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Resources 
The Nebraska Astronomy Applet: An Online Laboratory 

for Astronomy 
http://astro.unl.edu/naap/ 
http://astro.unl.edu/animationsLinks.html  

Pertinent to Exoplanets: 
1.  Influence of Planets on the Sun 
2.  Radial Velocity Graph 
3.  Transit Simulator 
4.  Extrasolar Planet Radial Velocity Simulator 
5.  Doppler Shift Simulator 
6.  Pulsar Period simulator 
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Newton‘s form of Kepler‘s Law 



P2 =  
4π2 (as + ap)3 

G(ms + mp)  

Approximations: 
ap »  as 

ms »  mp 

P2 ≈  4π2 ap
3 

Gms  



Circular orbits: V =  2πas 
P 

Conservation of 
momentum: 

ms × as = mp × ap 

as =  
mp ap 

ms 

Solve Kepler‘s law 
for ap: 

ap =  P2Gms 
4π2 ( ) 

1/3 

… and insert in expression for as and then V 
for circular orbits 



V =  2π 
P(4π2)1/3 
mp P2/3 G1/3ms
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V =  0.0075 

P1/3ms
2/3 

mp
 = 28.4 

P1/3ms
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mp in Jupiter 
masses 

ms in solar 
masses 

P in years  

V in m/s 
28.4 

P1/3ms
2/3 

mp sin i Vobs =  



Planet Mass (MJ) V(m s–1) 
Mercury 1.74 × 10–4 0.008 
Venus 2.56 × 10–3 0.086 
Earth 3.15 × 10–3 0.089 
Mars 3.38 × 10–4 0.008 

Jupiter 1.0 12.4 
Saturn 0.299 2.75 
Uranus 0.046 0.297 
Neptune 0.054 0.281 

Pluto 1.74 × 10–4 3×10–5 

Radial Velocity Amplitude of Planets in the Solar 
System 
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The Habitable Zone 

Rotation = orbital 
period (same face 
to star) 

Increasing stellar 
temperature 

Increasing stellar 
radius 



Ω: angle between Vernal equinox 
and angle of ascending node 
direction (orientation of orbit in 
sky) 

i: orbital inclination (unknown and 
cannot be determined 

P: period of orbit 
ω: orientation of periastron 
e: eccentricity 
M or T: Epoch 
K: velocity amplitude 

Derived by radial velocities Not Derived by radial velocities 



Radial velocity shape as a function of eccentricity: 



Radial velocity shape as a function of ω, e = 0.7 : 



radialvelocitysimulator.htm 



Eccentric orbit  can sometimes escape detection: 

With poor sampling this star would be considered constant 



Important for orbital solutions:  

The Mass Function 

f(m) =  
(mp sin i)3 

(mp + ms)2 
= P 

2πG 

K3(1–e2)3/2 



The Doppler Wobble Method 

Unseen companion 
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r Because you measure the 
radial component of the velocity 
you cannot be sure you are 
detecting a low mass object 
viewed almost in the orbital 
plane, or a high mass object 
viewed perpendicular to the 
orbital plane  

We only measure  MPlanet  x sin i 

i 



The orbital inclination 

We only measure m sin i, a lower limit to the mass.  

What is the average inclination? 

i

The probability that a given axial orientation is proportional to 
the fraction of a celestrial sphere the axis can point to while 
maintaining the same inclination 

P(i) di = 2π sin i di 



The orbital inclination 

P(i) di = 2π sin i di 

Mean inclination: 

<sin i> = 

π∫  P(i) sin i di 0 
π∫  P(i) di 0 

= π/4 = 0.79 

Mean inclination is 52 degrees and you 
measure 80% of the true mass 



The orbital inclination 

P(i) di = 2π sin i di 

Probability i < θ : 

P(I < θ)  = 
θ

∫  P(i)  di 
0 
π

∫  P(i) di 
0 

2 (1 – cos θ )  = 

θ < 10 deg : P= 0.03 (sin i = 0.17)  



Measurement of Doppler Shi3s 

In the non‐rela6vis6c case: 

λ – λ0  
λ0 

=  Δv 
c 

We measure Δv by measuring Δλ  



Radial Velocity Measurements 



Predicted RV precision of 10 cm/s by 2023! 

The Evolution in Radial Velocity Precision 



1.   CCD Detectors 
2.   Cross-dispersed echelle spectrographs 
3.   Better wavelength calibration 
4.   Reduction of instrumental shifts 

This was achieved by a combination of: 



collimator 

 Spectrographs 

slit 

camera 

detector 

corrector 

From telescope 

Cross disperser 





Δy ∞ λ2 

y 

m-2 

m-1 

m 

m+2 

m+3 

δλ

 Free Spectral Range Δλ = λ/m 

Grating cross-dispersed echelle spectrographs 



On a detector we only measure x- and y- positions, 
there is no information about wavelength. For this we 
need a calibration source 

y 

x 



CCD detectors only give you x- and y- 
position. A doppler shift of spectral lines will 
appear as Δx 

Δx → Δλ → Δv 

How large is Δx ? 



Spectral Resolution 

dλ 

λ1 λ2 

Consider two monochromatic 
beams 

They will just be resolved when 
they have a wavelength 
separation of dλ 

Resolving power:  

dλ = full width of half 
maximum of 
calibration lamp 
emission lines 

R = 
 λ 
dλ 

← 2 detector pixels 



R = 50.000 → Δλ = 0.11 Angstroms  

→ 0.055 Angstroms / pixel (2 pixel sampling) @ 5500 Ang. 

1 pixel typically 15 µm 

1 pixel = 0.055 Ang → 0.055 x (3•108 m/s)/5500 Ang → 

= 3000 m/s per pixel 

=  v Δλ c 
λ

Δv = 10 m/s  =  1/300 pixel  = 0.05 µm = 5 x 10–6 cm 

Δv = 1 m/s = 1/1000 pixel → 5 x 10–7 cm = 50 Å  



R Ang/pixel Velocity per 
pixel (m/s) 

Δpixel Shift in mm 

500 000 0.005 300 0.06 0.001 
200 000  0.125 750 0.027 4×10–4 

100 000 0.025 1500 0.0133 2×10–4 
50 000 0.050 3000 0.0067 10–4 
25 000 0.10 6000 0.033 5×10–5 
10 000   0.25 15000 0.00133 2×10–5 
5 000 0.5 30000 6.6×10–4 10–5 
1 000  2.5 150000 1.3×10–4 2×10–6 

So, one should use high resolution 
spectrographs….up to a point 

For Δv = 20 m/s 

How does the RV precision depend on the properties 
of your spectrograph? 



Wavelength coverage: 

•  Each spectral line gives a measurement of the 
Doppler shift 

•  The more lines, the more accurate the measurement: 
σNlines = σ1line/√Nlines  → Need broad wavelength 

coverage 
Wavelength coverage is inversely proportional to R: 

Δλ

detector 

Low resolution High resolution 
Δλ



Noise: 

σ

Signal to noise ratio S/N = I/σ

I 

For photon statistics: σ = √I →  S/N = √I 

I = detected photons 



σ ∝ (S/N)–1 

Price: S/N ∝ t2exposure 

1 4 
Exposure 
factor 

16 36  144 400 



Note: Photographic plates: S/N = 10-50 
          CCD Detectors:  S/N = 100-500 



radialvelocitysimulator.htm 



How does the radial velocity precision depend on 
all parameters? 

σ  (m/s)   = Constant × (S/N)–1 R–3/2 (Δλ)–1/2 

σ : error 
R: spectral resolving power 
S/N: signal to noise ratio 
Δλ : wavelength coverage of spectrograph in Angstroms 

For R=110.000, S/N=150, Δλ=2000 Å, σ = 2 m/s 

C ≈ 2.4 × 1011 



Predicted radial velocity performance of spectrographs 

Spectrograph Δλ

(Ang.)

R σpred 

(m/s) 
σactual 

(m/s) 
McDonald 6ft 9 200 000 8 10 

McDonald cs23 1000 60 000 3 3 

McDonald cs21 800 180 000 2 4 

McDonald CE 800 50 000 5 10 

TLS coude 1000 67 000 3 3 

ESO CES 43 100 000 8 10 

Keck HiRes 1000 80 000 3 3 

HARPS 2000 100 000 1 2 



The Radial Velocity precision depends not only on the 
properties of the spectrograph but also on the properties 
of the star. 

Good RV precision → cool stars of spectral type later 
than F6 
Poor RV precision → cool stars of spectral type earlier 
than F6 

Why? 



A7 star

K0 star

Early-type stars have few spectral lines (high 
effective temperatures) and high rotation rates. 
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G0 G5 K0 K5 M0 
Spectral Type  

Main Sequence Stars  

Ideal for 3m class tel.  Too faint (8m class tel.).  Poor precision  

98% of known exoplanets are found around stars with spectral types later 
than F6 



Including dependence on stellar parameters 

v sin i : projected rotational velocity of star in km/s 

f(Teff) = factor taking into account line density 

f(Teff) ≈ 1 for solar type star 

f(Teff) ≈ 3 for A-type star 

f(Teff) ≈ 0.5 for M-type star 

σ  (m/s)   ≈ Constant ×(S/N)–1 R–3/2 v sin i ( 
2 

) f(Teff) 
–1 

(Δλ)–1/2  



Instrumental Shifts 

Recall that on a spectrograph we only measure a Doppler 
shift in Δx (pixels). 

This has to be converted into a wavelength to get the radial 
velocity shift. 

Instrumental shifts (shifts of the detector and/or optics) can 
introduce „Doppler shifts“ larger than the ones due to the 
stellar motion 

z.B. for TLS spectrograph with R=67.000 our best RV 
precision is 1.8 m/s → 1.2 x 10–6 cm →120 Å 



Traditional method: 

Observe your 
star→ 

Then your 
calibration 
source→ 



Problem: these are not taken at the same time… 

... Short term shifts of the spectrograph can 
limit precision to several hunrdreds of m/s 





Solution 1: Observe your calibration source (Th-Ar) 
simultaneously to your data: 

Spectrographs: CORALIE, ELODIE, HARPS 

Stellar 
spectrum 

Thorium-Argon  
calibration 



Detecting Doppler Shifts with Cross 
Correlation 

φ(x-u) 

a1 

a2 

g(x) 
a3 

a2 

a3 

a1 

A standard method to computer the Doppler 
shift is to take a spectrum of a standard star, 
compute the cross correlation function (CCF) 
with your data and look for the shift in the 
peak 

CCF 



Observation Standard CCF 

S/N=100 

S/N=10 

S/N=5 



Advantages of simultaneous Th-Ar calibration: 

•  Large wavelength coverage (2000 – 3000 Å) 

•  Computationally simple 

Disadvantages of simultaneous Th-Ar calibration: 

•  Th-Ar are active devices (need to apply a 
voltage) 

•  Lamps change with time 

•  Th-Ar calibration not on the same region of the 
detector as the stellar spectrum 

•  Some contamination that is difficult to model 

•  Cannot model the instrumental profile, therefore 
you have to stablize the spectrograph 



0.2.4.6199520026008001000120014000.2.4.6PixelRelative Flux

Th-Ar lamps change with time! 



HARPS 



Solution 2: Absorption cell 

a) Griffin and Griffin: Use the Earth‘s atmosphere: 



O2 

6300 Angstroms 



Filled circles are data taken at McDonald 
Observatory using the telluric lines at 6300 Ang. 

Example: The companion to HD 114762 using 
the telluric method. Best precision is 15–30 m/s 



Limitations of the telluric technique: 

•  Limited wavelength range (≈ 10s Angstroms) 

•  Pressure, temperature variations in the Earth‘s 
atmosphere 

•  Winds 

•  Line depths of telluric lines vary with air mass 

•  Cannot observe a star without telluric lines which is 
needed in the reduction process. 



Absorption lines of 
the star 

Absorption lines of cell 

Absorption 
lines of star 
+ cell 

b) Use a „controlled“ absorption cell 



Absorption lines of 
the star 

Absorption lines of cell 

Absorption 
lines of star 
+ cell 

b) Use a „controlled“ absorption cell 



Campbell & Walker: Hydrogen Fluoride cell: 

Demonstrated radial velocity precision of 13 m s–1 in 1980! 



Drawbacks: 
•  Limited wavelength range (≈ 100 Ang.)  
•  Temperature stablized at 100 C 
•  Long path length (1m) 
•  Has to be refilled after every observing run 
•  Dangerous 



A better idea: Iodine cell (first proposed by Beckers in 1979 
for solar studies) 

Advantages over HF: 
•  1000 Angstroms of coverage 
•  Stablized at 50–75 C 
•  Short path length (≈ 10 cm) 
•  Can model instrumental profile 
•  Cell is always sealed and used for >10 years 
•  If cell breaks you will not die! 

Spectrum of iodine 



Spectrum of star through Iodine cell: 



Modelling the Instrumental Profile 

What is an instrumental profile (IP)?: 

Consider a monochromatic beam of light (delta 
function) 

Perfect 
spectrograph 



Modelling the Instrumental Profile 

We do not live in a perfect 
world: 

A real 
spectrograph 

IP is usually a Gaussian that has a width of 2 
detector pixels 



The IP is not so much the problem as changes in 
the IP 

No problem with this IP 

Or  this IP 

Unless it turns into 
this 

Shift of centroid will appear as a velocity shift 



Use a high resolution spectrum of iodine 
to model IP 

Iodine 
observed 
with  RV 
instrument 

Iodine 
Observed with 
a Fourier 
Transform 
Spectrometer 



FTS spectrum rebinned to 
sampling of RV instrument 

FTS spectrum convolved 
with calculated IP 

Observed I2 



Instrumental Profile Changes in ESO‘s CES 
spectrograph over 5 years: 



Modeling the Instrumental Profile 

In each chunk: 

•   Remove continuum slope in data : 2 parameters 

•   Calculate dispersion (Å/pixel): 3 parameters (2nd order 
polynomial: a0, a1, a2) 

•   Calculate IP with 5 Gaussians: 9 parameters: 5 widths, 4 
amplitudes (position and widths of satellite Gaussians fixed) 

• Calculate Radial Velocity: 1 parameters 

•   Combine with high resolution iodine spectrum and stellar 
spectrum without iodine 

•   Iterate until model spectrum fits the observed spectrum 



Sample fit to an observed chunk of data 



WITH TREATMENT OF IP-ASYMMETRIES 



Techniques: Simultaneous Th-Ar versus Absorption Cell 
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0.5 – 1 m/s 1 – 2 m/s1 

1On spectrographs not designed for stability 



Barycentric Correction 

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

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



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′ 

•  Solar system ephemeris: JPL ephemeris 

Correction to within a few cm/s 



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 



Can we  detect  an Earth at 1 AU? 

How far can Radial Velocities take us? 

K = 10 cm/s 



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

1.   Guide errors (largely solved with scramblers?) 
2.   Stable wavelength reference 
3.   Changes in the optical system (changes in the 

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

4.   The Detector (often ignored) 

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

Can we go lower?  



 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 

83 

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 



Stable Detectors! 

High points due to electronic noise from 
telescope drive motors 



Phenomenon  Timescales  Amp. (m/s) 

Oscilla6ons  5‐10 min  0.3‐0.5 

Spots/Ac6vity  1‐50 days  1‐100 

Convec6on  0.1‐20 yrs  ~10 

Intrinsic Stellar Variability (Big Problem!) 
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 



What can mimic a planet in Radial Velocity 
Variations? 

1.   Spots or stellar surface structure 

2.   Stellar Oscillations 

3.   Convection pattern on the surface of 
the star 

4.   Noise 

Fake Planets 



Starspots can produce Radial Velocity 
Variations 

Spectral Line 
distortions in an 
active star that is 
rotating rapidly 
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Influence of spots on RV 



HD 166435 



HD 166435 shows the same period in in 
photometry, color, and activity indicators. 

This is not a planet! 



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: 

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: 



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 was 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! 



Extracting Planet Signals from Radial 
Data with Activity Noise  

1.  Period Searching: How do you 
find planets in your data? 

2.  Dealing with activity noise 



Finding a Planet in your Radial Velocity Data 

1.  Determine if there is a periodic signal in your 
data. 

2.  Determine if this is a real signal and not due to 
noise. 

3.  Determine the nature of the signal, it might not 
be a planet! 

4.  Derive all orbital elements 



Period Analysis : Discrete Fourier Transform 

Any function can be fit as a sum of sine and 
cosines 

FT(ω) = ∑ Xj (T) e–iωt 
N0 

j=1 

A DFT gives you  as a function of frequency the 
amplitude (power = amplitude2) of each sine 
wave that is in the data 

Power: Px(ω) =        | FTX(ω)|
2  

1
N0 

Px(ω) = 

1
N0 

N0 = number of 
points 

[( ΣXj cos ωtj      
+ 

ΣXj sin 
ωtj  

) ( ) ] 2 2

Recall eiωt = cos ωt + i sinωt 

X(t) is the time series  



A pure sine wave is a delta function in 
Fourier space 

t 

P 
Ao 

F
T 

ω

Ao 

1/P 



Period Analysis : Lomb-Scargle Periodogram 

1
2Px(ω) = 

[ Σ Xj sin ω(tj–τ) ] 2 

j 

Σ Xj sin2 ω(tj–τ)

[ Σ Xj cos ω(tj–τ)] 
2 

j 

Σ Xj cos2 ω(tj–τ)j 

+ 

1
2

tan(2ωτ) =  (Σsin 2ωtj)/ 
j

(Σcos 2ωtj) j

Generalized Lomb-Scargle Periodogram including offset fitting: 
Zechmeister & Kürster 2009, A&A, 496, 577 



DFT Lomb-Scargle 

An eccentric orbit with 137-d period 



Period Analysis : Lomb-Scargle Periodogram 

Power is a measure of the statistical significance of that frequency 
(period): 

False alarm probability for a peak in specified frequency range: 

 FAP ≈ 1 – (1– e–P)N   

N = number of indepedent frequencies ≈ number of data points 

False alarm probability for a peak at a known frequency: 

 FAP ≈ e–P   

One independent frequency 



Period Analysis : Lomb-Scargle Periodogram 

The FAP determined by Lomb-Scargle is only an estimate. It 
is better to perform a Monte Carlo/Bootstrap analyses: 

Method 1 (know your noise):  
1.  Take your best estimate of the error 
2.  Generate random noise with the same σ
3.  Sample it like your data 
4.  See if the Scargle power exceeds the power of the real data 
5.  Do this many times 

Method 2 (preserves noise characteristics):  
1.  Randomly shuffle your data values (RVs) keeping the time 

fixed 
2.  See if the power exceeds the power of the real data 
3.  Do this many times 



The first Tautenburg Planet: HD 13189 



Discrete Fourier Transform: Gives 
the power of each frequency that is 
present in the data. Power is in (m/
s)2 or (m/s) for  amplitude 

Lomb-Scargle Periodogram: 
Gives the power of each 
frequency that is present in the 
data. Power is a measure of 
statistical signficance 
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Noise level 

Alias Peak 

False alarm probability ≈ 10–14 



Alias periods: Undersampled periods appearing as another period 

Typical ground-based observations. If you observe a 
frequency fs, you will see its alias at fs + 1 



The Nyquist Frequency tells you the sampling 
rate for which you can find periodic signals in 
your data. 

If fs is the sampling frequency, then the 
Nyquist frequency is 0.5 fs. 

Example: CoRoT-7b has a 0.85-d period, but 
it was observed once a night (fs = 0.5 d−1). 
Thus you could not detect periods shorter 
than 2 days! 

Nyquist Frequency 



Raw data 

After removal of 
dominant 
period 



Scargle Periodogram: The larger the Scargle 
power, the more significant the signal is: 



Rule of thumb: If a peak has an amplitude 3.6 times the surrounding 
frequencies it has a false alarm probabilty of approximately 1% 

DFT: The amplitude remains more or less constant, but the 
surrounding noise level drops when adding more data 



1.  Compute the discrete Fourier Transform 
(DFT) 

2.  Find the highest peak 

3.  Fit a sine wave to that frequency 

4.  Subtract from your data 

5.  In the noise? Yes: stop 

6.  Go to 1 

Pre-whitening or Fourier Component Analysis

Useful for: 
1.   Finding multiperiodic signals 
2.   Removing underlying trends (activity) 



Finding multi-planet signals 
with a DFT and „pre-
whitening“ : the GL 581 
Planetary System 

ν1 = 0.317 cycles/d 

ν2 = 0.186 

ν3 = 0.077 

ν4 = 0.015 

published curves 



The Period04 solution: 
P1 = 5.37d, K = 12.68 m/s 

P2 = 12.92 d, K = 3.20 m/s 

P3 = 66.67 d,  K = 2.06 m/s 

P4 = 3.15, K = 1.88 m/s 

P1 = 5.37 d, K = 12.72 m/s 

P2 = 12.91 d, K = 3.21 m/s 

P3 = 66.59 d,  K = 2.7 m/s 

P4 = 3.15, K = 1.81m/s 

σ=1.86m/s σ= 1.98 m/s 

Published solution: 

 Note: No strong evidence for Gl 581g at 32 d. 



Can a DFT find eccentric orbits? 



Frequency 
(1/d) 

Amplitude 
(m/s) 

0.00733  87.6 

0.01461  65.0 

0.02189  48.9 

0.02914  41.8 

0.03650  32.2 

0.04372  28.2 

Period04 solution to an eccentric orbit

A DFT or a Periodogram will find 
eccentric orbit at the correct period, but 
also at all the harmonics 



Eccentric orbits have the primary period (frequency) plus all its 
harmonics (Fourier components) 



To summarize the period search techniques:. 
1.   Fourier transform gives you the amplitude (m/s in our case) 

for a periodic signal in the data. 

2.   Lomb-Scargle gives an amplitude related to the statistical 
signal of the data. 

Most algorithms (fortran and c language) can be found in 
Numerical Recipes 

Period04: multi-sine fitting with Fourier analysis. Tutorials available plus 
versions in Mac OS, Windows, and Linux 

http://www.univie.ac.at/tops/Period04/ 

Generalized Periodogram:  
http://www.astro.physik.uni-goettingen.de/~zechmeister/gls.php  



Extracting a low mass planets in the 
presence of activity noise 

1.   CoRoT-7b: A transiting Superearth 

2.   α Cen Bb: Our nearest neighbor  (?) 

In both cases the radial velocity signal due to 
activity is 2-3 times higher than the velocity 
amplitude of the star due to the planet 



Our tools 

1.  The Discrete Fourier Transform (DFT) + 
pre-whitening  amplitude is the 
velocity amplitude of a sine wave in your 
data 

2.  Lomb-Scargle Periodogram   power is 
a measure of the statistical signficance 

3.  Independent techniques to verify Fourier 
results 



“I question the validity of using a multi-sine 
component to fit the underlying activity signal.”   

A continuous function can be 
represented by a linear 
combination of basis functions. 
Sine functions form a basis. 

Gaps in the data and noise complicates the process and makes pre-
whitening (Fourier Component Analysis) tricky. These results should be 
verified by independent methods. 

Is Pre-whitening a valid procedure? 



We will use Fourier pre-whitening to fit activity 
RV variations with multi-sine components 



   Test case 1:   

CoRoT-7b 



4
4 

CoRoT-7b 
The first transiting „Rocky“ Planet 

 Transit Curve from the CoRoT Space 
Telescope: 

Prot = 23 d 
Pplanet = 0.85 d 
Depth = 0.035% 
Radius = 1.6 RE 

The CoRoT Lightcurve gives 
us the planet radius. To 
derive the density we need 
the mass 



CoRoT-7 is an Active Star 

•  ~2% Modulation from 
spots 

•  23 day stellar rotation 
period 

•   RV activity signal 2-3 
times larger than planet 
signal 

JD 

R
ad

ia
l V

el
oc
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 (m

/s
) 



ν

(1/d) 

P  

(days) 
K 
(m/
s) 

Comment 

0.0432 23.18 7.50 frot 
0.1108 9.02 6.20 f2 

0.0944 10.59 5.69 2frot 
0.2707 3.69 5.02 f3 

1.1702 0.8544 4.36 f1(=ftransit) 
0.0363 27.54 5.68 
0.1814 5.51 3.10 4frot 
0.0716 13.97 3.26 
0.2516 3.98 1.78 
0.1373 7.28 1.85 3frot 
0.1649 6.06 1.97 
0.0228 43.86 2.14 0.5frot 

Pre-whitening HARPS  

σ = 1.81 m/s 

Median error of 
HARPS RV data is 
1.84 m/s 

Program employed: Period04 by Lenz & Breger 



Scargle Periodograms of  
Activity Indicators 



P = 0.853538 d  K = 4.16 ± 0.27 m/s e = 0.07 ± 0.07  

The Radial Velocity Variations of 
CoRoT-7b 



P = 3.7 d K = 5.03 m/s 

The Radial Velocity Variations of 
CoRoT-7c 



P = 9.03 d K = 6.23 m/s 

The Radial Velocity Variations of 
CoRoT-7d 



A simple way to remove the acvitity signal 

Activity, additional 
planets, systematic 
errors, etc. 

If the RV variations due to activity, additional planets, or systmatic noise 
are constant on a given night, then these can be simply subtracted and 
the segments of the CoRoT-7b sine wave „stiched together“ 



Spots, long period planets, 
systematic errors 

Orbital Phase 

R
ad

ia
l V
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ity
 (m

/s
) 

K = 5 m/s 



CoRoT-7b: A non-DFT method to remove 
activity 

•  Use only nights with at least 3 Measurements 
•  Treat each night as an independent data set 
•  Find best orbital solution keeping period fixed, but 

allowing K-amplitude, Ω, e, and zero-point offset to vary 

The trick: in one night most of the observed RV variations are 
due to the orbital motion (0.85-d) of C7b. 
Any RV contribution due to activity (24-d rotation period) or 
other planets is a constant value for the night. 



CoRoT-7b 

σHARPS I = 1.27 m/s 
σHARPS II = 1.87 m/s 

σKeck= 2.39 m/s 



K‐Amp (m/s) 

Offset fiang 
K‐Amp (m/s) 

Fourier PW 
HARPS I 5.49 ± 0.94 4.16 ± 0.62 
HARPS II 4.75 ± 0.82 4.45 ± 0.44 

Comparison of Filtering 
Techniques 

It is important to verify Fourier results with 
another method 

HARPS I : 2009, data over 3 months 
HARPS II: 2012, data over 2 weeks 



Fourier Amplitude Spectrum of 
HARPS RV 

HARPS I 

HARPS II 

2009 

2012 



P: 3.6968 ± 0.00016 d 
K : 5.63 ± 0.23 m/s 
e: 0.10 ± 0.04 
Ω: 80.5  ± 22.4 deg. 
m sin i: 12.81 ± 0.59 MEarth  

CoRoT-7c 

Red dots: HARPS I 
Blue squares: HARPS 
II 



P: 9.038  ±0.0113 d 
K : 5.90 ± 0.30 m/s 
e: 0.044 ± 0.047 
Ω: 228 ± 65 deg. 
m sin i: 18.2 ± 1.10 MEarth 

CoRoT-7d 

Red dots: HARPS I 
Blue squares: HARPS 
II 



  Test case 2:  

α Cen Bb 



Period = 3.24 d 

Msini = 1.13 MEarth Is Alpha Cen Bb really there? 



Orbital Motion of Binary 



Harmonic Analysis 

Multi-sine fit but using only the rotation period, Prot, and 
its harmonics: Prot/2 (2νrot), Prot/3, (3νrot), Prot/4 (4νrot) but 
on time scales you think the activity is coherent 

Physical basis: 
Prot: 1 spot 
Prot: 2 spots separated by 180 degrees in longitude 
Prot/3: 3 spots, equally separated 

Another way of looking at it: 
It is like using epicycles to fit eccentric orbits 
(Fourier decomposition). 



The Harmonic Analysis fit to the Activity 

σ = 1.16 m/s 

σ = 1.03 m/s 

σ = 1.37 m/s 

σ = 1.21 m/s 

459 measurements with HARPS Spectrograph 

σmeasurement  ≈ 0.8 m/s  

Dumusque et al. 2012 



Harmonic Analysis Periodogram 

False alarm probability (FAP) ~ 0.02 % 
Dumusque et al. 2012 



Gaps in the data and noise complicates the process and makes pre-
whitening (Fourier Component Analysis) tricky. 

Two approaches: Pre-whitening and local trend 
filtering… 



…with consistent results 



α Cen Bb 

The Fourier Amplitude Spectrum of 
α Cen B  

Binary motion 
removed 





Pre-whitening of the RVs of  
α Cen B 



ν

(1/d)

P  

(days
) 

K (m/s) Comment 

0.0259 38.6 1.69 frot 
0.0013 763.4 1.15 f2 

0.0816 12.25 1.05 2frot 
0.1045 9.57 0.84 f3 

0.0060 165.8 0.97 
0.0663 15.8 0.71 
0.033 101.1

1 
0.67 

0.0784 12.75 0.77 
0.3090 3.24 0.41 α Cen Bb? 

Pre-whitening α Cen B 

σ = 1.19 m/s 

The sum of the first 8 frequencies is our “activity signal” 



Pre-whitened  result: DFT 



False alarm probability (FAP) = 0.004 

Lomb-Scargle Periodogram 



Result is consistent with Dumusque et al. result 

P = 3.2356 ± 0.0001 d 
K = 0.42 ± 0.08 m/s 
FAP = 0.4 % 

P = 3.2357 ± 0.008 d 
K = 0.51 ± 0.04 m/s 
FAP = 0.02 % 

Fourier Dumusque et al.  



FAP = 0.0001 

Simulations show that α Cen Bb should have been 
detected with much higher significance 



Red line: multi-sine fit to activity 







Local Trend Fitting 

Exploit the fact that you know two time scales: the 
rotation period (38 d) and the orbital period of the 
planet (3.2 d). Assume that the spot distribution 
does not change in one rotation. Fit the the „local“ 
variations of the activity over a short time span Δt: 

Pplanet < Δt < Protation 

Try to avoid large data gaps, use data on 
consecutive nights when possible 



Local Trend Fitting 

red line: trend fit, blue: planet orbit 





55680 55690 



False alarm probability = 0.4 

False alarm probability = 0.00010 

Data 

Fake 
Planet 

Planet signal is not present! It should have 
been found with high signficance 



Remove α Cen Bb, 
add planet P=3.27 d 

Add planet P=3.3 d 

Add planet P=3.24 d 
to activity model 

Every simulation finds a planet at a much higher 
signficance than data 



Removing the activity signal in different ways for 
~60 data points 



Results in large changes in the false alarm 
probability! 



0.8 

The Power Behavior of the Real and Simulated Data 



A Simulated Data Set 

Scargle periodogram of residuals after 
removing activity signal. 

P = 3.244 d 

FAP = 0.0004 



A nice planet detection… 

K = 0.6 m/s 



The Simulated Data: 

1.   Took activity signal: multi-sine fit 
without the planet signal 

2.   Sampled this the same way as the 
data 

3.   Added random noise (σ = 2 m/s) 

4.   Filtered the data using pre-
whitening 



σ = 1.2 m/s 

Random noise in the presence of activity and sampling has 
peaks near the planet orbital frequency 



“Science is a way of trying not to fool yourself. The 
first principle is that you must not fool yourself, 
and you are the easiest person to fool.” 

– Richard Feynman 



Pre-whitening full data 1.19 m/s 0.004 
Pre-whitening epoch data 1.16 m/s 0.07 
Local Trend Fitting 0.96 m/s 0.4 

Technique σ fit to activity FAP of Planet 

1.  The presence of the „planet“ depends on how you fit the 
underlying activity 

2.  The technique that provides the best fit to the activity shows no 
planet 

3.  The planet signal  may be due to noise coupled with the sampling 
and activity variations 

The Planet around  α Cen B? 

Harmonic Analysis 1.19 m/s 0.0002 



1.1 MEarth 

0.9 MEarth 

0.7 MEarth 

Detection Limits using Trend Filtering 



Summary and Friendly Advice 

•  Use several techniques to find periods in your data (Lomb-Scargle, DFT, 
etc.) 
•  Fourier component analysis can (pre-whitening) can quickly find multiple 
planet signals 
•  Pre-whitening can be an effective filter for activity variations, but do not 
use this without thinking. It will always give  you a period! 
•  If you find a period in filtered data with a DFT and pre-whitening, use an 
independent approach to confirm this. 
•  You can find a solution with Period04 in a matter of minutes, but spend at 
least several weeks convincing yourself it is correct. 



Radial Velocity Searches for Explanets 
Planets: III. Results 

•  To date ~900 exoplanets have been 
discovered 

•  ca 500 planets discovered with the RV 
method. The others are from transit 
searches 

•  ~100 are in Multiple Systems (RV) 



Telescope Instrument Wavelength Reference 
1-m MJUO Hercules Th-Ar 
1.2-m Euler Telescope CORALIE Th-Ar 
1.8-m BOAO BOES Iodine Cell 
1.88-m Okayama Obs, HIDES Iodine Cell 
1.88-m OHP SOPHIE Th-Ar 
2-m TLS Coude Echelle Iodine Cell 
2.2m ESO/MPI La Silla FEROS Th-Ar 
2.7m McDonald Obs. Tull Spectrograph Iodine Cell  
3-m Lick Observatory Hamilton Echelle Iodine Cell 
3.8-m TNG SARG Iodine Cell 
3.9-m AAT   UCLES Iodine Cell 
3.6-m ESO La Silla HARPS Th-Ar 
8.2-m Subaru Telescope HDS Iodine Cell 
8.2-m VLT UVES Iodine Cell 
9-m Hobby-Eberly HRS Iodine Cell 
10-m Keck HiRes Iodine Cell 



Campbell & Walker: The Pioneers of RV Planet Searches 

1980-1992 searched for planets 
around 26 solar-type stars. Even 
though they found evidence for 
planets, they were not 100% 
convinced. If they had looked at 100 
stars they certainly would have found 
convincing evidence for exoplanets. 

1988: 



„Probable third body variation of 25 m s–

1,  2.7 year period,  superposed on a 
large velocity gradient“ 

Campbell, Walker, & Yang 
1988 



ε Eri was a „probable 
variable“ 



Filled circles are data taken at McDonald Observatory using the 
telluric lines at 6300 Ang as a wavelength reference 

The first extrasolar planet around a normal star: HD 114762 with Msini = 11 
MJ  P = 84 d discovered by Latham et al. (1989) 



51 Pegasi b: The Discovery that Shook up the 
Field 

Discovered by  Michel Mayor & Didier 
Queloz, 1995 

Period = 4,3 Days 

Semi-major axis =  0,05 AU (10 
Stellar Radii!) 

Mass ~ 0,45 MJupiter 



51 Peg 

Rate of Radial Velocity Planet Discoveries 



The Brown Dwarf Desert 

Mass Distribution  
Global Properties of Exoplanets: 

Planet: M < 13 MJup → no nuclear burning 

Brown Dwarf: 13 MJup < M < ~80 MJup → deuterium burning 
Star:  M > ~80 MJup → Hydrogen burning 



Brown Dwarf Desert: Although there are 
~100-200 Brown dwarfs as isolated 
objects, and several in long period 
orbits, there is a paucity of brown dwarfs 
(M= 13–50 MJup) in short (P < few years) 
as companion to stars 



An Oasis in the Brown Dwarf Desert: HD 137510 = HR 5740 



The distinction between brown dwarfs and planets is vague. 
Until now the boundary was taken as ~ 13 MJup where 
deuterium burning is possible. But this is arbitrary as 
deuterium burning has little influence on the evolution of the 
brown dwarf compared to the planet 

Brown Dwarfs versus Planets 

Bump due to 
deuterium 
burning 



A better boundary is to use the different 
distributions between stars and planets: 

By this definition the boundary 
between planets and non-planets 
is 20 MJup 



Semi-Major Axis Distribution  

The lack of long period planets is a selection effect since these take a 
long time to detect 

The short period planets are also a selection effect: they are the 
easiest to find and now transiting surveys are geared to finding these. 



Eccentricity versus Orbital Distance  

Note that there are few highly eccentric orbits close into the star. This is 
due to tidal forces which circularizes the orbits quickly. 



Eccentricity distribution 

Fall off at high eccentricity may be partially due to 
an observing bias… 



For very eccentric orbits the 
value of the eccentricity is  is 
often defined by one data 
point. If you miss the peak 
you can get the wrong 
mass! 



Classes of planets: 51 Peg Planets: Jupiter 
mass planets in short period orbits 



•   ~40% of known extrasolar planets are 51 
Peg planets with orbital periods of less than 
20 d. This is a selection effect due to: 

1.  These are easier to find. 

2.   RV work has concentrated on 
transiting planets 

•   0.5–1% of solar type stars have giant 
planets in short period orbits 

•  ~10 % of solar type stars have a giant planet 
(longer periods) 

 Classes of planets: 51 Peg Planets 



Butler et al. 2004

McArthur et al. 2004
Santos et al. 2004

Msini = 14-20 MEarth

 Classes of planets: Hot Neptunes 

Note that the scale on the y-
axes is a factor of 100 smaller 
than the previous orbit showing 
a hot Jupiter 



0.74 days 

2.8 days 

The original period of r1 CnC e was an alias 
of the true 0.74-d period 



If there are „hot Jupiters“ and „hot Neptunes“ it 
makes sense that there are „hot Superearths“ 

Mass = 7.4 ME P = 0.85 d  

CoRoT-7b 

Hot Superearths were discovered by space-
based transit searches 



Period = 3.24 d 

K = 0.5 m/s 

Msini = 1.13 MEarth 

FAP = 0.02% 

And possibly hot Earths 



Classes of Planets: The Massive 
Eccentrics 

•  Masses between 7–20 MJupiter 

•  Eccentricities, e > 0.3 

•  Prototype: HD 114762 discovered in 
1989! 

m sini = 11 
MJup 



Red: Planets with masses < 4 MJup 
Blue: Planets with masses > 4 MJup 



Planet-Planet Interactions? 

Initially you have two giant 
planets in circular orbits 

These interact gravitationally. 
One is ejected and the 
remaining planet is in an 
eccentric orbit 

Lin & Ida,  1997, Astrophysical Journal, 477, 781L  



•  Most stars are found in binary systems 

•  Does binary star forma6on prevent planet 
forma6on? 

•  Do planets in binaries have different 
characteris6cs? 

•  What role does the environment play? 

•  Are there circumbinary planets?  

Why should we care about binary stars? 

Classes: Planets in Binary Systems 

see Desidera et al. 2008 



The first extra-solar Planet may 
have been found by Walker et al. �

in 1988  in a�
binary system:

Ca II is a measure of stellar activity 
(spots) 

γ Cep Ab: A planet that 
challenges formation 
theories 



 2.13 AU a 

0.2 e 

 26.2 m/s K 

1.76 MJupiter Msini 

2.47 Years Period 
Planet 

 18.5 AU a 

 0.42 ± 0.04 e 

 1.98 ± 0.08 km/s K 

~ 0.4 ± 0.1 MSun Msini 

56.8 ± 5 Years Period 

Binary γ Cephei 





γ Cephei 
Primary star (A) 

Secondary Star (B) Planet (b) 



The planet around γ Cep is difficult to form and on the borderline 
of being impossible. 

Standard planet formation theory: Giant planets form beyond the 
snowline where the solid core can form. Once the core is formed 
the protoplanet accretes gas. It then migrates inwards. 

In binary systems the companion truncates the disk. In the case of 
γ Cep this disk is truncated just at the ice line. No ice line, no solid 
core, no giant planet to migrate inward. γ Cep can just be formed, 
a giant planet in a shorter period orbit would be problems for 
planet formation theory. 



The interesting Case of 16 Cyg B

Effective Temperature: A=5760 K, B=5760 K
Surface gravity (log g): 4.28, 4.35

Log [Fe/H]: A= 0.06 ± 0.05, B=0.02 ± 0.04
16 Cyg B has 6 times less Lithium

These stars are identical and are „solar twins“. 16 Cyg B has a 
giant planet with 1.7 MJup in a 800 d period 



Kozai Mechanism: One Explanation for the 
high eccentricty of 16 Cyg B 

Two stars are in long period orbits around each other.  

A planet  is in a shorter period orbit around one star. 

If the orbit of the planet is inclined, the outer planet can „pump up“ the 
eccentricity of the planet. Planets can go from circular to eccentric orbits. 

This was first investigated by Kozai who showed that satellites in orbit 
around the Earth can have their orbital eccentricity changed by the 
gravitational influence of the Moon 



Kozai Mechanism: changes the inclination and 
eccentricity 



Planetary Systems: ~ 100 Multiple Systems 

The first: 



The 5-planet System around 55 CnC 

5.77 MJ 

Red lines: solar system 
plane orbits 

• 0.11 MJ • 
• 

0.17MJ 

0.03MJ 
0.82MJ 



The Planetary System around GJ 581 

7.2 ME 

5.5 ME 

16 ME 

Inner planet 1.9 
ME 



• 

 Eccentricities  

Period 
(days) Red points: Systems 

Blue points: single planets 



Eccentricities Mass versus Orbital Distance 

Red points: Systems 
Blue points: single planets 



The Dependence of Planet Formation on Stellar Mass 



Exoplanets around low mass stars (Mstar < 0.4 Msun) 

Programs: 
•  ESO UVES program  (Kürster et al.):  40 stars 
•  HET Program (Endl & Cochran) : 100 stars 
•  Keck Program (Marcy et al.): 200 stars 
•  HARPS Program (Mayor et al.):~200 stars 

Results: 
•  ~18 planet  hosting around low mass stars (M =  0.15-0.4 
Msun) 
•  Giant planets around  are M dwarfs seem rare (only four) 
•  Hot neptunes around several → low mass start tend to 
have low mass planets 
•  one-third are in multiple systems 

Currently too few planets around M dwarfs to make any real 
conclusions 



GL 876 System 

1.9 MJ 

0.6 MJ 

Inner planet 0.02 MJ 



Exoplanets around massive stars 

 Difficult with the Doppler method because 
more massive stars have higher effective 
temperatures and thus few spectral lines. Plus 
they have high rotation rates. A way around 
this is to look for planets around giant stars. 
This will be covered in „Planets around 
evolved stars“ 

Result: Only a few planets around early-type, 
more massive stars, and these are mostly 
around F-type stars (~ 1.4 solar masses) 



Galland et al. 2005

HD 33564

M* = 1.25 solar masses

m sini = 9.1 MJupiter

P = 388 days

e =  0.34

F6 V star



!"!##!$###!$!##!%###!%!##!&##!%##!"###"##%##&##'(!"%####)*+,*-./0-12,34.56789

HD 8673 
A Planet around an F star from the Tautenburg 
Program 

Mplanet = 14.6 MJup Period = 4.47 Years ecc = 0.72 



Frequency (c/d)

Sc
ar

gl
e 

Po
w

er
P = 328 days

Msini = 8.5 Mjupiter

e = 0.24

An F4 V star from 
the Tautenburg 
Program 
M* = 1.4 Msun 



Exoplanets around Giant stars 

Difficult on the main sequence, easier (in principle) for 
evolved stars 

Mass on main 
sequence 



Frink et al. 2002 

P = 1.5 yrs

M = 9 MJ

Planet around the giant star Iota Dra (M ~ 2.2 MSun)  



CFHT 

McDonald 2.1m 

McDonald 2.7m TLS 

The Planet around Pollux  

The RV variations of β Gem taken with 4 telescopes over a time span of 26 years. 
The solid line represents an orbital solution with Period = 590 days, m sin i = 2.3 
MJup.  Mass of star = 1.9 solar masses 



Mass = 1.9 ± 0.09 Msun 

The mass of  β Gem (Pollux) can be determined from stellar 
oscillations. The periods are related to the mean density of the 
star. We get the radius from interferometric measurements. 



Johnson et al. 
2010 



M sin i (Mjupiter)

N

Planet Mass Distribution 
for Solar-type  main 
sequence stars with  P> 
100 d

More massive stars tend to 
have more massive planets 
and at a higher frequency 

Planet Mass distribution 
for Giant and Main 
Sequence stars with M > 
1.1 Msun 



Eccentricity versus Period

Blue points: Giant stars with planets 

Open points: Main sequence stars with 
planets 



Additional slides not 
shown in lectures 



The Rossiter-McClaughlin Effect 

What can the RM effect tell you? 

Planet 

1) The orbital inclination or impact parameter 

a 

a2 

a2 



The Rossiter-McClaughlin Effect 

2) The direction of the orbit 

Planet 

b 



The Rossiter-McClaughlin Effect 

2) The alignment of the orbit 

Planet 

c d 



Amplitude of the R-M effect: 

ARV  = 52.8 m s–1  

Note: 

1.  The Magnitude of the R-M effect depends on 
the radius of the planet and not its mass.  

2.  The R-M effect is proportional to the rotational 
velocity of the star. If the star has little rotation, 
it will not show a R-M effect. 

r 
RJup 

( ) 
2 R 

Rּס 
( ) 

–2 Vs 

5 km s–1  ( ) 
ARV is amplitude after removal of orbital mostion 
Vs is rotational velocity of star in km s–1 

r is radius of planet in Jupiter radii 
R is stellar radius in solar radii 

For Jupiter around the sun 
(Vs = 2 km/s) ARV = 21 m/s 



Winn et al. 2007: HD 147506b (alias HAT-P-2b) 

If either mechanism is at work, then we should expect that planets in eccentric 
orbits not have the spin axis aligned with the stellar rotation. This can be checked 
with transiting planets in eccentric orbits 

Spin axes are aligned within 14 degrees (error of measurement). No 
support for Kozai mechanism or scattering 



λ = 182 deg! 

HAT-P7 

λ = 182 deg! 



HARPS data : F. Bouchy    Model fit: F. Pont Lambda ~ 80 deg! 



35% of Short Period Exoplanets show significant misalignments 

~10-20% of Short Period Exoplanets are in retrograde orbits 

Basically all angles are covered 

λ (deg) 


