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Dec. offset from Sgr A* (arcsec)
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cm/s radial velocity

Fiber link

UVS
- 3 floor

Telescope

3¢ floor i

UVS spectrograph on a new platform

2 floor B i H

1t floor

Fiber link & fore-optics on the Nasmyth B

L o
..,
| 111
Visible band calibration system (LFC, FPU, ThAr)

ESPRESSO/VLT CHORUS/GTC

VIS spectrograph in a vacuum vessel




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




Timing model

Terrestrial Time (TT) T,
Einstein Delay

\ 4
Barycentric Coordinate Time at the {p
geocenter (TCB) Roemer and Shapiro Delay

v

Coordinate time at Solar System Barycenter ts
l Vacuum Propagation and

Relativistic Delay

Coordinate time at Target System Barycenter ¢ p
l Roemer & Shapiro delay in

the target system

Light emission coordinate time it
Einstein delay in the
target system

Light emission proper time 7T



Astrometry model

Observed direction of target U,
l Stellar aberration
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N Light ray direction at observatory |
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q Atmospheric refraction

\ o Incident light ray L

Lensing in the solar system

Emission light ray lensed by companion ll
T Lensing in the target system
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Emission light ray direction [,
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Radial velocity model

vsT
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Self gravitational Doppler shift:

. (I)T (I)O
RgrT — C—2 ZgrO = 0_2
Companion-induced gravitational Doppler shift
0F" . Qg
C
Velocity-induced relativistic Doppler shift:
vér vdo
ZsrST — @ ZsrSO — @



Radial velocity model

VsT Kinematic Doppler shift:

VSO - uor __ V8T - uQT
ZkSO — c ZkST — c

2 © Gravitational lensing Doppler shift:
4Gmgc
%\UOT 210 = vl VOT - Ao

4Gmg
: )\si 218 = 3V VSO - As

VSO Total Doppler shift:

. 1 — 2g:0 — Zgrs — ZarsT 1 + 2kST — 21T 1
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PEXO Timing Precision

(Eastman et al., PASP, 2010)

Original E10 - PEXO

§ H — original Eto
) MM(\AVMMMM
v
]l
§244é000 244€|5000 245(|)000

JDytc

ABJ DTDB [nS]

Original TEMPO2 - PEXO

@ — PEXO
— Original TEMPO2

o ]

<

o ]

N

I,
o
Ll w

o

N —

|

o

v —

|

o

co —

|

| | |
2442000 2446000 2450000
JDyrc




PEXO Radial Velocity Precision

o
@)
a8 <
E 1 cm/s RV precision is equivalent
= to 1 pas astrometry precision!
= w N
= % PEXO radial velocity precision: <1 cm/s
i E A } PEXO astrometry precision: 1 pas
e b
S S o -k TR B R SR - -
S > ﬁ M 9 M |
- MR
I G -
o
®
o

<

b I l I I

2442000 2446000 2450000

JDyrc



PEXO compared with other packages

Model Function Equation Unit 7 Ceti «a Centauri A XO-3 b PEXO @TEMPO2* EXOFAST+ GREM
Timing Second order Roemer delay in SS 32 s 3x1074 5x 104 4x10°6 v v XX v
Timing Third order Roemer delay in SS 8 s 6x 1075 9x 1077 3x 10712 v X X X
Timing Einstein delay in SS 30 s 20 20 20 v v v v
Timing Shapiro delay due to the Sun 34 s 3x10°5 2x107° 2x10°° v v v v
Timing Shapiro delay due to SS planets 34 s 4x1078 2x 1078 3x1078 v XX X X
Timing Proper motion of TS 32 s 0.2 0.6 1x10~4 v v X v
Timing Roemer delay in TS 39 s 0 3 x 103 40 v v v v
Timing Einstein delay in TS 40 s 0 0.01 0.01 v v X X
Timing Shapiro delay in TS 41 s 0 4x10°6 2x1077 v v X X
Timing Atmospheric effects 27 s 8x 108 3x 1078 3x1078 v v X X
Timing Trend decoupling effects 79 s 0 0.02 4x1073 v v X X
Timing Period decoupling effects 80 s 0 0.02 5x 107 v v X X
Astrometry Second order stellar aberration 42 as  6x 1074 7x 1074 7x1076 v X X v
Astrometry Third order stellar aberration 42 as 2x 1077 1x10°7 1x1077 v X X v
Astrometry Lensing by the Sun 50 as 0.02 0.009 0.01 v X X v
Astrometry Lensing by SS planets 50 as 6x10°4 2x 1074 9x10~4 v X X v
Astrometry Gravitational lensing in TS 49 as 0 3x 1077 1x107° v X X X
Astrometry Second order geometric effects 8 as 0.2 4 2x1078 v X X v
Astrometry Third order geometric effects 8 as 2x 1076 3x107% 2x 10714 v X X X
Astrometry Atmospheric effects 47 as 4 x 108 1x 103 3 x 108 v X X X
Astrometry Trend decoupling effects 81 as 0 9 2 v X X v
Astrometry Period decoupling effects 82 as 0 0.7 5x 103 v X X v
Radial velocity —Relativistic effects in the SS 58 m/s 0.2 0.2 0.2 v - v X
Radial velocity Lensing by the Sun 64 m/s 2x1073 1x 1073 1x1073 v - v X
Radial velocity ~Lensing by SS planets 64 m/s 5x10-6 2x 10-6 2x10-6 v - 4 X
Radial velocity ~Special relativity in TS 57 m/s 0 0.2 40 v - X X
Radial velocity —General relativity in TS 55 m/s 0 0.04 50 v - X X
Radial velocity Lensing Doppler shift in T'S 66 m/s 0 2x107% 2 v - X X
Radial velocity ~Second order geometric effects 8 m/s 0.07 0.9 8x 108 v - v X
Radial velocity ~Third order geometric effects 8 m/s 6x1077 1x107° 2x 10714 v - X X
Radial velocity =~ Atmospheric effects 68 m/s 8x1073 3x 1073 4x1073 v - X X
Radial velocity Trend decoupling effects 76 m/s 0 2 0.4 v - X X
Radial velocity Period decoupling effects 78 m/s 0 2 5x10~° v - X X

2TEMPO?2 is not designed primarily for radial velocity modeling although the pulse frequency variation can be converted into Doppler shift.



Caveats in Barycentric
orrection or Decoupling
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Stellar Mass [solar mass]

Periastron Precession In
Extrasolar Systems
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Binary Tests of Relativity

eccentricity
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Relativity Tests
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EHT imaging

Fe K-a line

GW Detections by LIGO
Lensing from 1 pcto 1 Gpc
S2 orbit around SgrA

Self grav. redshift, Sirius B

Hulse-Taylor pulsar

Light deflection & Shapiro delay
Milky way rotation curve
Mercury precession

Binary gravitational redshift

o Centauri gravitational redshift
Pound-Rebka experiment

Galactic rotation or wide binary
Proxima Centauri acceleration



Correct bias in barycentric correction

Earth-twin induced RV variation
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Astrometric weak lensing

Extended lens_

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



