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“Mass is the most fundamental property of a planet, 
and knowledge of a planet’s mass (along
with a knowledge of its radius) is essential to 
understand its bulk composition and to interpret 
spectroscopic features in its atmosphere”

--2018 National Academy of Sciences 
Exoplanet Science Strategy report



Zhu & Dong 2021

Mass is crucial to accurate interpretations of a 
planet’s atmospheric transmission spectrum

Batalha et al. 2019

Hot Jupiters and Neptunes require 
2𝛔 mass measurements

Temperate planets smaller than 
Neptune require 5σ mass measurements



Zhu & Dong 2021

As well as to interpretations of its interior composition

Schulze et al. 2021

Mass uncertainties better than 5𝝈 are also 
sufficient to characterize the interiors of 

small, transiting, planets 

(Assuming you also know the Fe, Mg, and 
Si abundances of the star to better than 

0.01 dex)



Zhu & Dong 2021

This is likely also true for reflected light spectra (HWO)

Damiano et al. 2025

Mass uncertainties better than 10𝝈 are 
necessary to accurately identify secondary 

gasses in the atmospheres of Earth-like 
planets



Zhu & Dong 2021



Zhu & Dong 2021

All of these have / will soon have radial 
velocity instruments on them



Radial Velocities are an indirect detection technique



Continuous spectrum 

generated inside the 

sun

Spectrum as seen from Earth, imprinted 

with solar and telluric absorption lines



Échelle spectrographs

HIRES, courtesy Keck Observatory



Échelle spectrographs

NEID First light announcement



Continuous spectrum 

generated inside the 

sun

https://xkcd.com/1733/
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Planetary Orbits
Need 7 elements to define a 

Keplerian orbit in 3D

a : semi-major axis of the orbit

e : eccentricity of the orbit

P : orbital period
tp : position of the planet at pericenter

i : orbital inclination w.r.t. the reference plane.

Zero inclination is face on orbit (can’t do RV), 

90º inclination is edge on orbit (best for RV)
Ω : longitude of the ascending node, where

the object moves away from the observer 

through the plane of reference

ω : angular coordinate of the object’s 

pericenter relative to its ascending node, 
measured in the orbital plane and in the 

direction of motion.



Planetary Orbits

The parameters we generally derive when fitting RV data 

are a little different

Period [days] : Time the planet takes to complete one orbit around its host star

Semi-amplitude [m/s] : Peak velocity of the reflex motion a planet imparts on its host star

Eccentricity : Ellipticity of the planet’s orbit 

Longitude of periastron [deg] : Orbital angle at which the planet goes through periastron

Time of periastron [JD] : Date when the planet passes through its periastron point

Mean anomaly [deg] : Angular distance from pericenter the planet would have if e=0
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What do these parameters do to the shape of an RV orbit?



What do these parameters do to the shape of an RV orbit?

Rubenzahl 2024
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RV points to planets

Idealized case: Use a discrete fourier transform (DFT) to identify 

perfectly sinusoidal signals in time series data



RV points to planets

Realistic case: Use a Lomb-Scargle periodogram to identify 

sinusoidal signals in unevenly sampled time series data

Burt et al. 2014



RV points to planets

Realistic case: Use a Lomb-Scargle periodogram to identify 

sinusoidal signals in unevenly sampled time series data

Burt et al. 2014



RV points to planets

Vogt et al. 2014



1 m s-1 : Precision RV (PRV), what we can do now

10 cm s-1 :  Extreme Precision RV  (EPRV), what we need for Earth twins

30 - 50 cm s-1 : (E)PRV, Current bleeding edge of the field

RV-only detections

Transit follow up RV detections

What can we currently detect?
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What can we currently detect?
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What can we currently detect?

Easier to 
detect

Harder 
to detect

𝐾 =
2𝜋𝐺

𝑃

ൗ1
3

⋅
𝑚𝑝𝑙 sin(𝑖)

(𝑀∗ + 𝑚𝑝𝑙) ൗ2
3

⋅
1

1 − 𝑒2



RV Uncertainty Contributions

Sam Halverson



RV Uncertainty Contributions – photon noise

Sam Halverson



RV Uncertainty Contributions – stellar information content



RV Uncertainty Contributions -- facility

Gibson et al. 2024



Setting the Scale

MSun  = 1.98 x 1030 kg

MJupiter  = 1.89 x 1027 kg

PJup  = 11.86 years

G  = 6.67 x 10-11 m3 kg-1 s-2

K = 12.46 m s-1



Setting the Scale

MSun  = 1.98 x 1030 kg

MJupiter  = 1.89 x 1027 kg

PJup  = 11.86 years

G  = 6.67 x 10-11 m3 kg-1 s-2

K = 12.46 m s-1

Usain Bolt

12.07 m/s

(aka 27 mph)



Setting the Scale

Doppler Shift Equation

KJup = 12.46 m s-1

𝜆o= 510 nm

𝜟𝜆= 2.11 x 10-5 nm



Setting the Scale

One order ~ 6nm

So what is our 𝜟𝜆 in pixels? 4608 pixels



Setting the Scale

𝜟𝜆 = 2.11 x 10-5 nm

𝜆range = 6 nm

Npixels = 4608

4608 pixels

𝜟pixels = 0.016 pix



Setting the Scale



Setting the Scale

K = 0.09 m s-1

MSun  = 1.98 x 1030 kg

MEarth  = 5.97 x 1024 kg

PEarth  = 1.0 years

G  = 6.67 x 10-11 m3 kg-1 s-2



Setting the Scale

K = 0.09 m s-1

MSun  = 1.98 x 1030 kg

MEarth  = 5.97 x 1024 kg

PJup  = 1.0 years

G  = 6.67 x 10-11 m3 kg-1 s-2



Setting the Scale

K = 9 cm s-1

𝜟𝜆 = 0.0000153 nm

𝜆range = 6 nm

Npixels = 4608

4608 pixels

𝜟pixels = 

0.00012 pixels



Setting the Scale

The RV signal of 
Earth around the 
sun is equivalent 
to an absorption 
line moving by 
SIX silicon atoms



Setting the Scale



RV Uncertainty Contributions – stellar variability

Ryan Rubenzahl



Stellar Variability

Barragan et al. 2023 John et al. 2024



Stellar Variability

Barragan et al. 2023 John et al. 2024

Zhao et al. 2021



State of the Field

Fulton et al. 2021



State of the Field

• EXPRES 100 Earths Survey
• NEID Earth Twins Survey
• HARPS-N Rocky Planet Search
•  ESPRESSO GTO
• Terra Hunting Experiment (HARPS3)
• HUnting for M Dwarf Rocky planets Using MAROON-X 

(HUMDRUM) 
• … many additional, PI-level efforts 



State of the Field – Time series RMS

Gupta et al. in review

Run 1:

October 2020 

– June 2022

Run 2: 

October 2022 

– August 2024



State of the Field – Pure RV Detections

Nari et al. 2025

Basant et al. 2025



State of the Field – RV Sensitivity

Basant et al. 2025

Nari et al. 2025

John et al. 2024



State of the Field – Solar RV

NEID HARPS-N



State of the Field – Solar RV
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Uranus
Neptune

Major Challenges

Longer Surveys and/or input from Astrometry

Days since 51 Peg b was discovered
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Major Challenges



Major Challenges

Useful overview on what’s 
needed to move the field 
forward to Earth-detecting
capabilities presented in 
the EPRV Working Group’s 
Final Report
 
(Crass et al. 2021)



Major Challenges

Make sure to also check out recordings from the  2020 Sagan 
Summer Workshop  which was entirely focused on EPRV!

Themes included:
• Fundamentals of PRV, Error Budgets, Instrumentation
• Fundamentals of Data Analysis and Statistical Significance
• Stellar Signals and Tellurics
• Beyond EPRVs: Characterizing Planets

https://nexsci.caltech.edu/workshop/2020/agenda_virtual.shtml



EPRV Research Coordination Network
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