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- ) What kind of covariances do we expect
between astrometric parameters?

f
/ How should we use the covariances?
-

r
/ How can this be done efficiently?
-




Covariance & correlation

T; and T; are estimated values of astrometric parameter i and j.

COU[CIZ@, azj] — E[@iej] €, = (377, — $i,true)
= Pijoi0; (= 07 for i = j)
E[eiej]
Pij — correlation coefficient
VEEe?
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Hipparcos catalogue
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The Hipparcos and Tycho Catalogues

The Hipparcos Catalogue
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Descriptor: epoch J1991.25 Position: epoch J1991.25
RA Dec v a (ICRS) d

h m s +° mag deg deg
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5 astrometric parameters

estimated values and their standard errors
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Correlation between astrometric

parameters of each star
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Covariances

Par. | Proper Motion Standard Errors Astrometric Correlations (%)
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Source parameter covariance matrix: Css

N astrometric parameters: I — (xl, _— :UN)
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Within-source correlations

N astrometric parameters: I — (xl, _— .CUN)

Symmetric covariance
matrix per source =
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Within-source correlations

Correlation coefficients off-diagonal:

e "‘J
. O Ry

o

Showing standard errors
on diagonal (not variances)

3%



Between-sources correlations

N astrometric parameters: I — (xl, _— :UN)
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Between-sources correlations (scaled)
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Spatial correlations due to attitude
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“ What kind of covariances do we expect
between astrometric parameters?

_f‘
_/ How should we use the covariances?

-

r
/ How can this be done efficiently?
-




What you want to know

Mean parallax to a star cluster with 1 stars.

Assuming ¥ = f(Z) is linear for small errors, the variance of ¥ is:

oy \ = oy \’ dy 0Oy
COV(y) — 0':3 — (%)> CSS (%}> — S:S: py aﬁlj‘] (CSS)ij
i ‘
B éss = COV(f) |
N x N :;
p— = 1 X N = TN
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What you want to know

Mean parallax to a star cluster with 1 stars.
y = (w1+..+w,)/n y = f(Z)

Assuming ¥ = f(Z) is linear for small errors, the variance of ¥ is:

0 dy 0O
Cov(y) =0, = (ai) Css ( > S‘S‘ (9:13yz &ij (Css)ij

X1 LN

C;SS — COV(f)

X1

N x N N

I IN
— 1 x N TN
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What you want to know

In general for M different scalar quantities:

—

g = (Y1, .-y Ym) Ym = fm(T)
COV(g) = jc_;ssjl ijzﬁym/ﬁafj

Cov(y) e _
M x N
Ym
Only consider n active parameters (non-zero columnsin.J ),
then typically: Csg = Cov(Z)

]\(;O:(]g\j} M(M-1)/2 < nn-1)/2 N>~
(number of non-redundant elements) .(_ o
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“ What kind of covariances do we expect
between astrometric parameters?

How should we use the covariances?

£
_) How can this be done efficiently?
_|




How large is Css?

1 TN
» N =5 x 10° for 107 sources (so ~10'? elements). Css = Cov(Z)
» Takes ~ 108 TeraByte of space!
N xX N
» Computing directly from normal matrix is unfeasible

(Bombrun et al. 201 ). -

Its clearly desirable that the covariance,
between any pair of astrometric parameters,

can be computed from a reduced amount of data.

xr - .
) How to compute (Css):; accurately and efficiently?
J

Covariance calculations for Gaia astrometry Berry Holl 16



How do we actually estimate
astrometric parameters?

Formula alert!
(stay right for easy passing...)

_r o .
/ How to compute (Css)i; accurately and efficiently?
A
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‘Nuisance’ parameters (from astrometric point of view):
» @ attitude
» ¢ calibration
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How to estimate astrometric parameters?

Least squares solution with ~10’ parameters!

B — = = —
: t; — 10 S;.a, C
min E f ( (2, 79 )
g? 67 87 g I L O-l 1
t; = measured observation time [ (with uncertainty o; )
fi = modelled observation time [

1 2

In this talk we ignore ¢ and g since they are affected by
large number of observations over large part of the sphere.

A direct solution is unfeasible (Bombrun et al. 201 1),
therefore solved iteratively using AGIS (Lindegren et al. 201 1):

Astrometric Global Iterative Solution
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Normal matrix

Least-squares estimation of S and a

Vi - S*} A5, + A, AG = hy

= (0f1/05;)/ o1
= (0f1/0d") /oy
hl (&1 — fi(53,a)) /oy

A ]\Iss ]YSA _
Nas Naa
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observation equations:
for each observations,

how to modify parameters
to get zero residual between
measured and modelled time.

time
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Source parameter covariance Css

S1 S2 83 S4 ooz z .i. .

.
normal N =

.
covariance (| =

- —)_ _ —_ 1
Css= Nsd + = i+
VsaNsa (N7}) NasNsd + Cia+
T _ B 1 C‘v’(3)
NggNsa (N yyNas (Ngg ) NsalN ) NasNgg + $$T
~(p)

*Holl et al. 201 1, in prep.
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Source parameter covariance Css

(1 Only estimating source parameters from observations
(Cég)ij — assuming attitude is known.
No source coupling, so zero for ¢ # J.

Only estimating attitude parameters from observations
=) __and propagating those attitude cov back to source cov.
(CSS)’ij ~ Sources get coupled to attitude parameters at which
they were observed.

Expansion of source parameter covariance™:

— AT— — ~(1
Css = Nsg + = i+
B8 V. (NA) NasliEE + G+
. T e . . = =(3
58 Vo (NaiNas (NE3) NoaNgh) Nasliga +|  Cos+
+CE +

*Holl et al. 201 1, in prep.
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Parameters connectivity

(1
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( SSJ/te —»(3)
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Parameters connectivity study

All connections for each term p:

4

4

(0°,0°) ecliptic, 64 FOV transits.

196,608 sources, ~0.46° separation
(Gaia FOV ~0.7x0.7°).

2,629,800 attitude intervals,

60 sec per interval
(Gaia FOV transit time ~45 sec).

Simulated 5 years observations.

\GISLab

Investigating the Astrometric
lobal Iterative Solution
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Source connections to (0°, 0°)

Connections Cov term 1 alpha: 0.0 delta: 0.0 ( 0.00% of total 196608 sources) Connections Cov term 3 alpha: 0.0 delta: 0.0 ( 0.24% of total 196608 sources)
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Connections Cov term 5 alpha: 0.0 delta: 0.0 ( 32.56% of total 196608 sources) Connections Cov term 7 alpha: 0.0 delta: 0.0 (100.00% of total 196608 sources)




Attitude connections to (0°, 0°)

Connections Cov term 2 for alpha: 0.0 delta: 0.0 (0.00% of 2629801 intervals), plot bin 0.2d Connections Cov term 4 for alpha: 0.0 delta: 0.0 (1.35% of 2629801 intervals), plot bin 0.2d
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plot bin size 0.18 days (containing 263 attitude intervals)




Covariance expansion model

Input data:

» Per source, per field-of-view (FOV) transit:
+ partial derivatives of observations w.r.t. the (5) source parameters.
+ observation time
+ combined weight of the observations

On average 72 FOV transits ~ 2 TB for 10° sources.

~108 times less than storing the full covariance matrix!
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Conclusions

No chance to provide the whole 555.

We found recursive algorithm to compute any element of (755
(based on reduced amount of structural data),
to any accuracy at increasing computational cost.

But in reality we want Cov (%),
which might involve a very large number of elements of Css,

making it impractical/unfeasible, so:

If the user provides J, L
apply recursive algorithm to compute Cov(3) = JCss.J' directly,
without explicitly computing any part of Csg (is possible).
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Contact details

» Berry Holl
» E-mail: berry@astro.lu.se

» Lund Observatory
Telephone: +46 46 22 21567
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Source connections to (0°, 50°)

Connections Cov term 1 alpha: 0.0 delta: 50.0 ( 0.00% of total 196608 sources) Connections Covterm 3 alpha: 0.0 delta: 50.0 ( 0.66% of total 196608 sources)
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Attitude connections to (0°, 50°)

Connections Cov term 2 for alpha: 0.0 delta: 50.0 (0.01% of 2629801 intervals), plot bin 0.2d

Connections Cov term 4 for alpha: 0.0 delta: 50.0 (2.48% of 2629801 intervals), plot bin 0.2d

4.00-
3.757
3.50-
3.25-
3.00-
2.757
2.507
2.257
2.007
1.757
1.50
1.257
1.00
0.75-
0.50-
0.25-

0.00
0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
[days]

757
70
657
60-
557
50,
457
40
357
30
257
20
157
101

5-

0
| 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 18C

[days]

|20705nnections Cov term 6 for alpha: 0.0 delta: 50.0 (89.35% of 2629801 intervals), plot bin 0.2d

250

225

200

175

150

125

100

75

50

25

0

0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
[days]

(é‘,ggnections Cov term 8 for alpha: 0.0 delta: 50.0 (100.00% of 2629801 intervals), plot bin 0.2d|

250

225

200

175

150

125

100

75

50

25

0

0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
[days]

plot bin size 0.18 days (containing 263 attitude intervals)




Theory: attitude causes spatial correlations

Attitude is solved as part of solution,
so it cannot be exactly determined!

time v Angle 106.5°

attitude error

For attitude error at time ¢, all observations
in the focal plane will be affected:

Correlation between stars in the FOV.

Correlation between stars in the fields
separated by the basic angle.




Gaia scanning law

path of viewing
directions over

4 days

path of spin axis
over 4 days

Telescope
viewing/directig
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viewing diges

image credit: Lennart Lindegren



Nominal Scanning Law

Gaia field transits (ICRS) for 5 years




Covariance & correlation

x; and X; are estimated values
of astrometric parameter i and ;.

These values are correlated if:

Cov|z;,z;| = FElee;|#0 fori#j
e; = (,Cl?z — 337L,true) the error
FEle| = 0 assume ho systematic error
Cov|Z;, ;] = pijoi0; (= 07;2 for i = j)
_ Eleiej]
Pij = correlation coefficient
VEEA1ELe?]
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AGISLab results

0.5 deg binned spatial correlations (759 datasets)
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n—=12

Correlation
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FOV = 13°

FOV = 7°
#stars/FOV = 12

FOV = 4°
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#stars/FOV = 12
&, o, T

Correlation

17.5 20.0

15.0

175 200 25 5.0 7.5 10.0 125 150 175 200 25 50 7.5 10.0 12.5

Separation [deq]
MuAlphaStar =——MuDelta

50 7.5 10.0 12.5 15.0

— AlphaStar — Delta — Parallax corr. estimate (from FOV overlap)

FOV = 13°
#stars/FOV =120

FOV = 13°
#stars/FOV = 36

FOV = 13°
#stars/FOV = 12

Oza:ua?ﬂ-

Correlation

©
o
i

17I.5 20.0 2.5 5.0 7.5 10.0 12I.5 15.0 17I.5 20.0

17I.5 20.0 2I.5 5I.0 7I.5 16.0 12I.5 15I.0
Separation [deg]

0.0 25 50 7.5 10.0 12.5 15.0




Astrometric parameters

Which parameters!? Observed position on the sky,
measured ~75 times over 5 year:

N s P 5)J 000.0

N \ /

Only for close-by fast moving stars,
radial velocity is apparent:

N~ —

N I

Covariance calculations for Gaia astrometry Berry Holl 39



