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ns pulsar timing

NANOGrav (2023)

Xu et al. (2023)



μas astrometry

GRAVITY Collaboration, 2018 Gaia Collaboration, 2023



cm/s radial velocity

ESPRESSO/VLT

2
Canary Hybrid Optical high-Resolution Ultra-stable Spectrograph

Coudé room

Fiber link

Fore-optics

VIS spectrograph in a vacuum vessel

UVS spectrograph on a new platform 

Visible band calibration system (LFC, FPU, ThAr) 

Fiber link & fore-optics on the Nasmyth B

Telescope

CHORUS/GTC



Modeling challenge
• Determine the Earth’s barycentric motion to a precision of ~1cm/s  (JPL 

ephemeris)

• Determine the barycentric location of a telescope to a precision of ~10 m (GPS)

• Determine the observation time to a precision of <1 ms

• Consider various atmospheric effects adequately for ground based telescope 

• Model various relativistic effects to a precision at least comparable with the data 
precision



Target and Solar Systems
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Einstein Delay
Terrestrial Time (TT)

Coordinate time at Solar System Barycenter

Coordinate time at Target System Barycenter

Barycentric Coordinate Time at the 
geocenter (TCB) Roemer and Shapiro Delay

Light emission coordinate time

Vacuum Propagation and 
Relativistic Delay

Roemer & Shapiro delay in 
the target system

Einstein delay in the 
target system

Timing model

Light emission proper time



Stellar aberration

Observed direction of target

Atmospheric refraction

Lensing in the target system

Astrometry model

Light ray direction at observatory 

Emission light ray direction

Geometric direction of target 
relative to observer

Lensing in the solar system

Incident light ray 𝑙!

Emission light ray lensed by companion
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Radial velocity model
Self gravitational Doppler shift:

Companion-induced gravitational Doppler shift:

Velocity-induced relativistic Doppler shift:
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Radial velocity model
Kinematic Doppler shift:

Gravitational lensing Doppler shift:
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Total Doppler shift:
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PEXO Timing Precision
(Eastman et al., PASP, 2010)



PEXO Radial Velocity Precision

1 cm/s RV precision is equivalent 
to 1 μas astrometry precision!
PEXO radial velocity precision: <1 cm/s
PEXO astrometry precision: 1 μas
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PEXO compared with other packages



Caveats in Barycentric 
Correction or Decoupling
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Periastron Precession in  
Extrasolar Systems

(Jordan & Bakos, ApJ, 2008)



Binary Tests of Relativity



Relativity Tests



Correct bias in barycentric correction
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(Rui & Feng 2023)

Earth-twin induced RV variation



Pulsar timing

(Cromarti et al. 2019 Nat. Astro.)



Astrometric weak lensing

Tilburg et al. 2018 
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Take-home Message
•PEXO is a modeling framework for high precision 

timing, RV and astrometry 

•PEXO opens a new window of relativity test, 
precise exoplanetology, pulsar timing, and 
astrometric lensing 

•PEXO is available at 
https://github.com/phillippro/pexo


