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What is ‘Astrometry’?

Etymology:
From Greek astron “star”’, and -metria “a measurement of”’
Used since ~1800 meaning all sorts of measurements
Since ~1900 meaning the measurement of (angular) positions
and motions

Some definitions:

”The scientific measurement of the positions
and motions of celestial bodies”

(The American Heritage® Dictionary of the English Language, Fourth Edition,2009)

”Astrometry is the branch of astronomy that involves
precise measurements of the positions and movements
of stars and other celestial bodies.”

(Wikipedia)




Angular accuracy in optical astrometry
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Angular accuracy in optical astrometry

arcsecond




The Lund panorama of the Milky Way (1955)

7000 stars and the Milky Way (2x1m) painted by Martin and Tatjana Keskiila
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H* Gaia

during 5 year mission from L2:

» observing 1 billion sources (mag 6-20),

» on average 72 times (between 40-240),
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» observing 1 billion sources (mag 6-20),

during 5 year mission from L2:

Gaia

» on average 72 times (between 40-240),
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Gaia

during 5 year mission from L2:

» observing 1 billion sources (mag 6-20),

» on average 72 times (between 40-240),

path of spin axis
over 4 days

path of sun
over 4 months

/

path of spin axis

over 4 months
path of viewing directions 4

over 4 days

Lindegren (2010) Lindegren (2008)




Gaia

during 5 year mission from L2:

» observing 1 billion sources (mag 6-20),

» on average 72 times (between 40-240),

NSL field transits in ICRS after: 0 years 000 days 00 hr 10 min
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H* Gaia

during 5 year mission from L2:

» observing 1 billion sources (mag 6-20),

» on average 72 times (between 40-240),

e
e
g

» positions, parallax, and proper motion
with 20 pas(/yr) precision at V=15 mag,

» astrometric motion of ~80% of sources
can be described using this 5 parameter
model.




Observing process:

» Apparent source motion on the sky,




Observing process:

» Apparent source motion on the sky,

%/LL » propagation of light to Gaia,




Observing process:

» Apparent source motion on the sky,
» propagation of light to Gaia,

» Astrometric CCDs readout,
typically 6x1 binned counting profile

,JIL'—H X 720 X 109 = 10"

Forward modelling:

Object model Instrument calibrations

type of photometry photometric point Predicted
object spread CCD data
astrometry P

roper Field geometric function

direction angles

Satellite Relativistic Attitude
orbit data model data
|
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| |
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| |
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Diagram from Perryman et al. (2001)




Observing process:

detection astrometric
and FOV measurements
discrimination




Observing process:

detection astrometric
and FOV measurements
discrimination
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star <20 mag
detected!
Place window.

1




Observing process:

detection astrometric
and FOV measurements
discrimination
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0.93 m

observed:




Observing process:

detection astrometric
and FOV measurements
discrimination
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windows
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windows
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Observing process:

windows
transmitted:




Observing process:

counting profile

Photo electrons

..QYTT [9...
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Along-scan pixel

windows /l_l\

transmitted:




"2
0
v
v
O
—
o
o0
.m
>
-
v
0
0
O

scan pixel

Along

2 3 45 6 78 9 101112

1

0

Point Spread Function G2V star

015[

windows
transmitted

A\SUR1U\ PIZRLIION




Observing process:

Intensity

012 3 45 6 78 910112
Along-scan pixel

counting profile

Photo electrons
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Observing process:

Intensity

ﬁ 4x10*
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‘centroiding’ gives:

Photo electrons
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Observing process:

Intensity

a K f le J oo~ illumination history
y My AGIS
scene I
parameters serial
sampling binning

o | DAk}
sampled : 1
9@9 image >Z‘—> modelled
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counts

L CDM parameters S rrrerrerey _ T T .
PSF/LSF N o oot |
model . . 3 k 3456 78 9101112

/ Image parameter estln‘+at|on ¢ observed Along-scan pixel

‘ ¢ counts

iterative parameter update Prod’homme & Holl et al. (2011)

‘centroiding’ gives:
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Astrometric solution

Estimates parameters of 4 models:

» (S) Source 5 X 109 param
» (A) Attitude ~ 108 param
) » (C) Calibration  ~10° param

» (G) Global < 10% param




Astrometric solution

Estimates parameters of 4 models:
» (S) Source 5 X 109 param
» (A) Attitude ~ 108 param
. » (C) Calibration ~10° param
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Astrometric solution

Estimates parameters of 4 models:
» (S) Source 5 X 109 param
» (A) Attitude ~ 108 param
» (C) Calibration ~10° param
e » (G) Global <10% param

t— fi(Sa,.C.q)’

min
s,a,Cc, g / O-l

» Least squares solution:
10'® parameters using 10' observations,

» direct solution unfeasible
(Bombrun et al. 2011),

» use Astrometric Global Iterative Solution:
AGIS (Lindegren et al. 2012)




Hipparcos vs Gaia catalogue

5 astrometric parameters
» estimated values and their standard errors:

Q0 T Wha* [bs

SP-1200
Volume 5

. Qesa
I

The Hipparcos and Tycho Catalogues

The Hipparcos Catalogue
O —3h: 1 _ 18677)

Oa 05 Ow Oy _x Op

» Correlation between astrometric

parameters of each star,

all 10 combinations

Number | Descriptor: epoch J1991.25 Position: epoch J1991.25 . Standard Errors ~ Astrometric Correlations (%) Soln
HIP RA Dec Vv a  (ICRS) 3 ‘ ar n T 8 W W Mg Mgs M Ho Mg M5 | Fq
. y - ok ax O ok 3 m 0 W Uy,
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Hipparcos vs Gaia catalogue

2020

. DE e,y
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The Hipparcos Catalogue
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5 books ] ~50,000 books Bl
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+ radial velocities up to ~|7 mag
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Terminology

x is a measured or derived quantity (e.g. parallax of a star):

error & = 45 — 9%z unknown

uncertainty Random variability in measurement. ~known

Described by probability distribution
characterized by e.g. mean, standard deviation, skewness etc.

Often confusingly called ‘error’,’'mean error’
or (slighly better) ‘standard error’,'RMS error’, etc.

| will use ‘standard uncertainty’
for the uncertainty of a Gaussian error distribution,

Observations are often influenced by many random processes
approaching Gaussian error distribution (central limit theorem).

30




Terminology

x is a measured or derived quantity (e.g. parallax of a star):

€rror

uncertainty

bias

8 = 95 — B unknown

Random variability in measurement. ~known

Described by probability distribution
characterized by e.g. mean, standard deviation, skewness etc.

Normally estimated quite well:
- by repeating (assuming identical experiments),
- observation process knowledge (e.g. photons Poisson statistics).

Nonzero mean in probability distribution. often unknown

If assumed zero leads to systematic errors.
These are difficult to determine by repeating the experiment

(e.g. observing Castor while you should be observing Pollux)
31




Why we need to understand errors

Essential for interpreting data, examples:

proper motion of stars in cluster

Data points + standard uncertainty

123 456 7 8 910
data point

Determine membership
Pi— < I >excluding i

y p—

Odiff
Outcome does not critically depend on
uncertainty (e.g. +/- 10% does not change result)

Compute velocity dispersion (excl. 4)
2 2 2
computed intrinsic T “data

If the latter two are of similar size, the data

uncertainties need to be very well known.

Depending on the application uncertainties can be of crucial importance!
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Questions

How do random errors propagate

in the astrometric solution ?
» Holl, Lindegren, Hobbs (2010, 2011, 2012a, 2012b)

How can the covariance between
any pair of astrometric parameters be estimated ?
» Holl, Lindegren, Hobbs (2012a, 2012b)

What is the impact of CCD radiation damage

on Gaia astrometry ?
» Prod’homme & Holl et al. (2011), Holl & Prod’homme et al. (2012)




Random errors Iin Gaia catalogue

Measurement process includes effects like:
» diffraction of light through telescope,

p effective integration time,

» motion of the satellite during integration,

» CCD readout noise,

» CCD charge transfer inefficiencies (due to radiation damage).

Random variability is dominated by photon fluctuations:
» raw photo-electron accurately follow Poisson statistics,
» so measurements are (largely) unbiassed and uncorrelated,

» number of electrons per pixel is >>10 (even for G=20)
it is similar to a Gaussian distribution sampled at discrete points.

38




Random errors Iin Gaia catalogue

Measurement process includes effects like:
» diffraction of light through telescope,

p effective integration time,

» motion of the satellite during integration,

» CCD readout noise,

) CCDl e inefficiencies {d R \

Random variability is dominated by photon fluctuations:
» raw photo-electron accurately follow Poisson statistics,
» so measurements are (largely) unbiassed and uncorrelated,

» number of electrons per pixel is >>10 (even for G=20)
it is similar to a Gaussian distribution sampled at discrete points.

In absence of radiation damage:

» the observation times estimated by the centroiding process
will also be Gaussian, unbiassed, and uncorrelated,

» therefore, to characterize astrometric errors
we only need to study error propagation through AGIS! 38




Astrometric errors

» (S) Source 5 X 109 param

) each parameter error can be decomposed
into contributions from estimated models:

Ew = €5 T €4 T € T €4
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Astrometric errors

» (S) Source 5 X 109 param

) each parameter error can be decomposed
into contributions from estimated models:

Ew = €5 T €4 T € T €4

ey

Holl et al 2017




Holl et al 2010

attitude error
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Correlation

#stars/FOV = 12

FOV = 13°

&, e, T

FOV = 7°
#stars/FOV = 12

FOV = 4°
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MuAlphaStar

MuDelta

corr. estimate (from FOV overlap)

Correlation
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Holl et al 2010
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Questions

How do random errors propagate
in the astrometric solution ?
» Holl, Lindegren, Hobbs (2010, 2011, 2012a, 2012b)

How can the covariance between
any pair of astrometric parameters be estimated ?
» Holl, Lindegren, Hobbs (2012a, 2012b)

What is the impact of CCD radiation damage

on Gaia astrometry ?
» Prod’homme & Holl et al. (2011), Holl & Prod’homme et al. (2012)




Covariance expansion model Holl & Lindegren (2012)

normal matrix:

Allsl Aész Ai,1Sn ZiAiAi

covariance matrix:

source covariance
series expansion:

P 'RO'R'P ! +
P'RO'R'P'RO'R' P! +
P'RO'RP'RO'RP'RO'R' P! +
U9 + UV + U® +UY +

Size U = 10" elements ~ 108 TeraByte = utterly impracticable!




Covariance expansion model Holl & Lindegren (2012)

normal matrix:

84... ..... EEEEE EE :
—..-....-....- ------------
INEEE N ENEEEm

E IIIIIIIIIIIIIIIIIIII L L] lllli
g - IIIIIIIIIIIIIII Inverse
£ MR N N W li

N llllllllll [ [T TTT1]
Lo NN i

Allsl AéS2 Ai,1Sn ZIA:AI

covariance matrix:

source covariance
series expansion:

P'RO'R' P!+
P'RO'R'P'RO'R' P! +
P'RO'R'P'RO'RP'RO'R' P! +
U9+ UV +Uu® + UY +

Size U = 10" elements ~ 108 TeraByte = utterly impracticable! 43




Covariance expansion model Holl & Lindegren (2012)

S1 S2 S3 S4 ar—az

51 BEeEE HEHE

Kinematographic approximation 82'““55555 :E E :Eii

Practical Replaces band-diagonal structure of Q 5 [ i EEEEEEE
computational by a diagonal structure: TR |
model: efficiently compute single elements, Sj!!.“:EEEE!E
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Questions

How do random errors propagate
in the astrometric solution ?
» Holl, Lindegren, Hobbs (2010, 2011, 2012a, 2012b)

How can the covariance between
any pair of astrometric parameters be estimated ?
» Holl, Lindegren, Hobbs (2012a, 2012b)

What is the impact of CCD radiation damage

on Gaia astrometry ?
» Prod’homme & Holl et al. (2011), Holl & Prod’homme et al. (2012)




Systematic errors in Gaia catalogue

Measurement process includes effects like:

» diffraction of light through telescope,

p effective integration time,

» motion of the satellite during integration,
» CCD readout noise,

» CCD charge transfer inefficiencies (due to radiation damage).

CCD Charge Transfer Inefficiencies (CTI):

» causes nonlinear distortions of the observed photoelectron counts,
(this is partly mitigated for faint stars by the Supplementary Buried Channel),

» introduces correlations between observations through the illumination history,
(this is largely mitigated by regular Charge Injections.)

26




Location estimation in presence of radiation damage

rJILLEtl — t1,t2,...,1720

No traps Fast traps Slow traps

observe{

counts
[
012 3 45 6 78 9 10112 012 3 45 6 78 910112 0 12 3 4 5 6 78 910 1112
Along-scan pixel Along-scan pixel Along-scan pixel

%
c
O
1=
0
Q@
o
o
o
o
e
o

v’ Flux conserved v’ Flux ~ conserved - Flux not conserved

v Original line profile - Line profile distorted - Line profile distorted

Prod’homme & Holl et al. (2011)




Location estimation in presence of radiation damage

IJJ—LLL\tl — t1,t2,...,1720

Slow traps

..!’?T T,’__._._
0 12 3 4 5 6 78 9 10 11 12

Along-scan pixel

- Flux not conserved

- Line profile distorted

Using slow trap with time release constant of ~90 ms

Prod’homme & Holl et al. (2011)



Location estimation in presence of radiation damage

IJJ—LLL\tl — t1,t2,...,1720

Fitting ‘damaged’ observations with:

undamaged LSF perturbed by

undamaged LSF Charge Distortion Model (CDM)

0.16 Trap density = 1 trap/pixel:
— background
1 | === no background .
X Experimental data CI delay 1 s

"""" CTI-free
— optimal CDM
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Q
—

Location bias [pixels]

Prod’homme & Holl et al. (2011)




Effect of Image location errors on astrometry

Input pattern observation bias: Residuals pattern after AGIS:

Can use residual
pattern to ‘correct’
observations!

Mean time residual [mas]
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Holl & Prod’homme et al. (2012)




Effect of Image location errors on astrometry

Input pattern observation bias: Residuals pattern after AGIS:

— Full damage
-—- Mitigated
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(note the scale change!)

Mean time residual [mas]

Holl & Prod’homme et al. (2012)



Effect of Image location errors on astrometry

Input pattern observation bias:

Resulting increase of standard uncertainty
in estimated astrometric parallax:
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Study of random errors

» Errors due to the attitude nuisance
parameters can be accurately analysed
and characterised using (small scale)
Monte-Carlo simulations,

) covariances can be directly computed
using Kinomatographic approximation
to <0.1% accuracy with reasonable
computational effort.

» Note that before this work, parameter
variances estimates were underestimated
and correlations between sources not
known.

Study of systematic errors

Impact of radiation damage
on astrometric performance of Gaia:

» Bias is likely to be detectable in AGIS
residuals and can be calibrated to
required levels.

» Modelling errors are likely to add
no more than 10% to the standard
uncertainty of the parameter estimates
(correlations were not examined),
which is within the 20% contingency
budget in the performance analyses.

Depending on the application uncertainties can be of crucial importance!




Hipparcos 1000 brightest stars: positions + proper motions




