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Varying Constants of Nature ? 

1) Coupling to matter/energy 
Variation on cosmological 
time scales 
“Connection to 
Dark Energy scenarios” 

Coupling constants are free parameters in Standard Model 
But cannot be varied at will 

2) Coupling to environment 
 -> “chameleon scenario” 
Dependence on local density 
Dependence on gravity 

Bekenstein – Barrow/Sandvik/Mageijo – Flambaum - Martins :  
consistent models extending the Standard Model 
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QSO 
12 Gyr ago 

Lab 
today 

90-112 nm ~275-350 nm 

Empirical search for a change in µ 

Compare H2 in different epochs 

Cosmological redshift 
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Practical: atmospheric transmission only for z > 2 
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H2 laboratory wavelengths 
The Amsterdam “XUV-laser” 

XUV-laser excitation (90-115 nm) 

P(3)  
C-X 
(1,0) 

R(0) B-X 
(9,0) line 

Ubachs, Phys. Rev. Lett. (2004) 
Reinhold et al, Phys. Rev. Lett. (2006) 

For HD 

Ivanov et al., Phys. Rev. Lett. (2008)  



>160 lines measured 
at ~ ∆λ/λ = 5 x 10-8 

 
Some lines at < 1 x 10-8 



“Sensitivity” 
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VLT – UVES 
Paranal, Chili 

Keck – HIRES 
Hawaii 



Various 
systems 
observed 



Analysis method: “comprehensive fitting” 

λi – set of accurate wavelengths 

Ki – set of sensitivity coefficients 

fi – set of line oscillator strengths (from ab initio theory - Meudon) 
Γi – set of damping coefficients (from ab initio theory - Meudon) 

Produce molecular fingerprint 
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Astrophysical conditions 
b – Doppler width parameter 
z – red shift 
NJ – column densities 

Fit equation onto spectrum 
“Treat” HI and metal lines 
Multiple velocity components (?) 



∆µ/µ = (5.6 ± 5.5stat ± 2.9syst) x 10-6 

∆µ/µ = (8.5 ± 3.6stat ± 2.2syst) x 10-6 

Keck: 

VLT: 

Unique spectrum from Keck; Resolution 110000 ; seeing 0.3” 
Spectrum from VLT; R=54000; seeing 0.8”; better SNR 

The best system: J2123-005 at zabs=2.05 

37 panels, 3071 – 3421 Å  
 
~100 H2 + 7 HD lines 

Phys. Rev. Lett. 106, 180802 (2011) 



Q1441+272 ; the most distant 
zabs = 4.22 ; 1.5 Gyrs after the Big Bang 

Systematic 
analysis 

Bagdonaite et al. Phys. Rev. Lett. 114, 071301 (2015) 



Status ∆µ/µ = (3.1 ± 1.6) x 10-6 

W. Ubachs, J. Bagdonaite, E.J. Salumbides, M.T. Murphy, L. Kaper 
Search for a drifting proton-electron mass ratio from H2  
Rev. Mod. Phys. 88, 021003 (2016) 

http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf


Long- rang λ distortions: “Super-calibration corrections”  

Solar-twin spectra 
Asteroid spectra 
 
compared with 
 
Solar spectrum (FTS) 
 
 

Correction of 
wavelength scale 
Th-Ar calibration 

Papers: Rahmani et al (2013); Whitmore and Murphy (2014); Bagdonaite et al (2015) 



H2 high redshift absorption systems 

10 H2 proper absorption systems towards quasars analyzed: 

+ 23 additional H2 absorption systems towards quasars known 
+ some 20 tentative detections [Balashev et al (2014)] 

M. Dapra et al, Astroph. J. 826, 192 (2016): CO in J1237 
M. Dapra et al. MNRAS 454, 489 (2015): H2 in J1237 
M. Dapra et al. MNRAS in press 



Take home 

|∆µ/µ| < 5 x 10-6   at  3σ level 
 
For redshifts  z = 2-4 
 
Limitations due to spectrometer design 

µ does not vary 

W. Ubachs, J. Bagdonaite, E.J. Salumbides, M.T. Murphy, L. Kaper 
Search for a drifting proton-electron mass ratio from H2  
Rev. Mod. Phys. 88, 021003 (2016) 

http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf
http://www.nat.vu.nl/~wimu/Publications/Ubachs-RMP-2016.pdf


Remark on developments varying constants w.r.t. VLT 

Wavelength distortions ThAr  
relate to beam pointing. 
 
Solutions for ‘ESPRESSO’ 
 
- Frequency comb calibration 

 
- Fiber feeding 

 
- Fibers designed for λ > 3700 Å 

 
 

Problematic for H2 studies,  
only z > 3 



Soleil Fourier-Transform 
VUV Spectrometer 

New Avenue: CO electronic absorption 
A-X (v’,0) and electronic bands 



Laser Lab 
Pulsed dye 

amplifier laser 

New Avenue: CO electronic absorption 
A-X (v’,0) and electronic bands 

2 + 1’ REMPI spectroscopy 

Full database of CO precision spectroscopy + relevant parameters 



Perturbations: 
- Wavelengths 
- Intensities 
- K-coefficients 



CO in J1237+065 at z=2.69 

J1237 Result:            ∆µ/µ = (-5.6 ± 5.6stat ± 3.1syst)･10-6 

Based on CO + H2 



Spectrum of GD-133 and GD29-38 
Photosphere of White Dwarf stars 
 
H2 in VUV 
 
In search for the chameleon  
scenario (local conditions - gravity) 
 

Dependence of µ  
on gravitational field ? 

EarthWD Rc
GM φφ ×= 4

2 10~

Tackling a Chameleon scenario 

Cosmic Origins Spectrograph 

Hubble Space Telescope 





λ ~ 130-140 nm 

Contributions of many lines in the B-X Lyman system 

High temperatures 
High v populated 
Franck-Condon factors 



Bagdonaite et al., Phys. Rev. Lett. 113, 123002 (2014) 

Dependence of ∆µ/µ on gravitational field 

GD133:  ∆µ/µ = (-2.7 +/- 4.7) x 10-5 GD29-38: ∆µ/µ = (-5.9 +/-3.8) x 10-5 

∑ ∑
= =







 −

+







 −

+
=

max max

0

)(

0

exp)12)((

exp)12)((
)( v

v

vJ

J

vJ
I

vJ
I

vJ

kT
EJJg

kT
EJJg

TP

Invoke partition function: 

Invoke intensities (1500 lines): 

)("""'"' TPfNI JvJJvvcoli =

Fit T and ∆µ/µ 



Methanol: the extreme shifter 

48372.4558 MHz; K=-1 
48376.892 MHz; K=-1 

12178.597 MHz; K=-33 
60531.1489 MHz; K=-7 

P. Jansen, L.-H. Xu, I. Kleiner, W. Ubachs, H.L. Bethlem, Phys. Rev. Lett. 106, 100801 (2011) 

What should you look at ?? 



Effelsberg Radio Telescope 

PKS-1830-211 
“molecular factory” 

 
at z=0.88582 
(7.5 Gyrs look-back) 

A Stringent Limit on a Drifting 
Proton-to-Electron Mass Ratio 
from Alcohol in the Early Universe 
Bagdonaite, Jansen, Henkel, Bethlem, Menten, Ubachs,  
Science 339 (2013) 46 

710−<
∆
µ
µ

K=-33 

K=-1 

K=-7 



Chajnantor, Chile 
5 km altitude 

IRAM-30m 

261 GHz 

160 GHz 



PKS1830-211; systematic effects 

J. Bagdonaite, M. Dapra, P. Jansen, H.L. Bethlem, W. Ubachs, S. Muller, C. Henkel, K.M. Menten,  Phys. Rev. Lett. 111, 231101 (2013) 

Observations Effelsberg, IRAM30, ALMA 



Extended- Very Large Array 
New Mexico 

- Statistical 
 
 
- Systematic effect lineshape 

8106 −×<
∆
µ
µ

N. Kanekar, W. Ubachs, K.M. Menten et al., MNRAS 448, L104, 2015 



Radio-loud quasar 
“Blazar” 

Intervening galaxy 
with cold methanol 

Work in progress:  
 
- Simultaneous observations  
  at 25/32 GHz at EVLA 
- Spatially resolve SE spot 
- Frequency close by 
- ∆K ~ 6.4 

 
 most constraining 

PKS1830-211;  
special system (but the only one) 

lensing 
methanol in SW 

time varying intensity 
frequency dependent spots 

S. Muller et al. A&A 2008, A&A 2011 
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