O

‘D CARNEGIE | Earth & Planets C |_| = >'< D

SCIENCE | Laboratory Chesupeﬂk”é Bay Area Exoplanet Meatmg

Detect and characterize exoplanets
using Gaia and Hipparcos data

Fabo Feng

Earth & Planets Laboratory, Carnegie Institution for Science, DC

Collaborators:
Paul Butler, Carnegie [nstitution for Science, USA

Hugh Jones, University of Hertfordshire, UK
Rebecca Oppenheimer, American Museum of Natural History, USA

Steven Vogt, University of California, USA
Alan Boss, Carnegie Institution for Science, USA

CHEXO talk on June 26, 2020



Sensitivity of different methods
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Planetary signals Iin Hipparcos
and Gaia catalog data

2018




How to use Gaia and Hipparcos
iIn combination with RV?

2
[

T

Us— e [mas/yr]
0 1

_IIIIFIIII1|I|

@& Hipparcos
i - I T T AN T
-1 0 1 2

linear

Ue—LU,  [maslyr]

ot Hipparcos &

I_Il.JlII|IIII|IIIJ|JIJI|IJl

-10 -5 0 5 10




How to use Gaia and Hipparcos
iIn combination with RV?
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How to use Gaia and Hipparcos
iIn combination with RV?

- Step 1: Correct Gaia epoch to model barycentric astrometry
al (1p)

(f{;} = & (I{}) - e — Aa, Gaia astrometry
— CosS 0844(19)
52 (t9) = 689(19) — 6P (19) — AG,
— —
wlty) = u'.'.-(tu), Exira offsets
[
Holto) = pi (to) — ua(to) — Apa
b gma —
> Ho(to) = i (t0) — ig(to) — Aps
Hipparcos b F— =



How to use Gaia and Hipparcos
iIn combination with RV?

- Step 2: Calculate stellar reflex motion due to companions

-_.L.Dbr;“ ]
_YDbS(f]

"ﬂhﬂ{f]

A F —sin 2 sin f- ".l‘(f]-
= B G cos Qsin/ | |v(1)| ,
—sinwsin/ —coswsin/ cos [/ 0 * Orbital plane

Thiele—Innes elements

A =cosQcosw —sinQsinwcos [ Rotation matrix

B =sinQcosw + cosQsinwcos [

F =—-cosQsinw —sincoswcos [
G =-sinQsinw + cos 2 cos wcos [
aP (1) = a(1)y°* (1) = &(1)[Bx(t) + Gy(1)],
6P (1) = @(1)x°™ (1) = @()[Ax(t) + Fy(1)] .
Ha(t) = @(t)[Bvx(t) + Gvy(1)] .
pl (1) = @(1)[Avx (1) + Fry(1)],
obs

v = —v2% = ysin I[cos (w + v) + e cos w]

St



How to use Gaia and Hipparcos
iIn combination with RV?

- Step 3: linear propagation of state vector to Hipparcos epoch

_ - |'rh(f(})., l’b()’{))] — [rb(”? l"b(f}]
@ - Step 4: Add stellar reflex motion onto the barycentric motion
{}'P(” b

alt) = —— 4@ i),
@ cosolr)

5(1) = 6P (1) + 6P (1)
& | |

1)+

Hipparcos @ ob (1)
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ta(t) = pb (1) + ,ufi.(r}*
ps(t) = ,uf:{'f} + yf;f{'n .

Vell) = I'f{f} + 1*;'.’(.'} ;



How to use Gaia and Hipparcos
iIn combination with RV?

- Step 5: Include astrometry jitter in likelihood to model Hipparcos and Gaia bias

N Nl\. i . . _? |
= P(D|O, M) = | ‘ ‘ I E};p{ "'}(["*]_‘:L -(::J | RV;\efsjl_dual
] s - ar .,

RV model \Xj” ”} * {rJL} Jk Jitter

. . Nepoch
hu:'f.‘-uuhhl"-'iu i

+ (2m) 2 H (detX;)” lcxp{———ln(f, (f,-]]TEJT[[.'}{!,-} —- q(.f,-}]} :

Free parameters: RV semi-amplitude (K), orbital period (P), eccentricity (e), inclination (l), argument of
periastron (omega), longitude of ascending node (Omega), mean anomaly at the reference epoch
(MO), RV and astrometry jitters, RV and astrometry offsets, RV red noise model parameters

RV constrains K, P, e, omega, MO.
Astrometry constrains | and Omega.



Detection of Epsilon Indi A b
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Epsilon Indi Ab 1s a cold
Jupiter

(Feng et al. 2019, MNRAS)



Nearest and coldest Jupiter
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Perfect target for direct imaging
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HD3g587
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Improve orbital constraint
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Improve orbital constraint
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Improve orbital constraint
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65 Jupiters and brown dwarfs
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A unique opportunity to study
cold Jupiters and brown dwarfs

* Diverse detection techniques: imaging (£
(18], iming (10), microlensing (6], astromstry |
translt (2}, TTV (1)

Poor orbital constraint:
cohztralned to 5% praclslon.

Degenaracy problem: Some Juplters may ba brown dwarfs
if inclination is constrained. Ars there real brown dwarf
desart?

Different formation channels: brown dwarf form as a planet
ar a binary companlon®?

A unigue opportunity to study

cold Jupiters and brown dwarfs

* Divarsa detection tachniguas: Imaging (23], radial valocity

Lo

(18}, timing (10), micrelensing (B), astrometry (4), primary
transit (2), TTV {1)

Poor orbital constraint Only one Jupiter's mas
constrained to 5% precision.

Degeneracy problem: Some Jupiters may be brown dwarfs
If Inclinatlon |z constralnad. Are there raal brown deart

Diffarant farmation channels: brown dwarf form as a planat
ar a binary companion?

A unique opportunity to study
cold Jupiters and brown dwarfs

Diverse detection technigues: imaging (23)
(18), timing (10}, mlcrolansing (6), astromatny (4]
fransit (2), TTV (1)

FPoor arbital constraint: Only one Jupltar's mass s
constrained to 5% precision,

Degeneracy problem: Soms Jupiters may be brown dwarfs
if inclination is constrained. Are there real brovwn dwarf
desart?

Different formation channels: brown dwarf form as a planet
or a binary companion?




Take-home message

Ihe combination al BV and Gaia-Hipparcos offssls provide a
unigue way 1o detect and characterize nearbey Jupiters and
bircyvwn dhwarls.

Epszilen Indi Ab is characterized to a high pre with thiz
combined approach.

lied lo mulliple nearby
Utions significanthy.

3 uli"-n

Take-home message

The combination of BY and Gaia-Hippare
i 1o detect and characterize nearby J
brown dwarts

Epsilon Indi Ab is characterzed to a high prec
combinsd approach.

Iurul-—:rr qn"l hr-"u-.-rl duwarls 1o "lurlu thulr fic .urrnallr-n and
evolution.

Take-home message

unicjus
Brown dwarfs,

Epsilan Indi A
combined ap

evolution,




