OVERCOMING THE CHALLENGES: RADIAL VELOCITY

DETECTION OF CIRCUMBINARY EXOPLANETS




EXOplanetS Orbiting binary sStars > 220+ planets orbiting around 155+ binary star systems

» Two categories: Satellite-like orbit and Planetary orbit

» Fascinating architecture — planet formation
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Kepler-16

Gas Giant

MASS
0.333 Jupiters

0.754 x Jupiter 0.01

0.7048 AU 228.8 days
DISCOVERY DATE

Transit 2011
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Circumbinary state of affair

» Ground based RV survey — efficient and less biased

» BEBOP input targets from Eclipsing Binary Low Mass
(EBLM) survey (more details talk by Daniel Sebastian

on Thursday)
> Single-line binary — OHP and ESO

> Began in 2013 with CORALIE in La Silla (~ 6 m/s
stability)
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First RV Detection of circumbinary planet — Kepler 16
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O-C(ms™") Radial velocity (ms™)

First RV Discovery— BEBOP1 / TOI 1338
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» Reaching precision of 1-2 m/s — reaching photon noise

limit
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BEBOP so far

Semi-major axis

Image credit: Baycroft
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Why double-line binaries?
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TATOOINE (SB2 radial velocity survey)

Radial Velocity [km/s]
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TATOOINE (SB2 radial velocity survey)

Few m/s
photon noise

Radial Velocity [km/s]

o
N

o
N

0.2

-0.2

I ' 1 ' I ' 1 ' 1 ! I

HD210027

0.4 0.6
Orbital Phase

o

PR T Y
2006
Time [years]

2007

2008

2009

6002 1D 32 DJDUOY|

15-20 m/s
scatter —
prevent — gas
giant detection



How do we get our precise radial velocities?
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CCFs of single star
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CCFs of single star

Observation epochs
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CCFs of double-lined binary star
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Intrinsic spectrum of the star — GP

fA) ~ GP(u(A) k(4,4)) § 8&(4) ~ GP(u(4) k(4,4

Sum of realisations for components

GPs independent -- Doppler shifts 2 disentangle spectra
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Approach 1 - Efficient Spectral Decomposition using

Gaussian Processes (SD-GP)

Computationally expensive —— O(N?3)
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Composite data

GP model

Primary + wiggles
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Radial Velocity [km/s]

Radial Velocity [km/s]
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Occurrence rates of circumbinaries
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Summary

Circumbinary planets provide unique insights into planet formation.

BEBOP -- expanded our understanding, focusing on single-line binaries.

Double-line binaries - DOLBY -- spectra and CCF decomposition are overcoming these barriers.

Future progress depends on improved methods, larger surveys, and the next generation of instruments.

We're only scratching the surface—much more to explore in the circumbinary planet population.
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BEBOP BINARY ESCORTED BY ORBITING PLANETS

v show circumbinary planets can be found using RVs
v’ measure an upper bound on the occurrence rate

v" derive a mean mutual inclination

v verify the metallicity, period and mass distributions

v 95% of the planets will transit, find them study changing and temperate atmospheres



Non-parametric modelling

— Flexible probabilistic frame work — data driven— Gaussian process
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Data-driven model of observed
binary spectra

— Intrinsic spectrum of the star — GP

f4) ~ GP(u(4) k(4,4)) 8(4) ~ GP(u(4) k(4,1))

— Sum of realisations for components
d=N(ppp 2+ 2+ D)
f 4 N

— GPs independent -- Doppler shifts > disentangle spectra
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Non-parametric modelling of the
observed binary spectra

— Orbital motion = Doppler shift — rest frame Av) = c+v

/10
cC—YV

— Radial velocity as function of time 0 = {4, K, imary» € @, P, Ty, v}

— Velocity of primary and secondary V4 = Ky(cos(w + f(1)) + ecos w) +
KA
Vg = —7(cos(a) + f(t)) + ecosw) + ¢y
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