
  

Radial velocity measurements and exoplanets
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Scientific results



  

Signal amplitude

λ = λ0 (1 – RV/c) / sqrt(1-(v/c)2) ~ λ0 (1 – RV/c)

radial velocity

relativistic term neglected (usually 
OK when considering RV variations)

RV amplitude = 28.4 m/s  (M
planet

/M
Jupiter

) sin(i) (M
star

/M
Sun

)-1/2 (a/1AU)-1/2

RV amplitude for Jupiter 
mass planet at 1 AU from 
Sun

RV ampl is 
proportional 
to planet 
mass

inclination

RV ampl larger 
around low mass 
stars

RV ampl larger 
for close-in 
planets

Jupiter → 12.7 m/s
Jupiter-mass planet at 1AU → 28.4 m/s

Neptune-mass planet at 1 AU → 1.5 m/s

Earth      → 9 cm/s

relativistic term



  

Radial velocity: Signal measurement & challenges

1 m/s = c / 3e8 → microscopic change in spectra (=1.7e-6 nm shift in visible)
→ extremely precise and accurate spectra, with stability over ~yr timescale
→ photon noise can be a challenge

1 m/s < 1/1000th of line width (see next slide)
→ shift is a small fraction of spectral line width, or spectral resolution
→ need to average many lines

1 m/s ~ 0.01 K temperature change ~ 0.01 mbar pressure change
→ need to compensate for / measure local atmospheric conditions

Earth around Sun = 29 km/s
Earth rotation = 465 m/s (at equator)

→ accurate knowledge of local orbital effects required (can be derived from source 
position on sky, observation epoch, observer location)



  

Required spectral resolution

Ideally limited by the intrinsic spectral line width:
- stellar rotation: typically few km/s (2 km/s for Sun, up to 100 km/s for fast rotating stars)
- convection cells on star 
- thermal line broadening
→ R ~ 100000 suitable to resolve lines

Emission line:
σ

RV
 ~ FWHM / SNR ~ FWHM / sqrt(N

ph
)

Absorption line:
σ

RV
 ~ FWHM / (SNR C)

line full width 
at half 
maximum

continuum 
signal to 
noise ratio

line contrast

photon-noise limited precision
Assuming a single line

Many lines, σ
i
 = RV precision for line i:

(1/σ
RV

)2 = Σ (1/σ
i
)2

High precision RV requires high spectral resolution (R ~ 100000) and wide spectral range 
to simultaneoulsy capture many lines

Stars have more absorption lines than emission lines: RV measurement is using 
absorption lines



  

Solar spectra
392nm to 692nm (blue - red)
Multiple absorption lines, few emission lines

credit: KPNO



  

Stellar types

Hot stars (O, B type) → not enough spectral lines
Cool stars (M type) → too faint (except in near-IR)

credit: NOAO



  

Echelle spectrograph

Concept:
2 gradings, 90 deg relative orientation
1st grating is low dispersion, all light in 1st order
2nd grating is high dispersion, multiple orders

red blue

After 1st grating

2nd grating

red

blue



  

Echelle spectrograph

Allows use of large format 2D 
detector for high resolution, 
large coverage spectroscopy

2k x 2k device = 4 Mpix 

assuming 4 pix buffer, 4 pix wide 
specta 

→ 0.25 Mpix long spectra 
possible = 125 kelements 

→ R~100000 over 
dlambda/lambda~1

Example Echelle spectrum (AD Leo, near-IR)
Credit: Thüringer Landessternwarte 'Karl Schwarzschild' Tautenburg



  

Calibration - absorption 

Iodine (I
2
) cell body (credit: Yale)

Principle:

Insert gas cell in beam 
Measured spectra = source x gas 
absorption spectra

Gas chosen to have rich absorption 
spectra, with many narrow lines

Simple to implement if suitable gas 
exists (visible light OK, near-IR 
more challenging)

Some loss in SNR due to 
absorption

Iodine (I
2
) absorption spectra at R=100000 (credit: ESO)



  

Calibration - emission 

Thorium-Argon lamp emission

Two techniques:

Emission lamp, with many lines (Example: ThAr)
Ideally, lines should be densely spaced across full spectrum

Laser frequency comb
Laser designed to produce regularly spaced emission lines
This is ideal emission spectra for RV calibration, but technique not as mature

In both cases, emission spectrum 
needs to be injected in instrument to 
be simultaneously acquired with 
source spectrum



  

Calibration 
– emission: 
Laser 
Frequency 
Comb

Laser frequency comb
ESO messenger, sept 2007



  

Example RV instrument: HARPS (ESO)

Fiber-fed vacuum spectrograph, R=115000
Simultaneous Thorium-Argon reference
mK level temperature stability
Achieves < 1 m/s 



  

Example RV instrument: 
HARPS (ESO)

HARPS detector image shows 
simultaneous source and ThAr lamp 
spectra next to each other 

< m/s precision
(note: RV also needs long term stability) 



  

Planets identified by RV

Precision still improving + longer time 
baseline → more RV planets

Follow-up RV of transit target can detect 
measure the mass of Earth-mass planets 
(example: COROT 7-b)



  

Future projects:

EXPRESSO @ VLT
Goal < 10 cm/s

CODEX for E-ELT
Goal ~ 2 cm/s
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