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Measures masses and orbital
eccentricities

Constraints density & surface
gravity of transiting planets

Supports imaging & atmosphere
observations

Reveals architecture of
planetary systems



RV detections vs time
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Warm terrestrial planet with half the mass of Venus transiting a nearby star
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A non-zero Doppler amplitude is not enough: revisiting the putative radial
velocity detection of sub-Venus exoplanet L 98-59 b

Vinesh M. Rajpaul,' * Oscar Barragdn,” and Norbert Zicher?
L Astrophysics Group, Cavendish Laboratory, JJ Thomson Avenue, Cambridge CB3 OHE , UK
2 Sub-department of Astrophysics, Department of Physics, University of Oxford, Oxford, OX1 3RH, UK

Accepted XXX. Received YY'Y; in original form ZZZ

ABSTRACT
L 98-59 b is an exoplanet with radius 0.85 Rg and orbital period 2.25 d, discovered transiting a nearby M-dwarf by TESS in
2019. In 2021, a Doppler detection of L 98-59 b was announced, with radial velocity (RV) semi-amplitude K = 0.4679-20 m s~1

~0.17
inferred from 164 HARPS and 66 ESPRESSO RVs. This translated into a mass of M, = 0.40*0-16 A or half the mass of

Venus, making L 98-59 b (by far) the lowest-mass planet with a putative RV detection. To illumin(z)i.tlc;5 the difficulties of making
secure Doppler detections of < 1 m s~! signals, we argue here that the published RV detection of L 98-59 b is not supported
by sufficient statistical evidence. We show that under the published modelling assumptions, Bayesian model comparison (BMC)
suggests a ~ 50% false-detection probability. We also often infer ~ 40 cm s~! semi-amplitudes for Keplerians with periods
not corresponding to any known planet; importantly, though, these ‘detections’ are all rejected by BMC. By implementing a
more sophisticated stellar activity model and more realistic parameter priors than in the published model, we infer a mass of
My = 0.47+£0.14 Mg from semi-amplitude K = 0.56+0.16 m s~! with BMC now indicating substantial albeit still not decisive
evidence for the detection. It remains unclear whether such a detection is consistent with the data quality, and we suggest that
definitive detection and characterisation may require many additional RVs, alongside careful modelling and stringent statistical
analysis. Our case study has implications for current extreme-precision RV campaigns and the longer-term quest to discover the

first Earth-twins.



What gives?



1. Stellar nuisance signals



Sun as seen by
SDO, Oct. 2014

Movie credit NASA/SDO




Earth to Scale




STELLARACTIVITY

STELLAR OR PLANETARY SIGNAL...?
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STELLARACTIVITY

PROPERTIES OF ROTATIONALLY-MODULATED SIGNALS

® Time scales similar to those associated with planets (days to years)
® Quasi-periodic (periodic rotation + evolving active regions + activity cycles)
® Somewhat smooth (active regions don't change instantaneously)

® Stochastic (active regions seem to appear randomly)



STELLARACTIVITY

TRYING TO MODEL IT PARAMETRICALLY

L ... fitting sine waves at the rotational
period of the star and the significant harmonics |

The global model fitted on the RVs is therefore:
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What about
(Gaussian
processes?



a GP is the infinite-
dimensional version of
a Gaussian distribution




INTRODUCING GPs

THE REMARKABLE PROPERTIES OF GAUSSIANS

e |n practice: GP prior + data — GP posterior distribution that can be evaluated
analytically (via some linear algebra)

® So0: GPs empower us to learn unknown functions (+ error bars) from data



INTRODUCING GPs

WHAT DOES THIS LOOK LIKE IN PRACTICE?
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GP ACTIVITY MODELLING

QUASI-PERIODIC COVARIANCE KERNEL characteristic

///// period
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GP ACTIVITY MODELLING

 Enable lower-mass planets to be detected around a wider variety of stars

o Further improvements via multi-dimensional GP modelling (Rajpaul+2015), even
when P_; = P,.. Many significant exoplanets detected via this technique.

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 452, 2269-2291 (2015) doi:10.1093/mnras/stv1428

7820
Advancing
stronomy ai

A Gaussian process framework for modelling stellar activity signals
in radial velocity data

V. Rajpaul,'* S. Aigrain,! M. A. Osborne,” S. Reece” and S. Roberts?




2. Non-astrophysical nuisance signals
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MULTI-SPECTROGRAPH RVS?

 NEID EXPRES |

Genuine
astrophysical
Instrumental phys
| Variability
and telluric

variability HARPS3 HARPS-N



3. Non-trivial Bayesian inference



BAYESIAN CHALLENGES

b Cambridge Centre for

“Computing the posterior distribution for . [BE] Data-Driven Discovery
| Keplerian orbital elements| 1s only possible
with the latest numerical tools, and 1s PolyChord/
computationally expensive...realistic PolyChordLite
data sets often have millions of local Public version of PolyChord: See polychord.co.uk
likelihood maxima” o
farhanferoz/
— Hara & Ford, 2023 MultiNest
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space which may contain multiple posterior...



BAYESIAN CHALLENGES

Supercomputers and clever algorithms notwithstanding...

« Computing Bayesian evidences still very challenging

o Convenience often favoured over thoroughness

o Detections often lack adequate statistical evidence

« BMC alternatives: cross-validation, Bayesian quadrature, evidence networks ...7

 Model averaging rather than selection?



4. Unused spectral information



UNUSED SPECTRAL INFORMATION

=— RV + activity indicators

Decontaminate RVs using
indicator time series
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5. Miscellaneous




NON-GAUSSIANITY & OUTLIERS

“we used an additive [white
Gaussian noise] jitter term,
added 1n quadrature to the formal
error bars, to account for all
additional sources of
uncertainty...”

— countless exoplanet papers



MODEL MIS-SPECIFICATION

“Lissentially, all models are
wrong, but some are useful.
However, the approximate nature of
the model must always be borne 1n
mind.”

— George Box (statistician)



When we announce the
discovery of the first "Earth twin" —

we ought to be certain
it's not a false positive



TERRA HUNTING EXPERIMENT




