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A bad reputation?

"Astrometric planet detection acquired a reputation as a dubious
enterprise, rather like the search for life on Mars, which was associated
in astronomers’ minds with the claims for Martian “canals” that must
be signs of an intelligent civilization on our neighboring planet."”
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A bad reputation?

"Astrometric planet detection acquired a reputation as a dubious
enterprise, rather like the search for life on Mars, which was associated
in astronomers’ minds with the claims for Martian “canals” that must
be signs of an intelligent civilization on our neighboring planet."”

"Proper astronomers did not stoop to looking for planets or searching
for life in the Solar System."

ALAN
TH B0OSS Alan Boss, "The Crowded Universe", 2009

THE SEARCH
R Uw D E D FOR LIVING
PLANETS What is differentnow?
Space-based observations: Long-baseline interferometry:
* No atmosphericturbulence * High precision astrometry
* Dedicatedtelescopes * Phase-referencing

* Gliese 876b with Hubblein 2002 e HD176051 with PHASES in 2010
* Gaia/Hipparcos * GRAVITY
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Astrometry works from space

Hipparcos Gaia

Mission: Mission:

* High precision astrometry on 100 000 stars  Measure the positions and velocity of approximately
* Astrometry (lower precision) on atleast 1 million stars one billionstarsin our Galaxy

Launch: 1989 Launch: 2013

Status: completed (1993) Status: extended mission (2022 — 20257)
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Proper Motion anomaly (PMa)

* Both Gaia and Hipparcos measured the position
(astrometry) and instantaneousvelocity (proper
motion) of the star
......................................... * The difference of positionsgives the long term
proper motion of the star
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Proper Motion anomaly (PMa)

* Both Gaia and Hipparcos measured the position
(astrometry) and instantaneousvelocity (proper
motion) of the star

* The difference of positions gives the long term
proper motion of the star

b

HGaia

7« Theinstantaneous proper motion is the sum
of the orbital proper motion and the long
term proper motion

* The difference between the instantaneous
and long term proper motionsis the proper
motion anomaly (PMa):

A”’Gaia = HGaia — HHG = HMorb
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Proper Motion anomaly (PMa)

* Both Gaia and Hipparcos measured the position
(astrometry) and instantaneousvelocity (proper
motion) of the star

* The difference of positions gives the long term
proper motion of the star

7« Theinstantaneous proper motion is the sum
of the orbital proper motion and the long
term proper motion

* The difference between the instantaneous
and long term proper motionsis the proper
motion anomaly (PMa):

AH’Hip — HHip — MHG — HMorb
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Proper Motion anomaly (PMa)

For a sun-like star at 10 pc, and a
planetof 1 M,,, orbitingat 1 au: i

271_ Mplunet a .
v, = M, " 30m/s For a planet orbitingat 5 au:
_ad -1/2 _1/2 ;- . .
M Hory < Mptanet M, “a/?d ! Precision on the PMa can range
oy = v,/d = 6mas/yr tory = 0.26 mas/yr from 0.5 to 5 mas/yr
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Proper Motion anomaly (PMa)

import numpy as np

In practice, gettingthe PMa is easy (others have done the hardwork!) L P et

FITWFI astropy.units as u

from astropy.coordinates import Skyloord, CartesianDifferential
from astrogquery.gaia import Gaia

from astroquery.asasky Import ESASky

from astropy.io import fits

from astroquery.simbad import Simbad

Retrieve target HIP number form Simbad tgt

.q i] g
= [id.find{"HIPF"} for id in tgt ids["ID"]1. index (8}
tgt_hip_id = int{tgt_ids["ID"]1[ind].split("HIP")[1])
=fGaia

Get corresponding Gaia source id from Brandt+2018 haca & Fits. apant
hip_id = hgca.hip_id

catalog (could also be retrieved from Simbad) ga1a source id = Rgca.gaia source id

# gais source id of the target
tgt_gaia_source_id = gaia source_id[np.wherethip_id == tgt_hip_id]1[8]

w Bl +2018)
1111 . data

- the target
* from gaiadr2.gaia source WHERE source id = "+stritgt_gaia_source_id}, dump_to_file=False,

ct * from public.h cos as hip where hip.hip = "+stritgt_hip_id), dump_to_file=False,

Retrieve Gaia and Hipparcos astrometry and proper Tt Farmato
motion measurements # extract position an

results_paia ]uh gala.get resu
% _gaia = np.array{[results gaia['
v_gaia = np.array{ [results_gaial"pmr

See Kervella+2019 :esu;t;;;pl‘ job_hip.get results() [¢]

x_hip = np.array{[results_hip["ra"], results hip["de"], 1
np.array|[results_hip["pmra"], results hip["pmd

1, results gaia[”
results _gaia[”

"1, 1008.3/results gaia["paral "11h
mdec "], results_gaialradial ocity”11)

A/results_hip[“plx"11)
1, 81

v hip =

Correct Gaia astrometry (Lindegren+2018)

nd frame rotation (see Lindegren+2Olg)

80.0*np.pil*np.cos(x ga1a[ I.'ISEI B*np.pil+wy*np.sin(x_gaiall]
-wz*np.cos{x_gaia[1]/130.8 }
8A.0*np. pil+wy*np.cos{x gala ]

/188, 8%np.pi)*np.sin(x_paia[A]/180.8%np.
v_gaial[l] = w_gaia[l]l-wx*np.sinix_gaial®

F1BE.8*np.pil

stes wector

# cre n m ipparcos distance by propa .
c©_gaia = SkyCourd{ra % _gaia[0]*u. degree dec=x galalll‘u degres, distance = x gaJaIA] pc. pn ra {usdec =
v_gaialB)l*u.mas /u.yr, pm_dec = v_gaia[ll*u.mas/u.yr, radial velocity = v _gaial2]*u.km/u.s, frame = "icrs"}
3
[4
v

Following Kervella+2019, the Hipparcos distance is replace by
the Gaia distance backpropagated to the Hipparcos epoch

gaia hip = c_gaia.apply space motion{dt=-thg*u.yr)
hip = SkyCoord{ra=x_hip[0]*u.degree, dec=x_hipl[l]*u.degree, distance = c_paia hip.spherical. dJStance. pm_ra_cosdac =
hip[€1*u.mas/u.yr, pm_dec = v_hip[l]*u.mas/u.yr, radial_velocity = v_gaia[2]®*u.km/u.s, frame = "icrs"}

c Locity vector
® % - ¢_hip.cartesian.x)/(thg*u.yr)
¥ = [c_gaia.cartesian.y - c_hip.cartesian.y)/(thg*u.yr}
2 = (c_paia.cartesian.z - c_hip.cartesian.z)/(thg*u.yr)

# get the proper motion ci
c_hg h:Lp SkyCoard(x = c_hip.cartesian.x,
", representation_type="car

The anomaly is calculated as a difference of velocity in the ICRS fers”, represe c ential. ty: .
AL ?. yeaard(x = C ga.\a Cf!’cfilas:fﬁ.)’ =iC gi;:i:r ESJ.:E )‘; 5_51:| BE.\E cartesian.z, v x = v X, ¥ Y=V ¥ VZI=V_1I,
frame, and projected on the sky plane to get a proper motion Vi hip L < h hipproper natiay o irferentisl pestart

v_hg_gaia = ¢_hg_gaia.proper_motion

g to the LT i ¢ transformat
= ¢_hip.cartesian.y, z = C h:Lp cartesian.z, v & = W X, V¥ = V¥, ¥.Z = V. I,
- differential type="cartesian

# calcw motion anomalies

pma_hi np.sqr{ng. sumi (c_hip.proper_motion - w_hg_hip)**2))
pma_gaia = np.sqrt(np.sun((c_gaia.proper motion - v_hg_gaia)**2))
p "WHG [ . v_ho_hip)

p a HIP pma_hip}

p [GATA]:", v_ho_paia)

] 3 GAIA:", pma_gaia)
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Order of magnitudes

For a sun-like star at 10 pc, and a
planetof 1 M,,, orbitingat 1 au: i

M ANE
2m—ta
Ve = — 30m/s
a® Mjone de/Q
M apllﬂt — Tor A””
Hory = vy/d = Gmas/yr Valid for a circular, face-on orbit!
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Order of magnitudes

For a sun-like star at 10 pc, and a

In practice, the measured anomalyis reduced by a
planetof 1 M,,, orbitingat 1 au:

mean factor of 0.87 by the inclination and eccentricity

2w%a (Kervella+2019). This gives:
Uy = —as = 30m/5 .y ey M _dMM? Ap 12
Mx L = Se—Ap planet = o 087
Hory = Vi/d = Gmas/yr Valid for a circular, face-on orbit!
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Small period limit

mean
: * |n practice, neither Gaia nor
t\-/'/ts Hipparcos truly measures the
t, instantaneous proper motion
 Gaia measured the mean over a
period of 665 days (DR2)
* Hipparcos measured the mean over
a period of 1227 days

e Thisreduces the measured PMa
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Small period limit

* Worst case scenario: the orbital
period is the same as the period over
which measurements are averaged

t; '\tz * The measured PMaisO

/ \ * Gaia/HipparcosPMa measurements

are blind to certain periods, and not

sensitivie at small period

t, t,
t5
9 1 /Tgaia (. 7-(-t ) dt
Hgaia — H ] eXp |\ t—F- . _
Tgam 0 P]ilfoo’y 1
_ M " L |:ei 27rTgm'a B 1i| E%’Y — 0
27T paia -
TG'aia
= p X ———/1 —cos ( )
ﬂ-Tgaiaﬁ p




Small period limit

1.2

* Worst case scenario: the orbital
period is the same as the period over
which measurements are averaged

e The measured PMaisO

* Gaia/HipparcosPMa measurements
are blind to certain periods, and not
sensitivie at small period

1.0

0.8

= 0.6
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Long period limit
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Long period limit

 Thelongterm proper motion of the star as
measured from Hipparcos and Gaia datacan
L e include the orbital velocity for long period
o LHG T planets

T o
“"-._AI-LGaia = Morbit + Mx — [[.L* + Porbit / exp (?t) dt]
0

__ Tuc
§ Horbit = | orbit| €xp(i6p)

fAuGaz'a , exp(i6p) / Tue (i27r )
= | exp(ifp) + ———— exp | —t |dt
‘ Horbit ( U) THG 0 P
1 1P 27T Lisi 27T ]
=|1-— cos | —— isin | — | —
27T P P
ALGaia iP 1(2rTye \? . 27Txc
1— 1— — ~1
For P >> Ty ‘ Lorbit 27THG ( 2 ( P T

_|7TTHG
| P




Long period limit

10° 1

1071 1

- UNIVERSITY OF

Orbital period (in units of Tgaia)

T
= W;{G for P> Tyg¢

ANGaia
Horbit

A reasonable approximationis:

~ 1
- 2
1+ (¢ )

AMGaia
Morbit

CAMBRIDGE



Gaia/Hipparcos PMa efficiency

ol [ 1
Observational window smearing Orbital motion not separated
5o WI“ " from long-term proper motion
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Examples of Gaia planet candidates

100 100
“ & 51 Peg HD 206893
80 4 80 4
"é 60 "é 60
= £
£ £ 'J
= 4D—U = 40 U U U
20 U U 20 4
0 0

T T T T L T T T T T T T T T T LI | T T T T T T
10° 101 10° 100 101 102
Semi-major axis (au) Semi-major axis (au)

UNIVERSITY OF

CAMBRIDGE




Examples of Gaia planet candidates

Proxima 103
] —— Radial velocity __
102 4 Gaia 6tg>
] —— m; from PMa / 100
® Anglada-Escudé+(2016)
10t 3
5 5
- = rd ]
S 0 n 10 0
s 10 5 5
o & T
. £ =
107! 5 = 2
Proxima b |
1 @
102 E
1 10 100 1000 5000
10_3 T T T T T '|'""| '| g """I| T T T T T
107! 100 101! 102
Orbital radius (au) 0 50 100 150 200 250 O 2 4 6 8 10

Mz (Mgl au) mMaNT (Myphvaud)

(Figures from Kervella+2019)
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The mass of Proxima c

Plane of sky * Inprinciple, if a star could be followed with
astrometry, it would be possible to measures P, thus
a, M, .net and the inclination, since:

.............. p = 2 Myaneral’? M Y? ( cos(6) )

; sin(0) cos()
* In practice, with a single (or two) measurements,
there is a number of degeneracies

* Addingin radial velocity measurements:

v, = 2T Myanera’/? sin (4) sin ()
Towards the observer
EY — tan (1)
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The mass of Proxima c

175 :

150 5 o
P &
¢ £5 2y

OV &

Radial velocity (m/s)
o

_s] ¢ HARPS -
¢ UVES
2000 3000 4000 5000 6000 7000 8000
Time (BJD-2,450,000) 6
< 180
=
Radial velocity (residuals after subtracting Proxima b) showing %-

the signal of planet c (Damasso+2020)
* Orbital period P =1900 +-90 days
* Time of the inferior conjnction 5892 +- 101 days
* Msin(i) =5.8 +- 2 Mg, Adding the Gaia PMa anomaly (Kervella+2020):
* sin(l) =0.46 +- 0.2
e M=12[7-24] Mg,

50

o [=] [=]
(=) «©

150 4

(=}
~
~

360

(=
=
—
g

i (deg) Q (deg)
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The mass of Proxima c

175 4

150 A

125 4

100 4

i (deg)

75 A

50

25

360

270

-,

'
90 A ~.‘
-

Q (deg)
2

o (=3 é o [=} o o (=}
n o n o «© ~ O
— —~ ~-~ ~ m

i (deg) Q (deg)

Adding the Gaia PMa anomaly (Kervella+2020):
e sin(i)=0.46 +-0.2
e M=12[7-24] Mg,
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The mass of Proxima c

Plane of sky * Inprinciple, if a star could be followed with
astrometry, it would be possible to measures P, thus
a, M, .net and the inclination, since:

.............. p = 2 Myaneral’? M Y? ( cos(6) )

; sin(0) cos()
* In practice, with a single (or two) measurements,
there is a number of degeneracies

* Addingin radial velocity measurements:

v, = 2T Myanera’/? sin (4) sin ()
Towards the observer
EY — tan (1)
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HD 206893 c from Direct imaging and Gaia?

0.6
0.4
= 100
8 02
o
©
c
= 0.0
o
s 80 -
-
= 0.2
-0.4
3 60
-0.6 E
-06 -04 -0.2 0.0 0.2 04 0.6 =
Distance in arcsec L] “
m
¢ |
= 40 A U
200 _
200 . .
E ] 199
e 198 |
f B L2060
132 130 128 ]2 20
0 *
_ L 2050
A =
E 2
o 2040 =
o i =
[ =
3 —200 = 0 — T T T —— T T — —
2030 10° 101 102
# NACO ) ) )
+ SPHERE Semi-major axis (au)
—400 4 gl 2020
+  GRAVITY (5
200 0 -200 -400
ARA [mas)

(Figures from Mili+2017, Grandjean+2019, and Kammerer+2021)
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HD 206893 c from Direct imaging and Gaia?

0.6
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(Figures from Mili+2017, Grandjean+2019, and Kammerer+2021)
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HD 206893 c from Direct imaging and Gaia?
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(Figures from Mili+2017, Grandjean+2019, and Kammerer+2021)
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Another instrument for high-precision astrometric measurements: GRAVITY

005 'G ny T T T T T T T T T T T T T T T T T T T T T T T4
04T 2.28 - .
tuhid 2 [ 1  GRAVITY Collaboration 2017
003 2 < - 4

g o i ]

< S 226 ’

z = e— P ]
002 & - , .

g TR BRI ‘.‘| | I S T N SR N N B ! a0 oy

E 0.30 10.28 0.26 024 0722 0.20

é ' ARA [arcsec] ’

Fit residuals

0.01 ' 7 - l ]

10 | _*?,-:“‘- ?ﬁifﬂf"‘ | 100
7 | / Voof 3| '
£ o ' < 0] -
3 2 g 1.0 ;' < [ , , ]
5 5, : 1 : : . .
: ! ) ® g.. | 100} | ]
2 05 2 o0} {% x /1o L {
g - Ny S0t ] ]
g 1.0 f ¥ 8 } I :
E 0.1 . - s t - '
E o5 20 10 00 -0 0 100

‘ ARA [arcsec] MJD - 57607.348 [days]

002 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

G magnitude . o« . .
e Typical precision with GRAVITY: 10-50 umas

Lindegren+2018, 2021 Typical precision with GAIA: 50-200 umas (DR2); up to 10 to 50 umas (eDR3)
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VLTI/GRAVITY: a fibered interferometer (and a complicated instrument...)

Phase reference

Object
* Wavefront reference

2" FoV
Telescope #1 ml'"m ﬂ]HIm Metrology fringes
Metrology

Telescope #2 N sensor
Metrology / ___________
=" |

Star

Starlight / separator ;
;i/ ﬁ 7
= | Q /

-4
<

<- PLANET-
<- PLANET

-4---- STAR---<--

<

Fringe tracker ‘ ----- L

Fringe tracker ‘

______<_______ ——

Science
Science

Delay line
M
Nt S
S }
¥
; aser || || s peauston
©  MACAO 9

i DM Titit _@ v Beam combiner instrument
H Pupil dOPD

IR wavefront

On-Star On-Planet

i control 10 beam combiner Spectrometer
! sensor '
i :_b‘, - T
I > Fiber a,‘-’
] coupler X
E . Phase 4 & ]
: — shifter :
] Metrology ]
: Polarization control laser |
L---— OPD control e

GRAVITY Collaboration (2017)
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Single-field and dual field interferometry

"Single-field" interferometry “Dual-field phase-referenced” interferometry
, . planet .\'\_
P 1 . "

Fundamental mode of the science
fiber (“field-of-view’)

Binary object resolved by each telescope of the array

Binary object unresolved by each telescope of the array

Science fiber on the photocenter - Science fiber moves from one component to the other
Light of both componentsisinjected into the fiber - Measured signal: complexvisibilitiesreferenced to the star
Measured signal: visibility modulus and/or closure phase




ExXoGRAVITY results

Medium resolution K-band spectroscopy on beta Pic b

¢ GRAVITY K-band (this work)

9 Febmary 2020

v
n

)
%

% {QE i i GPI K-band (Chilcote 2017)
—_— { ﬁ 2200
P ¢
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Hakehos (mwats) Direct detection of the RV planet beta Pic c

Constrainingthe size of any circumplanetary disk around PDS70c
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Long term astrometric survey with multiple stellar conjunctions

-60°49'30"

c
o
2
©
=
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@
(@]

50'15" B 5
25.0s

14h39m35.0s
Right Ascension

* Apparent motion of Alpha Cen A and B on the sky, with conjunctions
with several stars over the next 30 years (Kervella+2016)
* Eachconjunctiongives the opportunityto observe with GRAVITY
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Long term astrometric survey with multiple stellar conunctions
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For a sun-like star at 10 pc, and a planetof 1 M, orbitingat 1 au:
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High precision astrometry on exoplanets
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"Stellar astrometry" relative to the planet
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A star-planet system is also a binary!
So... can we use the planet as a reference point for
doing stellar astrometry?
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"Stellar astrometry" relative to the planet
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A star-planet system is also a binary!
So... can we use the planet as a reference point for
doing stellar astrometry? -- Yes!




Detecting inner planets from non Keplerian deviations

beta Pic b

200 Lacour+ (in prep):
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Testing formation models

Mass — Period Distribution
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Testing formation models
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GRAVITY+
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GRAVITY+
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