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Amongst others, this talk covers:

e Relative vs. Absolute Astrometry
® Ground vs. Space
e single Telescope vs. Interferometer




What is Astrometry?

e Oldest subfield of Science
(note: not just Astronomy!)

e Astrometfry is about measuring positions of objects
® .. as a function of time
e ... with ultrahigh precision

e Astrometry is also about establishing a suitable
coordinate system for those measurements




Astrometry is the basis of Astronomy
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Why is it so difficult?

® Measuring positions sounds easy!

® Possible even without instruments:

Angle = 10°

*




(1) It's difficult, because...

-

shown: proper motion

..everything on the sky moves, no fixed reference point!




(2) It's difficult, because...

1]
4

proper motion parallax

... Those motions can be quite complicated!




.. and that was just the simplest case ...

e if its a binary or a star with a planet, the
motion would look like this:
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proper motion parallax
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orbital motion




(3) It's difficult, because...

motion of the Hyades over 60 000 years

® required precision:
milli- or micro-arcseconds

® 1 mas corresponds to the
growth of a human hair in

. T 10 seconds as viewed from
[ LNE a distance of about 10m!

... Those motions are tiny!




(4) It's difficult, because...

Earth Rotation

CREDIT: C.J.HAMILTON

. the Earth (or a satellite) will move, too!




(5) It's difficult, because...

: Rotation

(j P: Precession
: N: Nutation

we are trying to measure
tiny angles from the surface of
a spinning gyroscope!

... the Earth axis will not be fixed, either!




Putting it all together almost
makes it look impossible:

observing this -

™ from this

DIT: D. ELLISON, JPL/NASA

Can it work? - YES!!!




How do we make it work?

1. everything on the sky moves

--> establish a local or global reference system
(sometimes, relative astrometry in a small field is enough)

2.motions are ftiny

--> clever measurement techniques
(e.g. transit circles, space astrometry, interferometry)

3.Earth moves

--> meaure Earth movement with high precision and remove
(VLBI, lunar laser ranging, etc.)
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Transit (Meridian) Circles

® basic astrometric instrument for
centuries!

e the transit (upper culmination) of
star is measured:

right ascension is equal fo
sidereal time during fransit of
the meridian

declination is given by latitude of
the observer plus/minus the
(measured) zenith distance SEEBI ) (EVLEYE

MODERN ASTROMETRY

o\ Micrometer

remember: the local meridian is the great circle
passing through north and the celestial pole!
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Relative Astrometry with a Single Telescope

® classical approach

e with a single telescope, one repeatedly takes an
image of the infteresting region over the course of
years

e works with photographic plates or CCDs

® measure position of a target star as a function of
time in the local reference frame of surrounding
(background) stars

e offen, target is much closer than reference stars, so
proper motion and parallax will be measurable
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Data Reduction

)

TWA 1 with SUSI2/NTT

CREDIT: B. STURM

® take image

e flat-field, remove
bias and bad pixels

e label your reference
stars and measure
their positions!
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Simple Centroiding

® a critical step in the data
reduction is the precise
measurement of the
position of each object
on the frame, i.e. the
centroid of the image

e sometimes, if PSF is not
symmeftric, an elliptical
Gaussian fit might not be
good enough
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Sophisticated Centroiding

Integrate

Target or reference
star box.

1-D PSF
Target

/ \ the STEPS

Survey does
something more
sophisticated

FFT

Phase | Siope estimated
here.

Slope at origin /

gives centroid. \

e

1
/" 1 234 Cycles/box

Curvature
indicates image
asymmetry

CREDIT: STUART SHAKLAN
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Pixel Scale and Field of View (FOV)

e pixel scale: usually the precision of a measurement will
scale with the pixel scale

e good centroiding algorithm will measure the centroid to
about 1/50 of a pixel

e at the same time, the FOV should be large to contain
many not too faint reference stars

C(E:'(C)OONCBST FOV: 8.6 401 mas/pixel 8.0 mas

FORS UT!L 8.2m FOV: 3.3 100 mas/pixel 2.0 mas

Palomar 5m (STEPS) FOV: 2 61 mas/pixel 1.2 mas
A

roughly achievable single measurement precision




Atmospheric Image Motion

® biggest complication on the ground:
atmospheric image motion (turbulence etc.)

® typical atmospheric noise: 1 mas

e correlation timescale of order only 1 second

—) Can be overcome by taking many observations in a
row and averaging
if more than 1 second in between images,
atmospheric noise is uncorrelated and improves as
sqri(t)

1 image - 1 mas accuracy
100 images - 0.1 mas accuracy
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Differential Chromatic Refraction (DCR)

e refraction itself is not a problem, as long as its the same for
all stars (remember, we only do relative astrometry)

e but if it's different for individual stars, it matters!

e differential chromatic refraction depends on the color of the
star -> need to correct for that

® need femperature, pressure, humidity, and star color

® easier to correct for smaller bandpass
-> use narrow filter, if possible

® also, size of DCR wavelength dependent
(smaller in red than in the blue)

e depending on the particulars of the observing program, DCR
Is often the limiting factor in for ground-based astrometry!
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Plate Solutions

next, we want to combine all our measurements over
several epochs of observations

in order to do that, we have to correct for possible
variations in the focus and the CCD orientation (translation,
rotation etc.)

sometimes, coordinates will also depend on magnitude
(magnitude equation)

this is achieved with a plate solution, where certain
parameters depending on the relative CCD orientation are
solved in a large global solution of all frames
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Example for a Plate Solution

S
N

AX + By + C
DX + Ey + F

g, N: coordinates after transformation
A, B, C, D, E, F: plate constants

A, E: scale (focus) .. P
B, D: field rotation ote: this model does not include

C, F: translation on distance from center of field

(radial distortion), magnitude etc.

higher order terms dependent e.qg.
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Finally: Relative Astrometry

e now, we have fully reduced everything on a common
reference frame and can combine all measurements:

‘OO T T T T | T T T T | T T T T | T T T T | T T T T

X measurements
50 (- =

) : model based on
relative proper motion
and relative parallax

delta Y [mas]

i note also the additional
constraints set by the
timing of the
measurements!

—‘ OO 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
—150 —100 —-50 0 S0 100
delta X [mas]

CREDIT: B. STURM
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From Relative to Absolute Astrometry

e if desired, one can finally try fo convert relative
astrometry into absolute astrometry

® this step is usually rather uncertain, and one might wish
not to do it

® requires outside knowledge about reference frame objects,
e.g. photomeftric or spectroscopic parallaxes, or statistical
assumptions about the reference stars (e.g., random proper
motions)
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The Multichannel Astrometric Photometer

C, ¥ xA

Fhotomultipliers

Moving grid

-—h
t

b

Computer

i

Motion of the grid

A R
TS
TEEIEEhEhhH

!

Star A X

/

StarB K /'\ Modulation

N
~ o
Star C /\\/ N4

o completely different

approach to relative
astrometry, using a fine
ruling and a mask with one
photomultiplier per star

Gatewood, Allegheny
Observatory (Pittsburgh)

grid is moved over the
star field, gives 1-dim

relative positions of stars
in field

accuracy achieved is
around 1 mas

COPYRIGHT:
J. KOVALEVSKY,
. MODERN ASTROMETRY
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this is absolute astrometry now!

COPYRIGHT: EADS ASTRIUM

survey missions scanning the whole sky and tying all
measurements together into a common absolute reference
frame

totally different concept from relative astrometry with
single telescope

TDI mode (time delayed integration):
exposure fime is synchronized with satellite spin rate

measurement is essentially a fiming measurement
(compare to transit circles!)
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Gaia Scanning Law

GAIA Lissajous orbit over 6.3 years

1.5

05

COPYRIGHT: ESA
CREDIT: F. MIGNARD

Gaia will be operated from around L2,
staying out of the Earth shadow for at least 6 years
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Spinning Satellite

Satellite spin axis

Precession of the A\ 7/

SUN

Line of sight 1

spin axis in 63 days\‘

Consecutive
great circles

COPYRIGHT:

Line of sight 2

ESA

CREDIT: K. O°FLAHERTY

scans the sky
continuously

constant angle to
the Sun

two fields of view!
(106.5 deg)

scannning speed is
60" /sec
-> 6 hours/great circle

great circles about
1 deg apart

on average, each star
IS observed 70 times
over 5 years
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Measurement Principle

x *

v : *
4 Scan width: 0.7
x
\
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x
Sky scans
(highest accuracy
along scan) COPYRIGHT: ESA

CREDIT: M. PERRYMAN

one region observed in several scans




Hipparcos Data Reduction Steps

1. Great Circle Reduction (very similar for Gaia)

estimating the relative positions of all stars in one great circle (typically
2000) using the primary observables (for Hipparcos intensities and phases of
a signal modulated with a grid) as well as attitude information

strong closure condition exists (circle must add up to 360 deg!)

2.Sphere Solution

interconnection and locking

combining data from a larger number of great circles (typically a few
months), the zero points of the relative positions on each great circle can be
estimated, turning them info absolute, but still one-dimensional positions

3.Astrometric Catalog

modelling all absolute positions for one star (typically about 100 1-dim
observations) in terms of all five astrometric parameters - iteration required!
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Hipparcos Reference System

this procedure allows Hipparcos fto establish its own
reference system

the zero point for that reference system is arbitrary, but
If you know the position of just one star you know all
others

Hipparcos system is linked to extragalactic reference frame
(ICRF, defined by the positions of several hundred
extragalactic radio sources) through auxiliary, ground-
based observations of a handful of quasars

the axes of the two systems are aligned to about 0.6 mas,
and relative rotation of the two systems is less than 0.25
mas/year
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Single Star Interferometry

one star
observed with
two telescopes

CREDIT: R. GEISLER

d = B sin(x)

d: delay
measured

B: baseline
measured using
Known star
positions

X: position
to be determined
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Dual Star Interferometry: PRIMA

two stars
observed with
two telescopes
each

BaselineB

i W

A

CREDIT: R. GEISLER

AOPD

d = B sin(x)

AT + Star
Seperator

Ad: differential
delay
measured

B: baseline
measured using
Known star
positions

AX: relative
position
to be determined

Ad = B sin(Ax)
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PRIMA

with PRIMA, one can measure 1-dim relative star positions
with an accuracy of about 10 microarcseconds

large baselines help, have to be calibrated with baseline
calibration stars

stars have to be located within the isoplanatic patch
(10-20” in K-band)

large effort to select suitable target and reference stars
(magnitude limitations)

many measurements over a long fime baseline needed to
be scientifically useful
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Space Interferometry Misson:
SIM Planetquest

e phase-referenced interferometry, just like PRIMA

e however, SIM does absolute astrometry by establishing its
own reference frame

e it will repeatedly observe a grid of several thousand stars,
info which all other measurements are fied

CREDIT: NASA

local grid
global grid S
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Astrometric Methods Overview

Single
Telescope

Dual
Telescopes

| mas
transit circles

imaging Hipparcos
interferometry
(e.g. NPOI) Gaia

MAP \

‘
PRIMA

SIM/SIM
PHASES
| Mas

relative astrometry
absolute astrometry
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Collection of Astrometric
Measurement Principles

Timing Methods

- Transit Circles
- Scanning Satellites (Hipparcos, Gaia)

Imaging

- measuring image centroids (many ground-based projects)
Grid/Ruling

- using a fine ruling or a grid (Hipparcos, MAP)
Interferometry

- using the resolution of a wavelength to make exact
position measurements (PRIMA, SIM)
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Summary

This talk addressed the questions ...

® .. why astrometry is complicated
(remember the movies from the beginning!)

® .. how positions can be measured precisely
(relative vs. absolute astrometry, ground vs. space, single
telescope vs. dual telescopes)
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PRIMA Astrometric Data Reduction

Sabine Reffert
Landessternwarte Heidelberg, Germany

This talk explains:

e the various astrometric effects which can be
present in relative astrometric data, at
mirco-arcsecond accuracy

® how to take those unwanted things out of

the data!
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Differential Delays

e for the following, it is enough to think of the

differential delays Ad which we measure as

equivalent to a projected angular separation between
two stars on the sky

® more precisely, we do not determine the angular
separation, but the separation vector As :

Observer

B : baseline vector

42



Rotating Baseline

e the differential delay is recorded during up to one hour
e of course, the baseline, projected on the sky, will rotate during that time

e when the differential delays are averaged, this rotation has to be taken
Info account:

the effect can become quite large:
over 1 second, baseline rotates by 15 arcseconds
compare directly to measurement accuracy of |0 micro-arcsecond!
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Measurement Accuracy

we want to measure angular separation with an
accuracy of 10 micro-arcseconds

AS is of order 10” = 5 - 10~ radians O

B is of order 100-200m accurate to 10 pas
Ad is thus of order lcm

if we measure the differential delay with 5nm precision,
i.e. with 5nm/1cm = 5 * 107" relative precision,

the angular separation will be accurate to
10 arcseconds * 5 * 107" = 5 micro-arcseconds!

[Ad:Ag-é J
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Astrometric Effects

e the effects which we have to remove in the course of the
data reduction are the following:

= aberration

= light time delay

= relativistic light deflection

= annual and diurnal parallax

— epoch transformations (proper motion etc.)

e as we have just seen, those corrections to the differential
delays should be accurate to better than 1 pas
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Observed Directions

source path

source

barycenter
observer's path

observer

CREDIT: S. KLIONER
AJ 125, 1580, 2300 k

s: observed unit direction vector

n: unit tangent vector to the light
ray at t = tops

0: unit direction of propagation at
f = =00

K: unit coordinate vector from
source to observer

l: unit vector from barycenter to
observer

observed: s
want: |
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Observed Directions

source path

source

light path
barycenter

observer's path

observer

CREDIT: S. KLIONER
AJ 125, 1580, 2300 k

S
¢ aberration
N
gravitational

light deflection
0)

finite source
* distance
k

parallax,
¢ proper motion
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Aberration

true direction

aberration is caused by relative velocity
of source and observer and the finite
speed of llgh'l' moving Earth

during the light travel time, the relative positions
between observer and source change, and the light seems
to be coming from a different direction than when it was

emitted

Newtonian theory: annual and diurnal aberration, due to

the orbital motion of the Earth around the barycenmﬂlﬂrlllcl:l

Earth rotation, respectively I |/T\| i

11
relativistic theory: distinction no longer possible v/,

~‘observed direction
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Yearly Aberration / e

The size of the absolute effect is 20.5” maximum:

Uyear — kyear * S 7Y
where Kyeqr = V/C is the yearly aberration constant and y is the

angle between the velocity of the Earth and the direction of the
light coming from the star

How big is the relative effect?

Aayear = kyear ' (Sin i Sin 72)

for a maximum assumed separation of target and reference star of
307, relative aberration can reach the oder of 3 mas and needs to
be corrected for!

(6 mas over half a year, and 1.1 pas over half an hour)
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Daily Aberration /

The size of the daily effect is:

Uday = kday ' Sin’V

where Kday = 0.32°cos ¢ is the daily aberration constant (¢ is
the latitude of the position of Earth) and y is the angle between
the velocity of the Earth and the direction of the light coming
from the star

How big is the relative effect?
Adgay = kday - (5071 — sin )
for a maximum assumed separation of target and reference star

of 30", relative daily aberration can reach 42 pas over one day,
and 5.5 pas over half an hour!
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Relativistic Aberration s

accurate to 10 pas

Precise derivation needs to take into account relativistic addition of
velocities:

7= 1-v2/c
(v/c)sinfy +1/2(v/c)?sin261 /(1 +~~1) ¢ : speed of light

in Af; =
e 1+ (v/c) cos 64
1 2 1 3
— Zing, — - (9) sin 20, + - (9) sin 20, cos 61 + ...
C 4 \c 4 \c

This is the correction of the direction to one of the stars due to
aberration. The third order time is of the order micro-arcseconds.

s1' tfrue direction
‘ F si apparent (observed) direction
<81 v velocity of Earth
01 angle between s;’ and si
Af, angle between si’ and @
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Light Time Delay ~ _onan.

Because the distance of the two stars to us is changing by a
different amount (difference in radial velocities), the light from the
two stars was emitted at different times, and this time difference
will change over time.

This, fogether with proper motion, results in a steady change of the
observed angular separation.

Time delay is typically of the order of hours to years.

The resulting change in angular separation, depending on the proper
motion, would typically be about 10-100 pas, and of the order of
100 mas for the most extreme assumptions.
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Size of Light Time Delay: Example

AV = 50 km/s, AT = 5 years

= After 5 years, the two stars are 8 - 10° km further apart than

before. This corresponds to a light travel time of about 7 hours.
Ap = 500 mas/yr

= In 7 hours, one star travels 400 pas with respect to the other.
This is the change of their angular separation over 5 years due
to light time delay.

Light travel ftime can also be thought of as an aberration
component caused by the proper motion of the star.
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Light Time Delay: Precise Formula

correction for one star:

A5y = (f1 — 1)s1 — f1C1(2)AT1 87 — fip(t) ATy

with:

A, : change in position due to light time delay

S1 : apparent (observed) direction of star 1

fi : f-factor, close to 1, explained later

C: : radial velocity of star 1 in proper motion units
AT : light travel time difference for star 1

Ui : proper motion of star 1
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Light Time Delay: Precise Formula
correction in angular separation:

Agl — Ag—l— (fg = 1)8_2) — f2C2(t)ATQ§2 — fgﬁg(t)ATQ
—(f1 — 1)s1 + fiCi(t)ATi51 + fipia(t) AT,

2

AS+ fipin(8) ATy — fapia(t) AT

the approximation reflects our earlier simple size considerations
for light time delay to be dependent on proper motion and
and light travel time differencel!
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Gravitational Light Deflection

Light is deflected in gravitational fields, and thus we have to
correct observed positions if the observation is taking place
close to a massive object.

true position

massive body

apparent position

.
% A
Y
Y
.®
®
"
"
.®
“
®
“
"
.
.t
"

observer

The light is always deflected fowards the massive body.
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Gravitational Light Deflection

The general formula for relativistic light deflection is:

0, : cot /2

4 mas for the Sun

O: angle by which light is deflected
Mo, Ro: mass and distance of massive object
G, c:  gravitational constant, speed of light
\p: angular separation between star and massive object as
seen from observatory
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Gravitational Light Deflection

Examples for the absolute effect
in the grazing case:

o
symmeftric quadrupole
mass distribution moment
Sun 1.75" 1 pyas
Jupiter 16 mas 240 pas
Mars 0.1 mas 0.2 pas

The differential effect is of course always much smaller!
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Gravitational Light Deflection

For completeness, here is the formula for the differential effect:

=/ — ] §2—§ i §1—§
AS —AS—|—¢2 = ¢1 - =

|52 — 80|

®,, ®,: absolute light deflection for star 1/2
/AS : apprent angular separation

As’ : corrected angular separation
Observer A5y : direction unit vector to massive body

For the Sun, the differential effect is always smaller than about
10 pas for typical PRIMA observations. For Jupiter, the

differential effect reaches 10 pas for separations around 1 deg.
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Gravitational Light Deflection

XS)
accurate to 10 pas

Note that in order to precisely correct for the (differential)
effect of gravitational light deflection, one needs accurate
solar system body ephemerides!

This is usually available for the larger solar system bodies
(planets and biggest satellites), but for minor bodies this
Is not always the case.

In unlucky circumstances, one could observe very close to a
very small solar system body and not notice! This would
intfroduce astrometric noise at the level of typically

1 pas or less.
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Parallax W
distance [pc] = 1000 / parallax [mas]

(due to definition of the parsec)
= tr
: background stars

)X

*
*
*
*
*
*
*
‘0
n *
] *
*
*
*
*
*
*
*
*
‘Q
*

‘ Annual Parallax:
....... : caused by the change in viewing
........ angle as the Earth goes around
....... : the Sun
parallax of most nearby star,
O X Cen, is about 772 mas
g (distance is 1.3 pc)
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Diurnal Parallax

W P daily parallax = annual parallax * Regrin/AU
W A, e

k¢

background stars

)X

Diurnal (daily) Parallax:
caused by the daily rotation of
the Earth

daily parallax of & Cen is 33 pas
(note that it's changing fast,
66 pas over half a day!)

Observer
on Earth

there even is a montly parallax due to the Moon!
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Correcting for Parallax

Easiest to get rid of all parallaxes at the same time
by using precise Earth ephemerides:

_)
,rtop

= Ttop _I_ TE

Tiop is the observed, topocentric position,
r'E is the precise position of the Earth with
respect to the solar system barycenter,

and 7 is the barycentric position which we want to
calculate (as if we had observed from the solar
system barycenter)

sin v cos & O: declination

COS (v COS O o: right ascenscion
r=p
sin 0 p: distance
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Parallax Formula

Inserting everything into the simple equation from 7o
before, one gets for the corrections to be
applied to right ascension, declination

and distance:

Ao cosd = x—Esinoz JE COS O/ FE(
p p
Ao = (xE CcoS o JE Sinoz> sin 0 °E COS 0
p p p

Ap = —ITECOSaCoS0 — Yygsinacosd + zgsind
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Parallax Correction
in Angular Separation

Inserting the corrections for both stars, one gefts:

s

\.

AS" = A5+ (

—Aais Sin aig €os 0o — Ady COS aig Sin 09 + Aavy Sin oy cos 07 + Adq cos oy sin 04
Ay COS vy COS 09 — Ao Sin vy SIN 0o — Avq oS ary cos 07 + Adq sin oy sin 0q

Ady cos 09 — Adq coS 0q

|

N\

J

Observer

/\S observed angular separation

A5’ angular separation
corrected for parallax
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Epoch Transformations /

most obvious influence is the proper motion:
due fo relative proper motion of the two stars,
angular separation will change

proper motion is a huge effect:
for nearby stars, it can reach 5000 mas/year, corresponding
to about 10 pas/minute!

radial velocity
proper motion

for PRIMA, proper motion

AS IS thus easily noticeable over
the course of a half hour
observation!

Observer
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Epoch Transformations

accurate to 10 pas

but the angular separation will also change due to
radial velocity:

think of it as projection effect:

because the star at a later time is observed at a differenct
position and different distance, its total space motion vector
is projected differently on radial and tangential directions

space velocity vector
space velocity vector ~ wseaL,l

te,
5
.,
%
~

radial velocity

radial velocity

proper motion proper motion

[ )

SR I same space velocity,
> but different distance,

proper motion and

| radial velocity!
Observer \_ J

Observer
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Epoch Transformations /

if the barycentric coordinate vector to a star at time to
IS A5y, at some other time t it will be

s(t) = [So(1 + Co(t —to)) + fio(t —to)|f

where (o is the radial velocity (in proper motion units)
and [lo is the proper motion vector, both at time to

f is the so-called f-factor from before;
it's a normalization factor, so that the result is a unit vector;
its value is usually close to 1
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S}

Epoch Transformations

accurate to 10 pas

for the change in angular separation, we obtain by just
plugging in the formula from before:

with: /A S observed angular separation

A g’ angular separation
transformed to another epoch

includes corrections for perspective acceleration!
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Epoch Transformations /

In order to apply the epoch transformations correctly,
we need very accurate parallaxes, proper motions and
radial velocities (micro-arcsecond accuracy).

Fortunately, we need only the relative quantities with high
accuracy, so that we can (and have to) determine those
quantities directly from our PRIMA observations.

This means that we will need a lot of observations to
determine all these parameters, and our data reduction will
improve over time.
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Correction for Rotating Baseline

Ad = AS-B = |As|-|B|-cos

highly time-dependent: angle 6
due to Earth rotation, orbital motion, precession,

nutation, polar motion
(IB| constant, |As| constant after astrometric corrections)

in order to correct for the rotating baseline, we need very
precise models for the Earth rotation, as provided by the IERS
(International Earth Rotation Service) based on VLBI
measurements of polar motion etc.
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Calculating the Rotated Baseline Vector

baseline vector B needs to be converted from Earth-fixed
system (ITRS) to space-fixed system (ICRS):

ICRS] = Q) R(t)W(t)[ITRS]

Q(t), R(t) and W(t) are the following rotation matrices:

Q(t) = R3(—F)Ra(—d)R3(E)Rs(s)
R(t) = WRs(-0)
W(t) = RS(_S/) Ra(zp) R1(yp)

E, d: coordinates of CIP in ICRS

s: position of CEO on equator of CIP

O: Earth rotation angle

s': position of TEO on equator of CIP

Xp, Yp: coordinate of CIP in ITRS (polar motion)

CIP: Celestial Intermediate Pole
Ri, Rz, R3: rotation matrices
around the 3 spatial directions
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Take-Away Message

Reduction of Astrometric Data at the micro-arcsecond level
tedious at times, but it can be done if you have all the
required accurate auxiliary data:

w accurate Earth position and velocity

aberration, parallax, baseline rotation
: . . \, from fit to data
% micro-arcsecond relative parallax, proper motio
epoch transformations
% absolute positions, proper motions, radial velocity, parallax

parallax, epoch transformations, light time delay,
all other corrections

% ephemerides of solar system bodies
relativistic light deflection
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Literature:

good infroductory book

Fundamentals of Astrometry
Kovalevsky & Seidelmann, Cambridge University Press, 2004

|
Hipparcos Catalogue

Vol 1: Introduction and Guide to the Data, ESA, 1997

accurate to 10 pas

A Practical Relativistic Model for Microarcsecond Astrometry

-
S. Klioner, AJ 125, 1580, 2003
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Microarcsecond Astrometry
and Beyond...

Sabine Reffert
Landessternwarte Heidelberg, Germany

If you your astrometric measurement accuracy
was better than 1 micro-arcsecond:

- Which additional steps in the data reduction would you have to take?
- Which additional phenomena would be present in your data?
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Recap: Astrometric Effects

absolute

differential

aberration

20.5”

3 mas

light time delay

typically 10-100 pas,
extreme 100 mas

same as absolute

gravitational light deflection

1.75"

typically 10 pas

parallax

772 mas

same as absolute

epoch transformations

up to 10”/year

same as absolute

77



Sub-Microarcsecond Data Reduction

For sub-mircoarcsecond accuracy, all needed input
parameters would have to be of adequate precision:

% positions, parallaxes, proper motions
w Earth position and velocity
% ephemerides of solar system bodies

The reduction steps would be the same as before.
The formulae for light time delay, parallax and epoch
transformations are geometrically exact.

The formulae for aberration and gravitational light
deflection had to be used in their relativistic forms
already for microarcsecond astrometry.
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Additional Astrometric Effects?
YES!

But before we get to those effects, consider the following:

Data = Signal + Noise

Whether to call something a scientifically interesting
astrometric signal or disturbing astrometric noise entirely
depends on the measurement accuracy and the questions
you ask. E.g., proper motion could either be an interesting
quantity to measure in its own right, or disturbing when you
look for the much smaller astrometric signature of a planet.
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Additional Astrometric Effects

w galactic orbits -> secular aberration
w non-stationary gravitational potential
w lumpiness of gravitational potential
% stellar surface structure

w gravitational waves

1A G 4




Galactocentric Acceleration

e stars in the Galaxy move on orbits around the galactic
center

e circular velocity of Sun about v=200-220 km/s,
distance r=8.5 kpc from center
-> needs 250 Myears for one orbit, has made ~20 orbits

e galactocentric acceleration a=v2/r for Sun is about
0.2 nm/s? or 6 mm/s/yr

e Sounds small, but which ; ¥ \220 km/s
effects does that introduce?
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Galactocentric Acceleration

* barycenter of solar system is zero-point of our coordinate
system

e if there is acceleration, it will lead to an apparent proper
motion of quasars and other distant objects of the order
of 4 pas/yr, independent of distance:
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Galactocentric Acceleration

e it could also be viewed as secular aberration, because it is
caused by an (unmodeled) motion of the observer

e alternatively, one could think about using a different
coordinate system (with the center of the Galaxy as origin
instead of the Sun)

e would required precise knowledge N BN\-20 ks

of velocity of Sun and its

galactocentric distance

Signal or Noise?
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Galactocentric Acceleration

e there is also a component due to peculiar motion of the
Sun with respect to the local standard of rest (LSR)

e however, this motion is about 20 km/s, a factor 10 smaller
than the circular velocity

e becomes relevant at sub-microarcsecond astrometric
accuracy
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Non-stationary Gravitational Potential

> astrometric catalogs at microarcsecond level

on average the gravitational field of the Galaxy is constant,
but on smaller scales, it is variable because objects move

because light is bent in gravitational fields, this gives rise
to a small random gravitational light deflection effect

infroduces astrometric jitter, similar to atmospheric seeing

Sazhin (1996) estimates the astrometric jitter to have a
characteristic amplitude of 1-2 pas and a characteristic
time scale of tens of years, but there are outliers with

much larger astromeftric jitter

have to be revised every 10-30 years!!!

SAZHIN 1996, ASTRONOMY LETTERS 22, 573
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Lumpiness of Gravitational Potential

—_ difficult to correct for,

the gravitational potential is not smooth; there is structure
stemming from spiral arms, molecular clouds, clusters, and
possibly black holes

they will all slightly change the apparent direction to a star
through light bending

examplel: Taurus cloud at 140 pc, assume mass of 2 * 10° M@

-> bends light by an additional 0.1 pas maximum

example2: assume black hole at 10-100 pc, mass of 100 M@
-> bends light by microarcseconds

( )

kin'rroduc:es sub-microarcsecond astrometric jitter |
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Stellar Surface Structure

solar granula’rlon

r

S
Stars have spofts, plages,

and granulation. This all
introduces shifts in their
photocenters.

CREDIT:
MSFC/NASA

rotating Sun

CREDIT:
PETER SUTTERLIN,
DOT TEAM, SIU

CREDIT: NASA
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Pulsation Patterns

m=-4 p-mode oscillation

: |

[t

|
R

[

CREDIT: R.H.D. TOWNSEND

4l )
Pulsations can also induce shifts

_in the photocenter of a star! )

various non-radial pulation patterns

=3, m=0 =10, m=2
-

“ 5

1210, m=0 1210, m=6 1210, m=10

CREDIT: E.J. KENNELLY
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Typical Sizes of Astrometric Jitter

for a distance of 10 pc

lower limit
(only from granulation)

upper limit
(photometric variability)

early main-sequence 0.03 pas 12 pas
mid-late main-sequence 0.0l pas 1-3 pas
K giants 5 Mas 20-50 Jas
F supergiants 10 pas 0.4-2 mas
M supergiants 30-300 pas 10 mas

ERIKSSON & LINDEGREN, A&A 476, 1389, 2007
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Simulations of Granulation

simulated red giant granulation simulated astromeftric jitter

0 5 10
X [RSun]

K L L L L L

0.4

0.2

y [mAU]

0.0

-0.2

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

15 20

at 10 pc, the amplitude is about 50 pas

SVENSSON & LUDWIG, ESA SP-560, 979, 2005
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Gravitational Waves

gravitational wave emitted
by a rotating binary

CREDIT: K. THORNE (CALTECH), T. CARNAHAN (NASA GSFQC)

e gravitational waves are

periodic fluctuations in
the curvature of
spacetime

so far only indirect
confirmation of the
existence of gravitational
waves

gravitational waves are
emitted if a not
spherically symmetric
mass distribution is
accelerated
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Gravitational Waves

gravitational waves passing over a telescope will cause a
time-variable shift in the position of an observed object, i.e.
an apparent proper motion

angular displacement is of order h, the magnitude of the
gravitational wave at the telescope

observed coherently, for all sources on the sky

current constraints on gravitational wave energy come from
Big Bang nucleosynthesis and millisecond pulsar timing

based on those, expected proper motions are smaller than
0.1 pas/yr and 0.002 pas/yr, respectively
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Gravitational Waves

however, let's assume GAIA will measure 1 billion objects
with an accuracy of 100 pas/yr, i.e. it would be sensitive
to systematic motions of the order of 3 nano-arcsec

this would place the fightest limit on gravitational wave
energy ever obtained, at least in the follwing frequency
band:

if astrometric measurements are taken over a number of
years T, one is sensitive to gravitational wave frequencies
of 10-8 - 10" Hz (1/T)

so it's totally possible (although not likely)that GAIA will
not only set the tightest limit, but for the first time
detect gravitational waves directly
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Summary: Size of Additional Effects

astrometric jitter

galactic orbits 4 pas/yr
non-stationary gravitational potential ~ 1-2 pas
lumpiness of gravitational potential <1 pas

stellar surface structure

0.01 pas - 10 mas

gravitational waves

< 0.1 pas/yr

... 997

27
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Astrometry: Practical Session

Sabine Reffert
Landessternwarte Heidelberg, Germany

In this session, you will:

e learn how to describe the photocenter motion of
a star with an unseen companion

e it an astrometric model to simulated, 2-dim
astrometric measurements

e play a little bit with the program to get a feeling
for the various effects and relevant numbers
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Modeling Photocenter Motion

Assume that you have all 7 orbital parameters describing

binary orbital motion:

— period P

— periastron time To

— eccenftricity e

— longitude of periastron w
= semi-major axis al

= inclination |

— ascending node (2

y(t)4

x(t)

(

.

How can you calculate x(t) and )
y(t) for all times, describing
the photocenter motion?
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Plane of Orbit and Tangential Plane

w: longitude of periastron
to 7 |
Earth ine of o . . .
! nodes I: inclination |
{ (): ascending node
R
\
/ \
\
\
Q w "\\-...... u.......,. .
\ ~/-Peri-
\ astron
plane of orbit J

plane of - tqngential plane
projection

CREDIT: W.D. HEINTZ
‘DOUBLE STARS’, DORDRECHT




A

Kepler Equation O

the first step is fo solve the Kepler equation to determine
the true anomaly:

>

27t
M = — M: mean anomaly
it
ranscendental
M=F —e-sin &/ E: eccentric anomaly

V \/1 + € E
tan — = e v: true anomaly
L —e 2
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Elliptical Orbit

circle with radius a

E: elliptical anomaly

V: tfrue anomaly

a: semi-major axis

CREDIT: W.D. HEINTZ
‘DOUBLE STARS’, DORDRECHT

e: eccentricity

elliptical orbit
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A

Kepler Equation O

from the eccentric anomaly, one can calculate the time-
dependent factors fx(t) and fy(1):

>

fe(t) = cosE —e
fu() = V1—e2-sinE

now, the position x(t) and y(t) can be derived from:

o(t) = B-fu(t)+G-fy(0)
y(t) = A-folt)+ F- £ (t)

A, B, F and G are the Thiele-Innes constants




A

Thiele-Innes Constants |~

>

the Thiele-Innes constants are just another
parameterization of the orbital parameters a, w, i, and Q:

a(cosw cos {2 — sinw sin €2 cos 7)
(
(=
(

a(— sinw sin €2 + cosw cos {2 cos 7)

a

cos w sin ) + sinw cos {2 cos 1)

a(— sinw cos €2 — cosw sin 2 cos 7 )

S| 05 (-
|

the unit of A, B, F and G is the same as those of a,
which could be either [AU] or [mas]
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Simulation & Fitting Program

program simulates 2-d astrometric measurements including
proper moftion, parallax and orbital motion and errors,
then tries to fit for the relevant 12 parameters

beginning cf stellar path
axoct input poth
fittad path

simulated measursmanta

R4 offset [masz]

103



Simulation & Fitting Program

start program with

idl> go
you can modify parameters in the program ‘go.pro’ in the
section 'set input parameters’

alternatively, you can run the program with an input file:
idl> go,’epser:i’

which will read input data from ‘epseri.input’.

You can add additional input files as you wish.
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But before it will work...

.. you have to finish writing ‘get_thiele_innes.pro’!

= a(coswcos () — sinwsin {2 cos1)

— sinw cos €2 — cos w sin {2 cos 7)

(
= a(coswsin 2 + sinw cos {2 cos?)
— CL(

(

() = e
|

= a(—sinwsin {2 + cosw cos 2 cos i)




Summary of Exercises

1. Finish writing thiele_innes.pro!

2. How many measurements do you need to get masses
to a few percent, with reasonable accuracy (default)?

3. How accurate do 50 measurements of € Eri have to be
to get masses fto a few percent?

4. How accurate can you get the mass when you observe
only half an orbit? Does it help to make those
measurements more precise?

5. How good do the starting values have to be? I.e., are
there many local minima?

6. How big would the astrometric signature of Jupiter
around the Sun be when viewed from a distance of 10pc?
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