, to help read the source code.




Numerical simulation approach

Monochromatic
PSF

Polychromatic PSF x derivative PSF angular

distortion measurement SNR per
pixel for a 1 pixel angular

PSF

psflp

PSF y derivative derivative
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(angular direction)

error map in
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distortion error map
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distortion map in
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detector
flat field
error
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ffsta
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PM mask

- - FHexagonal pattern dots. Dots

- Jcover 1% of PM surface. Dots
- - -Jlare assumed to be perfectly

- placed, all with same size.

- 41/2 diameter of hexagon = 2.8
- - Imm = distance between
- Jclosest dots.

I Dot diameter = 180 um

' 'j j: :j [note: for mission, dot
- N diameter = 72 um; spacing =
0 0.5 mm]

I Dots are assumed to be totally
black.
Dots do not affect coronagraph
If they are reqgularly spaced
(no low spatial frequency)



Numerical simulation approach

Polychromatic PSF x derivative PSF angular

pupil mask
with dots

distortion measurement SNR per
pixel for a 1 pixel angular

derivative

PSF PSF y derivative
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Monochromatic|
PSF

Central part of PSF is not
disturbed by dots

Full field PSF (0.2 deg on a side)
shows 2D grid of diffraction orders




Numerical simulation approach
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Polychromatic PSF

Computed as incoherent
sum of 5000
monochromatic PSFs: 50
iIndividual FFTs x 100
radial stretch steps

1E-07 2E-07 4E-07 7E-07

Full field PSF (0.2 deg on a side)
005 01 shows thin narrow spikes

Central part of PSF




Polychromatic PSF |

Brightest part of spikes is ~1e- |
7/ of central PSF peak

Over most of the field, surface
brightness is dominated by
zodiacal light, not by spikes.

Scattering by PM surface e
roughness is much fainter than it
the spikes, as spikes diffract

~1% of starlight.

Central pixel has 17% of total
flux

1E-10  2E-10  4E-10 7E-10

0.2 deg field PSF, log scale




Static distortions

Definition: Any error static through the mission lifetime.

Why do purely static errors matter ?
Background PSFs follow different trajectories during the telescope roll for
different observation epochs. The trajectories are close (~arcsecond level),
so what matters is the differential astrometric distortion over a ~1” distance.

Main errors:

* Distortions due to optical figure of mirrors M2 and M3

*Focal plane array geometry: position of individual detector chip & variations
In pixel size across the detector

* Non-calibrated flat field errors

Impact and mitigation:

Static errors are not calibrated by the diffraction spikes:

- lack of absolute reference for spikes makes it impossible to calibrate static
errors (where should the spikes be in a perfect system ?)

- spikes can only calibrate low order distortions, but relevant static errors are
small scale errors



Numerical simulation approach
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Static distortion map due to M2 &
M3 optical surfaces

Distortion maps shown below is for 0.46x0.46 deg field. Unit is arcsec; left
map is X, right map is y. Distortion is computed at 120000 positions on the
sky, then interpolation is used to compute the full map.

Distortion amplitude is ~1 mas, dominated by low order modes. The
differential distortion over ~1” is much smaller.

. I_ |
-0.0012 -0.0008 -0.00044 0 0.00044 0.0008 |0.0006-0.0004-0.0002 0 0.0002 0.0004 00006 0.0008 0.001 000




Numerical simulation approach
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Static distortion map due to focal plane array

Distortion maps shown for 0.2 x 0.2 deg. Due to pixel size non-uniformity residual after
ground/in orbit calibration of detector. Spatial frequencies chosen here put most power in
between spikes and at ~arcsec separation (worst case)

~2/1000 pixel amplitude = 90 uas

left: x, right: y. Unit = pixel (44mas)
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e ———————
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0 002 -0.0015 -0.001 -0.0005 0.0005 0.007 0.0015 0.002 -0.002 -0.0015 -0.001 -0.0005 0 0.0005 0.001 0.0015 0.002




Numerical simulation approach
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Total
static
distortion
map

Angular coordinate
distortion

(perp. to spikes)

map shown for 0.2 x 0.2
deg.

Unit = pixel (44mas)

distortion is +/- 1 mas
approximately




Numerical simulation approach
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Flat field knowledge
requirement

® With 0.2 deg diam, 1 rad roll, measurement is done over ~100 stars x
3000 independent positions (separated by more than I/D) on the
detector = 3e5 measurements

® (.2 uas = 1/200000 pixel -> allowed error (if not correlation) is <1/500
pixel ~ 1% error on flat field at small scales (pixel to pixel)

® Astrometric error due to pixel-to-pixel flat field errors is strongly
anticorrelated along the PSF track on the detector-> averages closer to

1/N than 1/sqgrt(N) -> flat field knowledge errors of a few % should be OK
(see next slides)



Detector static errors are expected to be very
small in the roll-averaged angular coordinate
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Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

distortion

snrim

square & bin ;
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@ Sum of two or more images

@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Numerical simulation of astrometric
error due to flat field errors

Step 1: pre-compute how a single pixel sensitivity error “pulls” the
estimated PSF position (= astrometric error kernel for a single pixel error).

This is done at 0.1 I/D step size, over 10 I/D radius: for each 2-D offset (within 10 |/D
radius, with 0.1 I/D step) between the PSF center location and the “bad” pixel,
compute the error in PSF position measurement in x and y. Computation uses finely

sampled PSFs binned down to the detector sampling.
X error y error

Maps on the right show how a
sensitivity error in a single pixel
affects the PSF position
measurement.

Maps are normalized to the relative
pixel sensitivity error. Unit is I/D.
Peak value is 0.05: a 1% sensitivity
error can move the PSF measured
position by 0.0005 I/D = 44 uas

-8E-06  -GE-06  -4E-06  -2E-06 0 ?E-06  4E-06  GE-06  BE-06

Step 2: For each roll angle and star, compute 2-D PSF position error by
summing all errors due to pixels sensitivity errors within a 10 I/D radius of actual PSF
position. This computation uses the maps shown above: for each pixel, the fractional
offset between the pixel and the PSF is computed, and the corresponding error values
(x and y) are derived from bilinear interpolation of the maps computed in step 1.



Flat field errors are strongly anticorrelated

with roll angle -> they average as 1/N instead

Figure on the left
shows 1-D
astrometric error for
a single star as a
function of roll
angle.

The raw error
(brown) is ~1e-3 I/D
RMS (~0.1 mas).
The roll-averaged
error (red) goes as
1/roll angle.
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Astrometric error due to flat field errors is ~0.5 uas per star for a 1 rad roll.
Error is stronger for stars closer to the optical axis (less roll averaging)
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Single star astrometric error due to flat field errors shows no obvious time

correlation in this example (1 arcsec / yr proper motion). With smaller

proper motion and more distant stars (small parallax), correlation is

expected over two timescales : time for proper motion to move star by 1

pixel, and 1 year period due to parallax.



Intra-pixel sensitivity errors are captured In
this analysis

Unknown variations of sensitivity within a pixel show the
same anti-correlation behavior, and are captured in this
analysis.

Example: top half of a pixel less sensitive than bottom
half

If PSF is below the pixel, PSF position error is positive
If PSF is above the pixel, PSF position error is negative

A small error In sensitivity between pixels is similar to a
larger error within a pixel.

Intra-pixel sensitivity errors can be simulated by the
same analysis as shown here, but with a finer sampling.



Dynamic distortions

Definition: Any change between observations epochs
These changes introduce errors in the measured position of background stars or on
the distortion change measured by the spikes image.

Description of main error terms:

*Variation in the optical shape of mirrors M2 and M3 due to thermal and mechanical
stresses introduces astrometric distortions that change between the observation
epochs

*Rigid body motion of optics (telescope alignment)

* Focal plane array geometry: motion and distortion of individual detector chip due
to temperature fluctuation and mechanical stress

*Variations in the flat field response of the detector

Impact and mitigation:

Low order components of dynamic errors are calibrated by the diffraction spikes. To
measure how distortions change between observations, the motion of the spikes is
measured by comparison of the spike images between the different observation
epochs.

Errors in this estimate come from

* photon noise (spikes, zodi)

*changes in the pixel response between the 2 epochs

*interpolation between spikes (no signhal between spikes)

Time-variable distortions are not perfectly estimated by the spikes -> astrometric
error



Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

distortion

snrim

square & bin ;

binned square SNR per
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photon noise error distrbin bilinear
due to zodiacal background star roll averaged < interpolation

light and stellar flux position residual distortion

measurement error
(angular direction)

error map in
angular direction
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astrerrordyn

residual astrometric
distortion error map
in angular direction

measured
astrometric
distortion map in

averaging

detector _— |
flat field (S ad.lcta:tgunar background stars position
error el measurement
ffsta distr sta

errors between 2 epochs
) (1-D angular coordinate)

total x and y
distortion

Cocal plane array )

X and y distortiory
fpdistx_sta, fpdisty sta

optimal weighting of all
1-D measurements
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Mirrors M2 and M3) : optics
surface errors ) raytracing \ x and y distortion

optdistx _sta, optdisty sta

2-D astrometric
measurement
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@ Sum of two or more images

@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Time-variable distortions: M2 and M3

Thermal variations in substrate + mirror mounting:
On 150-350mm apertures, better than 0.1nm RMS wavefront insertion repeatability with
0.25 C temperature stability. (Jay Daniel, L-3 Tinsley, private communication)

Assuming 100mK temperature stability-> 40 pm RMS stability
Material creep :

probably slow process (timescale > single observation) which can be tracked during

course of mission by averaging distortions over several consecutive observations. -> not
included

X and y astrometric
distortions due to
change in the
shape of optics is
shown on the left.

Same as static

optical distortions,

but scaled by 3%.
e Unit = pixel (44

_’ mas)

1008 -0.0006 -0.0004 -0.0002 0 0.0002 0000,  1.0004-0,0003 -0.000Z -0.0001 0 0.0001 0.0002Z 00003 0.0004 0.0005




Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

distortion

snrim

square & bin ;

o total x and y binned square SNR per
- distortion change Ccfl/jsl;vafxf pixel for a 1 pixel angular
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photon noise error distrbin anisoplanatism kernel) bilinear
due to zodiacal background star roll averaged < interpolation

light and stellar flux position residual distortion
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(angular direction)
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angular direction

averagin

astrerrordyn

residual astrometric
distortion error map
in angular direction

measured
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distortion map in
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X and y distortiory
fpdistx_sta, fpdisty sta

optimal weighting of all
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Mirrors M2 and M3) : optics
surface errors ) raytracing \ x and y distortion

optdistx _sta, optdisty sta

2-D astrometric
measurement
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resdist angular direction

—
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@ Sum of two or more images

@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Detector array distortions

A 100 mK temperature change on a 4k detector changes its linear size by 0.00172 pixel, assuming Si
(CTE=4.2e-6). This is simulated by a low order term in x distortion with +/- 1e-3 pixel and period ~
single 4k detector size.Translation between detector chips not included here - would need to be fitted as
a translation for each chip.

~

Unit = pixel (44 mas

-0.007 -0.0008 -0.0006-0.0004-0,0002 0 0.0002 0.0004 0.0008 00008 0.7 g0 -0.0008-0.0006-0.0004-0,0002 O 0.0002 0.0004 0.0006 0.0008 0.001




Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

distortion

snrim

square & bin ;

binned square SNR per

a focal plane array total x and y
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n U distvary - distortion
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(angular direction)

error map in
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@ Sum of two or more images

@ Difference between two images
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Image name (used through this document)
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Total angular distortion change

Unit = pixel (44 mas)
Amplitude ~ 1/1000 pixel (44 uas)

-0.007 -0.0005 I 0.0005 0.001
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Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupll mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psflm psfip psfpdx, pstpdy psfpdr

distvarx, +
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focal plane array
x and y distortion change

total x and y
distortion change
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X and y distortiory
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) (1-D angular coordinate)

optimal weighting of all
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2-D astrometric
measurement
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@ Sum of two or more images
@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Spikes
image, 0.2
deg FOV

Spike image is computed
by:

step 1: compute derivative
In X and y for the spikes

step 2: multiply derivative
by x and y distortion maps

step 3: add noise terms
(photon noise, readout
noise, flat field noise)
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1E-09  1.2E-09 1.4E-09 1.6E



Spikes image (central region, 3'x3"')
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Central part of the field
IS blocked by the
coronagraph pickup
mirror.

The spikes do not
extend inward to the
coronagraphic field.



Zodi-subtracted spikes image, no background stars

Fle 31A_mpsf.16364.0its — File S18_mpsf.16384.fits
Object Object

Value ‘ 4 Value

Wes : wes

Physical e Physical
Image & Image
Frame1 Zoom 1.000 H.ng __o.ooo | i Frame 1  Zoom 1.000 Hng _ Dooo |

edit view frame zoom scale color region help edit view frame zoom scale color region help
to fit zoom 18 zoom 14 zoom 12 zoom 1 Zoom 2 zoom 4 zoom & linear log power square root squared histogram min max zscale
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Photon noise from spikes and zodiacal

light are visible in this frame. >pikes are I/D wide
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The overall size of the spike envelope, the spikes density (spacing between spikes) and
brightness can be chosen by design of the dot pattern.




Numeric

al simulation approach
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Distortion measurement

Compute SNR for a 1 pixel angular distortion for each
pixel -> SNRmap

Compute signal (unit = pixel of angular distortion) for
each pixel = difference between ideal spike image
and measured spike image, divided by
dlmage/dDistortion -> Sighalmap

To speed up computation, Signalmap and SNRmap
are binned to lower resolution (with optimal weights
derived from SNRmap)



Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular
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Distortion measurement

binned Signal (using SNR”™2 weighting
within each bin)

SN RA 2 Value set to zero where SNR is below
threshold

1.2F )02 -0.0015 -0.001 -0.0005 O 0.0005 0.001 0.0015 0.

ZE+08 4E+08 6E+08 8E+08 1E+09




Numerical simulation approach
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distx_sta, disty sta
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optdistx _sta, optdisty sta
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Distortion interpolation

Convolve signhal x SNR”™2 by gaussian kernel, with sigma of the kernel ~
anisoplanatism patch size

Problem: next to a bright spike, the solution will give a flat value with a sharp
jump when moving to the next spike.

Estimate for each pixel the effective centroid of the result (different from the
pixel location), and the local slope of the distortion -> using these 2 quantities,
correct for the centroid offset error.



Distortion interpolation

(ii=0;ii<sizeb*sizeckh;ii++] . . .
distarray[ii] = 0.0; kk Is an index to the list of
‘:E?;Eié,??‘;éé:?;;é??;ahj high SNR measurements

v = 6.5; (5% best pixels)

%é’ §§

YL = U.U; .

vmont = 0.0; onvolution by kernel

vycent = 0.0;

(kk=0; kk<NBpt ; kk++)

ii = diarray[kk]-11i0;
11 = Jjarray[kk]-330;

¥ = 1.0#1i*812& pixscale*sbinfact;

y2= 1.E*ij:SIa_pixscale*binfact; . . . . .

F2 = X*X H

r2 f= Slﬂfcgrr_aniso_rad*SIé_corr_aniso_rad; ThIS IS the e'ffeCtlve CentrOId tO Wh|C|

(r2<9.0)
{
v += wvarray[kk]l#*snrZarray[kk]l#exzp(-r);
¥t += E#snriéarray[kk]*expi-rd);
vt += y*snridarray[kk]*expi-rd);
vont += snriarray[kk]Fezpi-ri);

the computed value corresponds. Th
centroid gets pulled to bright spikes.

h
i
(vont = eps)
{
v f= wvont;
xt /= wcnt;
vt /= wvont;
h

4 ) Compute local 2D derivative

(kk=0; kk«<NBpt;kk++)
{ | ] [ ]
i1 = iiarray[kk]-1i0; of the measured distortion
3 = ddarray[kk]-330;
¥ = 1.0#%#1i#81a pixscale*binfact;
v = 1.0%#]j#81& pixscale*binfact;
rd = X*H+Y*Y;
rZ /= BI& corr aniso rad*8IA corr aniso rad;
(r2=9.07
{
vx += (varrav[kk]l-v)*snriarray[kk]l?* (z-zt)*fexpl(-rd);
vy += (wvarrav[kk]l-wv)*snriarrav[kkl* (v-vL)*expi(-r);
vzcnt += snréarrayv[kk]F(z-zt)#{x-xt)*exzpi-ri);
vycnt += snriarrayv([kk]*Fiyv-vyL)l*(yv-ytl*expi-ri);
h
h
(vEcnt>eps) . .
e e Compensation of error due to centroid
\_ VY /= vycnt; "/ . . . .
— offset and local 2D derivative of distortion
Vv o-= WLEVY; e

distarray[jjl*sizeh+iil] = w;

}



Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

focal plane array
x and y distortion change

distvarx,
distvary

d

total x and y
distortion change
fodistx, fodisty distx, d/'sty\
mirrors M2 and M3\ raytracin angular
surface change optics x ancﬁ distortion

distortion change
variation in detectoﬁ
flat field responsej

photon noise due
to zodiacal

background and
stellar flux

1 measured
spikes image

SUolI}i0j3sIp
SiweuA

optdistx, optdisty

(binned angular

distortion

snrim

square & bin ;

binned square SNR per
pixel for a 1 pixel angular
distortion

snr2bin

SNR"2-weighted
binning

distortion signal

signalbin

chan ge distr
fferror

quick look at residual distortion
(useful for optimizing
anisoplanatism kernel)

bilinear

photon noise error

background star
position

roll averaged
residual distortion

due to zodiacal
light and stellar flux

interpolation

measurement error
(angular direction)

error map in
angular direction

averagin

astrerrordyn

residual astrometric
distortion error map
in angular direction

measured
astrometric
distortion map in

averaging

detector _— |
flat field (S ad.lcta:tgunar background stars position
error el measurement
ffsta distr sta

errors between 2 epochs
) (1-D angular coordinate)

total x and y
distortion

Cocal plane array )

X and y distortiory
fpdistx_sta, fpdisty sta

optimal weighting of all
1-D measurements

distx_sta, disty sta

Mirrors M2 and M3) : optics
surface errors ) raytracing \ x and y distortion

optdistx _sta, optdisty sta

2-D astrometric
measurement

SUoI}J101SIp
Jl3els

resdist angular direction

—

mdistr

@ Sum of two or more images

@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Distortion interpolation

Sigma = 15"

True distortion Measured distortion

0.0005 0.001

-0.001 -0.0005

Unit = pixel



Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

pupil mask Monochromatic Polychromatic PSF x derivative PSF angular
with dots L o
PSF PSF PSF y derivative derivative
pupa
psfim psflp psfpdx, psfpdy

distortion

snrim

square & bin ;

a focal plane array total x and y binned square SNR per
x and y distortion change distortion change distvarx, pixel for a 1 pixel angular
n O distvary - distortion
-+ < fpdistx, fodisty distx, disty photon noise due
- . , to zodiacal . snr2bin
2 q) [mirrors M2 and M3\ raytracin angular background and g%/;ng weighted
r+ 3 surface change optics x and y distortion stellar flux . .
0 = distortion change (blnned angular bmnled
. change - l distortion signal angular
s 0 variation in detectoﬁ — gtd, - distr measured — _ distortion
0 flat field response optaistx, optaisty 4' spikes image sized kernel measurement
fferror binned angular quick look at residual distortion pe—
distortion change (u_seful for pptimizing
photon noise error distrbin anisoplanatism kernel) bilinear
due to zodiacal background star roll averaged interpolation

residual distortion
error map in
angular direction

position
measurement error
(angular direction)

light and stellar flux

astrerrordyn
averaging

detector _— |
flat field (S ad.lcta:tgunar background stars position
error el measurement
ffsta distr sta

errors between 2 epochs
) (1-D angular coordinate)

total x and y
distortion

Cocal plane array )

X and y distortiory
fpdistx_sta, fpdisty sta

optimal weighting of all
1-D measurements

distx_sta, disty sta

Mirrors M2 and M3) : optics
surface errors ) raytracing \ x and y distortion

optdistx _sta, optdisty sta

2-D astrometric
measurement

SUoI}J101SIp
Jl3els

measured

astrometric
distortion map in
aLguIar direction

mdistr

Sum of two or more images

Difference between two images

Product of two images (pixel by pixel)

GOO®

Image name (used through this document)

Operation performed on images or data




Residual distortion after calibration

Unit = pixel

Residual distortion after
calibration is ~1e-4 pix =
4.4 uas

This is 10x smaller than
original distortion, and
residual is mostly free of
low order -> will average
well with telescope roll.

1005 -0.0004 -0.0003 -0.0002 -0.0001 0 0.0001 0.0002 0.0003 0.0004 0.0




Numerical simulation approach

distortion measurement SNR per
pixel for a 1 pixel angular

G\lfjv?tlL rggtssk Monochromatic Polychromatic PSF x derivative PSF angular
PSF PSF PSF y derivative derivative
pupa
psfim psf1p psfpdx, psfody

focal plane array
x and y distortion change

distvarx,
distvary

total x and y
distortion change

d

distortion

snrim

square & bin ;

binned square SNR per
pixel for a 1 pixel angular

Q
,‘9.. < TP el distx, d/sty photon noise due distortion
= to zodiacal ~ snrzbin
2 q) [mirrors M2 and M3\ raytracin angular background and SNR”™2-weighted
r+ 3 surface change optics x and y[ distortion stellar flux ,
o = distortion change (binned angular binned
— change 1 distortion signal angular
3 0 variation in detectoﬁ J aretr meaSl_Jred — : distortion
n flat field response/ optdistx, optdisty ' spikes image g sized kernel |\ azsurement
fferror binned angular quick look at residual distortion ppr—"
distortion change (useful for optimizing
_ rpry anisoplanatism kernel)
photon noise error bilinear
due to zodiacal background star roll averaged — interpolation
light and stellar flux position residual distortion
measuremgnt error error map in residual astrometric measured
(angular direction) angular direction distortion error map astrometric
roll in angular direction distortion map in
averaging resdist angular direction
mdistr
detector -~ |
flat field (S adilgtgpt?:nar background stars position
error measurement @ Sum of two or more images
ffsta distr_sta errors between 2 epochs

total x and y
distortion

Cocal plane array )

X and y distortiory
fpdistx_sta, fpdisty sta

) (1-D angular coordinate)

optimal weighting of all
1-D measurements

distx_sta, disty sta

Mirrors M2 and M3) : optics
surface errors ) raytracing \ x and y distortion

optdistx _sta, optdisty sta

2-D astrometric
measurement

SUoI}J101SIp
Jl3els

@ Difference between two images

@ Product of two images (pixel by pixel)

Image name (used through this document)

Operation performed on images or data




Astrometric error due to distortion

changes (after roll)

Unit = arcsec
RMS ~ uas

This map is obtained
by roll-averaging the
distortion map in the
previous slide

Error tends to be
smaller for stars
further out (more
averaging thanks to
roll)

-3E-06 -2E-06 -1E-06

0

1E-06 2E-06 3E-06 4E



Final astrometric error

For each star, 1-sigma error is computed as quadratic sum of :
- pixel coordinate error (due to photon noise)

- distortion errors (derived from 2D distortion map)

- flat field error on detector

Then, optimally combine all measurement by weighting
according to astrometric SNR* for each star.

Final astrometric 1 sigma error in this example :
0.58 uas per axis (1-sigma) for 0.03 sq deg (= 0.1 deg radius circular field)

0.2 upas per axis would require 0.25 sqg deg (= 0.5 deg x 0.5 deq)
Note: scaling to larger FOV needs to be done more carefully - this is just a rough
estimate



0,01 T T T T T T T Y
[ zingle star photon noize limited error + j
photon noise limit, monochromatic PSF, infinite sampling,. no background " *
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' - shorter observation % . e L.
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¥ O L . * *
= Q) =3 limits .
— ~ 8., A KOD ¥ %
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i Q Q t ]
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