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Outline

• What are the fundamental constants and 
why they should vary

• Observational status and controversies (Lab 
astronomical and geological bounds)

• What we can expect with CODEX
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With the question of universal constants  you have broached one of 
the most interesting questions that may be asked at all. There are 
two type of constants: apparent and real ones. The apparent are 
simply the outcome of the introduction of arbitrary units, but are 
eliminable. The real [true] ones are genuine numbers which God 
had to choose arbitrarily, as it were, when He deigned to create this 
world”   

Albert Einstein 1945 letter to Rosenthal-Schneider

What I’m really interested in is 
wether God could have made the 

world in a different way



5

• Standard Model: 28 constants  
– the constant of Gravity G

– the fine structure α

– the coupling constants of weak 
interactions

– the coupling constant of the strong 
interaction (or scale of QCD)

– the mass of the W-boson

– the mass of the Higgs boson

– the masses of the 3 charged leptons

– the masses of the 3 neutrinos

– the masses of the 6 quarks

– the 4 parameters, describing the 
flavour mixing of the quarks

– the 6 parameters describing the 
flavour of mixing of the leptons

•

• Fundamental constant is 
any parameter that 
cannot be calculated 

• And which are, to the best of 
our knowledge, independent 
of any other measured 
quantities

• Einstein Equivalence 
principle: 
invariant in space and time
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[about alpha] it is one of the greatest 
mysteries of physics: a magic 

number that comes to us with no 
understanding by man…”

R. Feynman

“Constants encode our greatest 
knowledge and our greatest 
ignorance about the cosmos” 

                                                John Barrow
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1.   The fine-structure α        Electromagnetic force

Only changes in dimensionless constants are physically meaningful

• Gravitational constant G is dimensional constant
.  If a ‘dimensionful’ constant varies but all dimensionless quantities stay fixed this just represents 
a changes in ones units and not the underlying laws of physics.

• Dimensionless constants and related to the fundamental forces:
 

dimensionless constants  

• The electromagnetic fine structure constant, αEM, is constructed out of three other 
constants, the unit of electric charge, e, Planck’s constant, ℏ, and the speed of light, c:
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• me= 0. 5 Mev 
– ∝ the vacuum expectation value of the Higgs 

field.        The weak scale 

 2. electron-to-proton mass ratio

 

• mp   = 938 = (862QCD + 74q +2QED) Mev

 ∝ ΛQCD  strong forces 



Transition Scaling

Atomic
Gross Structure Ry
Fine Structure α2 Ry

Hyperfine 
Structure

α2 (gpμ) Ry

Molecular
Electronic 
Structure

Ry

Vibrational 
Structure

μ½ Ry

Rotational 
Structure

μ Ry

Relativistic Corrections α2 

 Where Ry is the Rydberg constant:

α  and µ  can be probed by   astronomy

 Different transitions  depend on different combinations of the 
dimensionless constants.  
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Large Number Hypothesis  

• Dirac (1937)  relative magnitude of electrostatic 
and gravitational forces between proton  and 
electron  is the inverse of the age of the 
Universe in atomic time 

                    ⇒ αG∝ 1/t  

• Dicke (1961)  conflict with astronomical 
evidences 

It is usually  assumed that the laws of nature have always been 
the same as they are now. There is no justification for this. 
(…) in particular quantities which are considered to be constants of 
nature may be varying with cosmological time. 
                        Paul Dirac 
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Tiny variations!  

 
 

• Antropic Principle. Fine tuning:  we appeared in area of the 
Universe where values of fundamental constants are suitable for 
our existence. 

• if their values were different by even as little as few percent the 
consequences for life, as we understand it, would be disastrous.

– If αEM were increased by 4%  the carbon-12 resonance at  7.6MeV  
(the ‘Hoyle resonance’) would not exist and the amount of carbon 
produced in stellar cores would be drastically reduced.

 
– If µ where much larger than its current value, no ordered molecular 

structures would exist.



 

Why constants should vary?
• Theoretical foundations: 

– through coupling with a scalar field. 
• If a scalar field is coupled with the electromagnetic field than can 

lead to a variation of  constants.               
                          α ⇒  α(φ) 

We do not know if Scalar fields  exist, but they are  easy to obtain! 

Higgs Field  (and possibly the first scalar field to be detected LHC)

Inflation 

Dark energy (quintessence)

Moduli Fields (string inspired models). 

    f(R) theories (modifications of gravity)

    Chameleon Fields  



 

Scalar tensor theories
constants should vary? 

Gravitation. The Jordan (1937)-Brans-Dicke (1961) theory: 
– first example of self-consistent varying constant theory: Metric 

tensor + scalar field (varying G). 
– The gravitational constant is replaced by a scalar field that can 

vary both in space and time

BSBM model: the simplest and most studied varying-αEM model was 
proposed in 1982 by Bekenstein (B) and extended to a cosmological 
setting by Sandvik (S), Barrow (B) and Magueijo (M) 2002. The BSBM 
model:

  in the matter era, α varies slowly as a logarithm of time:
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 Key feature: the onset of accelerated  expansion quickly turns off the 
cosmological variation of the constants



 

Quintessence

• Dark Energy is possibly a scalar field (Quintessence)
– Required cosmological constant value is so small that a dynamical 

scalar field is  likely  (Wetterich 1988, Ratra Peebles 1988)

  if the variation in a constant  is driven by a scalar field rolling down a 
potential, and that same potential is responsible for the current acceleration 
of the Universe, 

• ==> Varying constants can be used to infer the evolution of the 
scalar field  and  of  w = p/ρ . Like the reconstruction of the potential 
from the motion of a particle (Avelino Martins Nunes Olive 2006 
astroph/0605690) 

 it opens a new door:  to the possibility that future measurements of constant 
variation can be used to gain a greater understanding of dark energy



 

• At low energies in GUTs where a dynamical scalar field is responsible for 
varying α, the other gauge and Yukawa couplings are also expected to 
vary

           there's a relation between the variation of α and µ

• R is model dependent  (|R|<50, larger possible. 

– The strong-coupling constant is running faster than  α and    Δµ  
should be larger

– simultaneous measurements of Δα & Δµ are a key discriminant tool 
of  GUTs models!

experimental evidence shows that fundamental 
couplings run with  energy 

this  suggests  that at some high energy that the 
different forces might be unified: at about 1015 GeV,

GUTs



 

M-brane, extra dimensions, Strings

 

• Multidimensional theories  predict variable constants. 

• Strings & Superstrings models. Predict the existence of scalar field: the 
dilaton that couples with matter (Taylor Veneziano 1988) 

 
A general feature of higher dimensional theories is that the true 

constants are defined in the full higher dimensional theory (see rev 
Uzan 2003, Garcia-Berro et al AARev 2007)

• Theories have poor predictive power ⇒ observations
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Observational Constraints on α
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At the highest z
Δα = (αz- α0)/ α0 

Coc et al 2007, Dent et al 2007 Ichikawa et al 2006
Planck will improve

Δα/α = +0.1
Δα/α = 0

Δα/α = -0.1
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• Rosenband et al   2008 at the 17th decimal place!
 Hg+ and Al

  dα/dt/α  = (−1.6  ±2.3) 10-17 yr-1

•   at  10 Gyr (z=1.85)   Δα/α= (−1.6 ± 2.3) ×10-7   
 for linear variation!

   Comparing rates of different clocks over long period of 
time can be used to study time variation of α!

 In the lab



Oklo Natural Reactor (z~0.1-0.15)
 Oklo is a natural nuclear fission reactor that operated about 2Gyrs 

ago   in the Oklo uranium mine in Gabon.

 First discovered in 1972 by French physicist Francis Perrin. 
 15 reactors in 3 different ore deposits have been identified.
 Water filtering through crevices moderated the nuclear reactions
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–  149Sm/147Sm =0.02 instead of 0.9
• Isotopic abundances   related to the cross sections for  neutron capture  

on  149Sm  the resonance energy for the nuclear reaction  depends on α 
(Shlyakhter; Damour, Dyson, Fujii)

– Δα/α < 10 -7 (Fujii  2003)

– Δα/α ≥ 4.5×10 -8    (Lamoreaux & Torgerson 2004)

– but no bounds if other constants are varying (Flambaum 2008)

 METEORITES 4.5 Gyrs

• β-decay                n ⇒ p + e + anti-νe 
•    Rhenium constraint  (Peebles Dicke 1962). From the 

observation of the 187Re/187Os ratio in iron-rich 
meteorites  (Olive et al 2002)

                         < 3x10-7

• but 1.7x10-4      Fujii Iwamdo (2005)
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QSO constraints 
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George Gamow 1967 to Alpher

10m telescopes
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High-z (>1.8 ) Low-z (0.5 – 1.8)

FeII

FeII

MgII
MgI

NiII

SiII AlIII

AlII

CrII

ZnII

The sensitivity coefficient q is found by varying α in computer codes
with relativistic Hartree-Fock technique Dzuba et al 

– All atomic transitions depend on α.



 Shifts shown for 10-4 ; or 1.8 km/s 
                        ~ δα/α=10-5      180 m/s
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• Murphy Webb Flambaum  (2004) 
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• errors much larger than claimed originally  (≈ 10 ppm!)

• real scatter, or still larger errors?

• no clear evidence for variability  Δα/α  = (-4.4 ± 1.6) ppm

• MgII isotopic problem (Undersolar 25,26Mg/24Mg:  negative variation

– even for  Chand et al with  only 24Mg  Δα/α = (-3.6 ± 0.6) ppm

The controversy

Srianand et al 2008
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Only FeII lines: q-effective, no doppler  or isotopic shifts 

Single Ion (FeII) Method 

    Δα/α = -0.12 ± 1.8 ppm  

• Q 1101-264 Levshakov et al 07

• V=16, DLA  zabs=1.8

•  ΔvFeII-1608= -180 ± 85 m s-1

–  Δα/α=(5.4±2.5) ppm

QSO HE 0515-4414
- Molaro et al 08 
- V = 14.9 , 

- DLA at zabs=1.1 
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=

  
 λobs = λrest (1+zabs)(1+Ki Δµ/µ)

 me/mp 

•  H2  (Thompson 1975)

– electron-vibro-rotational  
transitions have  different 
dependence from the 
reduced mass
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 Q 0347-383

• H2  in   DLA

– few systems, lines  in the UV ~ 950-1050 A       zabs>2.5 .



 32

H2 at high z

• Only 3 (another one soon)
– PKS 0528 z=2.8 Varshalovich Levshakov (1993) 
– Q 0347-383 Levshakov et al 2002 (first observation with the VLT-

UVES), 

– Q 0347-383 and Q 0405-443 Ivanchick et al 2005,  Reinhold et al 2006

Noterdaeme et al 2008
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• King et al (2008) 

– also PKS 0528-25 z=2.8

No variation!!

Δµ/µ= <6 ppm
Δµ/µ = (24 ± 6) ppm Reinhold et al 2006 
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CODEX: 
• Resolution
• Photons
• Stability

• an ideal instrument for constants



 At UVES 
∆T = 0.3 K     ==> RV shifts    50 m/s

∆P = 1 mbar.   ==>    50 m/s 
35

The  HARPS heritage
• Vacuum Tank
• No moving parts 
• Mechanical stable
• Controlled environment 
• Simultaneous Calibration
• Fibre Fed 
• Fibre Scrambling 

Lovis et al. 2006,  60 cm/s
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Distances to Combined Lab
             UT 1 – 69 m
             UT 2 – 48
             UT 3 – 63
             UT 4 – 63

The 4 VLT Telescopes 
and the 

Incoherent Combined Laboratory

• ESPRESSO (Super-HARPS at 1UT or   4UT)
– R=160000,  at 1UT, and R=40000 at 4 UTs  
– stability, vacuum and thermal control, fiber-slit
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It Works!

37

Comb spectra @ HARPS January 2009

 
Wilken, Lovis, Manescau, 
Steinmetz Holzwarth, 
Pasquini, Lo Curto, 
Hansch, Udem  2009  
submitted

•CCD patter at 512 pixel
• Deviations up to 60 m/s 
compared to ThAr

Laser Comb



Calibration is a fundamental 
issue

•  For constants a local calibration is important  

•  60 m/s local offsets as detected with the laser comb test ==> σΔα⁄α = 4 ppm (FeII/
MgII) 

•  Important contribution to the error budget today (often overlooked)

• Δα/α or Δµ/µ  are  differences of measured wavelengths 

 of  few lines (2 MgII versus 5 FeII)



 39

• A pair of gaussian lines (too naive?), 
• b=2 km/s, pixel size 0.01 A, 
• QSO V 16,17 mag

• ==> 0.05 ppm should be within reach 

• σv ~ 3 m s-1 easy  σΔα⁄α ~  0.1 ppm 

CODEX @E-ELT
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Varying constants & Dark energy  
 Varying constant measurements could potentially be used to 

reconstruct the dark energy potential Avelino Martins Nunes Olive 
2006 astroph/0605690

 The dark energy equation of state parameter is given by:

 The energy density and pressure of the scalar field is:

 Assuming flatness,  we can reconstruct wφ(z) if we can measure the 
variation of alpha


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Simulation  

• Monte Carlo  data  based on redshift 
dependence of the  scalar potential.

– Sample size: 200 for α and 50 for 
µ

–  Errors: 0.5 ppm for α and  µ. 
– Assumed variation: 

• Δα/α = -5 ppm at z=3 (as Murphy 
et al) 

• assuming R = -6 to derive  µ  
• Scalar potential which account for 

the observed accelerated expansion:
 

–  V(φ) = V0(exp(10kφ) + exp(0.1kφ))
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reconstruction

• Red line assumed w(z), black line recovered w(z). 
(Shaded regions show 1 and 2 CL reconstruction)

• Only few points are sufficient to show that w(z) 
change with redshift
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Conclusions
• Variability  of physical constants is important  for physics 

• Only astronomy  can probe it  in space-time (a low hanging fruit)

• Important  implications: 

– new force (related to scalar fields)
– Possible reconstruction of  W(z)  Dark Energy
– pointer for  GUTs theories

• Status: hints of variation for µ and α, but results   controversial.

• CODEX  will improve present accuracy by about two orders of 
magnitude  

– This will clarify if present claims are real or probe variability at 
much lower level (two orders of mag)

–  a null result has as much impact on our physical view as a
positive detection (i.e with the BSBM theory there is already 
tension between the atomic clocks and QSO varying alpha) 



 44

at z=6.46

• at z=6.46 towards QSO J1148+5251 
Maiolino et al 2004

• Far IR  emission lines CII -CO

       F=α2/µ =(0.1±1)x10-4  

• Emission lines important for z>6

– targets for ALMA
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• Isotopes  produce  small shifts on line 
positions. Assumed solar ratios, but

• Supersolar 25,26Mg/24Mg:   positive  
variation

• Undersolar 25,26Mg/24Mg:  negative variation

–  Chand et al is consistent with a variation 
only 24Mg  Δα/α=(-3.6 ± 0.6) ppm

•  25,26Mg are contributed by Intermediate Mass 
Stars (4-8 Msun) but we do not know the  
isotopic composition in the systems or their 
behaviour. 

• Doppler motions:
• Different ions form in different regions which may 

have different  velocities

Crucial issues in the MM
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87Sr-Cs in 3 lab Tokio-Paris-Boulder for 3 years (Blatt et al 2008) 



An “independent” check:

For:

Cold atom clocks!!!!


