
1 

T.Wilken1, C.Lovis4, T.Steinmetz1, C.Araujo-Hauck2, R.Holzwarth1, T.W.Hänsch1, L.Pasquini2, 

S.D'Odorico2, A.Manescau2, M.T.Murphy3, Ph.Vilar Welter1, and Th.Udem1 
1Max-Planck Institut für Quantenoptik,  2European Southern Observatory Garching/Germany 

3Swinburne University Victoria/Australia, 4Observatoire de Genève, Sauverny/Switzerland  

Frequency Combs for Astronomy 
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Optical Frequency Combs 
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Harmonic Frequency Chains 
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How to improve the Optical Counter 
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Mode Locked Laser 

          with 
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Self Referencing 

Phys. Rev. Lett. 84, 5102 (2000) & Phys. Rev. Lett. 84, 3232 (2000) 



7 

Frequency Conversions with the Comb 
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Science 293, 825 (2001) 
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First Self Referenced Frequency Comb 

EFTF-FCS Besancon 1999; Opt.Commun. 172, 59 (1999); Phys. Rev. Lett. 84, 3232 (2000) & Phys. Rev. Lett. 84, 5496 (2000)  

7f-8f self referencing in 1999  
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Optical Frequency Comb 

Up to now no systematic effects detected  (tested down to 10
-16

). 

One system to measure virtually any optical frequency. 

Replaces large and complex laser harmonic frequency chains. 

With 800 MHz Ti:sapphire ring laser 

Albrecht Bartels (GigaOptics) 

With Er-doped fiber laser 

Ronald Holzwarth (MenloSystems) 
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A Trip to Stockholm in 2005 
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Applications 

- High resolution laser spectroscopy 
 testing QED 

 testing special relativity 

 determination of fundametal constants 

 detect or limit slow time evolution of these constants 

- Optical atomic clocks 

- Controlling the electric field transients of pulses 
 generation attosecond pulses 

- Direct comb spectrocopy 
 high resolution XUV laser spectroscopy 

- Calibration of astronomical spectrographs 
 detecting extra-solar planets 

 temporal evolution of constants on cosmological time scales 

 confirm or rule out existence of dark energy 

 solar gravitationla red shift 
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Solar Spectrum with Frequency Comb 

Science 321, 1335 (2008) 
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Requirements for the Frequency Comb 

• octave 400nm-800nm 

• modes resolvable 

repetition rate < 2 GHz (large pulse energy) 

repetition rate > 10 GHz 

mode filter Fabry-Perot cavity 



14 

Mode Filter Cavity 

Science 321, 1335 (2008), see also Li et al. Nature 425, 610 (2008) & D.A Braje et al. Euro. Phys. J. D 48, 57 (2008). 
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Mode Suppression with 250 MHz Mode Locked Laser 

1:5 filter ratio 1:22 filter ratio  

1.25 GHz-cavity 5.5 GHz-cavity 
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Matching up the Modes 
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Filter Cavities in Series 
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Setup 
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“High Accuracy Radial Velocity Planet Searcher” (HARPS) 

C. Lovis et al  Proc. of SPIE Vol. 6269, 62690P, (2006) 
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Determine the Calibration Curve 

fitting 362 Gaussians determines 

the pixel position in frequency space. 
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Determine the Calibration Curve 
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Short Term Repeatability of Calibration 

standard deviation 0.23 m/sec (7.7 x 10-10 c) 

uncertainty of mean 0.033 m/sec (1.1 x 10-10 c) 

short term calibration noise at the shot noise limit 
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Long Term Repeatability of Doppler Calibration 

- non-perfect mode matching 

Factors that may limit term repeatability:  

- correlated AM-PM 

preliminary upper limit: 50m/sec 
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Calibration Reproducibility 

fiber out of focus 

shaker ON 

fiber out of focus, shaker OFF 

fiber in focus 

shaker ON 
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Astronomical Problems 
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Precision Astronomy 

- Temporal variation of constants      

- Extra solar planets   

- Cosmic acceleration   

- Solar gravitational redshift   

- Temporal variation of constants ….…….. 5x10-9    

- Extra solar planets ..…………………….. 3x10-10  (9 cm/sec) 

- Cosmic acceleration .……………………. 3x10-11  (over 20 years) 

- Solar gravitational redshift ..……………..  3x10-12 
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Fundamental Constants 
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Fundamental Constants 

- Why do the constants have the observed values? 

- Can‘t be calculated     standard model is incomplete. 

- Look for phenomena beyond the standard model. 

- A complete theory should produce small numbers. 

Dirac 1937: The age of the universe in atomic units divided by  
the electromagnetic force between an electron and a proton  

measured in units of their gravitational force is such  
a small number (believed to be  3 in 1937).  

Almost every „constant“ could vary in time. 

small numbers 



29 

Quasar Absorption Spectra 

S. A. Levshakov Astronomy & Astrophysics 449, 879 (2006)  

redshift z = 1.15 i.e. l(observed) = l(emitted) (z+1) 

190 GHz 
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Quasar Spectra 

fine-structure multiplett variable fine-structure constant 

cosmological redshift: 
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Possible Drift of the Fine Structure Constants 
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Frequency Ratio 

T. Rosenband et al. Science 319, 1808 (2008): 

optical frequency            optical frequency 

measure another laser 

locked to a stable laser locked to 
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Extra-Solar Planets 
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Planet Recoil 
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HARPS Radial Velocity Method 

C.Lovis et al. Nature 441, 305 (2006) 
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Extra Solar Planets Discovered so Far 

Planets discovered by radial velocity (blue), transit (red) and microlensing (yellow)  

"Precursor Science for the Terrestrial Planet Finder"  

edited by P.R. Lawson et al. JPL Pub 04-014 (2004) 



37 

Cosmic Expansion 



38 

Microwave Background 

temperature picture of the Universe 

at the age of 397.000 years 

theory with 

generates peak at                               

(+other structure, spatially flat Universe…) 
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Constituents of the Universe 
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Vacuum Energy? 

about 120 orders of magnitude too large!* 

where to cut off? 

Planck length: 

*Greatest embarrassment in all of theoretical physics. (Michael Turner Physics Today 4/2003)  
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Thank you for your Attention 
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The Oklo Nuclear Reactor 
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Light Curve 

"Precursor Science for the Terrestrial Planet Finder"  

edited by P.R. Lawson et al. JPL Pub 04-014 (2004) 
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“High Accuracy Radial Velocity Planet Searcher” (HARPS) 

C. Lovis et al  Proc. of SPIE Vol. 6269, 62690P, (2006) 
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Possible Drift of the Natural Constants 

Hg: T.M.Fortier PRL 98, 070801 (2007)       Yb: E.Peik arXiv:physics/0611088 (2006)      H: M.Fischer PRL 92, 230802 (2004). 
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The Oklo Nuclear Reactor 


