
Precision spectroscopy of hydrogen

- Laboratory spectroscopy
- Spectroscopic Observations of quasars
- Detecting a variation of the proton-electron mass ratio
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EmpiricalEmpirical search for a change in search for a change in μμ

SpectroscopySpectroscopy
Compare Compare HH22 spectra in different epochs:spectra in different epochs:

QSO
12 Gyr ago

Lab
today

90-112 nm ~275-350 nm

Cosmological redshifti
i

i z+≡10λ
λ

Edwin Hubble

Composition 
of the universe:
80 % hydrogen  H/H2
20 % helium
<0.1% other elements



Laboratory measurements: spectra of H2

H2 H (Lyman-α) ~ 121 nm
2pπ

2pσ
H2, Lyman en Werner Lines

~90 - 110 nm
Extreme Ultraviolet Wavelengths

Note : Band structure
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“Complexity” of the H2 electronic spectrum

“Molecules have a band spectrum”

CO (VUV)



“Complexity” of the H2 electronic spectrum

“H2 does not have a band spectrum”

CO (VUV)



XUV-laser spectroscopy



XUV-spectroscopy of H2

Evaluation of uncertainties:
Error budget

Residual Doppler 40 MHz
AC Stark 30 MHz
Freq chirp (PDA)    100 MHz
I2 calibration 10 MHz
Statistical 30 MHz

Total (best lines): 0.004 cm-1

0.000004 nm

Δλ/λ=4-6 x 10-8

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

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

The B1Σu
+ - X1Σg

+ Lyman and C1Πu – X1Σg
+ Werner bands



XUV-spectroscopie aan waterstof

162 lines measured
at ~ 5 x 10-8

L15 R(2)



ΔμΔμ//μμ and spectrum Hand spectrum H22
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Lab: 5 x 10-8
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Explanation on K-coefficients
How do spectral lines depend on μ ?
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Dunham representationDunham representation
includes includes rovibrationalrovibrational couplingscouplings

Energies fit to the accurate laser measurementsEnergies fit to the accurate laser measurements
These parameters These parameters have ahave a knownknown massmass--dependencedependence

Evaluate sensitivity to massEvaluate sensitivity to mass

Can be expressed in Dunham coefficientsCan be expressed in Dunham coefficients
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Correction: non-adiabatic interactions in H2

and adiabatic effects (mass dependent electronic energies)

Mixing of wave functions
of low v and high v
In B and C states

Semi-empirical
treatment



KKii different for Hdifferent for H22 lineslines

Lyman bands
B1Σ+

u - X1Σ+
g

Werner bands
C1Πu - X1Σ+

g

94 nm 110 nm

for 76 data in 
Q 0405 

and Q 0347
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Empirical search for a change in Empirical search for a change in μμ: quasars: quasars



Quasars or Quasars or QSOQSO’’ss

>2300 HI absorption systems>2300 HI absorption systems
~600 ~600 DLADLA’’ss
14 H14 H22 absorption systemsabsorption systems
6 useful6 useful
4 high4 high--quality spectraquality spectra

Q0347: 39 lines at Q0347: 39 lines at zzabsabs=3.02=3.02
Q0405: 37 lines at Q0405: 37 lines at zzabsabs=2.59=2.59

Data from:
Ivanchik, Petitjean et al, A&A 440, 45 (2005)
Uncertainty: 2 x 10-7 – 1 x 10-6
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ΔμΔμ//μμ determinationdetermination
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Indication: μ has decreased by 0.002% in past 12 billion years
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Improvement of H2 laboratory data

XUV experiments

Total (best lines): 0.005 cm-1

0.000005 nm

Δλ/λ = 5 x 10-8

Novel combination scheme
Two different experiments
- 2 photon UV excitation
- FTIR

FT-IR+Vis

XUV
2-photon
deep-UV

EF 1Σg
+

B 1Σu
+

X 1Σg
+

Improvement accuracy on Lyman bands

Δλ/λ ~ 1-5 x 10-9



Δλ/λ ~1 x 10-9All the tricks of precision metrology;
-Doppler-free
-Counter-propagating in Sagnac Interf.
-Frequency comb calibration
-AC Stark assessment



B1Σu
+, v

EF1Σg
+, v

FT-IR data on EF1Σg
+ - B1Σu

+

with M. Vervloet & Denis Bailly (Orsay)

Statistical averaging
Level energies

Accuracy 

Δν ~ 10-4 cm-1



And a novel tool:And a novel tool:
The DESIRS XUVThe DESIRS XUV--FTFT--spectrometerspectrometer at SOLEILat SOLEIL

Direct absorptionDirect absorption



Spectrum
2 h
data 
collection

Envelope
determined by
undulator



Goal: determine line intensities of H2/HD



Progress on the astrophysical side



Kueyen



8 m dish



The telescope and the instrument



300-500 nm

420-1100 nm



Data acquisition on CCD’s after “cross-dispersion”

Calibration exposure

Th-Ar-lamp

Science data: at once
entire spectrum (315 – 800 nm)

“Blue chip” “Red chip”



Q2348-011

Magnitude
18.4



Blue CCD chip Red CCD chip 1 Red CCD chip 2

Lyman-α of quasar emission
zemis=3.0236 

C IV
emissionDLA at

zabs=2.615
H2 region
zabs=2.426

DLA at
zabs=2.93

DLA at
zabs=2.426

QSO 1: Q2348 (VLT)  Ubachs-Buning observations 2007

Wavelength (A)



L0R0 line of H2

> 7 velocity components

H2 in Q2348-011; velocity components



H2

J2123 from HIRES-Keck at Hawaii (normalized)
(Jason Prochaska)

Resolution 110000 ; zabs=2.0593

Keck telescope, Hawaii



QSO: 
J2123
Jason
Prochaska
(Keck)

R=110000
H2

Lyα





Conclusion:Conclusion:
QSO HQSO H22 and NHand NH33 spectra for spectra for ΔμΔμ//μμ determinationdetermination

1st analysis
Q0347 / Q0405

reanalysis
Q0347 / Q0405
King, Webb

analysis
Q0528 old data
King, Webb

analysis
J2123 Keck
Ubachs, Murphy, 
Buning, Malec, 
Prochaska

+ data pending (Ubachs, Murphy, Kaper)
Q2348 (VLT-2007)
J2123 (VLT-2008)
Q0528 (VLT-2009)


