
Sources of Errors 
(Instrumental and Stellar) 



w

h 

f1 

d1 

A

D

f 

d2 

φ δ
α 

w´ 

h´ 

δ
β 

f2 

Slit Detector 

Sources of 
intstrumental 
Errors 



The total radial velocity error is the sum of a complete error budget. 
A stable wavelength reference is just one component 

1.   Guide errors 
2.   Changes to setup (e.g. resolution) 
3.   Stable wavelength reference 
4.   Changes in the optical system (changes in the 

instrumental profile) 
a)   Stabilize the spectrograph (HARPS) 
b)   Monitior IP (Iodine, Laser Comb) 

5.   The Detector (often ignored) 

6.   Proper motion/barycentric corrections 
7.   Intrinsic stellar variability 

The RV error comes from an error Budget 



1. Guide Errors: Seeing and Image motion 

Remember: At the spectrograph detector 
your stellar line is an image of a slit. 

Stellar image 
in bad seeing 

Stellar image 
in good seeing 



1. Minimizing Guide Errors: Fiber Scrablers 

1.  Move and bend fibers for better scrambling 

2.  Double Scrambling. Price: less efficiency 

3.   Hexagonal fibers for better scrambling 



1. Guide Errors: Atmospheric Dispersion 

Atmosphere disperses the image 

Atmosphere produces a dispersed image 
of the star (several stellar images of 
different colors). Some images will not fall 
properly on the fibre (in this case) or slit 



Orders with Blue 
wavelengths 

Orders with Red 
wavelengths 

From Davide Gandolfi 

Wavelength as a function of spectral orders 



Tricks to minimize guide errors: masking 

Insensitive to guide 
errors and image 
motion 

Sensitive to guide 
errors and image 
motion. Can be 
reduced by masking 
the echelle 

Grating 



Vb 10 Control star 

Period =0.74 years 

2: Changing Set-up 





The “confirmation” 
of the first planet 
discovered via 
astrometry 





Is there something different about the first point?  

Taken with a 
different slit 
width! 



3. Improved Wavelength Reference 
  Laser Frequency Combs 

  Provides a series of perfectly equidistant lines  
  Covers a large wavelength domain  
  Stabilized at the 10‐11 to 10‐15 level 
  The absolute reference linked to an atomic clock 

14 

System has been developed and test in HARPS shows excellent 
performances: 
Astro‐comb: ~450 lines per order 
                        5cm/sec PHOTON NOISE LIMITED stability in short term  
Th‐Ar:            ~150 lines per order 
                        24cm/sec 

comb 

Th‐Ar 



Laser frequency comb installed on HARPS 



5. Stable Detectors! 



6. Barycentric Correction 

 Earth’s orbital motion can 
contribute  ± 30 km/s (maximum) 

Need to know: 
Position of star 
Earth‘s orbit 
Exact time 

Earth’s rotation can contribute 
± 460 m/s (maximum) 

Need to know: 
Latitude and longitude of 
observatory 
Height above sea level 



Needed for Correct Barycentric Corrections: 
•  Accurate coordinates of observatory 

•  Distance of observatory to Earth‘s center (altitude) 

•  Accurate position of stars, including proper motion: 

α, δ
 α′, δ′ 

Worst case 
Scenario: 
Barnard‘s 
star 

Most programs use the JPL Ephemeris which provides barycentric 
corrections to a few cm/s 



The Secular Acceleration of Barnard‘s Star 
(Kürster et al. 2003). 



Error due to wrong coordinates 

To get an error less than 10 cm/s (Earth at 1 AU) you 
need to know the position of the star to within 3 
milliarcsecs in RA and Dec AND proper motion 



For highest precision an exposure meter is required 

time 

Photons from 
star 

Mid-point of exposure 

No clouds  

time 

Photons from 
star 

Centroid of 
intensity w/clouds 

Clouds  



Differential Earth Velocity: 

Causes „smearing“ 
of spectral lines 

Keep exposure 
times < 20-30 
min 



Footnote: Don’t put too much faith in pipeline 
reduction programs! 



5. Intrinsic Stellar Variability 

or 

What really limits your RV 
accuracy 



Phenomenon  Timescales  Amp. (m/s) 

OscillaSons  5‐10 min  0.3‐0.5 

Spots/Ac6vity  4‐50 days  1‐100 

Convec6on  0.1‐20 yrs  ~10 

Major sources of intrinisic noise in solar-like stars 

No matter how advanced or stable your spectrometer is, the ultimate RV 
precision will be limited by intrinsic stellar variability.  

„Quietest“ stars may be constant to no better than 0.5 – 1 m/s 



A rapidly oscillation Ap star with P = 11 min 

Stellar Oscillations are not a problem  



Radial Velocity Variations from Starspots 

Spectral line 
distortions in an 
active star that is 
rotating rapidly 
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Spots are a problem   



So is convec6on 

Hot rising cell 

Cool sinking 
lane 

• The integrated line profile is distorted.  

• The ratio of dark lane to hot cell areas 
changes with the solar cycle 

RV changes can be as large as 10 m/
s with an 11 year period 

This is a Jupiter! 
One has to worry even about the 
nature of long period RV variations 



Tools for confirming planets: Photometry 

Starspots are much cooler 
than the photosphere 

Light Variations 

Color 
Variations 

Relatively easy to measure 



Ca II H & K core emission is a measure of magnetic 
activity also the Hydrogen Hα Balmer line: 

Active star 

Inactive star 

Tools for confirming planets: Ca II H&K 



HD 166435 

Ca II emission 
measurements 



Bisectors can measure the line shapes and tell you about 
the nature of the RV variations: 

What can change bisectors: 
•  Spots 
•  Pulsations  
•  Convection pattern on star 

Span 

Curvature 

Tools for confirming planets: Bisectors 



Correlation of bisector span with radial velocity for HD 166435 

Spots produce an „anti-correlation“ of Bisector 
Span versus RV variations: 



Barnard‘s star (M2) Kürster et al. 1997 

RV variations with amplitude of 5 m/s and time scales ~30-60 days. Not 
a planet but changes in the  convection pattern. 

 Convective Red/Blue Shifts also a Problem   

Tools for confirming planets: Hα




Flux  from spot  =  2πhc2/λ–5  
ehc/kλTs –1 

Flux from photosphere =  2πhc2/λ–5  
ehc/kλTp –1 

Fs/Fp =  
ehc/kλTp–1 
ehc/kλTs –1 

@5500 A Fp/Fs = 53 
@1.5mm Fp/Fs = 5  

TSpot = 3000 K 
Tphot = 5500 K 

Tools for confirming planets: IR Measurements




Smaller contrast ratio means the 
distortions will not be as strong 



Tools for confirming planets: FWHM of the CCF




RV max (+) 
BVS min(-) 
I Max 
FWHM Max 

RV zero  
BVS zero 
I Min 
FWHM Max 

RV min (-) 
BVS max (+) 
I Max 
FWHM Max 



RV 

BVS 

Photometry 

FWHM 





Some Cautionary Tales




The Planet around TW Hya? 





Figueira et al. 2010, 
Astronomy and Astrophysics, 
511, 55 

Points: IR measurements, Solid line is 
the orbital solution using optical radial 
velocity measurements, but with one-
third the optical amplitude → No planet! 

A constant star 

The Non-Planet around TW Hya 



33 Years of Radial Velocity Measurements of 
Aldebaran 

Planet Signal 
P = 630 d 
m sin i = 6.5 MJup 



A signal in the residual RVs? 



1981 - 1987 

1993 - 1994 

2005 - 2008 

P = 534 d 
K = 95 m/s 

Resdiual RV variations are consistent with 
a planet with a “planet” with M = 4.8 MJup 

Second RV Period due to Activity 



Red mark: P = 629 d 
Blue mark: P = 534 d 
Peak:  175 d ≈ 534/3 d 

Bisectors for Aldebaran  



P  = 520 ± 23 d 

P  = 521 ± 10 d 

P  = 520 ± 23 d 

P  = 534 ± 2 d  

Activity Indicators 







The Scargle Power should increase as 
you add more data: 

630-d signal in Aldebaran 



The first hint GL 581g was not real 



What about GL 581d? 





How do you know you have a planet? 

1.   Is the period of the radial velocity reasonable? Is it the 
expected rotation period? Can it arise from pulsations? 

•  E.g. 51 Peg had an expected rotation period of ~30 
days. Stellar pulsations at 4 d for a solar type star 
were never found 

2.  Do you have Ca II data? Look for correlations with RV 
period. 

3.   Get photometry of your object 

4.   Measure line bisectors 

5.   And to be double sure, measure the RV in the infrared! 


