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Introduction



What are constants in physics ?
A constant = a parameter that is input by hand 

and cannot be explained by the theory

What is a constant depends on the theory 
we are considering.

e.g.     The Fermi constant GF was a constant in the Fermi’s 
four interaction theory. But, the Fermi’s theory is now 
replaced by the gauge theory and GF = 1 / (√2 v2) 
for k << v, where v = (246.7±0.2) GeV is a vacuum 
expectation value of the Higgs field. For k >> v, GF ~ k-2.  



What are “fundamental” constants ?

A “fundamental” constant = a parameter that is input by hand 
and cannot be explained by the “fundamental” theory

What is a fundamental constant depends on 
the fundamental theory we are considering.

If the variation of a quantity that is regarded as 
a constant in the fundamental theory is observed, 
it implies that the theory is not fundamental and 
the constant is replaced by a (dynamical) field 
whose dynamics cannot be neglected.



List of the fundamental constants 
in the “standard” model of particle physics

We have 22 fundamental (unknown) constants !!
(Uzan 2011)



Fundamental constants well constrained from 
experiments and observations



Effects of renormalization

Quantum field theory predicts the running
of coupling constants and masses depending on the energy scale.

e.g.

In this sense, the observed coupling constants and masses are not constant.
Then, what we would like to probe is

the variation of bare coupling constants and masses.

But, in cosmological and terrestrial experiments, such running 
is almost negligible because the mass of the lightest charged particle,
that is the electron, is near 0.5 MeV, which determines the infrared point 
of the renormalization equation of α.   



Extensions of the standard model

We have a lot of reasons to extend the standard model.

 The presence of the masses of neutrinos
additional 4 constants (Maki-Nakagawa-Sakata Matrix)

 The hierarchy problem 
additional 111 constants (MSSM soft breaking terms)

 The suggestion of the grand unified theory
the number of gauge coupling constants are reduced, but …

 The incompatibility of general relativity and 
quantum field theory

suggestion of string theory. 
Can we expect the small number of fundamental constants ?



How many fundamental constants finally?

It is usually said that there are three basic quantities in nature :
Length, Time, and Mass

[c] = LT-1 :  relativisitic or non-relativistic,   causality
[hbar] = L2MT-1 :  quantum or classical
[G] = L3M-1T-2 :  determines the energy scale (Planck scale).

These three constants are sufficient to represent 
all physical quantities.

String tension is the only input and 
determines the energy scale in string theory.



Two fundamental constants in string theory ???

 Veneziano argued that string theory only needs c & λs :
one fundamental unit of speed and one length.     

Veneziano, Europhys. Lett., 2, 199 (1986).
Duff, Okun, & Venezaino, JHEP, 03, 023 (2002).

Nambu-Goto action: 

T (string tention) appears in the action, but only a combination 
S/hbar, that is, string length may be relevant.

 Zeldovich and Novikov noticed that pure quantum gravity
would contain only two fundamental units, c &
G & hbar do not appear separately.

causality (relativity) quantization

Novikov, I.D. and Zel’dovich, Y.B., 
Relativistic Astrophysics: 
The structure and evolution of the universe, 2,
(University of Chicago Press, Chicago, 1983).



Implications of variation of 
fundamental constants



What if the variation of a “constant” is observed ?

 The theory we are considering must be extended to
a new theory, where the constant is replaced by a field
that can vary.

Constancy or variation of a constant is 
a crucial test to the theory.

 If there is no gravity, the situation is quite simple. But,
in fact, such an observation is a test to general relativity
though we have implicitly assumed the Minkowski (flat)
background thus far. 

What happened if the theory formulated in the
flat spcetime is considered in the curved spacetime ?



The universality of free fall (Weak equivalence principle) :

The trajectory of a freely falling “test” body is
independent of its internal structure and composition.

On the other hand, variation of constants often leads to 
the violation of WEP because dilaton (modulus) typically 
has a direct coupling to matter.

(Weak) Equivalence principle (WEP)

Constancy or variation of a constant is a crucial test to 
EP or metric theory of gravity.



Test of the universality of free fall (WEP)
The universality of free fall (WEP) can be tested by comparing the 
accelerations of two test bodies in an external gravitational field.

Universality of free fall is confirmed with very good accuracy.

(Uzan 2011)



Implication of variation of fundamental 
constants on Λ

Cosmological constant Λ :

:  vacuum (zero-point) energy density

Variation of fundamental constants induces the shift of Λ.

e.g.   Variation of alpha leads to variation of Λ through
its coupling to charged particles. Each charged particle
receives a shift in its mass due to electromagnetism
so that such a mass shift influences the zero-point energy.



Variation of Λ due to variation of α

i : all (standard model) charged particles

 mass shift due to electromagnetic effect by the self energy

v : cut-off scale

 zero-point energy shift due to the variation of mass

Banks, Dine, & Douglas,  PRL 88, 131301, 2002
Donoghue, JHEP 03, 052, 2003



Variation of Λ due to variation of α II

Variation of alpha is strongly constrained.

Even if we take SUSY into account, the situation is not improved
drastically because the SUSY must be broken in our Universe.

optimistic estimate



Variation of Λ due to 
variation of fundamental constants

 variation of electron mass

 variation of Higgs expectation value ~ v

Thus, variations of fundamental constants induce huge shift of Λ.
Without miracle cancellation, 

such variations are strongly constrained.

Note also that the estimate given here is not the overall Λ
but it variation. Even if we can cancel the overall Λ to fit the
observed value, we need other miracles to suppress its variations.



Summary of introduction

 Constancy or variation of a “constant” is a crucial
test to the theory we are considering.

 Variations of fundamental constants have significant
implications on equivalence principle and quantum
field theory. Such variations are strongly constrained
so that it is a quite non-trivial task to explain such
variations theoretically even if any.



Experimental and observational constraints 
on variation of fine structure constant α



Experimental and observational constraints 
on fundamental constants

↔ αEM

Atomic clock

(Uzan 2011)

↔ αEM



Atomic clock

Atomic clock



Atomic spectra (Hydrogen atom)
 The non-relativistic approximation :

(n, n’ : principal quantum number)

 The relativistic correction (fine-structure) ~ α2EI : (2p3/2 - 2p1/2)    

(spin-orbit interaction, (v/c)2 correction, Darwin term)

 Hyperfine structure ~ α2EIμ : (21 cm)
(interaction between the spins of the electron, S, and the proton, I)

(J : total angular momentum)

(ge ~ 2.002 & gP ~ 5.585 : gyromagnetic factors,                    )   



Atomic clock
 Hyperfine frequency of an alkali-like atom :

gi : gyromagnetic factor depending on an atom 
Ahfs : numerical factor depending on an atom
Fhfs : relativistic corrections including many-body effects 

Comparison of different atomic clocks can constrain variation of α

PRL, 98, 040801 (2008)

(hyperfine)

(1s - 2s)
(2S1/2 – 2D5/2)

(2S1/2 – 2D3/2)

(1S0 – 3P0)

(1S0 – 3P0)
162 163(opposite parities)

 frequency of an electronic transition :
Aelec : numerical factor depending on an atom
Felec : relativistic corrections including many-body effects 

(dysprosium)

(Uzan 2011)

(hyperfine)

Science, 319, 1808 (2008)

(ytterbium)

(strontium)



Oklo phenomenon

Atomic clock



 Oklo is the name of a town in the Gabon republic, where an open-pit uranium 
mine is situated.

 The French CEA (Commission for Atomic Energy) discovered that,
about 1.8 x 109 years ago (z ~ 0.14), a natural nuclear reactor went critical,
consumed a portion of its fuel and then shut a few million years later.

 The isotope ratio of 149Sm/147Sm is 0.02 in Oklo rather than 0.9 as in natural 
samarium due the following reaction:

 Shlyakhter pointed out that the capture cross section of the above reaction is 
dominated by a resonance of a neutron with the energy (Er0 ~ 97.3 meV today)
and is well described by the Breit-Wigner formula : 

 From an analysis of nuclear and geochemical data, thermally averaged cross
section on the neutron flux, σ149, is inferred, which was translated to ErOklo.

 nuclear mass : m(A,Z) = Zmp + (A-Z)mn + ES + EEM.
Bethe-Weizacker formula : 

More refined analysis gives ΔEr = ErOklo - Er0 = -1.1MeV Δα/α.

Oklo natural nuclear reactor



Constraint on α from Oklo

Gould et al.,
PRC, 74, 024607 (2006)

The most recent analysis given by Gould et al. gives

at 95 C.L.

assuming dot{α} is constant.

(Uzan 2011)



Meteorite dating

Atomic clock



 In meteorites, which were typically formed at the birth of the solar system
(4~5) G yrs ago (z~ 0.43), long-lived isotopes can make α-decay or β-decay. 

 Assume some meteorites containing an isotope X that decay into Y are formed
at a time t*. Then, the present abundances are given by

NX(t0) = NX* exp(-λ(t0-t*) ),    NY(t0) = NX*[1-exp(-λ(t0-t*) )]+NY*.


 
NY(t0) = [exp(λ(t0-t*) ) - 1] NX(t0) + NY*.

The data should lie on a line called an isochron, the slope of which determines
λ(t0-t*) (λ: averaged decay rate).

 If we can have a good estimate t0-t* and the dependence of αEM on the decay
rate, the constraint on αEM is obtained by comparing the above estimated 
decay rate with a laboratory measurement value of the decay rate.

 The α decay rate is governed by the penetration of the Coulomb barrier and
is described by the Gamow theory : 

The dependence of αEM on E is roughly given by the Bethe-Weizacker formula.

 The β decay rate with small decay energy E is given by a non-relativistic 
approximation :

Meteorite dating



Isochron
Smoliar et al., Science 271, 1099 (1996)

Rhenium and osmium



Constraint on αEM from meteorites
α-decay :  (Wilkinson, 1958)

Dyson (1972) claimed that the decay rate has not 
Changed by more than 20% during the past 2 Gyr.

Olive et al. (2002) claimed that the fractional 
change of  the decay rate is less than 7.5 x 10-3.

β-decay :  (Dicke, 1959)

Olive et al. (2002) claimed that the fractional change of 
the decay rate is less than 0.5% in the past 4.6 Gyr.



Quasar absorption spectra

Atomic clock



 Quasar is a very energetic and distant AGN, and is extremely luminous.

 Absorption lines in intervening clouds along the line of sight reflect 
the spectra of the atoms existing in the clouds.

 If we use a single transition, then we cannot discriminate the redshift effect 
of the expansion of the Universe from the effect of the variation of α.


 
we need to consider various transitions and understand 
the dependencies of various transitions on α.

Quasar (QSO) absorption spectra

ω: the energy in the rest-frame of the cloud
ω0 : the energy measured today in the laboratory
q, q2 : coefficients that determine the dependence

Only q is relevant in many cases.

(Murphy et al. astro-ph/0310318)



Three methods
 Alkali doublet method (AD) : 

Many multiplet method (MM) :

This method focuses on the fine structure doublet of alkali-type ion with
one outer electron. e.g.  2S1/2 → 2P3/2 &  2S1/2 → 2P1/2:
This method compares transitions with respect to the same ground state.   

This method relies on the combination of transitions from different species
(Mg : anchor) in the same cloud (but maybe in different regions of the cloud),
which increases the sensitivity of α.
This method compares transitions relative to different ground states.

(Webb et al. 1999)

 Single ion differential measurement (SIDAM) :
This method is a variant of MM method to use a single ion (mainly used FeII, 
which provides transition with positive and negative q) in individual exposure.
This method can avoid spectral shift due to ionization inhomogeneities within
absorbers as well as non-zero offsets between different exposures.

(Levshakov et al. 2006)



Constraint on α from QSO

AD        : blue
MM : red
SIDAM : green

(Uzan 2011)



Cosmic microwave background (CMB)

Atomic clock



Cosmic microwave background (CMB)
 CMB radiation is composed of photons last scattered around recombination. 

 The last scattering surface (LSS) is defined by the peak of visibility function,
g(z) = exp(-τ(z)) dτ/ dz, which measures the differential probability that
a photon last scattered at z. Here, τis the optical depth and 

xe : the ionization fraction, 
ne : the total number density of electron

 Variation of α changes the visibility function through xe & σT. 
In particular, increasing α raises the redshift of the LSS and decrease 
its thickness because of the exponential dependence on xe. 

 These effects change the spectrum of CMB anisotropies :
(i)  The peak position of anisotropies shifts to smaller scale (higher l) due to

the increase of the redshift of the LSS.
(ii) The amplitudes of anisotropies (Cl) are increased due to a smaller Silk 

damping.



Constraint on α from CMB

The latest WMAP 7 year data including polarization and 
SDSS data yield -0.025 < Δα / α < -0.003 at 1 sigma level.

(Uzan 2011)

(Landau and Scoccola, Astron. Astrophys., 517, A62, (2010).)



Big Bang Nucleosynthesis (BBN)

Atomic clock



Big Bang Nucleosynthesis (BBN)
 Light elements were synthesized in the early Universe.

(Heavy elements are synthesized in the star and SN)

 Almost all neutrons are incorporated into 4He.

How to estimate the abundance of 4He ?
(i) βequilibrium between p & n :

(ii) βequilibrium freezes out when the expansion rate dominates.

(iii) Nucleosynthesis starts from D :  p+n  D+γ, BD =2.22 MeV.

(Decay of n with τn = 890 s)



Constraint on α from BBN
The abundance of 4He is the most sensitive to the change of Qnp.

(Coc et al. PRD76, 023511, (2006))

From 4He data,



Summary of constraint on α



Spatial and temporal variation  
of fine structure constant α

(Chiba & MY, JCAP, 03, 044, 2011)



Observations of temporal variation of 
the fine structure constant 

A nonvanishing temporal variation of 
the fine structure constant α was reported.

(Murphy et al. 2003)

For Keck/HIRES (High Resolution Echelle Spectrometer) 
143 absorption systems with 0.2 < z < 3.7, they compare 
the absorption wavelengths of magnesium and iron atoms 
in the same absorbing cloud.

4.7 σ evidence for a varying α



Observations of spatial variation of 
the fine structure constant

For 2004 Keck sample, 

For 2010 VLT (the ESO Very Large Telescope) sample, 

α was smaller in the past !!

α was larger in the past !!

(Webb et al. 2010)

They claimed the spatial variation of α.



Observations of spatial variation of 
the fine structure constant II

(Webb et al. 1008.3907)Keck (Mauna Kea, Hawaii), VLT(Paranal, Chile)

Best fit dipole with 1σ

equatorial coordinate



Variation of fundamental “constants” 
from the theoretical view point

 Superstring theory predicts the existence of a scalar   
partner, called dilaton, of the tensor Graviton.

 But its direct coupling to matter induces 
the violation of the (weak) equivalence principle.

Temporal motion of dilaton induces
time variation of fundamental constants.

 During inflation, all light scalars acquire quantum
fluctuations.

Such fluctuations of dilaton induce
spatial variation of fundamental constants.



Difficulties in explaining both temporal and 
spatial variation of α

Homogeneous evolution and quantum fluctuation of a light 
scalar cannot explain both temporal and spatial variation. 

temporal variation across
the Hubble time

spatial variation across
the horizon scale～

A light scalar field φ is (slowly) 
evolving in cosmological time scale.

Quantum fluctuations ~ H
are obtained during inflation.

Δφ is not far from the Planck scale. Δφ ~ H << the Planck scale
(Tensor-to-scalar ratio r < 0.24)

Spatial variation can be associated with domain walls.
(Olive et al. 2010)

same order

≠

different order



Runaway domain wall

: runaway potential

-2 -1 1 2

0.2

0.4

0.6

0.8

1.0

-σ σRunaway domain walls are formed.
(Cho & Vilenkin 1999)

p=2

p=2: width of wall

: tension of wall

x ≫δ

x = H-1

V(φ)

φ

α0 : the bare fine structure constant



Variation of α

α0 : the bare fine structure constant

: dilaton-like coupling function

small ξ

 Time variation in either side of wall  Spatial variation across wall

The opposite time variation of α between the Keck (dotα>0) and 
the VLT (dotα<0) as well as the spatial variation comparable to 

the time variation (Δα/α~|dotα|/αH-1) is explained.



Variation of α II

 Time variation in either side of wall  Spatial variation across wall

Fix p=2 for definiteness 

Time variation can be fitted by 

(z ~ 2)
: spatial variation

Our model explains naturally the largeness of the spatial variation.



Experimental constraints

 Sachs-Wolfe effect :
Domain walls induce the temperature anisotropy by SW effects.

After relaxation period, domain walls evolve according to the scaling solution, 
in which their typical scale is comparable to the Hubble scale,

 Overdomination of walls :

 Violation of the weak equivalence principle :
The light field φ mediates a (composite dependent) long-range force via 
the coupling to nucleons, leading to violation of the WEP.  

(Eotvos-Dicke-Braginsky type experiments)



Violation of weak equivalence principle
Dilaton φ directly couples to n & p through 
electromagnetic corrections to nucleon masses.

(Gasser & Leutwyler, PRT, 87, 77 1982)

Since the mass of φ is very light, its exchange mediates 
a long-range force. 

Such a force is isotope dependent due to the different 
dependence of φ on their masses and leads to the violation of 

(weak) equivalence of principle.



Φ exchange force
 The nucleon-φ coupling induces the effective Yukawa coupling :

NiE(Nj) : the numbers of the nucleons in the earth (test body)
r : the distance between the Earth and the test body

 The acceleration (a=aφ

 

+ag) of the test body with the mass m : 

 Yukawa potential :



Eotvos ratio
 For test bodies 1 & 2 with almost equal mass m1 ~ m2, 

 For aφ
 

<< ag,
(Np1-Np2) (Nn1-Nn2)



Test of the universality of free fall (WEP)
The universality of free fall (WEP) can be tested by comparing the 
accelerations of two test bodies in an external gravitational field.

Universality of free fall is confirmed with very good accuracy.

(Uzan 2011)



Constraints
 The present value of φ:

Combined with Sachs-Wolfe constraint : 

 On the other hand, the present value of φ:  

(present constraint from violation of WEP)

Order of magnitude improvements may detect violation of WEP.



Allowed parameter region

Sachs-Wolfe

Φ < σ

ξ= 1 x 10-4

ξ= 3 x 10-4

ξ= 1 x 10-3

ξ= 2 x 10-3



Summary

 Constancy or variation of fundamental constant is
a crucial test to the standard model of particle physics

 If any, such a variation has significant implications on
cosmological constant and equivalence principle.

 Recent observations claim temporal and spatial variation
of fine structure constant α though additional and  
independent observations are necessary.

 It is not so easy to explain such variations simultaneously.
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