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51 Peg b and the start of historical RV surveys

Improve precision (<= 10 m/s), telescope time and 
strategy for better yield


Sample of many suitable targets, e.g. defined by 
volume, magnitude or spectral type


Search for giant planets on any kind of orbit


Understand the variety, in the limit of achievable 
precision

Lynette Cook
Mayor & Queloz, Nature 1995



The HARPS Survey - A turnover

Demonstration that 1 m/s precision is achievable


Comprehensive sample of the most suitable targets 
(best achievable precision)


Search for exoplanets with particular emphasis on 
precision and low-mass


Discovery of µAra c, that opens the era of mini-
Neptunes and super-Earths. Low-mass planets are 
VERY frequent! Characterize ‘all’ kinds of planets 
and measure their frequency

Santos et al., A&A 2004
Bouchy et al., A&A 2004

µAra

Lovis 2007 p.c.



The era of transit surveys

RV samples are ‘designed’ for the RV follow-up of 
transiting candidates


Measure the mass (and thus the density) of planets 
on a statistically relevant sample


End of the ‘just search for planets’ era and start of 
the ‘characterization era. Awareness of 
complementarity of (all) techniques rather than 
‘competition’, but also that target brightness is 
relevant for follow-up -> new space- and ground-
based project are designed -> TESS/PLATO

Borucki et al. 2010



Shooting for “habitable” planets

< 1 m/s precision and/or infrared wavelengths


Focusing on individual particularly suitable targets 
(near-by, quite, non-rotating targets, especially M-
stars; high-cadence RV campaigns) in the 
awareness that they are very frequent!


Looking for Earth-mass planets in the HZ of parent 
stars, possibly close-by for better follow-up with 
other techniques or instruments


Stellar jitter becomes the (additional) limiting factor 
because of amplitude and typical periods

Gillon et al., Nature, 2018

Anglada-Escudé et al., Nature, 2016



Why (EP)RVs?

ExoPAG: Plavchan et al., arXiv:1503.01770v2 (2015)



Pepe et al., Nature (2014)

… and many more
RV Instruments…

NEID, 2021 (Schwab et al. 2016)
MAROON-X, 2020 (Seifahrt et al. 2018)
EXPRES, 2019 (Jurgenson et al. 2016)
KPF, 2022 (Gibson et al. 2016)
NIRPS, 2023 (Wildi et al. 2022)

HARPS-3, 2024 (Thompson et al. 2016)
G-CLEF@GMT (Szengyorgyi et al. 20 
ANDES@ELT (Marconi et al. 2022)
….



Mass-Radius diagramme

Naidar, private communication

Mass-radius diagram of small exoplanets as of August 2022. Only planets published in 
a refereed journal with a mass precision better than 25% and a radius precision better 
than 8% are shown 



Why EPRVs? Gaudi, Blackwood, et al. (March 2020): Extreme Precision Radial 
Velocity Initiative (CL#20-1588, https://exoplanets.nasa.gov/

internal_resources/1556/)

+ for future ELTs



HD3651b with EXPRES

Brewer et al., Astron. J. (2020)

EXPRES

HIRES



Maroon X (Courtesy of J. Bean)

Primary science driver: Confirmation and mass measurement of 
transiting, temperate, and terrestrial planets that are feasible 
targets for atmospheric spectroscopy. I.e., TESS follow up.


Goal: σ = 1 m s-1 in <30 min for late M dwarfs out to 20 pc 
(V=16.5).


Approach: A highly-stabilized, fiber-fed spectrograph covering 
500 – 900 nm at R=85k with simultaneous calibration feed and 
pupil slicing.
 Figure 5: RVs of GJ908 (M0V), one of our RV standard stars observed in three runs in 2021 and

early 2022 seen in and out of a period of activity. GJ908 has shown RV rms values of well under 30 cm s≠1

since MAROON-X science observations began in May 2020. During the last observing run in 2021 it suddenly
showed signs of activity which seem to have mostly disappeared in May 2022.

red arm and 45 cm s≠1 for the blue arm. During our latest observations in May 2022, the activity has come down
almost to previous levels (see Fig. 5).

GJ908 illustrates the importance of observing multiple standard stars and to coordinate between di�erent
EPRV instruments to disentangle instrumental e�ects from stellar activity and from previously undiscovered
low-mass planets around those stars.

An interesting approach to exclude the latter is HD3651, a chromospherically quiet K1V star with a highly
eccentric Saturn-mass planet. The planet dynamically inhibits other stable planetary orbits. This system was
first suggested by 15 as an ideal RV benchmark. HD3651 is currently monitored by EXPRES16 and NEID17 and
we started observing it in August 2021. The first results show residuals with an rms of 38 cm s≠1 for the red
arm and 63 cm s≠1 for the blue arm of MAROON-X for two observing runs in August and November 2021 (see
Fig. 6).

The demonstrated excellent short-term instrumental RV stability of MAROON-X and the fact that many M
dwarfs have activity levels well below 1 m s≠1 on short timescales opens up the possibility of detecting very small

Figure 6: RVs of HD3651, a chromo-
spherically quiet K1V star with a
Saturn-mass planet in a highly ec-
centric orbit15. We find a rms to the
orbit fit of 38 cm s≠1 for the red arm and
63 cm s≠1 for the blue arm during two ob-
serving campaigns of two and four weeks
in August and November 2021, respec-
tively.

Figure 5: RVs of GJ908 (M0V), one of our RV standard stars observed in three runs in 2021 and
early 2022 seen in and out of a period of activity. GJ908 has shown RV rms values of well under 30 cm s≠1

since MAROON-X science observations began in May 2020. During the last observing run in 2021 it suddenly
showed signs of activity which seem to have mostly disappeared in May 2022.

red arm and 45 cm s≠1 for the blue arm. During our latest observations in May 2022, the activity has come down
almost to previous levels (see Fig. 5).

GJ908 illustrates the importance of observing multiple standard stars and to coordinate between di�erent
EPRV instruments to disentangle instrumental e�ects from stellar activity and from previously undiscovered
low-mass planets around those stars.

An interesting approach to exclude the latter is HD3651, a chromospherically quiet K1V star with a highly
eccentric Saturn-mass planet. The planet dynamically inhibits other stable planetary orbits. This system was
first suggested by 15 as an ideal RV benchmark. HD3651 is currently monitored by EXPRES16 and NEID17 and
we started observing it in August 2021. The first results show residuals with an rms of 38 cm s≠1 for the red
arm and 63 cm s≠1 for the blue arm of MAROON-X for two observing runs in August and November 2021 (see
Fig. 6).

The demonstrated excellent short-term instrumental RV stability of MAROON-X and the fact that many M
dwarfs have activity levels well below 1 m s≠1 on short timescales opens up the possibility of detecting very small

Figure 6: RVs of HD3651, a chromo-
spherically quiet K1V star with a
Saturn-mass planet in a highly ec-
centric orbit15. We find a rms to the
orbit fit of 38 cm s≠1 for the red arm and
63 cm s≠1 for the blue arm during two ob-
serving campaigns of two and four weeks
in August and November 2021, respec-
tively.

Seifahrt et al. 2022

HD3651 

rms to the 
orbit fit of 38 
cm/s for the 
red arm and 
63 cm/s for 
the blue arm 



Today’s challenges

Stellar activity and RV-jitter. It does not only 
degrade the measurement precision, but can 
actually prevent detection of HZ-planets or bias 
mass measurements.


Instrumental limits. Even 1 m/s is not (yet) a simple 
standard! There is an underestimation of the 
difficulty in the air …


High-resolution spectroscopy is a Photon-starving 
technique! Implications for space-based 
instruments are dramatic and on ground-based 
facilities sometimes forgotten! Courtesy of Debra Fisher



1. Solving the instrumental error problem at 
the root

1. Stable illumination

2. Stable IP (opto-thermo-mechanical 

stability of the spectrograph, 
vacuum)


3. ‘Perfect’ detectors (thermo-
mechanical stability, CTE(I), flat-
field, gain, pixel geometry) etc.

f f f f
Double Scrambler



2. Repeatable and accurate calibration
1. ‘Perfect’ flat-fielding sources

2. Perfect wavelength references (Flux 

and many, unresolved lines covering 
the full spectrum, known (absolute) 
frequencies or wavelength


3. Ability of tracking (all kind of) 
changes: self-calibration, 
simultaneous reference, ‘sandwich’ 
observations

LFC

Fabry-Pérot

ThAr



3. Remove (internal) instrumental signatures 
and mesure optimally the observable(s)
1. Data reduction or forward modelling? 

2. Remove or model instrumental response. Transfer the ‘accurate’ 

wavelength reference to the stellar measurement

3. Optimised signal extraction, many methods, depend on spectral 

type, resolving power, etc.

4. Line-by-line analysis for spotting non-common effects (Dumusque et 

al. 2018, Cretignier et al. 2020) or ‘common line-shape characteristics 
(talk by Zucker)


5. Remove or model any (known) instrumental error or (uncalibrated) 
systematics by ‘post-processing’. But!



4. Data analysis: Timeseries and ‘external’ 
error removal and stellar-effect indicators
1. Convert stellar stellar ‘jitter’ into signal

2. Use time series to discriminate RV signal 

from stellar and other signals (Fourier, GLS, 
GP, etc.


3. Use ‘internal’ indicators (line shape, 
depths, contrast) to correct to find 
correlations, de-trend and/or correct RV 
series


4. Use ‘external’ measurements to find 
correlations, de-trend and/or correct RV 
series (e.g. H-alpha, logR’(HK), line species

Cretignier et al. 2021, 2022



The example of Proxima Cen (ESPRESSO)

Faria et al., A&A 2022

GP only                  GP+1 signal          GP+2 signals

J. P. Faria et al.: A candidate short-period sub-Earth orbiting Proxima Centauri

Fig. 2. Pre-whitening procedure applied to the CCF RVs. Top panel:
observed RVs together with the GP prediction. The periodogram of the
residuals from this fit is shown in panel a, and the periodograms after
two successive sinusoidal fits are in panels b and c. The false alarm
probability of 1%, calculated with bootstrap randomisation, is shown
by the horizontal grey lines.

span of observations (815 days), and a modified log-uniform
prior for the semi-amplitudes, up to 10 m s�1 with a break point
at 1 m s�1. The eccentricities were assigned a Kumaraswamy
prior (Kumaraswamy 1980), which closely resembles the Beta
distribution proposed by Kipping (2013) but is easier to manipu-
late numerically. The two angular parameters, M0 and !, were
assigned uniform priors between 0 and 2⇡. Other parameters
such as offsets and jitters were assigned data-dependent but unin-
formative priors. The full set of priors is listed in Table B.1 and
discussed further in Appendix B.

To sample from the posterior distribution, we use the dif-
fusive nested sampling (DNS) algorithm from Brewer et al.
(2011), as implemented in kima (Faria et al. 2018). Together with
posterior samples, DNS provides an estimate for the marginal
likelihood, or evidence, of the model, which we can use for
model comparison (e.g. Brewer 2014; Feroz et al. 2011). We
obtain at least 50 000 effective samples from the posterior – as
measured by the effective sample size (ESS), the number of sam-
ples with significant posterior weight – for each model, which is
more than enough to accurately characterise it.

4.3. Results from the joint model

The evidence values for models with Np = 0, 1, 2, 3 are shown in
Table 2, together with the log Bayes factors between consecutive

Table 2. Evidence (ln Z) and Bayes factors (� ln Z) for models with a
given number of Keplerians, Np, from the analysis of the CCF and TM
RVs.

CCF RVs TM RVs
Np ln Z � ln Z ln Z � ln Z

0 �448.8 �438.9
1 �414.0 +34.8 �389.5 +49.4
2 �408.9 +5.1 �385.6 +3.9
3 �410.2 �1.3 �387.3 �1.7

2 (circular) �407.9 �382.3

Notes. The Bayes factors are calculated between models with Np and
Np � 1 Keplerians. The evidence for the model assuming two circular
orbits is also shown.

Fig. 3. Posterior distribution for the orbital periods in the two-planet
model from the analysis of the CCF RVs (top) and TM RVs (bottom).
The posteriors are shown normalised by the ESS per histogram bin (so
the maximum possible value in the abscissa is 1). The prior is log-
uniform from 1 day to the time span of the data, which is marked with
a dashed line.

models. In the analysis of the CCF RVs, the model with Np = 2
is significantly preferred, with a � ln Z > 5, which corresponds
to decisive evidence in the scale of Kass & Raftery (1995).

From this model, the posterior distribution for the orbital
periods is shown in the top panel of Fig. 3, where the count in
each period bin was normalised by the ESS (thus resembling the
TIP proposed by Hara et al. 2022). The posterior shows two very
clear peaks at 5.12 and 11.19 days. There is residual posterior
probability close to 1.2 days, which is a 1-day alias of the 5.12-
day period and an even smaller posterior peak at 43 days (both
are not visible at the scale of the figure). The two main posterior
peaks correspond to the orbital periods of Proxima b and of a
candidate planet that we call Proxima d.

While the period and semi-amplitude of the 5-day signal are
well constrained, the posterior for the eccentricity is quite wide,
with a peak at 0.45 (see Fig. C.2). Above this value, it also shows
a sharp upper tail due to the AMD stability criterion, which
makes higher eccentricities very improbable. The median and
68% credible intervals result in an estimate for the eccentricity
of 0.33+0.13

�0.23.
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J. P. Faria et al.: A candidate short-period sub-Earth orbiting Proxima Centauri

Fig. 9. Analysis of chromatic TM RVs. Three columns: results for the blue, green, and red regions, corresponding to the wavelengths between
440–570 nm, 570–690 nm, and 730–790 nm, respectively. Top and middle panels: ESPRESSO RVs phase-folded at the 11 and 5-day periods,
together with the maximum likelihood solution for each signal. Bottom panels: posteriors for the GP amplitude, ⌘1 RV, with the posterior median
and 68% quantiles as labels.

dividing the spectra into a few wavelength bins. SM2020 divided
the ESPRESSO spectra into blue (440–570 nm), green (570–
690 nm), and red (730–790 nm) bins, chosen to guarantee a
similar RV precision. We select the same spectral orders to
calculate chromatic RVs within the TM approach.

The advantage of calculating chromatic RVs with the TM
approach comes from the improved RV precision obtained when
using this technique (see Fig. 1). The blue, green, and red chro-
matic TM RVs show median RV uncertainties of 29, 24, and
22 cm s�1, respectively. In contrast, using the CCFs (and the
same spectral orders) we achieve median uncertainties of 47, 48,
and 48 cm s�1 for the three wavelength regions. The latter are
comparable to the semi-amplitude measured for the 5-day sig-
nal, making a chromatic analysis of this signal challenging with
the CCF RVs but possible with the TM RVs.

We analysed the blue, green, and red TM RV datasets indi-
vidually, with a similar model to that of Sect. 4. The only
difference is that here we assume only circular orbits, to min-
imise the number of parameters in the model and thus decrease
the sensitivity to the larger contribution from photon noise to
the error budget. The results are shown in Fig. 9. The top and
middle panels show the phase curves of the 11-day and 5-day
signals, respectively, while the bottom panels show the posterior
distributions for ⌘1 RV and ⌘1 FWHM.

In all three wavelength bins the estimated semi-amplitudes
are similar, varying by 16 and 5 cm s�1 for the 11 and 5-day
signals, respectively (about 13% in both cases). A variation with

wavelength would have been expected from a signal that was
caused by a stellar spot (e.g. Desort et al. 2007; Figueira et al.
2010). Nevertheless, the posterior probability for 5-day signal is
lower in the red RVs, resulting in a less significant detection in
this wavelength bin. This could be explained by a larger telluric
contamination or a more complicated activity signal.

Indeed we find hints that the amplitude of the activity signal
in the RVs is larger in the green and red bins than in the blue, at
least as captured by the GP model (see bottom panels in Fig. 9).
However, the posterior estimates are mostly compatible, so this
result should not be over-interpreted. In summary, this analysis
of chromatic RVs provides us with additional confidence that the
5-day signal is of planetary origin.

6. Discussion and conclusions

In this work we have analysed a set of 114 ESPRESSO observa-
tions of Proxima . The imprint of Proxima b is the clearest signal
seen in the ESPRESSO RVs (as in SM2020) and is detected
with very high significance in both the CCF and TM datasets.
The orbital parameters are consistent in the two analyses, even
if the TM RVs suggest a slightly smaller semi-amplitude. This
smaller amplitude is closer to the one found by SM2020 from
the combined analysis of ESPRESSO, HARPS, and UVES data.
Using the TM RVs, the minimum mass of this planet is esti-
mated as 1.07 ± 0.06 M�, with a relative uncertainty below 6%
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Fig. C.1. Maximum a posteriori solution for the two-planet model on the TM RVs. The top panels show the RV observations for ESPRESSO18,
ESPRESSO19, and ESPRESSO21, together with the GP component of the model (in pink) as well as the full model (in black). The RV residuals
are shown just below, highlighting the full residual rms. The two bottom panels show the same for the FWHM.
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Proxima Cen 

rms to the orbit fit of 29 
cm/s. Planet d of 0.26 
ME on a 5-day orbit! 



Take-away messages
(EP)RVs are and remain important: Finding ‘Earth-like’ planets, feeding future space and 
ground-base missions with suitable targets, follow-up to measure mass and density 
precisely, transit spectroscopy, etc.

RV measurements are ‘photon-starving: Need for large telescopes, high resolution, many 
dedicated telescopes and instrument, high-cadence and long-term coverage, intensive and 
optimised programs. Only having enough ‘signal’ will allow us to understand (and correct 
for) other effects.

Understanding the limits and convert stellar jitter (noise) into stellar ‘signal’ becomes 
fundamental -> Understand the star, enough photons, improve data analysis techniques to 
mitigate or possibly solve for the stellar signal!

Make sure that the instrument does NOT introduce systematics. We are NOT YET at the 
cm/s precision, and far from being at the cm/s accuracy or long-term repeatability. Still a lot 
of effort going on.

RVs are (still) derived from high-resolution spectroscopy. There is much more information in 
a spectrum than ‘only’ RVs! (Stellar physics, planetary atmosphere, etc.)


