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Main Objective: Statistics and Planet Formation History

e Some sub-populations of exoplanets
described statistically

* How do they form? What’s the history?

« Still pending:
- Long orbits under-represented

- Distribution of giant exoplanets
beyond 3—5 au uncertain

- Planets as Solar system still missing
- GP formation around low-mass stars?

Planet mass

1 Mjup

earth

=

F

100 Mjup

Giant & supe

fr*-Giants

1 = 068.2%

— Occurrence

] !
. i seese Count
| {1 Ania)=063
] —

Earths & super-Earths

1
-
1
1
1
I -
1
1
1 L
eoced
EELEEETN
1 -
1 ’

0.01 au

1 au

semi-major axis

100 au

Kiefer et al. 2019

_agrange et al. 2023
—ulton et al. 2017

Petigura et al. 2013



Main Objective: Statistics and Planet Formation History

|
Giant & super-Giants

e Some sub-populations of exoplanets
described statistically

100 Mjup

— 08.2%

0 5
« How do they form? What’s the history? g - I—i | E |
s ot ootene oy
 Still pending: o =3 I SR I B
- Long orbits under-represented f':) R
- Distribution of giant exoplanets ® | L
beyond 3—5 au uncertain AR ‘g a E
e A R ’
- Planets as Solar system still missing 3 = . '
S m

- v
N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B p o, s SAlieE BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B o mm m 00 W O E OE E Em m =m = =

- GP formation around low-mass stars? >
— |Earths & super-Earths

0.01 au _ o lau
semi-major axis _#

I

100 au

- . @ T 3 . L -' - " Cal - =° . - » > I

o Te e - - o - - 7 . B . -

; ' 3 = e g WL D> - y > - 24 " L e > . A~ T e . - - s g
e~ X5 TN EL, oI AN PO V- 0> ey /.2 O S £ 27408 NPy Y=

) ‘

¢ Gaia should detect thousands 7
nets > 0.1 My,, beyond 1au §

)

.1

- ® . g
v "4 o
ry 7
-’ >y v >y - .

Kiefer et al. 2019
_agrange et al. 2023
—ulton et al. 2017
Petigura et al. 2013

. ,'
b "' Ia
}.’
Yy, “ . .
O, 2 P LS\
. & - P <

v
J ‘,’

....

IR ILEPrPS N U




Brown dwarf populations and occurence rates

Nielsen+ 2019: 0.8+0-8 5%

Kiefer+ 2019: 2.0+0.5%
Unger+ 2023: 0.8+0-3_g 2%

BD occurence rates Salhmann+ 2011: 1.3%
<5 au Santerne+ 2016: 0.29+0.17%

A rich BD desert beyond 80 days Two populations of BD?
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Uncertainties on RV-derived orbits: the phase coverage
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Uncertainties on RV-derived orbits: the phase coverage
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Uncertainties on RV-derived mass: the inclination
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Use astrometry when possible (Gaia + Hipparcos)

But, no astrometric time series
published in Gaia DR3...

Astrometric orbit of HD81040
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Use astrometry when possible (Gaia + Hipparcos)

S0, we need to innovate...
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Use astrometry when possible (Gaia + Hipparcos)
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Use astrometry when possible (Gaia + Hipparcos)
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PMHipparcos-Gaia and PMpgrs lead to PM anomaly:

IPMa|>0 — non-zero acceleration
Kervella+ 2019, Brandt+ 2019



GaiaPMEX: Orbit and Mass Predictions

GaiaPMEX :
Python-based code Given source names ' e.g. HD 23596

Collecting Data from Various Database

_ . . , Gaia stellar
Simbad Gaia Main Gaia GOST R Proper Motion Hipparcos-2
CDS query | TAP+query | SQlLquery | .. query Vizier query ESA Data

Modelling Noise in

Billions Gaia Sources

= 10 TB of data

Likelihoods of
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RUWE & single star null hypothesis: importance of estimating noise
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RUWE & single star null hypothesis: importance of estimating noise
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GaiaPMEX: the power of combining

Gaia-Hipparcos PMa only
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GaiaPMEX: the power of combining

Gaia-Hipparcos PMa only
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Mass, inclination and orientation using RV + Gaia + Hipparcos
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| » Sophie RV solution as informative priors
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Predict the location of the planet for DI characterisation

not so predictive (pro/retro)
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Coupling Gaia, HIP, RV & HCI to characterize LPGPs in young associations

AB Pic
|+ Sep = 260 AU (proj.) | . N .
o M- 13 My, (Chaine, 2005) Gaia/PMa => additional companion

i * M ~10 M, (Booth+, 2021)

|- Eccentric orbit (Palma-Bifani, 2023)) Adding RV and HCT

limdet_RV+DI

107
] : /

-

1-10 au & 2-6 MJup H --------
System dynamical history ? 3 BV A. ot
Direct detection with Gravity? ELT -

gmab [af}]

Lagrange+ 2025 Paper Il




Gaia-informed HCI to search for Glant Planets iIn young debris disks

" o
-
-

A few VLT/SPHERE images

NICMOS. Ren et al. 2023

* 4 new companions found

- Some systems already have outer companions

Lagrange+ to be submitted

. H'-"- ..--..
--

ALMA. Matra et al. 2025



Gaia-informed HCI + RV to search for Giant Planets around M stars

2 T R IR B, I TR B RS B RO AR S 1 e B TY-T, ) O Ity Xy B O 2B DI To S A T
& r ~ - N s =6 - oo 2 ‘e - T & °© B - =z - - ) - & % - -

Sample
o d <15 pc
® M < 16
e 706 M-dwarfs

e New stellar binaries
 Several planets & BDs
(known from RV & new ones)

U
Ruled out i

== 10" 10" 10! 0s
~ Semi-major axis (au)

S s w .- -

Destriez+ Iin prep



idates Catalog
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75°

80M “bright” Gaia sources = the 9,698 Exoplanet Candidates Catalog
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Conclusions & Perspectives

* A publically available (CDS) catalog of close to
10,000 planet-hosting candidates,

* All potential candidates for follow-up!
« Many more to come (lower Mstar, DR4 ...),

« RUWE and PMa (combined) are powerful data to
detect companions in the DRS,

 But requires a careful treatment of Gaia noises

* |dentification of LP giants around young stars w/ or
w/o, debris disk

* Also around close-by late-type stars,

* Full characterisation using also RV + HCI.

Planet Mass

Giants

A R R . .

// DR3

g Candidates for 8
RV fol !

Long

Orbit size

Kiefer, Lagrange+ 2024 Paper Il
Lagrange, Kiefer+ 2024 Paper Il



Conclusions & Perspectives

* A publically available (CDS) catalog of close to
10,000 planet-hosting candidates,

* All potential candidates for follow-up!
« Many more to come (lower Mstar, DR4 ...),

« RUWE and PMa (combined) are powerful data to
detect companions in the DRS,

 But requires a careful treatment of Gaia noises

* |dentification of LP giants around young stars w/ or
w/o, debris disk

* Also around close-by late-type stars,

* Full characterisation using also RV + HCI.

Planet Mass
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Conclusions & Perspectives

* A publically available (CDS) catalog of close to (=== " | DR3_
10,000 planet-hosting candidates, . A}
. . . o - . g Candidates 1or |8
All potential candidates for follow-up! PR SI_— RV fol )
« Many more to come (lower Mstar, DR4 ...), % © [ e ¢3RN 7 JREAA- e
« RUWE and PMa (combined) are powerful data to = |
detect companions in the DRS, 3 |
 But requires a careful treatment of Gaia noises % 1 M)
* |dentification of LP giants around young stars w/ or AR
w/o, debris disk
)
* Also around close-by late-type stars, % |
* Full characterisation using also RV + HCI. u‘j

Orbit size

THANKS FOR YOUR ATTENTION !

Kiefer, Lagrange+ 2024 Paper Il
Lagrange, Kiefer+ 2024 Paper Il
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Characterising the mass, inclination and orientation using astrometry

Gaia-Hipparcos PMa

Gaia - RUWE

1346: e | e
100 ""i Fl 100 : -burning limit 100 3 Hurnirg Tt
S0 : '.j, oS e -burning limit e |__D-burning limit
% 0. CABPEY 0 | D-burning limit 10 &
ks
>
1 1 1
0.1 | |
Y001 0. Sima [8111'(]) 100 1000 001 01 Sima [8111'(]) 100 1000 Q-01 0 S]ma [8111(]) 100 1000 Gaia-NSS \
5.79
HD 81 040 P (yr) = 2741942 . Q= 12'4615.38 deg
| Q") = 36.463718 i=107.40°23} deg
* RV-planet at 6.9 Myyp and 2 au (Sozetti+ 2006), le(*) = 98.833222“21 My ~8.0:0.5 Miup
e 95% confidence prediction: 6-20 MJup at 2 au, Mass (Mjup) = 8.79 177 |
 MCMC compatible with Gaia-NSS solution. R Yy

Kiefer+ 2024 Paper Il
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Using the RUWE for searching exoplanet candidates in Gaia DR3

10008

ee" " .
—~ L
.

(R

100+ -v":"’ gy H -burning limit-
_ .o . i ':,.‘o" |
=) ¥ .
= B .. i AN
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— 10 - "{\.w \ J -
) AN - Erir
3 oy )":'..
g R S
1- :
"
.
t
™;
O. 1 T T - T T
0.01 01 1 10 100
sma [au]

1000

 Many sources w/o Hipparcos data
* Need use Gaia RUWE only

* min mass at the bottom of the V

Kiefer, Lagrange+ 2024 Paper |



Using the RUWE for searching exoplanet candidates in Gaia DR3

1000  Many sources w/o Hipparcos data
* Need use Gaia RUWE only
100 - .
_ * min mass at the bottom of the V
5
=Ty
N
N
e
>
1 .
Massmin
0.1 | | | |
0.01 0.1 1 10 100 1000
sma [au]

Kiefer, Lagrange+ 2024 Paper |



Using the RUWE for searching exoplanet candidates in Gaia DR3

1000 | e L » Many sources w/o Hipparcos data
3 :"5 ' * Need use Gaia RUWE only
N : .’ ¢
100 - L] Al H-burning limit- _
| ' - N * min mass at the bottom of the V
2 f
- ! AN
-’ (| $D-burning limit-
E - pet| > .
%
CEU . <SE 1 If smaller than the limit for fusion
' A ‘ ‘ of Deuterium <13.5 Myyp
1- B | |
|\/laSSmin '
0.1 ke
'0.01 0.1 1 10 100 1000 planet candidate
sma [au]
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The significance: RUWE vs. the single stars hypothesis

R 0.5

D 114762 (RUWE=3.1)

GHOiSB

> 8 — o significance

—_—
= (.29 mas

0850 1.00 1.50 2.00 2.50 3.00 3.50

RUWE

Beta Pic (RUWE = 3.0)

05—-o0
significance
0, = 1.95mas
¥1.00  2.00 3.00 4.00 5.00
RUWE



The significance: RUWE vs. the single stars hypothesis

D 114762 (RUWE=3.1)

> 8 — o significance

—_—
= (.29 mas

HOZSB

50 1.00 1.50 2.00 2.50 3.00 3.50
RUWE

0.8

20.7

N
%%O.G-
30.5
= 0.4
=
g 0.3
502‘
0.1

0.0

Beta Pic (RUWE = 3.0)

05—-o0

significance
= 1.55 mas

nozse

1.00 2.00 3.00 4.00 5.00

RUWE

Beware:

® Higher instrumental astrometric noise!
® RUWE cannot be interpreted without

knowkedge of instrumental noise



Astrometric signature and the RUWE

Single star

Kiefer+ 2019, 2021
Kiefer+ 2024

Lagrange+ 2024

5p fit residuals difference

:
':l . .! 8 1 L.t
!t' ....... E ............ :‘! .............. .- !.! ..... "
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100 150 200 250 300 350 400
Time - 6973.89 |[days]

V(residuals) = a,foise



Astrometric signature and the RUWE

Single star 5p fit residuals difference
, . :
8 .
': ' . '! : ;‘ o !
0 -+ !'...' ....... E ............ :.. ! .............. =oece !......! ..... >
: * l } o :-
-2 - g
:

0 50 100 150 200 250 300 350 400
Time - 6973.89 |[days]

V(residuals) = a,foise

Kiefer+ 2019, 2021
Kiefer+ 2024 ~ 1

Lagrange+ 2024



Astrometric signature and the RUWE

Single star 5p fit residuals difference

- $ S : $
D R T
0 -+ !t...! ....... : ........... :.! .............. '. ...!. .......... >
- | : :
21 8% ;
Star w/ companion

0 50 100 150 200 250 300 350 400
Time - 6973.89 |[days]

/ V(residuals) = anmse az., ‘
r Astrometric
signature

Kiefer+ 2019, 2021
Kiefer+ 2024
Lagrange+ 2024




Astrometric signature and the RUWE

5p fit residuals difference

Single star
- $ S : $
D R T
0 -+ !'...! ....... : ........... :.. ! .............. -. ...!. .......... >
- | : :
- - ! ;
Star w/ companion ,

0 50 100 150 200 250 300 350 400
Time - 6973.89 |[days]

/ V(remduals) =0, ., t astm x

RUWE = )(r modeled for any star at

Kiefer+ 2019, 2021 G<16 _andA-éN< Bg - V@ﬁé <8 [ Astrometric
Kiefer+ 2024 ~ using & RU signature
- ~ 0.07-1 mas

Lagrange+ 2024




Comparing SOPHIE to Gaia-NSS results M1 student: Eva Bianch

Période Gaia en fonction de Sophie
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A step by step selection of planet-candidate hosting systems

Co

Ca

Initial sample with G<16: No= 77,952,319

v

Step 1: viable 5-parameter solution
- @m>0

astrometric_param solved =310r95
N = 75,921,118

Step 2: non-blended PSF
- IPD frac multi peak <2%or >98%

IPD gof harmonic_amplitude <0.1
N> = 66,907,693

Step 3: defined M, and non-giant

mass-Flame > 0
flags-Flame =0 or 2
N3 = 32,928,624

Step 4: excluding massive companions

- M, i £ 13.5M,

Ns+= 11,551,723

Step 5: significant astrometric signal

- dygva ruwe More significant than 2.7 — o

@candi@

— Removing 2p solutions

Issue with PSF blending

=

e.g. Holl et al. 2023

Using Gaia M, > 0.5 Mg

=

(Gaia coll.), Creevey et al. 2023

— | Keep level of false-positive < 10%

Kiefer, Lagrange+ 2024, paper I



Impact of Gaia on identifying multiple systems
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Masse du compagnon (M)
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Masse du compagnon (M)
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