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This article describes the various experimental bounds on the variation of the fundamental constants
of nature. After a discussion of the role of fundamental constants, their definition and link with
metrology, it reviews the various constraints on the variation of the fine-structure constant, the
gravitational, weak- and strong-interaction couplings and the electron-to-proton mass ratio. The
review aims (1) to provide the basics of each measurement, (2) to show as clearly as possible why it
constrains a given constant, and (3) to point out the underlying hypotheses. Such an investigation is of
importance in comparing the different results and in understanding the recent claims of the detection
of a variation of the fine-structure constant and of the electron-to-proton mass ratio in quasar
absorption spectra. The theoretical models leading to the prediction of such variation are also
reviewed, including Kaluza-Klein theories, string theories, and other alternative theories.
Cosmological implications of these results are also discussed. The links with the tests of general

relativity are emphasized.
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only if the laws of nature do not depend on time and
space. This hypothesis of the constancy of the constants
plays an important role in astronomy and cosmology, in
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particular with respect to the look-back time measured
by the redshift. Ignoring the possibility of varying con-
stants could lead to a distorted view of our universe and,
if such a variation were established, corrections would
have to be applied. It is thus important to investigate
this possibility, especially as the measurements become
more and more precise. Obviously, the constants have
not undergone huge variations on Solar System scales
and geological time scales, and one is looking for tiny
effects. The values of the constants are also central to
physics. One might hope to explain them dynamically, as
predicted by some high-energy theories. Testing for the
constancy of the constants is thus part of testing general
relativity. It is analogous to leaving behind the Newton-
ian description of mechanics, in which space and time
were just a static background for the evolution of matter,
and adopting the relativistic description, in which space-
time becomes a dynamical quantity determined by the
Einstein equations (Damour, 2001).

Before discussing the properties of the constants of
nature, we must have an idea of which constants to con-
sider. Some physical constants play more important roles
than others. Following Levy-Leblond (1979), we can de-
fine three classes of fundamental constants, class A be-
ing the class characteristic of particular objects, class B
being the class characteristic of a class of physical phe-
nomena, and class C being the class of universal con-
stants. Indeed, the status of a constant can change with
time. For instance, the velocity of light was initially a
type-A constant (describing a property of light) then be-
came a type-B constant when it was realized that the
velocity of light was related to electromagnetic phenom-
ena, and, ended up as a type-C constant (entering many
laws of physics from electromagnetism to relativity, in-
cluding the notion of causality). It has even become a
much more fundamental constant since it enters in the
definition of the meter (Petley, 1983). A more conserva-
tive definition of a fundamental constant would thus be
that it is any parameter that cannot be calculated with
our present knowledge of physics, i.e., a free parameter
of a current theory. Each free parameter of a theory is in
fact a challenge to future theories, to explain its value.

How many fundamental constants should we con-
sider? The set of constants that are conventionally con-
sidered as fundamental (Flowers and Petley, 2001) con-
sists of the electron charge e, the electron mass m,, the
proton mass m,, the reduced Planck constant 7, the
velocity of light in vacuum ¢, the Avogadro constant
N4, the Boltzmann constant kp, the Newton constant
G, and the permeability and permittivity of space, g
and u,. The latter has a fixed value in the SI system of
units (uo=47x10"7 Hm™1!) that is implicit in the defi-
nition of the ampere; ¢, is then fixed by the relation
eomo=c 2. The inclusion of N, in the former list has
been much debated (see, for example, Birge, 1929). In
comparision, the minimal standard model of particle
physics plus gravitation that describes the four known
interactions depends on 20 free parameters (Cahn, 1996;
Hogan, 2000): the Yukawa coefficients determining the
masses of the six quark (u,d,c,s,t,b) and three lepton
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(e,u,7) flavors, the Higgs mass and vacuum expectation
value, three angles and a phase of the Cabibbo-
Kobayashi-Maskawa matrix, a phase for the QCD
vacuum and three coupling constants gg,gw,g; for the
gauge group SU(3) X SU(2) X U(1), respectively. Below
the Z mass, g; and gw combine to form the electromag-
netic coupling constant

., 5 N
SEM= §g12+gw2~ (1)

The number of free parameters indeed depends on
the physical model at hand (see Weinberg, 1983a). This
issue has to be disconnected from the number of re-
quired fundamental dimensionful constants. Duff, Okun
and Veneziano (2002) recently debated this question, re-
spectively, arguing for none, three, and two (see also
Wignall, 2000). Arguing for no fundamental constants
leads one to consider them simply as conversion param-
eters. Some of them are, like the Boltzmann constant,
but others play a deeper role in the sense that when a
physical quantity becomes of the same order as this con-
stant, new phenomena appear; this is the case, for ex-
ample, of # and c that are associated, respectively, with
quantum and relativistic effects. Okun (1991) considered
that only three fundamental constants are necessary, the
underlying reason being that, in the international system
of units which has seven base units and 17 derived units,
four of the seven base units are in fact derived (ampere,
kelvin, mole, and candela). The three remaining base
units (meter, second, and kilogram) are then associated
with three fundamental constants (c, #, and G). They
can be seen as limiting quantities: ¢ is associated with
the maximum velocity and # with the unit quantum of
angular momentum and sets a minimum of uncertainty,
whereas G is not directly associated with any physical
quantity [see Martins (2002), who argues that G is the
limiting potential for a mass that does not form a black
hole]. In the framework of quantum field theory
+ general relativity, it seems that this set of three con-
stants has to be considered, and it allows us to classify
the physical theories (see Fig. 1). However, Veneziano
(1986) argued that, in the framework of string theory,
one requires only two dimensionful fundamental con-
stants, ¢ and the string length \;. The use of % seems
unnecessary since it combines with the string tension to
give A;. In the case of the Goto-Nambu action S/#
=(T/#h)[d(Area)=\_*[d(Area), and the Planck con-
stant is just given by N, 2. In this view, 7 has not disap-
peared but has been promoted to the role of a UV cutoff
that removes both the infinities of quantum-field theory
and singularities of general relativity. This situation is
analogous to that of pure quantum gravity (Novikov and
Zel’dovich, 1982) for which 7 and G never appear sepa-
rately but only in the combination ¢p=+/G%/c> so that
only ¢ and €p; are needed. Volovik (2002) proposed an
analogy with quantum liquids. There, an observer knows
both the effective and microscopic physics so that he can
judge whether the fundamental constants of the effec-
tive theory remain fundamental constants of the micro-
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FIG. 1. The cube of physical theories as presented by Okun
(1991). At the origin stands the part of Newtonian mechanics
(NM) that does not take gravity into account. NG, QM, and
SR then stand for Newtonian gravity, quantum mechanics, and
special relativity, which, respectively, introduce the effect of
one of the constants. Special relativity “merges,” respectively,
with quantum mechanics and Newtonian gravity to give quan-
tum field theory (QFT) and general relativity (GR). Bringing
quantum mechanics and Newtonian gravity together leads to
nonrelativistic quantum gravity, and all theories together give
the theory of everything (TOE). From Okun (1991) (Color in
online edition).

scopic theory. The status of a constant depends on the
considered theory (effective or microscopic) and, more
interestingly, on the observer measuring them, i.e., on
whether this observer belongs to the world of low-
energy quasiparticles or to the microscopic world.
Resolving this issue is indeed far beyond the scope of
this paper and can probably be considered more of an
epistemological question than a physical one. But, as the
discussion above shows, the answer depends on the the-
oretical framework considered [see also Cohen-
Tannoudji (1995) for arguments in favor of considering
the Boltzmann constant as a fundamental constant]. A
more pragmatic approach is then to choose a theoretical
framework so that the set of undetermined fixed param-
eters is fully known, and then to wonder why they have
the values they have and whether they are constant.
We review in this paper both the status of experimen-
tal constraints on the variation of fundamental constants
and the theoretical motivations for considering such
variations. In Sec. II, we recall the argument of Dirac,
who initiated the consideration of time-varying con-
stants, and we briefly discuss how this is linked to an-
thropic arguments. Then, since the fundamental con-
stants are entangled with the theory of measurement, we
make some very general comments on the consequences
of metrology. In Secs. III and IV, we review the obser-
vational constraints, respectively, on the variation of the
fine structure and of gravitational constants. Indeed, we
have to keep in mind that the obtained constraints de-
pend on underlying assumptions about a certain set of
other constants. We summarize briefly in Sec. V the con-
straints on other constants, and we give, in Sec. VI, some
hints of the theoretical motivations arising mainly from
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grand unified theories, Kaluza-Klein, and string theories.
We also discuss a number of cosmological models taking
these variations into account. For recent shorter reviews,
the reader is referred to Varshalovich et al. (2000a),
Chiba (2001), Martins (2002), and Uzan (2002).
Notations: In this work, we use SI units and the fol-
lowing values of the fundamental constants today:'

€=299792458 ms ™!, ()
h=1.054571596(82) X 10 3* Js, (3)
G=6.673(10)x10" " m* kg 's72, (4)
m.=9.109 381 88(72) x 103! kg, (5)
m,=1.67262158(13)x10"* kg, (6)
m,=1.67492716(13) x 10~ % kg, (7)
e=1.602176462(63)x 10~ C (8)

for the velocity of light, the reduced Planck constant, the
Newton constant, the masses of the electron, proton and
neutron, and the charge of the electron. We also define

62

q’= )

 4me

and the following dimensionless ratios:
2

apm= Z—c~1/137.035 999 76(50), (10)
Gme,c

ay= —5—~ 103X 1073, (11)

2
gs(E)

aS(E)E ke 5 (12)
Gm?

aG= ﬁcp ~5%107%, (13)

me 4

p=-—~544617 X107, (14)
P

x=gpapyu~1.62x1077, (15)

y=gpapy~2.977x1074, (16)

which characterize, respectively, the strength of the elec-
tromagnetic, weak, strong, and gravitational forces, and
the electron-proton mass ratio g,=5.585 is the proton
gyromagnetic factor. Note that Eq. (12) extends between
two quantities that depend strongly on energy; this will
be discussed in more detail in Sec. V. We introduce the
notations

= =0.5291771 A, (17)
m.C agym

1
- E1=§mecza123M= 13.60580 eV, (18)

ISee http://physics.nist.gov/cuu/Constants/ for an up-to-date
list of the recommended values of the constants of nature.
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E

R.,=— h—C’:1.097 3731568549(83)x 10" m™!, (19)

respectively, for the Bohr radius, the hydrogen ioniza-
tion energy, and the Rydberg constant.

While working in cosmology, we assume that the uni-

verse is described by a Friedmann-Lemaitre spacetime
ds*=—dr*+a*(t) y;dx'dx!, (20)

where 7 is the cosmic time, a the scale factor, and y;; the
metric of the spatial sections. We define the redshift as
) Ve
147=—=-% 21

< a ) ’ ( )
where a is the value of the scale factor today, while v,
and v are, respectively, the frequencies at emission and
today. We decompose the Hubble constant today as

Hy'=9.7776x10°h " yr, (22)

where h=0.68+0.15 is a dimensionless number, and the
density of the universe today is given by

po=1.879x10"2°Qh> kgm>. (23)

Il. GENERALITIES

A. From Dirac numerological principle to anthropic
arguments

The question of the constancy of the constants of
physics was probably first addressed by Dirac (1937,
1938, 1979) who expressed, in his “Large Numbers hy-
pothesis,” the opinion that very large (or small) dimen-
sionless universal constants cannot be pure mathemati-
cal numbers and must not occur in the basic laws of
physics. He suggested, on the basis of this numerological
principle, that these large numbers should rather be con-
sidered as variable parameters characterizing the state
of the universe. Dirac formed the five dimensionless ra-
tios apy, aw, ag, 0=Hh/m,c?*~2hx10"*, and €
EGpO/H(Z)~5h_2><10_4, and he then asked the ques-
tion of which of these ratios was constant as the universe
evolved. Usually, only § and e vary as the inverse of the
cosmic time (note that with the value of the density cho-
sen by Dirac, the universe is not flat, so that ast and p
«t~3). Dirac then noticed that agu/agy, representing
the relative magnitude of electrostatic and gravitational
forces between a proton and an electron, was of the
same order as Hye?/m.c?=dapy/u, representing the
age of the universe in atomic time, so that the five pre-
vious numbers can be “harmonized” if one assumes that
ag and 6 vary with time and scale as the inverse of the
cosmic time.? This implies that the intensity of all gravi-
tational effects decrease with a rate of about 10~ 10 yr=1,

’The ratio Sapy/u represents roughly the inverse of the
number of times an electron orbits around a proton during the
age of the universe. Already, this suggested a link between
microphysics and cosmological scales.

Rev. Mod. Phys., Vol. 75, No. 2, April 2003

Chandrasekhar (1937) and Kothari (1938) were the first
to point out that some astronomical consequences of
this statement may be detectable. Similar ideas were ex-
pressed by Milne (1935).

Dicke (1961) pointed out that in fact the density of
the universe is determined by its age, this age being re-
lated to the time needed to form galaxies, stars, heavy
nuclei, etc. This led him to formulate that the presence
of an observer in the universe places constraints on the
physical laws that can be observed. In fact, what is
meant by observer is the existence of (highly?) orga-
nized systems, and the anthropic principle can be seen as
a rephrasing of the question “why is the universe the
way it is?” (Hogan, 2000). Carter (1974, 1976, 1983),
who actually coined the term ‘“anthropic principle,”
showed that the numerological coincidence found by
Dirac can be derived from physical models of stars and
the competition between the weakness of gravity and
nuclear fusion. Carr and Rees (1979) then showed how
one can scale up from atomic to cosmological scales only
by using combinations of agy, @G, and m./m,.

The first implementation of Dirac’s phenomenological
idea into a field-theory framework (i.e., modifying Ein-
stein gravity and incorporating nongravitational forces
and matter) was proposed by Jordan (1937, 1939, 1955).
He realized that the constants have to become dynami-
cal fields and used the action

2
S=f V—gd*x¢” Vj) ¢

2
> F }, (24)
7 and & being two parameters. Fierz (1956) realized that
with such a Lagrangian, atomic spectra would be space-
time dependent, and he proposed to fix eta to the value
—1 to prevent such a spacetime dependence. This led to
the definition of a one-parameter (&) class of scalar-
tensor theories, which has been further explored by
Brans and Dicke (1961) (with the change of notation &
— w), who emphasized the connection with Mach’s prin-
ciple. In this Jordan-Fierz-Brans-Dicke theory, the gravi-
tational constant is replaced by a scalar field that can
vary both in space and time. It follows that, for cosmo-
logical solutions, Goct ™", Het™ !, and poct" 2, where n
is expressible in terms of an arbitrary parameter wgp as
n~1=2+43wgp/2. Einsteinian gravity is recovered when
wpp— . This predicts that et~ " and <t~ !, whereas
agm, aw, and e are kept constant. This kind of theory
was further generalized to obtain various functional de-
pendences for G in the formalization of scalar-tensor
theories of gravitation (see, e.g., Damour and Esposito-
Farese, 1992).

Dirac’s idea was revived after Teller (1948) argued
that the decrease of G contradicts paleontological evi-
dence [see also Pochoda and Schwarzschild (1964) and
Gamow (1967c) for evidence based on the nuclear re-
sources of the Sun]. Gamow (1967a, 1967b) proposed
that agy might vary as ¢ in order to save the “elegant”
(according to him) idea of Dirac (see also Stanyukovich,
1962). In both Gamow’s (1967a, 1967b) and Dirac’s
(1937) theories, the ratio ag/apy decreases as ¢ .
Teller (1948) remarked that apy~—InHytp, so that

R=¢
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agy would become the logarithm of a large number.
Landau (1955), de Witt (1964), and Isham et al. (1971)
advocated that such a dependence may arise if the
Planck length provides a cutoff to the logarithmic diver-
gences of quantum electrodynamics. In this latter class
of models apy=1/Int, agxt™!, =t~!, and ay and €
remain constant. Dyson (1967), Peres (1967), and then
Davies (1972) showed, using geological data of the
abundance of rhenium and osmium and the stability of
heavy nuclei, that these two hypotheses were ruled out
observationally (see Sec. III for details on the experi-
mental results). Modern theories of high-energy physics
offer new arguments to reconsider the variation of the
fundamental constants (see Sec. VI). The most impor-
tant outcome of Dirac’s proposal and of the following
assimilated theories [including a later version of Dirac’s
(1974) theory in which there is matter creation either
where old matter was present or uniformly throughout
the universe] is that the hypothesis of the constancy of
the fundamental constants can and must be checked ex-
perimentally. Further details on this early history can be
found in Barrow and Tipler (1986).

A way to reconcile some of the large numbers is to
consider the energy dependence of the couplings as de-
termined by the renormalization group (see, e.g., Itzyk-
son and Zuber, 1980). For instance, concerning the fine-
structure constant, the energy dependence arises from
vacuum polarization that tends to screen the charge.
This screening is less important at small distances, and
the charge appears bigger, so that the effective coupling
constant grows with energy. It follows from this ap-
proach that the three gauge groups get unified into a
larger grand-unification group, so that the three cou-
plings agy, aw, and ag stem from the same dimension-
less number agyr. This might explain some large num-
bers and answer some of Dirac’s concerns (Hogan, 2000)
but indeed, it does not explain the weakness of gravity
that has become known as the hierarchy problem.

Let us come back briefly to the anthropic consider-
ations and show that they allow us to set an interval of
admissible values for some constants. Indeed, the an-
thropic principle does not determine whether the con-
stants are varying or not, but it gives an insight into how
special our universe is. In such an approach, one studies
the effect of small variations of a constant around its
observed value and tries to find a phenomenon highly
dependent on this constant. This does not ensure that
there is no other set of constants (very different than the
one observed today) for which an organized universe
may exist. It just tells us about the stability in a neigh-
borhood of the location of our universe in the parameter
space of physical constants. Rozental (1988) argued that
requiring that the lifetime of the proton 7,
~agl\z,[(ﬁ/mpcz)exp(l/aEM)~1O32 yr be larger than the
age of the universe t,~c/Hy~10"7 s implies that apy
<1/80. On the other hand, if we believe in a grand uni-
fied theory, this unification has to take place below the
Planck scale, implying that agy>1/170, this bound de-
pending on assumptions on the particle content. Simi-
larly, requiring that the electromagnetic repulsion be
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much smaller than the attraction by strong interaction in
nuclei (which is necessary to have nuclei) leads to agy
<1/20. The thermonuclear reactions in stars are efficient
if kgT~ aEMmpc2 and the temperature of a star of ra-
dius Rg and mass Mg can roughly be estimated as kgT
~GMgm,/Rg, which leads to the estimate gy~ 1073,
One can indeed think of many other examples to place
such bounds. From the previous considerations, we
maintain that the most stringent is

1170< app < 1/80. (25)

It is difficult to believe that these arguments can lead to
much sharper constraints. They are illustrative and give
a hint that the constants may not be “random” param-
eters without giving any explanation for their values.

Rozental (1988) also argued that the existence of hy-
drogen and the formation of complex elements in stars
(mainly the possibility of the reaction 3a— 'C) set con-
straints on the values of the strong-coupling constant.
The production of '>C in stars requires a triple tuning:
(i) the decay lifetime of ®Be, of order 107° s, is four
orders of magnitude longer than the time for two « par-
ticles to scatter, (ii) an excited state of the carbon lies
just above the energy of ®Be+ «, and finally (iii) the
energy level of %0 at 7.1197 MeV is nonresonant and
below the energy of >C+ a, of order 7.1616 MeV, which
ensures that most of the carbon synthesized is not de-
stroyed by the capture of an « particle (see Livio et al.,
1989). Oberhummer et al. (2000) showed that outside a
window of, respectively, 0.5% and 4% of the values of
the strong and electromagnetic forces, the stellar pro-
duction of carbon or oxygen will be reduced by a factor
30—1000 (see also Pochet et al., 1991; Jeltema and Sher,
1999). Concerning the gravitational constant, galaxy for-
mation requires ag<10*. Other such constraints on the
other parameters listed in the previous section can be
obtained (see, e.g., Barrow, Sandvik, and Magueijo,
2002b for further discussions).

B. Metrology

The introduction of constants in physical law is closely
related to the existence of systems of units. For instance,
Newton’s law states that the gravitational force between
two masses is proportional to each mass and inversely
proportional to their separation. To transform the pro-
portionality to an equality, one requires the use of a
quantity with dimension of m>kg~!s~? independent of
the separation between the two bodies, of their mass, of
their composition (equivalence principle), and of the po-
sition (local position invariance). With another system of
units, this constant could have been simply anything.

The determination of the laboratory value of con-
stants relies mainly on the measurements of lengths, fre-
quencies, times, etc. (see Petley, 1985, for a treatise on
the measurement of constants, and Flowers and Petley,
2001, for a recent review). Hence, any question on the
variation of constants is linked to the definition of the
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system of units and to the theory of measurement. The
choice of base units affects the possible time variation of
constants.

The behavior of atomic matter is mainly determined
by the value of the electron mass and of the fine-
structure constant. The Rydberg energy sets the (nonrel-
ativistic) atomic levels, the hyperfine structure involves
higher powers of the fine-structure constant, and mo-
lecular modes (including vibrational, rotational, etc.
modes) depend on the ratio m./m,. As a consequence,
if the fine-structure constant is spacetime dependent, the
comparison between several devices such as clocks and
rulers will also be spacetime dependent. This depen-
dence will also differ from one clock to another so that
metrology becomes both device and spacetime dependent.

Besides this first metrological problem, the choice of
units has implications on the permissible variations of
certain dimensionful constant. As an illustration, we fol-
low Petley (1983) who discusses the implication of the
definition of the meter. The definition of the meter via a
prototype platinum-iridium bar depends on the inter-
atomic spacing in the material used in the construction
of the bar. Atkinson (1968) argued that, at first order, it
mainly depends on the Bohr radius of the atom so that
this definition of the meter fixes the combination (17) as
constant. Another definition was based on the wave-
length of the orange radiation from krypton-86 atoms. It
is likely that this wavelength depends on the Rydberg
constant and on the reduced mass of the atom so that it
ensures that m.c>agy,/2% is constant. The more recent
definition of the meter as the length of the path traveled
by light in vacuum during a time of 1/299792458 of a
second imposes the constancy of the speed of light’ c.
Identically, the definitions of the second as the duration
of 9192631770 periods of the transition between two
hyperfine levels of the ground state of cesium-133 or of
the kilogram via an international prototype, respectively,
require that m2c2agy/f and m, be fixed.

Since the definition of a system of units and the value
of the fundamental constants (and thus the status of
their constancy) are entangled, and since the measure-
ment of any dimensionful quantity is in fact the mea-
surement of a ratio to standards chosen as units, it only
makes sense to consider the variation of dimensionless
ratios.

In theoretical physics, we often use the fundamental
constants as units (see McWeeny, 1973, for the relation
between natural units and SI units). The International
System of units (SI) is more appropriate to human-size
measurements, whereas natural systems of units are
more appropriate to the physical systems to which they
refer. For instance, %, ¢, and G allows us to construct the
Planck mass, time, and length, which are of great use as
units while studying high-energy physics, and the same
can be done from #, e, m., and g, to construct a unit

3Note that the velocity of light is not assigned a fixed value
directly, but rather the value is fixed as a consequence of the
definition of the meter.
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FIG. 2. Sketch of the experimental and theoretical chain lead-
ing to the determination of the electron mass. Note that, as
expected, the determination of agy; requires no dimensional
input. From Mohr and Taylor (2001) (Color in online edition).

mass (m.), length (4meoh®/mee?), and time
(2eoh’/mme*). A physical quantity can always be de-
composed as the product of a label representing a stan-
dard quantity of reference and a numerical value repre-
senting the number of times the standard has to be
taken to build the required quantity. It follows that a
given quantity X can be expressed as X
=k, F;(m,kg,s,...) with k; a dimensionless quantity and
F; a function of the base units (here SI) to some power.
Let us decompose X as X=k,F,(#%,e,c,...) where k, is
another dimensionless constant and F, a function of a
sufficient number of fundamental constants to be consis-
tent with the initial base units. The time variation of X is
given by

dlnX_dlnkl dlnFl_dlnkz dInF,
i a Tar At T ar

Since only dk/dt or dk,/dt can be measured, it is nec-
essary to have chosen a system of units, the constancy of
which is assumed (i.e., that either dF;/dt=0 or
dF,/dt=0) in order to draw any conclusion concerning
the time variation of X, in the same way as the descrip-
tion of a motion needs to specify a reference frame.

To illustrate the importance of the choice of units and
the entanglement between experiment and theory while
measuring a fundamental constant, let us sketch how
one determines 1, in the SI system (following Mohr and
Taylor, 2001), that is, in the kilogram (see Fig. 2). The
kilogram is defined by a platinum-iridium bar to which
we have to compare the mass of the electron. The key to
this measurement is to express the electron mass as m,
=2hR../akyc. From the definition of the second, R.. is
determined by precision laser-spectroscopy on hydrogen
and deuterium and the theoretical expression for the
1s-2s hydrogen transition as v=(3/4)R.c[l—u
+11a2\/48+ (56ay,)/ (97)In apy++-+]  arising  from
QED. The fine-structure constant is determined by com-
paring theory and experiment for the anomalous mag-
netic moment of the electron (involving, again, QED).
Finally, the Planck constant is determined by a Watt bal-
ance, comparing Watt electrical to Watt mechanical
power (involving classical mechanics and classical elec-
tromagnetism only: /& enters through the current and
voltage calibration based on two condensed-matter phe-
nomena, Josephson and quantum Hall effects, so that it
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involves the theories of these two effects).

As a conclusion, let us recall that (i) in general, the
values of the constants are not determined by a direct
measurement but by a chain of measurements involving
both theoretical and experimental steps, (ii) they de-
pend on our theoretical understanding, (iii) the determi-
nation of a self-consistent set of values of the fundamen-
tal constants results from an adjustment to achieve the
best match between theory and a defined set of experi-
ments (see, e.g., Birge, 1929), (iv) the system of units
plays a crucial role in the measurement chain, since, for
instance, in atomic units, the mass of the electron could
have been obtained directly from a mass ratio measure-
ment (which is even more precise), and (v) the test of
the variability of the constants fortunately does not re-
quire us to have a priori a high-precision value of the
considered constant.

In the following, we will thus focus on the variation of
dimensionless ratios which, for instance, characterize the
relative magnitude of two forces, and are independent of
the choice of the system of units and of the choice of
standard rulers or clocks. Let us note that some (hope-
less) attempts to constrain the time variation of dimen-
sionful constants have been tried and will be briefly dis-
cussed in Sec. V.F. This does not, however, mean that a
physical theory cannot have dimensionful varying con-
stants. For instance, a theory of varying fine-structure
constants can be implemented either as a theory with
varying electric charge or varying speed of light.

C. Overview of the methods

Before going into the details of the constraints, it is
worth taking some time to discuss the kind of experi-
ments or observations that we need to consider and
what we can hope to infer from them.

As emphasized in the previous section, we can only
measure the variation of dimensionless quantities (such
as the ratio of two wavelengths, two decay rates, two
cross sections, etc.); the idea is to pick a physical system
that depends strongly on the value of a set of constants
so that a small variation will have dramatic effects. The
general strategy is thus to constrain the spacetime varia-
tion of an observable quantity as precisely as possible
and then to relate it to a set of fundamental constants.

Basically, we can group all the methods into three
classes: (i) atomic methods, including atomic clocks, qua-
sar absorption spectra, and observation of the cosmic
microwave background (CMB) radiation where one
compares ratios of atomic-transition frequencies (the
CMB observation depends on the dependence of the
recombination process on agy); (i) nuclear methods,
including nucleosynthesis, @ and B decay, and Oklo re-
actor (for which the observables are, respectively, abun-
dances, lifetimes, and cross sections); and (iii) gravita-
tional methods, including the test of the violation of the
universality of free fall, where one constrains the rela-
tive acceleration of two bodies, stellar evolution, etc.

These methods are either experimental (e.g., atomic
clocks), for which one can have a better control of the
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systematics, observational (e.g., geochemical, astrophysi-
cal, and cosmological observations), or mixed (« and B
decay, universality of free fall). This sets the time scales
on which a possible variation can be measured. For in-
stance, in the case of the fine-structure constant (see Sec.
III), one expects to be able to constrain a relative varia-
tion of apgy of order 10™% [geochemical (Oklo)], 107>
[astrophysical (quasars)], 107°-10"2 (cosmological
methods), and 107 13-10"'* (laboratory methods) on
time scales of order 10° yr, 10°-10'" yr, 10'” yr, and
1-12 months, respectively. This brings up the question of
the comparison and of the compatibility of the different
measurements since one will have to take into account,
for example, the rate of change of agy;, which is often
assumed to be constant. In general, this requires us to
specify a model both to determine the law of evolution
and the links between the constants. Long-time-scale ex-
periments allow the testing of a slow-drift evolution,
while short-time-scale experiments enable the testing of
the possibility of a rapidly varying constant.

The next step is to convert the bound on the variation
of some measured physical quantities (decay rate, cross
section, etc.) into a bound on some constants. It is clear
that, in general (for atomic and nuclear methods at
least), it is impossible to consider the electromagnetic,
weak, and strong effects independently, so that this lat-
ter step involves some assumptions.

Atomic methods are mainly based on the comparison
of the wavelengths of different transitions. The nonrela-
tivistic spectrum depends mainly on R.. and u, the fine
structure on R.a%,,, and the hyperfine structure on
ngoca]zEM. Extending this to molecular spectra to in-
clude rotational and vibrational transitions allows us to
have access to u. It follows that we can hope to disen-
tangle the observations of the comparisons of different
transitions to constrain on the variation of (agy,u,gp)-
The exception is CMB, which involves a dependence on
agy and m, mainly due to the Thomson-scattering cross
section and the ionization fraction. Unfortunately, the
effect of these parameters has to be distinguished from
the dependence on the usual cosmological parameters,
which renders the interpretation more difficult.

The internal structure and mass of the proton and
neutron are completely determined by strong gauge
fields and quarks interacting together. Provided we can
ignore the quark masses and electromagnetic effects, the
whole structure is only dependent on an energy scale
Aocp- It follows that the stability of the proton greatly
depends on the electromagnetic effects and the masses
m, and my of the up and down quarks. In nuclei, the
interaction of hadrons can be thought to be mediated by
pions of mass mi~mp(mu+ my). Since the stability of
the nucleus mainly results from the balance between this
attractive nuclear force, the nucleon degeneracy pres-
sure, and the Coulomb repulsion, it will mainly involve
my, myg, M-

Big bang nucleosynthesis depends on G (expansion
rate), Gy (weak interaction rates), ag (binding of light
elements), and agy; (via the electromagnetic contribu-
tion to m,—m,, but one will also have to take into ac-
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count the contribution of a possible variation of the
mass of the quarks, m, and m,). Besides, if m,—m,, falls
below m,, the B decay of the neutron is no longer en-
ergetically possible. The abundance of helium is mainly
sensitive to the freeze-out temperature, and the neutron
lifetime and heavier-element abundances to the nuclear
rates.

All nuclear methods involve a dependence on the
mass of the nuclei of charge Z and atomic number A,

m(A,Z)=Zmy+(A—Z)m,+Es+ Egy,

where Eg and Eg) are, respectively, the strong and elec-
tromagnetic contributions to the binding energy. The
Bethe-Weizacker formula gives

Z(Z-1)

@ EM MeV. (26)
If we decompose m,, and m, as (see Gasser and Leut-
Wyler, 1982) I’I’I(p’n) =Usj +b (u7d)mu+ b(d’u)md+ B (p:n) OEM
where u3 is the pure QCD approximation of the nucleon
mass (b, by, and B, /u3 being pure numbers), it re-
duces to

m(A,Z)=(Aus+Eg)+(Zb,+Nbym,
+(Zbd+Nbu)md

Z(Z-1)
+| ZBy+ NB,+98.25" 55— MeV | agy,

27)

with N=A —Z, the neutron number. This depends on
our understanding of the description of the nucleus and
can be more sophisticated. For an atom, one would have
to add the contribution of the electrons, Zm,.. Equation
(27) depends on strong, weak, and electromagnetic
quantities. The numerical coefficients B, are given
explicitly by Gasser and Leutwiller (1982) as

BpaEM=0.63 MeV, BnaEM= —0.13 MeV. (28)

It follows that it is generally difficult to discern the
effect of each parameter and compare the different
methods. For instance, comparing the constraint on u
obtained from electromagnetic methods to the con-
straints on ag and Gg from nuclear methods requires
some theoretical input, such as a theory to explain the
fermion masses. Moreover, most of the theoretical mod-
els predict a variation of the coupling constants from
which one has to infer the variation of u, etc.

For macroscopic bodies, the mass has also a negative
contribution

G [ p(Np(F') . 5,
Am(G)=—§2JWd3rd3r (29)

from the gravitational binding energy. As a conclusion,
from Egs. (27) and (29), we expect the mass to depend
on all the coupling constants, m (agy,aw,@s,®g, €tc.).

This has a profound consequence concerning the mo-
tion of any body. Let « be any fundamental constant,
assumed to be a scalar function and having a time varia-
tion of cosmological origin so that in the privileged cos-
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mological rest frame it is given by a(z). A body of mass
m moving at velocity v will experience an anomalous
acceleration

dv dlnm _ 30
“m dt di da °U (30)

Now, in the rest frame of the body, a has a spatial de-
pendence a[(t'+7-7'/c?)/\1—v?/c?] so that, as long as
v<c, Va=(a/ c2)17 . The anomalous acceleration can
thus be rewritten as

a dmc?

Si= —( )V In a. (31)

m da

In the most general case, for a nonrelativistic body,

@ 5mc2)(Va @ 6)' 32)

_ —
o aC_'Z

&l:_(n_’l Sa

It reduces to Eq. (30) in the appropriate limit, and the
additional gradient term will be produced by local mat-
ter sources. This anomalous acceleration is generated by
the change in the (electromagnetic, gravitational, etc.)
binding energy (Dicke, 1964, 1969; Eardley, 1975;
Haugan, 1979; Nordtvedt, 1990). Besides, the a depen-
dence is a priori composition dependent [see, e.g., Eq.
(27)]. As a consequence, any variation of the fundamen-
tal constants will entail a violation of the universality of
free fall: the total mass of the body being space depen-
dent, an anomalous force appears if energy is to be con-
served. The variation of the constants, deviation from
general relativity, and violation of the weak equivalence
principle are in general expected together, for example,
if there exists a new interaction mediated by a massless
scalar field.

Gravitational methods include the constraints that can
be derived from the test of the theory of gravity, such as
the test of the universality of free fall, the motion of the
planets in the solar system, and stellar and galactic evo-
lutions. They are based on the comparison of two time
scales, the first (gravitational time) dictated by gravity
(ephemeris, stellar ages, etc.) and the second (atomic
time) determined by any system not determined by
gravity (e.g., atomic clocks) (Canuto and Goldman,
1982). For instance, planet ranging, neutron star binary
observations, primordial nucleosynthesis, and paleonto-
logical data allow one to constrain the relative variation
of G to a level, respectively, of 1071210711,
107 13-10"'2, 10712, and 10" '° per year.

Attacking the full general problem is a hazardous and
dangerous task, so we will first describe the constraints
obtained in the literature by focusing on the fine-
structure constant and the gravitational constant, and we
will then extend to some other (less studied) combina-
tions of the constants. A complementary approach is to
predict the mutual variations of different constants in a
given theoretical model (see Sec. VI).
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lll. FINE-STRUCTURE CONSTANT

A. Geological constraints

1. The Oklo phenomenon

Oklo is a prehistoric, natural fission reactor that oper-
ated about 2x 10° yr ago (corresponding to a redshift of
~0.14) during a few million years in the Oklo uranium
mine in Gabon. This phenomenon was discovered by the
French Commissariat a I’Energie Atomique in 1972
while monitoring for uranium ores (see Naudet, 1974,
Maurette, 1976, and Petrov, 1977, for early studies, and
Naudet, 2000, for a general review). Two billion years
ago, uranium was naturally enriched (due to the differ-
ence of decay rate between *°U and *®U) and U
represented about 3.68% of the total uranium (com-
pared with 0.72% today). Besides, in Oklo the concen-
tration of neutron absorbers that prevent the neutrons
from being available for the chain fission was low; water
played the role of moderator and slowed down fast neu-
trons so that they could interact with other U, and the
reactor was large enough so that the neutrons did not
escape faster than they were produced.

From isotopic abundances of the yields, one can ex-
tract information about the nuclear reactions at the time
the reactor was operational and reconstruct the reaction
rates at that time. One of the key quantities measured is
the ratio '$Sm/'$JSm of two light isotopes of samarium,
which are not fission products. This ratio, of order of 0.9
in normal samarium, is about 0.02 in Oklo ores. This low
value is explained by the depletion of 1égSm by thermal
neutrons to which it was exposed while the reactor was
active.

Shlyakhter (1976) pointed out that the capture cross
section of thermal neutron by '$Sm,

n+1HSm—"19Sm+ y, (33)
is dominated by a capture resonance of a neutron of
energy of about 0.1 eV. The existence of this resonance
is a consequence of a near cancellation between the
electromagnetic repulsive force and the strong interac-
tion.

To obtain a constraint, one first needs to measure the
neutron-capture cross section of '¢;Sm at the time of the
reaction and to relate it to the energy of the resonance.
One has finally to translate the constraint on the varia-
tion of this energy to a constraint on the time variation
of the considered constant.

The cross section of the neutron capture (33) is
strongly dependent on the energy of a resonance at £,
=97.3 meV and is well described by the Breit-Wigner
formula

(E)= go m h? r,r,

0- b
(.7 myE (E—E,)>+T?%/4
where g,=(2J+ 1)(2s +1)"Y(21+1)"! is a statistical
factor that depends on the spin of the incident neutron

s=1/2, of the target nucleus /, and of the compound
nucleus J; for the reaction (33), we have g,=9/16. The

(34)
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total width I'=I",+1", is the sum of the neutron partial
width I';=0.533 meV (at E,) and of the radiative partial
width I', = 60.5 meV.

The effective absorption cross section is defined by

G(E,,T)=

f J O(n.y)(E)
2FE —ElkgT
XN ek ST JEdE, (35)

where the velocity v,=2200 ms~! corresponds to an en-

ergy Ey=253 meV and the effective neutron flux is
similarly given by

YE ¢ ElksT
Uo\/—f \/ (kg T)s/z\/EdE- (36)

The samples of the Oklo reactors were exposed (Nau-

det, 1974) to an integrated effective fluence [¢dt of
about 10?! neutroncm™2=1kb~!. This implies that any
process with a cross section smaller than 1 kb can be
neglected in the computation of the abundances; this in-
cludes neutron capture by '&Sm and '&Sm. On the
other hand, the fission of %;U and the capture of a neu-
tron by '$Nd and by '$Sm with respective cross sec-
tions 05=0.6 kb, 043~0.3 kb, and 04=70 kb are the
dominant processes. It follows that the equations of evo-
lution for the number densities Ny47, Nisg, Nig9, and
Nyss of 'Sm, '&Sm, '$Sm, and %,U are (Damour and
Dyson, 1996; Fujii et al., 2000)

dN147 N A A A
;- 0PNyt GpasdNoss, (37)
dNus . .
ar G147¢N 147, (38)
dN 149 .4 .5

g G 149N 1497F G 235N 35, (39)
dNyss

T 05 Noss, (40)

where the system has to be closed by using a modified
absorption cross section o3 =o5(1—C) (see references
in Damour and Dyson, 1996). This system can be inte-
grated under the assumption that the cross sections are
constant and the result compared with the natural abun-
dances of the samarium to extract the value of d49 at
the time of the reaction. Shlyakhter (1976) first claimed
that J14=55*=8 kb (as cited by Dyson, 1978). Damour
and Dyson (1996) reanalyzed several samples of Oklo
data and found that 57 kb<<d149=<93 kb. Fujii et al.
(2000) found that ¢49=91=6 kb.

By comparing these measurements to the current
value of the cross section and using Eq. (35), one can
transform it into a constraint on the variation of the
resonance energy. This step requires an estimation of the
neutron temperature. It can be obtained by using infor-
mation from the abundances of other isotopes such as
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lutetium and gadolinium. Shlyakhter (1976) deduced
that |AE,|<20 meV but assumed the much-too-low
temperature of 7=20°C. Damour and Dyson (1996) al-
lowed the temperature to vary between 180°C and
700°C  and deduced the conservative bound
—120 meV<AE,<90 meV; Fujii et al. (2000) obtained
two branches, the first compatible with a null variation
AFE,=9*+11 meV and the second indicating a nonzero
effect AE,=—97x8meV for 7T=200-400°C, arguing
that the first branch was favored.

Damour and Dyson (1996) related the variation of E,
to the fine-structure constant by taking into account that
the radiative capture of the neutron by 1ggSm corre-
sponds to the existence of an excited quantum state
Sm (so that E,=E*,—E;—m,) and by assuming
that the nuclear energy is independent of apgy. It fol-
lows that the variation of agy; can be related to the dif-
ference in Coulomb energy of these two states. The
computation of this latter quantity is difficult and re-
quires a relation to the mean-square radii of the protons
in the isotopes of samarium; Damour and Dyson (1996)
showed that the Bethe-Weizacker formula (26) overesti-
mates by about a factor the 2 the ag); sensitivity to the
resonance energy. It follows from this analysis that

“=—11 MeV, (41)
M

which, once combined with the constraint on AE,, im-
plies

—0.9% 107 7 <Aapy/apy<1.2X10"7 (42)

at 20 level, corresponding to the range —6.7
X107V yr ' <apm/apy<5.0X10717 yro 1 if @y is as-
sumed constant. This tight constraint arises from the
large amplification between the resonance energy
(~0.1 eV) and the sensitivity (~1MeV). Fujii efal
(2000) reanalyzed the data including gadolinium and

found the favored result dgy/apy=(—0.220.8)
%1077 yr~!, which corresponds to
Aapy/apy=(—0.36=1.44)x1078 (43)

and another branch épy/apy=(4970.4)x10" 7 yr~1,
The first bound is favored given the constraint on the
temperature of the reactor. Nevertheless, the nonzero
result cannot be eliminated, even using results from ga-
dolinium abundances (Fujii, 2002). Note, however, that
spliting the analysis into two branches seems to be at
odds with the aim of obtaining a constraint. Starting
from the bound on AE, derived by Damour and Dyson
(1996), Olive et al. (2002) made some theoretical as-
sumptions about the quark-mass dependence of AFE,
and derived from these assumptions a tighter limit on
the variation of apy of order Aapy/apy=10"".

Earlier studies include the original work by Shlya-
khter (1976) who found that |apy/apy|<10™17 yr71,
corresponding to

|Aapy/apy| <1.8X1078. (44)

In fact, he stated that the variation of the strong-
interaction coupling constant was given by Agg/gg
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~AE,/V,y, where V=50 MeV is the depth of a square
potential well. Arguing that the Coulomb force in-
creases the average internuclear distance by about 2.5%
for A~150, he concluded that Aagy/agy~20Ags/gs,
leading to |dpm/apm|<107'7 yr~!. Irvine (1983a,
1983b) quoted the bound |dpy/apy|<5x10717 yrot,
The analysis of Sisterna and Vucetich (1990) used, ac-
cording to Damour and Dyson (1996), an ill-motivated
finite-temperature description of the excited state of the
compound nucleus. Most of the studies focus on the ef-
fect of the fine-structure constant mainly because the
effects of its variation can be well controlled, but one
would also have to take the effect of the variation of the
Fermi constant, or, identically, ayw (see Sec. V.A). Hor-
vath and Vucetich (1988) interpreted the results from
Oklo in terms of null-redshift experiments.

2. a decay

The fact that a decay can be used to put constraints
on the time variation of the fine-structure constant was
pointed out by Wilkinson (1958) and then revived by
Dyson (1972, 1978). The main idea is to extract the agy
dependence of the decay rate and to use geological
samples to bound its time variation.

The decay rate N of the « decay of a nucleus ’%X of
charge Z and atomic number A,

43X —4X+5He, (45)

is governed by the penetration of the Coulomb barrier
described by the Gamow theory and well approximated
by

N=A(apy,v)e AN, (46)

where v is the escape velocity of the « particle and
where A is a function that depends slowly on agy; and v.
It follows that the variation of the decay rate with re-
spect to the fine-structure constant is well approximated
by

dIn\ c
=—47 —( 47)

1 dinAE
daEM ’

_zdlnaEM

where AE=2mu? is the decay energy. Considering that
the total energy is the sum of the nuclear energy E
and of the Coulomb energy Egy/80 MeV=Z(Z
—1)A " Yagy, and that the former does not depend on
agym, one deduces that

dnAE | AE |7
dlnapy 106 MeV) 14,2 (48)
with FA.Z)=[(Z+2)(Z+1)(A+4)"P—Z(Z

—1)A~13]. It follows that the sensitivity of the decay
rate on the fine-structure constant is given by
dIn\ c [ 0.3 MeV

S dnagy Ty | TRE

f(A,Z)-1 ] .
(49)

This result can be qualitatively understood since an in-
crease of agy induces an increase in the height of the
Coulomb barrier at the nuclear surface while the depth
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of the nuclear potential below the top remains the same.
It follows that the « particle escapes with greater energy
but is at the same energy below the top of the barrier.
Since the barrier becomes thinner at a given energy be-
low its top, the penetrability increases. This computation
indeed neglects the effect of a variation of agy; on the
nucleus that can be estimated to be dilated by about 1%
if agy increases by 1%.

Wilkinson (1958) considered the most favorable
a-decay reaction, which is the decay of 25U,

B8U—2%,Th+5He, (50)

for which AE=4.27 MeV (s=540). By comparing the
geological dating of the Earth by different methods, he
concluded that the decay constants \ of 28y, U, and
Z2Th have not changed by more than a factor of 3 or 4
during the last 3—4x10° years, from which it follows
that |dapy/apm|<2X1072 yr~! and thus

|Aapy/apy|<8X1073. (51)

This constraint was revised by Dyson (1972), who
claimed that the decay rate has not changed by more
than 20% during the past 2x10° years, which implies

|AaEM/aEM|<4X1O_4' (52)

These data were recently revisited by Olive et al. (2002).
Using laboratory and meteoric data for 'YSm (AE
=2.31 MeV, s=770) for which AN/\ was estimated to be
of order 7.5X 1073, they concluded that

|AaEM/a’EM|<1O_5. (53)

3. Spontaneous fission

a-emitting nuclei are classified into four generically
independent decay series (the thorium, neptunium, ura-
nium, and actinium series). The uranium series is the
longest known series. It begins with %5U, passes a sec-
ond time through Z= 92 (*3U) as a consequence of an
a-B decay, then passes by five «a decays and finishes by
an a-B-B decay to end with 25Pb. The longest-lived
member is 35U with a half-life of 4.47x10° yr, which is
four orders of magnitude larger than the second-longest-
lived elements. 25U thus determines the time scale of
the whole series.

The expression of the lifetime in the case of sponta-
neous fission can be obtained from Gamow’s theory of «
decay by replacing the charge Z with the product of the
charges of the two fission products.

Gold (1968) studied the fission of %5U with a decay
time of 7x107" yr~!. He obtained a sensitivity [Eq.
(49)] of s=120. Ancient rock samples allow us to con-
clude, after comparison of rock samples dated by
potassium-argon and rubidium-strontium, that the decay
time of %5U has not varied by more than 10% in the last
2x10” yr. Indeed, the main uncertainty comes from the
dating of the rock. Gold (1968) concluded on that basis
that

|Aapy/ apy|<4.66X1074, (54)
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which corresponds to |dpy/apy|<2.3X107 B yr! if
one assumes that dpy; is constant. This bound is indeed
comparable, in order of magnitude, to the one obtained
by a-decay data.

Chitre and Pal (1968) compared the uranium-lead and
potassium-argon dating methods governed, respectively,
by a and S decay to date stony meteoric samples. Both
methods have different agy dependence (see below),
and they concluded that

|AaEM/aEM|<(1_5)X1074' (55)

Dyson (1972) argued on a similar basis that the decay
rate of %5U has not varied by more than 10% in the past
2x10° yr, so that

|A01EM/C¥EM|<1073. (56)

4. B decay

Dicke (1959) stressed that the comparison of the
rubidium-strontium and potassium-argon dating meth-
ods to uranium and thorium rates constrains the varia-
tion of agy;. He concluded that there was no evidence
to rule out a time variation of the B-decay rate.

Peres (1967) discussed qualitatively the effect of a
fine-structure constant increasing with time, arguing that
the nuclei chart would have then been very different in
the past since the stable heavy element would have had
N/Z ratios much closer to unity (because the deviation
from unity is mainly due to the electrostatic repulsion
between protons). For instance, **U would be unstable
against double-8 decay to »Pu. One of the arguments
to claim that apy; has almost not varied lies in the fact
that 2%8Pb existed in the past as **Rn, which is a gas, so
that the lead ores on Earth would be uniformly distrib-
uted.

As far as long-lived isotopes for which the decay en-
ergy AE is small are concerned, we can use a nonrela-
tivistic approximation for the decay rate

N=A.(AE)"= (57)

for, respectively, 8~ decay and electron capture. A . are
functions that depend smoothly on agy and can thus be
considered constant, and p,=¢+3 and p_=2{+2 are
the degrees of forbiddenness of the transition. For high-
Z nuclei with small decay energy AE, the exponent p

becomes p=2+ 1 — agyZ? and is independent of ¢. It
follows that the sensitivity [Eq. (49)] becomes
_dhnAE s3

=P dinamy (58)

The second factor can be estimated exactly as in Eq.
(48) for « decay but with f(A,Z)==(2Z
+1)A~13[0.6 MeV/AE], the — and + signs corre-
sponding, respectively, to 8 decay and electron capture.

The laboratory-determined decay rates of rubidium to
strontium by B decay,

SYRb—SSr+v,+e ™, (59)

and to potassium to argon by electron capture,
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‘1‘8K+ e — ?gAr—i- v,, (60)

are, respectively, 1.41x10""yr ! and 4.72
x 1071 yr~1. The decay energies are, respectively, AE
=0.275 MeV and AE=1.31 MeV, so that s=—180 and
s=—30. Peebles and Dicke (1962) compared these
laboratory-determined values with their abundances in
rock samples after dating by the uranium-lead method
and with meteorite data (dated by uranium-lead and
lead-lead). They concluded that the variation of agy
with ag cannot be ruled out by comparison to meteorite
data. Later, Yahil (1975) used the concordance of the
K-Ar and Rb-Sr geochemical ages to place the limit

over the past 10! yr.
The case of the decay of osmium to rhenium by elec-
tron emission

BTRe—'810s+v,+e” (62)
was first considered by Peebles and Dicke (1962). They
noted that the very small value of its decay energy AE
=2.5 keV makes it a very sensitive indicator of the
variation of agy. In that case p=2.8, so that s
=—18000. It follows that a change of about 10 2% of
agy Will induce a change in the decay energy of order of
the keV, that is, of the order of the decay energy itself.
With a time-decreasing agy, the decay rate of rhenium
will have slowed down and then osmium will have be-
come unstable. Peebles and Dicke (1962) did not have
reliable laboratory determination of the decay rate to
set any constraint. Dyson (1967) compared the isotopic
analysis of molybdenite ores, the isotopic analysis of 14
iron meteorites, and laboratory measurements of the de-
cay rate. Assuming that the variation of the decay en-
ergy comes entirely from the variation of agy, he con-
cluded that

|Aapy/apy|<9x1074 (63)

during the past 3x10° years. In a reanalysis (Dyson,
1972), he concluded that the rhenium decay-rate had not
changed by more than 10% in the past 10° years, so that

|Aapy/apm|<5X%107°. (64)

Using a better determination of the decay rate of '§.Re
based on the growth of ®’Os over a four-year period
into a large source of osmium free rhenium, Lindner
et al. (1986) deduced that

Aapy/apy=(—4.5+9)x10"* (65)

over a 4.5x10” yr period. This was recently updated
(Olive et al., 2002) to take into account the improve-
ments in the analysis of the meteorite data that now
show that the half-life has not varied by more than 0.5%
in the past 4.6 Gyr (i.e., a redshift of about 0.45). This
implies that

|AaEM/aEM|<3X1O_7' (66)

We just reported the values of the decay rates as used
at the time of the studies. One might want to update
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these constraints by using new results of the measure-
ments of the decay rate. Even so, they will not, in gen-
eral, be competitive with the bounds obtained by other
methods. These results can also be altered if the neutri-
nos are massive.

5. Conclusion

All the geological studies are on time scales of order
of the age of the Earth (typically z~0.1-0.15, depend-
ing on the values of the cosmological parameters).

The Oklo results are probably the most powerful
geochemical data to study the variation of the fine-
structure constant, but one has to understand and to
model carefully the correlations of the variation of aw
and gg as well as the effect of u (see the recent study by
Olive et al., 2002). This difficult but necessary task re-
mains to be done.

The p-decay results depend on the combination
sy and have the advantage of not depending on G.
They may be considered more as historical investiga-
tions than as competitive methods to constrain the varia-
tion of the fine-structure constant, especially in view of
the Oklo results. The dependence and use of this
method on ag was studied by Broulik and Trefil (1971)
and Davies (1972) (see Sec. V.B).

B. Atomic spectra

The previous bounds on the fine-structure constant
assume that other constants like the Fermi constant do
not vary. The use of atomic spectra may offer cleaner
tests, since we expect them to depend mainly on combi-
nations of agy, i, and g,.

We start by recalling some basics concerning atomic
spectra in order to describe the modeling of the spectra
of many-electron systems, which is of great use while
studying quasar absorption spectra. We then focus on
laboratory experiments and the results from quasar ab-
sorption spectra.

1. agy dependence of atomic spectra

As an example, let us briefly recall the spectrum of the
hydrogen atom (see, e.g., Cohen-Tannoudji et al., 1986).
As long as we neglect the effect of the spins and work in
the nonrelativistic approximation, the spectrum is simply
obtained by solving the Schrodinger equation with
Hamiltonian

P? e’

HO:ZmC daegr’ (67)
the eigenfunction of which is of the form ¢,,,
=R, (r)Y,,(60,¢), where n is the principal quantum

number. This solution has an energy

EI ne !
E,=——|1+— (68)
n mp
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independent of the quantum numbers / and m satisfying
0<I<n, |m|<I and where E; is defined by Eq. (18). It
follows that there are n’ states with the same energy.
The spectroscopic nomenclature refers to a given energy
level by the principal quantum number and a letter des-
ignating the quantum number / (s,p,d,f.g,..., respec-
tively, for /=0,1,2,3,4,...).

This analysis neglects relativistic effects, which are ex-
pected to be typically of order a4EM (since, in the Bohr
model, v/c=agy for the orbit n=1), to give the fine
structure of the spectrum. The derivation of this fine-
structure spectrum requires the solution of the Dirac
equation for a particle in a potential —¢?/r and then the
development of the solution in the nonrelativist limit.
Here, we simply use a perturbative approach in which
the Hamiltonian of the system is expanded in v/c as

H=Hy+W, (69)

where the corrective term W has different contributions.
In what follows, we neglect for simplicity m./m,. The
spin-orbit interaction is described by

apm fic ge

Ws0= 30 7 2

L-S, (70)
where g, is the electron gyromagnetic factor. At lowest
order, the QED loop correction gives (g.—2)/2
= agy/27+--- (Schwinger, 1948) and the nonelectro-
magnetic contributions are smaller than 10~, It could
be considered as an additional parameter of the problem
(see Armendariz-Picon, 2002). Since r is of order of the
Bohr radius, it follows that W o ~ aéMH o- The splitting
is indeed small: for instance, it is of order 4X107° eV
between the levels 2p;, and 2p,,, where we have
added in indices the total electron angular-moment
quantum number J. The second correction arises from
the (v/c)?-relativistic terms and is of the form

P4

smic? 7

Wrel: -
it is easy to see that its amplitude is also of order W
~at\H,. The third and last correction, known as the
Darwin term, arises from the fact that, in the Dirac
equation, the interaction between the electron and the
Coulomb field is local. But, the nonrelativist approxima-
tion leads to a nonlocal equation for the electron spinor
that is sensitive to the field on a zone of order of the
Compton wavelength centered in r. It follows that

Wp= Trhzng 72
D™ mgcz (r). (72)

The average in an atomic state is of order (Wp)
=ah2q?1(2m%c?) | y(0)|>~m c?agy~ agtyHy. In con-
clusion, all the relativistic corrections are of order agy,
~(v/c)?. The energy of a fine-structure level is

n 3
T2 4 %M’

2n*
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FIG. 3. Hyperfine structure of the n=1 level of the hydrogen
atom. The fine-structure Hamiltonian induces a shift of
—mc?aty,/8 of the level 1s. J can only take the value +1/2.
The hyperfine Hamiltonian (74) induces a splitting of the level
1515, into the two hyperfine levels F=0 and F= +1. The tran-
sition between these two levels corresponds to the 21-cm ray
with Ah?=1420405751.768+0.001 Hz and is of first impor-
tance in astronomy.-

and is independent* of the quantum number /.

A much finer effect, referred to as hyperfine structure,
arises from the interaction between the spins of the elec-
tron, S, and the proton, I. They are associated, respec-
tively, to the magnetic moments

qgh 1
1= 8p5, 7 -

2m, i
Note that at this stage, the spectrum becomes dependent
on the strong interaction via g, (and via g; in more gen-

eral cases). This effect can be taken into account by add-
ing the Hamiltonian

qh geS

ST om. 2 A (73)

Mo | q 8
th= - E r_3L'M]+ TM[ Msts(l')
1
+r—3[3(M5~n)(M1~n)—M1-M5] , (74)

where n is the unit vector pointing from the proton to
the electron. The order of magnitude of this effect is
typically ezﬁz/(mempc2r3), hence roughly 2000 times
smaller than the effect of the spin-orbit coupling. It
splits each fine level into a series of hyperfine levels la-
beled by Fe[|/—1|,I+J]. For instance, for the levels
251 and 2pq;, we have J=1/2, and F can take the two
values 0 and 1; for the level 2p5,, J=3/2 and F=1 or
F=2, etc. (see Fig. 3 for an example). This description
neglects the quantum aspect of the electromagnetic
field; one effect of the coupling of the atom to this field

“This is valid to all orders in agy, and the Dirac
equation  directly  gives En,.,=mcc2[1+a]25M{n—J—1/2

+\(T+12) = afyg 212
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is to lift the degeneracy between the levels 2s,, and
2p1p . This is called the Lamb shift.

In more complex situations, the computation of the
spectrum of a given atom has to take all these effects
into account, but the solution of the Schrodinger equa-
tion depends on the charge distribution and has to be
performed numerically.

The easiest generalization concerns hydrogenlike at-
oms of charge Z, for which the spectrum can be ob-
tained by replacing e? by (Ze)? and m, by Am. For an
external electron in a many-electron atom, the electron
density near the nucleus is given (see, e.g., Dzuba et al.,
1999a, 2000) by Z2Z/(n, a,)>, where Z, is the effective
charge felt by the external electron outside the atom,
and n, is an effective principal quantum number de-
finedby E, =-E;Z 2/n2 . It follows that the relativistic

corrections to the energy level are given by

n, 2, Za
J+12 Z (1 4Z”'
Such a formula does not account for many-body effects,
and one expects in general a formula of the
form AE, ;,=E, Z’ap[1//+12-C(Z,J,)]in, .
Dzuba et al. (1999b) developed a method to compute
the atomic spectra of many-electron atoms including
relativistic effects. It is based on many-body perturba-
tion theory (Dzuba et al, 1996), including electron-
electron correlations, and uses a correlation-potential
method for the atom (Dzuba et al., 1983).

Laboratory measurements can provide these spectra
but only for the value of apy today, alX;. In order to
detect a variation of agp;, one needs to compute them
for different values of apy;. Dzuba et al. (1999a, 2000)
describe the energy levels within one fine-structure mul-
tiplet as

E;

_ 272 2

AEn* LI nTZaZ @EM
*

QEM 2 AEM 4
E=E0+Q1 O} -1 +Q2 —0 -1
aEM AEM
QEM 2 AEM 4
+K LS| oy | +K2(L-S)*| —oy | - (75)
AEM AEM

where Eq, Q;, and Q, describe the configuration cen-
ter. The terms in L-S induce the spin-orbit coupling,
second-order spin-orbit interaction, and the first order
of the Breit interaction. Experimental data can be fitted
to get K and K,, and then numerical simulations deter-
mine Q; and Q,. The result is conveniently written as

w=w)t+q1x+q,y, (76)

with xE[aEM/afEOI\)A]Z— 1 and yE[aEM/ag&]“— 1. As an
example, let us cite the result of Dzuba et al. (1999b) for
Fe 11,

6d: J=9/2, w=38458.9871+1394x+ 38y,
J=T12, ©=38660.0494+1632x+0y,

6f: J=1112, w=41968.0642+1622x+3y,
J=92, w=42114.8329+1772x+0y,
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I=702,
6p: J=1712,

w=42237.0500+1894x +0y,
=42 658.2404+1398x — 13y (77)

with the frequency in cm™! for transitions from the
ground state. An interesting case is Ni II (Dzuba et al.,
2001b), which has large relativistic effects of opposite
signs,

2f J=712, w=57080.373—300x,
6d: J=5/2, w=57420.013—700x,
6f: J=5/2, w=>58493.071+800x. (78)

Such results are particularly useful to compare with
spectra obtained from quasar-absorption systems such as
in the analysis by Murphy et al. (2001c). These results
were recently revisited by Dzuba et al. (2001a).

In conclusion, the key points are that the spectra of
atoms depend mainly on u, agy, and g, and contain
terms both in afy and afy, and that typically

2 7] 4 1 4 1
H= aEMHO + aEMWﬁne+ gpluzaEMWhyperﬁne ’ (79)

so that by comparing different kinds of transitions in
different atoms one can hope to measure these constants
despite the fact that ag plays a role via the nuclear-

magnetic moment. Note that Wgne and f/‘Vhyperﬁne depend
on g. and u, which can have some implications while
setting constraints (Armendariz-Picon, 2002). We de-
scribe in the next section the laboratory experiments
and then turn to the measurement of quasar absorption
spectra.

2. Laboratory experiments

Laboratory experiments are based on the comparison
either of different atomic clocks or of an atomic clock
with ultrastable oscillators. They are thus based only on
the quantum-mechanical theory of the atomic spectra.
They also have the advantage of being more reliable and
reproducible, thus allowing for better control of the sys-
tematics and better statistics. Their evident drawback is
their short time scale, fixed by the fractional stability of
the least precise standards. This time scale is of order of
a month to a year, so that the obtained constraints are
restricted to the instantaneous variation today, but this
can be compensated for by the extreme sensitivity.
Laboratory experiments involve the comparison of ul-
trastable oscillators of different compositions or atomic
clocks of different species. Solid resonators, electronic,
fine-structure and hyperfine-structure transitions, re-
spectively, give access to R../agy, R, RwalziM, and
gp/J“Rwa%EM .

Turneaure and Stein (1974) compared cesium atomic
clocks with superconducting microwave cavity oscilla-
tors. The frequency of the cavity-controlled oscillators
was compared during 10 days to one of a cesium beam.
The relative drift rate was (—0.4+3.4)x10" ! day L.
The dimensions of the cavity depend on the Bohr radius
of the atom, while the cesium-clock frequency depends
on gp,u,a]zEM (hyperfine transition). It follows that

3
VCS/Vcavityocgp/J«aEM so that
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d 3 12 1
Eln(gp,uaEM)<4.1><10 yro. (80)

Godone et al. (1993) compared the frequencies of ce-
sium and magnesium atomic beams. The cesium clock,
used to define the second in the SI system of units, is
based on the hyperfine transition F=3, mg=0—F=4,
mp=0 in the ground state 6°s,, of '3Cs, with frequency
given, at lowest order and neglecting relativistic and
quantum electrodynamic corrections, by

32¢R,.Z3 aty
ve=——3 5 gin~92 GHz, (81)
where Z; is the effective nuclear charge and g; is the
cesium-nucleus gyromagnetic ratio. The magnesium
clock is based on the frequency of the fine-structure tran-
sition 3p;—3py, Am;=0 in the metastable triplet of
24M
g,
cR.Z}at
Vig= 6—HS3EM~601 GHz. (82)

It follows that
d VCS

E In Vitg

d -2
TIn(gp) [X(1=107%), (83)

The experiment led to the bound

<5.4x107 B yr ! (84)

d
TIn(gp)

after using the constraint dIn(g,/g;)/dt<5.5
x10" " yr~! (Demidov et al., 1992). When combined
with the astrophysical result by Wolfe et al. (1976) on
the constraint of gp,ua%M (see Sec. V.D), it can be de-
duced that

|apm/ apm| <2.7x107 13 yr 1, (85)

We note that relativistic corrections were neglected.

Prestage et al. (1995) compared the rates of different
atomic clocks based on hyperfine transitions in alkali
atoms with different atomic numbers. The frequency of
the hyperfine transition between /= 1/2 states is given by
(see, e.g., Vanier and Audouin, 1989)

8 Iy, z? n
Valkali = 3 “‘5 aEMgIZnT 1‘% Fre(apmZ)
*
X (1—8)(1—€) uR.c. (86)

where z is the charge of the remaining ion once the
valence electron has been removed and A,=n-—n, .
The term (1—6) is the correction to the potential with
respect to the Coulomb potential and (1—€) a correc-
tion for the finite size of the nuclear magnetic dipole
moment. It is estimated that 6=4-12 % and €=0.5%.
F.o(@pmZ) is the Casimir relativistic contribution to the
hyperfine structure, and one takes advantage of the in-
creasing importance of F as the atomic number in-
creases (see Fig. 4). It follows that

d vk @pm dInFr(apyZ)

Eln va =

; (87)

OEM dIn dEM
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FIG. 4. The correction function F_. From Prestage e al.
(1995).
where vy is the frequency of a H maser; when compar-

ing two alkali atoms

d lnFrel‘
1 dlnaEM‘z

d Vil dem| dInFp
d In aEM

“In = . (88
dt Vo @EM ) (88)
The comparison of different alkali clocks was per-
formed, and the comparison of Hg* ions with a cavity-
tuned H maser over a period of 140 days led to the
conclusion that

|@pm/ apm| <3.7X107 14 yr 1L, (89)

This method constrains in fact the variation of the quan-
tity agmgp/gr- One delicate point is the evaluation of
the correction function and the form used by Prestage
etal. (1995) [Frq~1+11(Zagy)?/6+---] that differs
from the 1s [F,g~1+3(Zagy)?/2+-+-] and 2s [F,q
~1+17(Z agy)?/8+- -] results for hydrogenlike atoms
(Breit, 1930). The question of the accuracy of these com-
putations is currently debated [see, e.g., Karshenboim
(2000)]. They should not affect the final constraint by
more than 10-50 % and will not change its order of
magnitude.

Sortais et al. (2001) compared a rubidium to a cesium
clock over a period of 24 months and deduced that
dIn(vgy/veg)/dt=(1.9+3.1)x10" B yr !, hence im-
proving the frequency uncertainty by a factor 20 relative
to Prestage er al. (1995). Assuming that g, is constant
and staying within the Prestage et al. (1995) framework,
they deduced

dpm/apy=(4226.9)x10" 5 yr! (90)

if all the drift can be attributed to the Casimir relativistic
correction F . These sensitivities have been revised by
Karshenboim (2000).

All the results and characteristics of these experi-
ments are summed up in Table I. Recently, Braxmaier
et al. (2001) proposed a new method to test the variabil-
ity of gy and p using electromagnetic resonators filled
with a dielectric. The index of the dielectric depending
on both agy and w, the comparison of two oscillators
could lead to an accuracy of 4x 107 yr~!. Torgerson
(2000) proposed a comparison of atom-stabilized optical
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TABLE I. The different atomic clock experiments. We recall the transitions which are compared and the constraint on the time
variation obtained. SCO refers to superconductor cavity oscillator and the reference to Breakiron (1993) is cited in Prestage et al.
(1995). fs and hfs refer, respectively, to fine structure and hyperfine structure.

Reference Experiment Constant Duration Limit (yr™!)
(Turneaure and Stein, 1974) hfs of Cs vs SCO gPMa%M 12 days <1.5x10712
(Godone et al., 1993) hfs of Cs vs fs of Mg Spht 1 year <2.5%x10° 1B
(Demidov et al., 1992) hfs of Cs vs hfs of H @Emgp /81 1 year <5.5x107 1
(Breakiron, 1993) hfs of Cs vs hfs of H agmgp/81 <5x107
(Prestage et al., 1995) hfs of HG™ vs hfs of H @eMEp/8r 140 days <2.7x10" 1
(Sortais et al., 2001) hfs of Cs vs hfs of Rb 24 months (42+6.9)x10™1

frequency using an optical resonator. In an explicit ex-
ample using indium and thalium, it is argued that a pre-
cision of cpy/apy~10"1%/t, t being the time of the ex-
periment, might be reached. Note that to go beyond a
precision of 107! the clocks have to be located at the
same place since this is roughly the order of magnitude,
for instance, of the Channel tide on the determination of
the geoid at Paris.

Finally, let us note that similar techniques were used
to test local Lorentz invariance (Lamoreaux et al., 1986;
Chupp et al., 1989) and CPT symmetry (Bluhm et al.,
2002). In the former case, the breakdown of local Lor-
entz invariance would cause shifts in the energy levels of
atoms and nuclei that depend on the orientation of the
quantization axis of the state with respect to a universal
velocity vector, and thus on the quantum numbers of the
state.

3. Astrophysical observations

The observation of spectra of distant astrophysical ob-
jects encodes information about the atomic energy levels
at the position and time of emission. As long as one
sticks to the nonrelativistic approximation, the atomic
transition energies are proportional to the Rydberg en-
ergy and all transitions have the same ag); dependence,
so that the variation will affect all the wavelengths by
the same factor. Such a uniform shift of the spectra can-
not be distinguished from a Doppler effect due to the
motion of the source or to the gravitational field where
it sits.

The idea is to compare different absorption lines from
different species or, equivalently, the redshift associated
with them. According to the lines compared, one can
extract information about different combinations of the
constants at the time of emission (see Table II).

While performing this kind of observation, one has to
take into account and control a number of problems and
systematic effects.

(1) Errors in the determination of laboratory wave-
lengths to which the observations are compared
must be acknowledged.

(2) While comparing wavelengths from different atoms,
one has to take into account that they may be lo-
cated in different regions of the cloud with different
velocities and hence with different Doppler redshift.

(3) One has to ensure that there is no light blending.
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(4) The differential isotopic saturation has to be con-
trolled. Usually quasar absorption systems are ex-
pected to have lower heavy-element abundances
(Prochoska and Wolfe, 1996, 1997, 2000). The spa-
tial inhomogeneity of these abundances may also
play a role.

(5) One must be aware that hyperfine splitting can in-
duce a saturation similar to isotopic abundances.

(6) The fact that variation of the velocity of the Earth
during the integration of a quasar spectrum can in-
duce differential Doppler shift must be recognized.

(7) One should allow for atmospheric dispersion across
the spectral direction of the spectrograph slit, which
can stretch the spectrum. It was shown that this can
only mimic a negative Aagy/agy (Murphy et al.,
2001a).

(8) It should be noted that the presence of a magnetic
field will shift the energy levels by Zeeman effect.

(9) One must check temperature variations during the
observation, which will change the air refractive in-
dex in the spectrograph.

(10) Instrumental effects such as variations of the intrin-

sic instrument profile have to be controlled.

The effect of these possible systematic errors is dis-
cussed by Murphy et al. (2001a). In the particular case of
the comparison of hydrogen and molecular lines,
Wiklind and Combes (1997) argued that the detection of
the variation of u was limited to Au/u=10">. One pos-
sibility of reducing the systematics is to look at atoms
having relativistic corrections of different signs (see Sec.
IIL.B) since the systematics are not expected, a priori, to
simulate the correlation of the shift of different lines of a
multiplet [see, e.g., the example of Ni II (Dzuba et al.,

TABLE II. Comparison of absorption lines and the combina-
tions of the fundamental constants that can be constrained.

Comparison Constant
Fine-structure doublet apMm
Hyperfine H vs optical gp,u,alz;M
Hyperfine H vs fine structure gpMhaEM
Rotational vs vibrational modes of molecules )
Rotational modes vs hyperfine H gpa}zzM
Fine-structure doublet vs hyperfine H &p
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2001a, 2001b)]. Besides the systematics, statistical errors
were important in early studies but have now enor-
mously decreased.

An efficient method is to observe fine-structure dou-

blets for which
2 4
apmZ R
V= Tcm 1, (91)

Av being the frequency splitting between the two lines of
the doublet and v the mean frequency (Bethe and Sal-
peter, 1977). It follows that Aw/vxafy, and thus
A In\|,/AInNo=[1+Aagy/apy]*. It can be inverted to

give Aapy/agy as a function of AN and \ as

(2)==|| = —
AEM 2 A B N

As an example, it takes the following form for Si IV
(Varshalovich, Potekhin et al., 1996):

(MEM)(Z)=77.55<AT)‘) ~05. (93)

QEM A

—1]. (92)
0

Since the observed wavelengths are redshifted as N\ g,
=Nem(1+2), it reduces to

(AaEM

) Az

P, (z)= 77.551 = (94)
As a conclusion, by measuring the two wavelengths of
the doublet and comparing the result to laboratory val-
ues, one can measure the time variation of the fine-
structure constant. This method has been applied to dif-
ferent systems and is the only one that gives a direct
measurement of agy.

The first to realize that the fine and hyperfine struc-
tures can help to disentangle the redshift effect from a
possible variation of agy was Savedoff (1956), and
Wilkinson (1958) pointed out that “the interpretation of
redshift of spectral lines probably implies that atomic
constants have not changed by more than 10~ parts per
year.”

Savedoff (1956) used the data by Minkowski and Wol-
son (1956) of the spectral lines of H, N II, O I, O II, Ne
III, and N V for the radio source Cygnus A of redshift
z~0.057. Using the data for the fine-structure doublet
of N II and Ne III and assuming that the splitting was
proportional to aZy(1+z) led him to

Aapy/apy=(1.8+1.6)x103. (95)

Bahcall and Salpeter (1965) used the fine-structure split-
ting of the O III and Ne III emission lines in the spectra
of the quasistellar radio sources 3C 47 and 3C 147. Bah-
call et al. (1967) used the observed fine structure of Si II
and Si IV in the quasistellar radio sources 3C 191 to
deduce that

Aapy/apy=(—2+5)x1072 (96)

at a redshift z=1.95. Gamow (1967a) criticized these
measurements and suggested that the observed absorp-
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tion lines were not associated with the quasistellar
source but were instead produced in the intervening gal-
axies. But Bahcall er al. (1967) showed in the particular
example of 3C 191 that the excited fine-structure states
of Si Il were seen to be populated in the spectrum of this
object and that the photon fluxes required to populate
these states were orders of magnitude too high to be
obtained in intervening galaxies.

Bahcall and Schmidt (1967) then used the emission
lines of the O III multiplet of the spectra of five radio
galaxies with redshift of order z~0.2 to improve the
former bound to

Aapy/apy=(1+2)x1073, (97)

considering only statistical errors.

Wolfe et al. (1976) studied the spectrum of AO 0235
+164, a BL Lac object with redshift z~0.5. From the
comparison of the hydrogen hyperfine frequency with
the resonance line for Mg™, they obtained a constraint
on gp,ua]ziM (see Sec. V.D). From the comparison with
the Mg* fine-structure separations they constrained
gpMhapm, and the Mg fine-structure doublet splitting
gave

|Aapy/apy <3X1072. (98)

Potekhin and Varshalovich (1994) extended this method
based on the absorption lines of alkalilike atoms and
compared the wavelengths of a catalog of transitions
281p-2p3p and 2s1p-2p 4 for a set of five elements. The
advantages of such a method are that (1) it is based on
the measurement of the difference of wavelengths that
can be measured much more accurately than (broader)
emission lines, and (2) these transitions correspond to
transitions from a single level and are thus not affected
by differences in the radial-velocity distributions of dif-
ferent ions. They used data on 1414 absorption doublets
of CIV,N YV, O VI, Mg II, Al III, and Si IV and obtained

Aapy/apy=(21+23)x1073 (99)

at z~3.2 and |d In apy/dz|<5.6X10* between z=0.2
and z=3.7 at 2o level. In these measurements, Si I'V, the
most widely spaced doublet, is the most sensitive to a
change in agy;. The use of a large number of systems
allows one to reduce statistical error and to obtain a
redshift dependence after averaging over the celestial
sphere. Note, however, that averaging on shells of con-
stant redshift implies that we average over a priori non-
causally connected regions in which the value of the
fine-structure constant may a priori be different. This
result was further constrained by Varshalovitch and
Potekhin (1994), who extended the catalog to 1487 pairs
of lines and got

|Aapy/apy <1.5%1073 (100)

at z~3.2. It was also shown that the fine-structure split-
ting was the same in eight causally disconnected regions
at z=2.2 at a 30 level.

Cowie and Songaila (1995) improved the previous
analysis to get

Aapy/apy=(—03*x1.9)x10"4 (101)
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for quasars between z=2.785 and z=3.191. Varshalov-
ich, Potekhin, er al. (1996) used the fine-structure dou-
blet of Si IV to get

Aapy/apy=(2%=7)x1073 (102)

at 20 for quasars between z=2.8 and z=23.1 (see also
Varshalovich, Panchuk, and Ivanchik, 1996).

Varshalovich et al. (2000a, 2000b) studied the doublet
lines of Si IV, C 1V, and Ng II and focused on the fine-
structure doublet of Si IV to get

Aapy/apy=(—4.5+4.3[stat]+ 1.4[syst]) X 107>
(103)

for z=2-4. An update of this analysis (Ivanchik ez al.,
1999) with 20 absorption systems between z=2 and z
=3.2 gave

Aapy/apy=(—3.3+6.5[stat]+ 8 syst]) X 107°.
(104)

Murphy et al. (2001d) used the same method with 21 Si
IV absorption systems toward 8 quasars with redshift z
~2-3 to get

Aagy/apy=(—0.5=1.3)x1073, (105)

hence improving the previous constraint by a factor of 3.

Recently Dzuba ef al. (1999a, 1999b) and Webb et al.
(1999) introduced a new method referred to as the
many-multiplet method, in which one correlates the shift
of the absorption lines of a set of multiplets of different
ions. It is based on the parametrization (76) of the com-
putation of atomic spectra. One advantage is that the
correlation between different lines can reduce the sys-
tematics. That one can compare the transitions from dif-
ferent ground states is an improvement; using ions with
very different atomic mass also increases the sensitivity
because the difference between ground-states’ relativis-
tic corrections can be very large and even of opposite
sign (see the example of Ni II by Dzuba et al., 2001a,
2001b).

Webb et al. (1999) analyzed one transition of the Mg
IT doublet and five Fe II transitions from three multip-
lets. The limit of accuracy of the method is set by the
frequency interval between Mg II 2796 and Fe II 2383,
which induces a fractional change of Aagy/apm
~107°. Using the simulations by Dzuba et al. (1999a,
1999b), one can deduce that a change in ap); induces a
large change in the spectrum of Fe II and a small one for
Mg II (the magnitude of the effect being mainly related
to the atomic charge). The method is then to measure
the shift of the Fe II spectrum with respect to that of Mg
II. This comparison increases the sensitivity compared
with methods using only alkali doublets. Using 30 ab-
sorption systems toward 17 quasars, they obtained

Aapy/apy=(—0.17£0.39)x 107>, (106)
Aapy/apy=(—1.88+0.53)Xx 107, (107)

respectively, for 0.6<z<1 and 1<z<1.6. There is no
signal of a variation of agy, for redshift smaller than 1
but a 3.50 deviation for redshifts larger than 1 and par-
ticularly in the range z~0.9-1.2. The summary of these
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FIG. 5. Aagy/agy as a function of the look-back time com-
puted with the cosmological parameters (£,,,0,)=(0.3,0.7)
and ~£=0.68. [J, data by Murphy et al. (2001d) assuming g,
constant; A, Si IV systems by Murphy et al. (2001b); @, Mg II
and Fe II systems for redshifts smaller than 1.6 (Webb et al.,
2001) and higher redshifts come from Murphy et al. (2001c).
From Webb et al. (2001) (Color in online edition).

measurements are depicted in Fig. 5. A possible expla-
nation is a variation of the isotopic ratio, but the change
of 2Mg/**Mg would need to be substantial to explain
the result (Murphy et al., 2001a). Calibration effects can
also be important since Fe II and Mg II lines are situated
in a different order of magnitude of the spectra.

Murphy et al. (2001c) extended this technique of fit-
ting of the absorption lines to the species Mg I, Mg 11,
Al II, Al II1, Si II, Cr II, Fe II, Ni II, and Zn II for 49
absorption systems towards 28 quasars with redshift z
~0.5-3.5 and got

Aagy/apy=(—02%0.3)x1073, (108)
Aapy/apy=(—12+0.3)x1073, (109)

respectively, for 0.5<z<1 and 1<z<1.8 at 4.10. The
low redshift part is a reanalysis of the data by Webb
et al. (1999). Over the whole sample (z=0.5-1.8) it
gives the constraint

Aagy/opy=(—0.720.23) X 107>, (110)

Webb et al. (2001) reanalyzed their initial sample and
included new optical QSO (quasistellar object) data to
have 28 absorption systems with redshift z=0.5—1.8,
plus 18 damped Lyman-« absorption systems toward 13
QSO, and, in addition, 21 Si IV absorption systems to-
ward 13 QSO. The analysis used mainly the multiplets of
NiIl, Cr II, and Zn II, and Mg I, Mg 11, Al 11, Al III, and
Fe II were also included. One improvement compared
with the analysis by Webb et al. (1999) is that the “gq”
coefficient of Ni II, Cr II, and Zn II in Eq. (76) vary both
in magnitude and sign so that lines shift in opposite di-
rections. The data were reduced to get 72 individual es-
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timates of A g/ @py Spanning a large range of redshift.
From the Fe II and Mg II sample they obtained

Aagy/apy=(—0.720.23)x107° (111)
for z=0.5-1.8; from the Ni II, Cr II, and Zn II they got
Aagy/apy=(—0.76+0.28)x 1073 (112)

for z=1.8-3.5 at a 40 level. The evaluation of the con-
fidence level is not made explicit by the authors and
does not seem to take into account the systematic effects
(in the example of two effects, it was argued that these
effects amplify the deviation from A agy=0 so that they
would enhance the significance of the result). It prob-
ably refers only to the statistical confidence level. The
fine structure of Si IV gave

AaEM/aEMZ ( —-0.5=% 13) X 1075

for z=2-3.

This series of results is of great importance since all
other constraints are just upper bounds. Note that they
are incompatible with both Oklo (z~0.14) and meteor-
ite data (z~0.45) if the variation is linear with time.
Such a nonzero detection, if confirmed, will have tre-
mendous implications concerning our understanding of
physics. Among the first questions that arise are those of
whether this variation is compatible with other bounds
(e.g., testing for the universality of free fall), the level of
detection needed by the other experiments when the
level of variation by Webb ef al. (2001) is known, the
amplitude of the variation of the other constants, and
whether any systematic effects have been forgotten. For
instance, the fact that Mg II and Fe II are a priori not in
the same region of the cloud was not modeled; this could
increase the errors even if it is difficult to think that it
can mimic the observed variation of agy;. If one forgets
the two points arising from HI 21 cm and molecular
absorption systems ([ in Fig. 5), the best fit of the data
of Fig. 5 does not seem to favor today’s value of the
fine-structure constant. This could indicate an unknown
systematic effect. Besides, if the variation of agy, is lin-
ear then these observations are incompatible with the
Oklo results.

(113)

C. Cosmological constraints

1. Cosmic microwave background

The cosmic microwave background (CMB) radiation
is composed of the photons emitted at the time of the
recombination of hydrogen and helium when the uni-
verse was about 300000 years old [see, e.g., Durrer
(2001) or Hu and Dodelson (2002) for recent reviews on
CMB radiation physics]. This radiation is observed to be
a black body with a temperature 7=2.723 K with small
anisotropies of order of uK. The temperature fluctua-
tion in a direction (¥,¢) is usually decomposed on a ba-
sis of spherical harmonics as

m=+¢

oT
T(OO=2 X auYin(D.9). (114)
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The angular power-spectrum multipole C,={(|a,,,|?) is
the coefficient of the decomposition of the angular cor-
relation function on Legendre polynomials. Given a
model of structure formation and a set of cosmological
parameters, this angular power spectrum can be com-
puted and compared to observational data in order to
constrain this set of parameters.

Prior to recombination, the photons are tightly
coupled to the electrons, but after recombination they
can be considered mainly as free particles. Changing the
fine-structure constant modifies the strength of the elec-
tromagnetic interaction. Thus the only effect on CMB
anisotropies arises from the change in the differential
optical depth of photons due to the Thomson scattering

(115)

which enters in the collision term of the Boltzmann
equation describing the evolution of the photon distri-
bution function, where x. is the ionization fraction (i.e.,
the number density of free electrons with respect to
their total number density #n.). The first dependence of
the optical depth on the fine-structure constant arises
from the Thomson-scattering cross section given by

2
ST A 2 116
o= 3 m26_2aEM7 (116)

T=XMNLCOoT,

and the scattering by free protons can be neglected since
me/mp~5><10’4. The second and more subtle depen-
dence comes from the ionization fraction. Recombina-
tion proceeds via two-photon emission from the 2s level
or via the Ly-a photons that are redshifted out of the
resonance line (Peebles, 1968) because recombination to
the ground state can be neglected since it leads to im-
mediate reionization of another hydrogen atom by the
emission of a Ly-« photon. Following Ma and Bertsch-
inger (1995) and Peebles (1968), and taking into account
only the recombination of hydrogen, we see that the
equation of evolution of the ionization fraction takes the
form

B,—-B,
kgT
B,=—E,;/n? is the energy of the nth hydrogen atomic
level, B is the ionization coefficient, R the recombina-
tion coefficient, C the correction constant due to the red-
shift of Ly-a photons and to two-photon decay, and n,

=n, is the number of protons. B is related to R by the
principle of detailed balance so that

2 m™m ekBT Bz
ﬁ—R(—hz )exp(——kBT .
The recombination rate to all other excited levels is

B 87T( kgT )3’2 *

e_
a9

B(1 —xe)exp( — ) —Rnpxg .

(117)
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where o, is the ionization cross section for the (n,/)
excited level of hydrogen. The asterisk indicates that the
sum needs to be regularized and the agy;, m. depen-
dence of the ionization cross section is complicated to
extract. It can, however, be shown to behave as o,
*apym, f(hviBy).

Finally, the factor C is given by

oo KA (%)
T LHK(BHAy)(1-x,)’

(118)

where A, is the rate of decay of the 2s excited level to
the ground state via two photons; it scales as m aty;.
The constant K is given in terms of the Ly-a photon
No=167h/(3m akyc) by Kznphi/(Sﬂ'H), and scales
as m, 3agM.

Changing apy will thus have two effects: first, it
changes the temperature at which the last scattering
happens, and second it changes the residual ionization
after recombination. Both effects influence the CMB
temperature anisotropies [see Kaplinghat e al. (1999)
and Battye et al. (2001) for discussions]. The last scatter-
ing can roughly be determined by the maximum of the
visibility function g= 7exp(—7), which measures the dif-
ferential probability for a photon to be scattered at a
given redshift. Increasing agy shifts g to higher redshift,
at which the expansion rate is faster, so that the tem-
perature and x, decrease more rapidly, resulting in a
narrower g. This induces a shift of the C, spectrum to
higher multipoles and an increase of the values of the
C,. The first effect can be understood by the fact that
pushing the last-scattering surface to a higher redshift
leads to a smaller sound horizon at decoupling. The sec-
ond effect results from a smaller Silk damping.

Hannestad (1999) and then Kaplinghat ef al. (1999)
implemented these equations in a Boltzmann code,
taking into account only the recombination of hydrogen
and neglecting helium, and showed that coming satellite
experiments such as MAP® and Planck® should provide
a constraint on ag); at recombination with a precision
|apm/appm|<7x10" 1 yr~1, which corresponds to a
sensitivity |Aapy/apy|~1072—107° at a redshift
of about z~1000. Avelino et al. (2000a) studied the de-
pendence of the position of the first acoustic peak on
apy.  Hannestad  (1999) chose  the  under-
lying ACDM (A cold dark matter) model
(Q,94,A k0N, 7,apy) =(1,0.08,00.5,13,0,al) and
performed an eight-parameter fit to determine the pre-
cision to which the parameters could be extracted. Ka-
plinghat et al. (1999) worked with the parameters
(h,Qy,AN,,Y,,apy). They showed that the precision
of Aagy/apy varies from 1072 if the maximum ob-
served CMB multipole is of order 500-1000 to 1073 if
one observes multipoles higher than 1500.

Avelino et al. (2000a) claim that BOOMERanG and
MAXIMA data favor a value of apy; smaller by a few

3See http://map.gsfc.nasa.gov/
®See http://astro.estec.esa.nl/SA-general/Projects/Planck/
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percent in the past (see also Martins ef al., 2002), and
Battye et al. (2001) showed that the fit to current CMB
data is improved by allowing A agy;# 0. Battye et al. also
pointed out that the evidence of a variation of the fine-
structure constant can be thought of as favoring a de-
layed recombination model (assuming =1 and n=1).
Avelino et al. (2001) then performed a joint analysis of
nucleosynthesis and CMB data and did not find any evi-
dence for a variation of agy at the 1o level at either
epoch. They considered ), and Aagy as independent,
and the marginalization over one of the two parameters
led to

—0.09< A arppy/ arppy < 0.02 (119)

at a 68% confidence level. Martins et al. (2002) con-
cluded that MAP and Planck will allow one to set, re-
spectively, a 2.2% and 0.4% constraint at 1o if all other
parameters are marginalized. Landau et al. (2001) con-
cluded from the study of BOOMERanG, MAXIMA,
and COBE data in spatially flat models with adiabatic
primordial fluctuations that, at the 20 level,

—0.14< A apyy appy<0.03. (120)

All these works assume that only agy, is varying, but,
as can been seen from Egs. (114) to (118), one has to
assume the constancy of the electron mass. Battye et al.
(2001) show that the changes in the fine-structure con-
stant and in the mass of the electron are degenerate
according to Aagy~0.39Am ., but that this degeneracy
is broken for multipoles higher than 1500. The variation
of the gravitational constant can also have similar effects
on the CMB (Riazuelo and Uzan, 2002). All the authors
also assume the apy dependence of R was negligible,
and Battye et al. (2001) checked that the helium recom-
bination was negligible in the range of A agy; considered.

In conclusion, strong constraints on the variation of
agy can be obtained from the CMB only if the cosmo-
logical parameters are independently known. This
method is thus noncompetitive unless one has strong
bounds on Q}, and 4 (and the result will always be con-
ditional to the model of structure formation) and as-
sumptions about the variation of other constants such as
the electron mass and gravitational constant are made.

2. Nucleosynthesis

The amount of “He produced during the Big Bang
nucleosynthesis is mainly determined by the neutron-to-
proton ratio at the freeze-out of the weak interactions
that interconvert neutrons and protons. The result of
Big Bang nucleosynthesis (BBN) thus depends on G,
aw, agvm, and ag, respectively, through the expansion
rate, the neutron-to-proton ratio, the neutron-proton
mass difference, and the nuclear reaction rates, besides
the standard parameters such as, for example, the num-
ber of neutrino families. The standard BBN scenario
(see, e.g., Malaney and Mathews, 1993; Reeves, 1994)
proceeds in three main steps.

(1) For T>1MeV, (t<1s) is the first stage during
which the neutrons, protons, electrons, positrons,
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and neutrinos are kept in statistical equilibrium by
the (rapid) weak interaction

nep+e +v,, ntypte,

ntet—p+v,. (121)

As long as statistical equilibrium holds, the neutron-
to-proton ratio is

(nip)=e~ sl (122)

where QE(mn—mp)cz= 1.29 MeV. The abundance
of the other light elements is given by (Kolb and
Turner, 1993)

{3)

A-1
YA:&4?E:

2(34-5)12 452

3(A-1)12

kgT ﬂAflygyf*ZeBA ksT - (123)

mNC2

where g, is the number of degrees of freedom of
the nucleus ’éX, my is the nucleon mass, 7 the
baryon-photon ratio, and B,=[Zm,+(A—-Z)m,
—m 4]c? the binding energy.

(2) Around T~0.8 MeV (t~2s), the weak interactions
freeze-out at a temperature 7; determined by the
competition between the weak interaction rates and
the expansion rate of the universe, and thus they are
determined by I' ( Ty)~ H(T}), that is,

Gi(kgT)’~\GN, (kgTp?,

where G is the Fermi constant and N, the number
of relativistic degrees of freedom at 7;. Below T,
the number of neutrons and protons changes only
from the neutron B decay between T; to Ty
~0.1 MeV when p +n reactions proceed faster than
their inverse dissociation. Ty is determined by de-
manding that the relative number of photons with
energy larger that the deuteron binding energy, Ep,
is smaller than one, so that n,/n,~exp(Ep/T\)
~1.

(3) For 0.05MeV<T<0.6 MeV (3s<t<6min), the
synthesis of light elements occurs only by two-body
reactions. This requires the deuteron to be synthe-
sized (p+n—D) and the photon density must be
low enough for the photodissociation to be negli-
gible. This happens roughly when

(124)

ny 5
2 exp(— EpI Ty~ 1. (125)
Y

with 7~3X107!°. The abundance of “He by mass,

Y,, is then well estimated by
(n/p)n
with
(n/p)x=(n/p)rexp(—in/7y,), (127)
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(e GTTR? and 7, '=1.636G%(1+3g%)m>/
(27°), with g ,=1.26 being the axial/vector coupling
of the nucleon. Assuming that Ep> a3, this gives a
dependence tN/TPOCGfl/zaéG% (see Sec. V.B).

The helium abundance depends thus mainly on Q,
T¢, and Ty (and hence mainly on the neutron life-
time, 7,), and the abundances of the other elements

depend also on the nuclear reaction rates.

The light element abundances are thus sensible to the
freeze-out temperature, which depends on Gg, G, on
the proton-neutron mass difference O, and on the val-
ues of the binding energies B 4, so that they mainly de-
pend on agy, aw, @s, ag, and the mass of the quarks.
An increase in G or N, results in a higher expansion
rate and thus to an earlier freeze-out, i.e., a higher 7;. A
decrease in G, corresponding to a longer neutron life-
time, leads to a decrease of the weak interaction rates
and also results in a higher 7. It implies, assuming un-
correlated variations, that |AG/G|<0.25 (see Sec. IV)
and [AGE/Gg<6Xx1072 (see Sec. V.A).

Initially, the radiative and Coulomb corrections for
the weak reactions (121) were computed by Dicus et al.
(1982) and shown to have a very small influence on the
abundances.

The constraints on the variation of these quantities
were first studied by Kolb ez al. (1986), who calculated
the dependence of primordial “He on G, Gg, and Q.
They studied the influence of independent changes of
the former parameters and showed that the helium
abundance was mostly sensitive in the change in Q.
Other abundances are less sensitive to the value of Q,
mainly because “He has a larger binding energy; its
abundances are less sensitive to the weak reaction rate
and more to the parameters fixing the value of (n/p). To
extract the constraint on the fine-structure constant, one
needs a particular model for the agy; dependence of Q.
Kolb et al. (1986) decomposed Q as

QzaEMQa+BQB’ (128)
where the first part represents the electromagnetic con-
tribution and the second part corresponds to all nonelec-
tromagnetic contributions. Assuming that Q, and Qg
are constant and that the electromagnetic contribution is
the dominant part of Q, they deduced that Q/Q,
=apy/alyy and  thus that  (n/p)=(n/p)y[1
—qoTapm/ ag{\),[]. To consider the effect of the depen-
dent variation of G, Gy, and apy, the time variation of
these constants was related to the time variation of the
volume of an internal space of characteristic size R for a
ten-dimensional superstring model as well as for Kaluza-
Klein models (see Sec. VI for details on these models).’

They concluded that
|Aapy/ apy <1072 (129)

and showed that, if one requires that the abundances of
’H and *He remain unchanged, it is impossible to com-

"Their hypothesis on the variation of the Fermi constant is
questionable, see Sec. V.A for details.
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pensate for the change in agy; through a change in the
baryon-to-photon ratio. Indeed, the result depends
strongly on the hypothesis of the functional dependence.
Khare (1986) then showed that the effect of the extra
dimensions can be canceled if the primordial neutrinos
are degenerate. This approach was generalized by Vayo-
nakis (1988), who considered the ten-dimensional limit
of superstrings, by Barrow (1987), and by Coley (1990)
for the case Kaluza-Klein theories.

Campbell and Olive (1995) kept track of the changes
in T; and Q separately and deduced that

=—— 130
P Tf Q ( )
They used this to study the constraints on G (see Sec.
V.A).

Bergstrom et al. (1999) extended the original work by
Kolb et al. (1986) by considering other nuclei. They as-
sumed the dependence of Q on agy

0=~(1.29-0.76A apy/ apy) MeV (131)

that relies on a change of quark masses due to strong
and electromagnetic energy binding. Since the abun-
dances of other nuclei depend mostly on the weak inter-
action rates, they studied the dependence of the thermo-
nuclear rates on apy;. In the nonrelativistic limit, it is
obtained as the thermal average of the cross section
times the relative velocity times the number densities.
The key point is that, for charged particles, the cross
section takes the form

_S(E)

Y

a( e 2mE), (132)
where 7(E) arises from the Coulomb barrier and is
given in terms of the charges and the reduced mass u of

the two particles as

we’
n(E)=apmZ1Z2\| 55

5 (133)

The factor S(E) has to be extrapolated from experimen-
tal nuclear data, which allowed Bergstrom et al. (1999)
to determine the gy dependence of all the relevant
reaction rates. Let us note that the agy; dependence of
the reduced mass u and of S(E) were neglected; the
latter one is polynomial in agy (Fowler et al., 1975).
Keeping all other constants fixed, assuming no exotic
effects, and taking a lifetime of 886.7 s for the neutron,
they deduced that

|AC¥EM/C¥EM|<2X1072. (134)

In the low range of 7~1.8X107 1% the "Li abundance
does not depend strongly on apy, and “He has to be
used to constrain ag)y;. But it has to be noted that the
observational status of the abundance of “He is still a
matter of debate and that the theoretical prediction of
its variation with apy; depends on the model-dependent
ansatz (131). For the high range of 7~5x1071°, the
variation of "Li with apy; is rapid, due to the exponential
Coulomb barrier, and limits the variation of agy;.
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Nollet and Lopez (2002) pointed out that Eq. (132)
does not contain all the agy; dependence. They argue
that (i) the factor S depends linearly on agy;, (ii) when
a reaction produces two charged particles there should
be an extra apy contribution arising from the fact that
the particles need to escape the Coulomb potential, (iii)
the reaction energies depend on agy;, and (iv) radiative-
capture-matrix elements are proportional to agy;. The
most secure constraint arising from D/H measurements
and combining with CMB data to determine Q) p gives

Aapy/apy=(3+7)x1072 (135)

at 1o level.

Ichikawa and Kawasaki (2002) included the effect of
the quark mass by considering a joint variation of the
different couplings as it appears from a dilaton. Q then
takes the form

O=aapmAgeptb(ya—yu)v, (136)

where a and b are two parameters and yq4, y, the
Yukawa couplings. The neutron lifetime then behaves as

ma=(1vy2)f 1(Q/m,), (137)

with f a known function. Assuming that all the couplings
vary due to the effect of a dilaton, such that the Higgs
vacuum expectation value v remains fixed, they con-
strained the variation of this dilaton and deduced

Aapy/apy=(—2.24+3.75)x10"*. (138)

In all the studies, one assumes either that all other
constants are fixed or that a functional dependence ex-
ists between them, as inspired from string theory. The
bounds are of the same order of magnitude as those
obtained from the CMB; they have the advantage of
being at higher redshift, but suffer from the drawback of
being model dependent.

3. Conclusion

Even if cosmological observations allow the testing of
larger time scales, it is difficult to extract tight con-
straints on the variation of the fine-structure constant
from them.

The CMB seems clean at first glance since the effect
of the fine-structure constant is well decoupled from the
effect of the weak- and strong-coupling constants. Still,
it is entangled with the assumption of G. Besides, it was
shown that degeneracy between some parameters exists,
mainly between the fine-structure constant, the electron-
to-proton mass ratio, the baryonic density, and the dark-
energy equation of state (Huey ef al., 2002).

Nucleosynthesis is degenerate in the four fundamental
coupling constants. In some specific models where the
variation of these constants is linked, it constrains them.
The helium abundance alone cannot definitively con-
strain the fine structure constant.

D. Equivalence principle

The equivalence principle is closely related to the de-
velopment of the theory of gravity from Newton’s theory
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to general relativity (see Will, 1993, 2001 for reviews).
Its first aspect is the weak-equivalence principle stating
that the weight of a body is proportional to its mass or,
equivalently, that the trajectory of any freely falling
body does not depend on its internal structure, mass,
and composition. Einstein formulated a stronger equiva-
lence principle (usually referred to as the Einstein
equivalence principle) which states that (1) the weak-
equivalence principle holds, (2) any nongravitational ex-
periment is independent of the velocity of the laboratory
rest frame (local Lorentz invariance), and (3) any such
experiment is also independent of when and where it is
performed (local position invariance).

If the Einstein equivalence principle is valid, then
gravity can be described as the consequence of a curved
spacetime and is a metric theory, examples of which are
general relativity and the Brans-Dicke (1961) theory.
This statement is not a “theorem,” but there are a lot of
indications to back it up (see Will, 1993, 2001). Note that
superstring theory violates the Einstein equivalence
principle since it introduces additional fields (e.g., dila-
ton, moduli, etc.) that have gravitational-strength cou-
plings that violate the weak-equivalence principle. A
time variation of a fundamental constant is in contradic-
tion with the Einstein equivalence principle since it vio-
lates the local position invariance. Dicke (1957, 1964)
was probably the first to try to use the experimental
result of Eotvos ef al. (1922) to argue that the strong-
interaction constant was approximately position inde-
pendent. All new interactions that appear in the exten-
sion of standard physics imply extra scalar or vector
fields, and thus also imply an expected violation of the
weak equivalence principle. The only exception is metric
theories such as the class of tensor-scalar theories of
gravitation, in which the dilaton couples universally to
all fields and in which one can have a time variation of
gravitational constant without a violation of the weak-
equivalence principle (see, e.g., Damour and Esposito-
Farese, 1992).

The difference in acceleration between two bodies of
different composition can be measured in Eotvos-type
experiments (EoOtvos et al., 1922), in which the accelera-
tion of various pairs of material in the Earth’s gravita-
tional field are compared. The results of this kind of
laboratory experiment are presented as bounds on the
parameter 7,

|d\—a,|

n=2 (139)

|y +do|”
The most accurate constraints on 7 are p=(—1.9+2.5)
X 1072 between beryllium and copper (Su et al., 1994)
and | 7| <5.5X 1013 between Earth-core-like and Moon-
mantle-like materials (Baessler et al., 1999). The Lunar
Laser Ranging (LLR) experiment gives the bound %
=(3.2+4.6)x 10" % (Williams et al., 1996) and 7=(3.6
+4)x 10~ ¥ (Miiller and Nordtvedt, 1998; Miiller et al.,
1999). Note, however, that as pointed out by Nordtvedt
(1988, 2001), the LLR measurement is ambiguous since
the Earth and the Moon have (i) a different fraction of
gravitational self-energy and (ii) a difference of compo-
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sition (the core of the Earth having a larger Fe/Ni ratio
than the Moon). This makes this test sensititive both to
self-gravity and to nongravitational forms of energy. The
experiment by Baessler et al. (1999) lifts the degeneracy
by considering a miniature “Earth” and “Moon.”

As explained in Sec. II.C, if the self-energy depends
on position, the conservation of energy implies the exis-
tence of an anomalous acceleration. In the more general
case where the long-range force is mediated by a scalar
field ¢, one has to determine the dependence m;(¢) of
the different particles. If it is different for neutron and
proton, then the force will be composition dependent.
At the Newtonian approximation, the interaction poten-
tial between two particles is of the form (Damour and
Esposito-Farese, 1992)

NN
V(r=—G(1+ape ™) P (140)
with a,=f,f, and f; defined as
dlnm;(¢p)
=M. (141)

where M, *=8mG/hc is the four-dimensional Planck
mass. The coefficient «;, is thus not a fundamental con-
stant and depends a priori on the chemical composition
of the two test masses. It follows that

_ fextlfl_f2| .
T f it 2

To set any constraint, one has to determine the func-
tions f;(¢), which can only be made in a model-
dependent approach [see, e.g., Damour (1996) for a dis-
cussion of the information that can be extracted in a
model-independent way]. For instance, if ¢ couples to a
charge O, the additional potential is expected to be of
the form

M4fext (142)

mq
dyln— .
no

Qlee_r/)\
9

V(r)=—fo p (143)
with f, being a fundamental constant (f,>0 for scalar
exchange and f, <0 for vector exchange). It follows that
aq, depends explicitly of the composition of the two

bodies as

0,0
a12:§Q_1_2

s 144
M1 M2 ( )

where u;=m;/my and §Q=fQ/Gm12\I. Their relative ac-
celeration in an external field g, is

[N

0 ot - 145
w 8ext (145)

0

soref§
2 © M ext
For instance, in the case of a fifth force induced by a
dilaton or string moduli, Damour and Polyakov (1994a,
1994b) showed that there are three charges, B=N+Z,
D=N-Z, and E=Z(Z-1)B'?, representing, respec-
tively, the baryon number, the neutron excess, and a
term proportional to the nuclear Coulomb energy. The
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FIG. 6. Constraints on the coupling &5 (a) and ¢&; (b), respec-
tively, to N+Z and N—Z as a function of the length scale \.
The shaded regions are excluded at 2¢. From Fischbach and
Talmadge (1996) (Color in online edition).-

test of the equivalence principle results in an exclusion
plot in the plane (£, ,\) (see Fig. 6).

To illustrate the link between the variation of the con-
stants and the tests of relativity, let us consider the
string-inspired model developed by Damour and Polya-
kov (1994a, 1994b), in which the fine-structure constant
is given in terms of a function of the four-dimensional
dilaton as apy=Br'(¢). The QCD mass scale can be
expressed in terms of the string mass scale, M;~3
x 10" GeV [see Sec. VLB for details and Eq. (277)]. In
the chiral limit, the (Einstein-frame) hadron mass is pro-
portional to the QCD mass scale, so that

Ms 1\dIn dEM
fhadron_ ( in M hadron " 2 07¢)
With the expected form In Bi(¢)=—«(d—¢,)*2 (see
Sec. VI.B), the factor of the right-hand-side of the pre-
vious equation is of order 40x(¢— ¢,,). The exchange
of the scalar field excitation induces a deviation from
general relativity characterized, at post-Newtonian level,
by the Eddington parameters

1= YEaa=2(40K)* (o= b.)?, (147)
Braa—1=(40k)* (o= b,,)*/2. (148)

Besides, the violation of the universality of free fall is

(146)

given by nr= 31 - 32 with
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+CD
1

81=(1— ypaa)

B E
c2<— +0.943><105(—)
M My
(149)

obtained from expression (27) for the mass. In this ex-
pression, the third term is expected to dominate. We see
in this example that the variation of the constants, the
violation of the equivalence principle, and post-
Newtonian deviation from general relativity have to be
considered together.

Similarly, in an effective four-dimensional theory, the
only consistent approach to make a Lagrangian param-
eter time dependent is to consider it as a field. The
Klein-Gordon equation for this field (¢+3Hp+m>¢p
+---=0) implies that ¢ is damped as ¢>a 3 if its mass
is much smaller than the Hubble scale. Thus, in order to
be varying during the last Hubble time, ¢ has to be very
light, with typical mass m~ H,~10"% eV. This is analo-
gous to the case of quintessence models (see Sec. V.E for
details). As a consequence, ¢ has to be very weakly
coupled to the standard model fields. To illustrate this,
Dvali and Zaldarriaga (2002) [followed by a reanalysis
by Chiba and Khori (2002) and Wetterich (2002)] ex-
panded agy; around its value today as

2
from which it follows, from Webb et al (2001), that
NA ¢/M 4~10"7 during the last Hubble time. The change
of the mass of the proton and of the neutron due to
electromagnetic effects was obtained from Egs. (27) and
(28), but neglecting the last term. The extra Lagrangian
for the field ¢ is thus

1

(150)

¢ _
5L=)\E(Bppp+Bnnﬁ). (151)
A test body composed of n, neutrons and n, protons
will be characterized by a sensitivity

A
fi:_(Vpo+ Van)’

e (152)

where v, (vp) is the ratio of neutrons (protons) and
where it has been assumed that m,~my~my.
Assuming® that vfj,rth~1/2 and using the compactness of
the Moon-Earth system dIn(mgan /M Moon)/d 1N apyp
~1073, one gets 7;,~1073\%. Dvali and Zaldarriaga
(2002) obtained the same result by considering that
Av,,~6X1072=10"". This implies that A<10"7, which
is compatible with the variation of apy if Ad/M,
>10"2 during the last Hubble period.

From cosmological investigations one can show that
(A ¢/M4)2~(p¢+ P 4)/piotar- If ¢ dominates the matter
content of the universe, py, then A¢d~M, so that \
~1077, whereas if it is subdominant A¢<M, and
>10"". In conclusion

8For copper v,=0.456, for uranium »,=0.385, and for lead
v,=0.397.



Jean-Philippe Uzan: The fundamental constants and their variation 427

1077<A<1075. (153)

This explains the tuning on the parameter A\.

An underlying approximation is that the ¢ depen-
dence arises only from the electromagnetic self-energy.
But, in general, one would expect that the dominant
contribution to the hadron mass, the QCD contribu-
tions, also induces a ¢ dependence [as in the Damour
and Polyakov (1994a, 1994b) approach].

In conclusion, the test of the equivalence principle of-
fers a very precise test of the variation of constants
(Damour, 2001). The LLR constraint »=<10"1 ie.,
|@ Barth— @Moon] =107 cm s ™2, implies that on the size of
the Earth orbit

|V In apy|<10"3-10"% cm™ 1. (154)

Extending this measurement to the Hubble size leads to
the estimate Aapy/apy=10"*-10"°. This indicates
that if the claim by Webb et al. (2001) is correct, then it
should induce a detectable violation of the equivalence
principle in  coming  experiments such  as
MICROSCOPE’ and STEP.!® They will have an accu-
racy of, respectively, the levels 7»~10"1 and 5»~10"1%.
Indeed, this is a rough estimate in which agy; is assumed
to be constant, but this is also the conclusion indicated
by the results of Bekenstein (1982) and Dvali and Zal-
darriaga (2002).

Let us also note that this constraint has been dis-
carded by some models (see Sec. VI.C), particularly
while claiming that a variation of apy of 10~ was real-
istic (Barrow et al., 2002a, 2002b; Sandvik et al., 2002)
[see however the recent study by Bekenstein (2002) and
the discussion by Magueijo et al. (2002)].

IV. GRAVITATIONAL CONSTANT

As pointed out by Dicke and Peebles (1965), the im-
portance of gravitation on large scales is due to the short
range of the strong and weak forces and to the fact that
the electromagnetic force becomes weak because of the
global neutrality of matter. As they provide tests of the
law of gravitation (e.g., planetary motions, light deflec-
tion), space science and cosmology also offer tests of the
constancy of the gravitational constant.

Contrary to most of the other fundamental constants,
as the precision of the measurements increased, the dis-
parity between the measured values of G also increased.
This led the CODATA! in 1998 to raise the relative
uncertainty for G from 0.013% to 0.15% (Gundlach and
Merkowitz, 2000). The following constraints assume that
the mass of stars and/or planets is kept constant.

%See http://sci2.esa.int/Microscope/

10See http://einstein.stanford.edu/STEP/

"The CODATA is the COmmittee on Data for Science and
Technology; see http://www.codata.org/
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A. Paleontological and geophysical arguments

Dicke (1964) stressed that the Earth is such a complex
system that it would be difficult to use it as a source of
evidence for or against the existence of a time variation
of the gravitational constant. Following Jordan (1955),
he noted that, among the direct effects, a weakening of
the gravitational constant induces a variation of the
Earth surface temperature, an expansion of the Earth
radius, and a variation of the length of the day (Jordan,
1955; Murphy and Dicke, 1964; Hoyle, 1972).

1. Earth surface temperature

Teller (1948) first emphasized that the Dirac hypoth-
esis may be in conflict with paleontological evidence. His
argument is based on the estimation of the temperature
at the center of the Sun To*xGM /R using the virial
theorem. The luminosity of the Sun is then proportional
to the radiation energy gradient times the mean free
path of a photon times the surface of the Sun, that is,
LoxTLREMG?, hence Lox Th M3 . Computing the ra-
dius of the Earth orbit in Newtonian mechanics, assum-
ing the conservation of angular momentum (so that
G M o R g, 18 constant), and stating that the Earth mean
temperature is proportional to the fourth root of the
energy received, he concluded that

Tearn® G*PMEP. (155)

If My is constant and G was 10% larger 300 million
years ago, the Earth surface temperature should have
been 20% higher, that is, close to the boiling tempera-
ture. This contradicts the existence of trilobites in the
Cambrian era.

With even a smaller variation, Gamow (1967a)
showed that even if it was safe at the Cambrian era,
there was still a contradiction with bacteria and algae
estimated to have lived 4 X 10° years ago. It follows that

IAG/G|<0.1 (156)

over a 4x10° yr time scale. Eichendorf and Reinhardt
(1977) reactualized Teller’s argument in light of a new
estimate of the age of the universe and new paleonto-
logical discoveries to get |G/G|<2.0x10" " yr~! (cited
by Petley, 1985).

When using such an argument, the heat balance of the
atmosphere is affected by many factors (water vapor
content, carbon dioxide content, and circulatory pat-
terns, among others). This renders the extrapolation
during several billion years very unreliable. For instance,
the rise of the temperature implies that the atmosphere
is at some stage composed mostly of water vapor so that
its convective mechanism is expected to change in such a
way as to increase the Earth albedo and thus to decrease
the temperature!

2. Expanding Earth

Egeyed (1961) first remarked that paleomagnetic data
could be used to calculate the Earth paleoradius for dif-
ferent geological epochs. Under the hypothesis that the
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area of continental material has remained constant while
the bulk of the Earth has expanded, the determination
of the difference in paleolatitudes between two sites of
known separation gives a measurement of the paleora-
dius. Creer (1965) showed that data older than 3
X 10% years form a coherent group in 7y, and Wesson
(1973) concluded from a compilation of data that
an “expansion from a completely sial-covered globe
of about 3700 km radius at a constant rate of 0.66
mm-yr_ ! over a 4.5x 10’ yr interval would give the con-
tinents a configuration as we now see them.”

Dicke (1962b, 1964) related the variation of the Earth
radius to a variation of the gravitational constant by

Alnrg,g=-01AInG. (157)

McElhinny et al. (1978) reestimated the paleoradius of
the Earth and extended the analysis to the Moon, Mars,
and Mercury. Starting from the hydrostatic equilibrium

equation

ap p(r)M(r)

20— (158)
where M (r) is the mass within radius r, they generalized
Dicke’s result to get

Alnrggpm=—aAInG, (159)

where a depends on the equation of state P(p), for in-
stance, a=1/(3n—4) for a polytropic gas, P=Cp". In
the case of small planets, one can work in a small gravi-
tational self-compression limit and set P=K,(p/py
—1). Equation (158) then gives a=(2/15)(Ap/py), Ap
being the density difference between the center and sur-
face. This approximation is poor for the Earth, and more
sophisticated models exist. They give apg,n=0.085
£0.02, apmars=0.032, @percury=0.02£0.05, and  apjoon
=0.004%=0.001. Using the observational fact that the
Earth has not expanded by more than 0.8% over the
past 4x10% years, the Moon by 0.06% over the past 4
% 10° years, and Mars by 0.6%, they concluded that

(160)

Despite any real evidence in favor of an expanding
Earth, the rate of expansion is also limited by another
geophysical aspect, i.e., the deceleration of the Earth’s
rotation.

Dicke (1957) listed some other possible consequences
on the scenario of the formation of the Moon and on the
geomagnetic field, but none of them enable us to give
serious constraints. The paleontological data give only
poor limits on the variation of the gravitational constant,
and even though the Earth keeps a memory of the early
gravitational conditions, this memory is crude and geo-
logical data are not easy to interpret.

—GIG=8%x10"2yr 1,

B. Planetary and stellar orbits
Vinti (1974) studied the dynamics of a two-body sys-

tem in Dirac cosmology. He showed that the equation of
motion
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FIG. 7. The standard orbital parameters. a and b are the semi-
major and semiminor axis, c=ae the focal distance, p the
semilatus rectum, 6 the true anomaly. F is the focus, A and B
the periastron and apoastron (see Murray and Dermott, 2000).
It is easy to check that b>=a?(1—e?) and that p=a(1—e?),
and one defines the frequency or mean motion as n=2/P
where P is the period (Color in online edition).-

d*r G k+ty, 7 161
Pr == (161)
where k is a constant and G the gravitational constant
today, can be integrated. For bounded orbits (see Fig. 7),
the solution describes a growing ellipse with constant
eccentricity e, pericenter argument w, and a linearly
growing semimajor axis p(t)=(1*/Gym)(k+1t)/(k
+1ty), where [ is the constant angular momentum, of
equation

B p(1)
"T1te cos(f—w)’

Similarly, Lynden-Bell (1982) showed that the equations
of motion of the N-body problem can be transformed to
the standard equation if G varies as ¢~ !.

It follows that in the Newtonian limit, the orbital pe-

riod of a two-body system is

(162)

2l 1 G?*m?
P= Gm)? (1—eO)™ 1+0 e (163)

in which the correction terms represent the post-
Newtonian corrections to the Keplerian relationship. It
is typically of order 10~7 and 10~°, respectively, for So-
lar system planetary orbits and for a binary pulsar. It
follows that

P 3 [ 5 G 5 m

P 7l G “m
Only for the orbits of bodies for which the gravitational
self-energy can be neglected does the previous equation
reduce to

(164)

P__G

P TG
This leads to two observable effects in the Solar system
(Shapiro, 1964; Counselman and Shapiro, 1968). First,
the scale of the Solar system changes, and second, if G
evolves adiabatically as G=Gy+ Gy(t—1t), there will
be a quadratically growing increment in the mean longi-
tude of each body.

(165)
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For a compact body, the mass depends on G as well as
other post-Newtonian parameters. At first order in the
post-Newtonian expansion, there is a negative contribu-
tion, Eq. (29), to the mass arising from the gravitational
binding energy, and one cannot neglect mz in Eq. (164).
This is also the case if other constants are varying.

1. Early works

Early works mainly focus on the Earth-Moon system
and try to relate a time variation of G to a variation of
the frequency or mean motion (n=2/P) of the Moon
around the Earth. Arguments of an expanding Earth
also raise interest in the determination of the Earth’s
rotation rate. One of the greatest problems is to evalu-
ate and subtract the contribution of the spin-down of the
Earth arising from the friction in the seas due to tides
raised by the Moon [Van Flandern (1981) estimated that
Fiiga=(—28.8+1.5)" century 2] and a contribution
from the Moon recession.

The determination of ancient rotation rates can rely
on paleontological data and ancient eclipse observa-
tions, as well as on measurements of star declinations
(Newton, 1970, 1974). It can be concluded from these
studies that there were about 400 days in a year during
the Devonian era. Indeed, these studies contain a lot of
uncertainties; for instance, Runcorn (1964) compared
telescope observation from the 17th century to the an-
cient eclipse records and found a discrepancy of a factor
2. In other examples, Muller (1978) studied eclipses
from 1374 B.C. to 1715 A.D. to conclude that

G/G=(2.6£15)x10" " yr71, (166)

and Morrison (1973) used ephemeris from 1663 to 1972,
including 40000 Lunar occultations from 1943 to 1972,
to deduce that

|G/G|<2x10" T yr 1. (167)

Paleontological data such as the growth rhythm found
in fossil bivalves and corals also enable the setting of
constraints on the Earth rotational history and the
Moon orbit (Van Diggelen, 1976) [for instance, in the
study by Scrutton (1965) the fossils showed marking so
fine that the phases of the Moon were mirrored in the
coral growth]. Blake (1977b) related the variation of the
number of sidereal days in a sidereal year, Y=ng/ng,
and in a sidereal month, M=ng/ny (ng, ng, and ny,
being, respectively, the orbital frequencies of the motion
of the Earth, of the Moon around the Earth, and of the
Earth around the Sun), to the variation of the Newton
constant and the Earth momentum of inertia / as

AY AM Al AG
e e

M 1 2 G
with y=1.9856 being a calculated constant. The fossil
data represent the number of Solar days in a tropical
year and in a synodic month that can be related to Y and
M so that one obtains a constraint on AI/I+2AG/G.
Attributing the variation of / to the expansion of the
Earth (Wesson, 1973), one can argue that Al/I repre-

(168)
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sents only 10-20 % of the right-hand side of Eq. (168).
Blake (1977b) concluded that

GIG=(—05%2)x10" 1 yr~L, (169)

Van Flandern (1971, 1975) studied the motion of the
Moon from Lunar occultation observations from 1955 to
1974 using atomic time, which differs from the ephem-
eris time relying on the motion of the Earth around the
Sun. He attributed the residual acceleration after correc-
tion of tidal effect to a variation of G, 7 500n/27 toon=
(—8+5)x10"Y century? to claim that

GIG=(—-8*5)x10" " yr 1. (170)

In a new analysis, Van Flandern (1981) concluded that
i oon/ M itoon= (322 1.1) X 107 yr !, hence that G was
increasing as

G/G=(32+1.1)x10" 1 yr 1, (171)

which has the opposite sign. In this comparison, the time
scale of the atomic time is 20 years compared to that of
the ephemeris at 200 years, but it is less precise. It fol-
lows that the comparison is not obvious and that these
results are far from convincing. In this occultation
method, one has to be sure that the proper motions of
the stars are taken into account. One also has to assume
that (1) the masses of the planets are not varying [see
Eq. (164)], which can happen if, for instance, the strong-
and fine-structure constants are varying, (2) the fine-
structure constant is not varying when compared to
atomic time, and (3) the effect of the changing radius of
the Earth is not taken into account.

2. Solar system

Monitoring the separation of orbiting bodies offers a
possibility to constrain the time variation of G. This ac-
counts for comparing a gravitational time scale (set by
the orbit) with an atomic time scale, and it is thus as-
sumed that the variation of atomic constants is negli-
gible for the time of the experiment.

Shapiro et al. (1971) compared radar-echo time delays
between Earth, Venus, and Mercury with a cesium
atomic clock between 1964 and 1969. The data were fit-
ted to the theoretical equation of motion for the bodies
in a Schwarzschild spacetime, taking into account the
perturbations from the Moon and other planets. They
concluded that

|G/G|<4x10710 yr 1, (172)

The data concerning Venus cannot be used due to im-
precision in the determination of the portion of the
planet reflecting the radar. This was improved to

|G/G|<1.5x10710 yr! (173)

by including Mariner 9 and Mars Orbiter data (Reasen-
berg and Shapiro, 1976, 1978). The analysis was further
extended (Shapiro, 1990) to give

G/IG=(—-2=10)x10"12 yr 1. (174)
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The combination of Mariner 10 and Mercury and Venus
ranging data gives (Anderson et al., 1992)

G/G=(0.0+2.0)x10"12 yr 1, (175)

The Lunar Laser Ranging (LLR) experiment has
measured the position of the Moon with an accuracy of
about 1 cm for 30 years. This was made possible by the
American Apollo 11, 14, and 15 missions and Soviet-
French Lunakhod 1 and 4, which landed retro-reflectors
on the Moon that reflect laser pulses from the Earth [see
Dickey et al. (1994) for a complete description]. Re-
stricting data to positive values of wgp, Williams et al.
(1976) deduced from the first six years of LLR that
wpp>29, which, assuming a Brans-Dicke theory for a
universe with flat spatial sections and no cosmological
constant, implies

|G/G|=3x10"1 yr 1. (176)

Muller et al. (1991) used 20 years of data to improve this
result to

|GIG|<1.04x 1071 yr !, (177)

the main error arising from the Lunar tidal acceleration.
Dickey et al. (1994) improved this constraint to

|G/G|<6Xx10712 yr 1, (178)

and Williams ef al. (1996) with 24 years of data con-
cluded that

|G/G|<8x10712 yr 1, (179)

Reasenberg et al. (1979) considered the 14 months of
data obtained from the ranging of the Viking spacecraft
and deduced that wgp>500, which implies, under the
same hypothesis as for Eq. (176),

|G/G|<10712 yr~ 1, (180)

Using all available astrometric data and in particular the
ranging data from Viking landers on Mars, Hellings et al.
(1983) deduced that

|G/G|=(2+4)x10712 yr~ 1L, (181)

The major contribution to the uncertainty is due to the
modeling of the dynamics of the asteroids on the Earth-
Mars range. Hellings et al. (1983) also tried to attribute
their result to a time variation of the atomic constants.
Using the same data but a different modeling of the
asteroids, Reasenberg (1983) got

|G/G|<3x107 1 yr 1, (182)
which was then improved by Chandler et al. (1993) to
|G/IG|<1071 yrt, (183)

All these measurements test more than just the time
variation of the gravitational constant and offer a series
of tests on the theory of gravitation; they also constrain
parametrized post-Newtonian (PPN) parameters, geo-
detic precession, etc. (see Will, 1993).

3. Pulsars
Contrary to the Solar system case, the dependence of

the gravitational binding energy cannot be neglected
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while computing the time variation of the period (Dicke,
1969; Eardley, 1975; Haugan, 1979). Here two ap-
proaches can be followed; either one sticks to a model
(e.g., scalar-tensor gravity) and computes all the effects
in this model or one has a more phenomenological ap-
proach and tries to put some model-independent
bounds.

Eardley (1975) followed the first route and discussed
the effects of a time variation of the gravitational con-
stant on binary pulsars in the framework of the Brans-
Dicke theory. In that case, both a dipole gravitational
radiation and the variation of G induce a periodic varia-
tion in the pulse period. Nordtvedt (1990) showed the
orbital period changes as

2(mycy+mycy)+3(mycy+myey) | G
P m1+m2 G ’
(184)
where ¢;=d6Inm;/6In G. He concluded that for the pul-
sar PSR 1913+16 (m;=m, and c¢;=c,) one gets

P 5is G
F - _[ + C] ~
the coefficient ¢ being model dependent. As another ap-
plication, he estimated that cpup~—5%X10"1 cpoon
~—1078, and cgy,~—4x10"°, justifying the approxi-
mation (165) for the Solar system.

Damour ef al. (1988) used the timing data of the bi-
nary pulsar PSR 1913+ 16. They implemented the effect
of the time variation of G by considering the effect on

(185)

P/P and making use of the transformation suggested by
Lynden-Bell (1982) to integrate the orbit. They defined,

in a phenomenological way, that G/G=—0.56P/P,

where 8P is the part of the orbital period derivative that
is not explained otherwise (by gravitational waves radia-
tion damping). This theory-independent definition has
to be contrasted with the theory-dependent result (185)
by Nordtvedt (1990). They got

G/G=(1.0+23)x10" 1" yr 1, (186)

Damour and Taylor (1991) reexamined the data of PSR
1913+ 16 and the upper bound

G/G<(1.10=1.07)x 107" yr~ 1. (187)

Kaspi et al. (1994) used data from PSR B1913+16 and
PSR B1855+09, respectively, to get

GIG=(4+5)x10"12 yr!

and

(188)

G/IG=(—9*18)x107 12 yr 1, (189)

the latter case being more “secure” since the orbiting
companion is not a neutron star.

All the previous results concern binary pulsars, but
isolated ones can also be used. Heintzmann and Hille-
brandt (1975) related the spin down of the pulsar JP1953
to a time variation of G. The spin down is a combined
effect of electromagnetic losses, emission of gravita-
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tional waves, possible spin up due to matter accretion.
Assuming that the angular momentum is conserved so
that I/ P =const, one deduces that

dinl \ G
dinG| G-

The observational spin down can be decomposed as

P
Pg

(190)

PP P P

= + + .
Pobs Pmag PGW PG

(191)

Since P/Py,, and P/P gy are positive definite, it follows

that P/P,=P/P, so that a bound on G can be in-
ferred if the main pulse period is the period of rotation.

Heintzmann and Hillebrandt (1975) modeled the pul-
sar by a polytropic (P«p") white dwarf and deduced
that d In I/dIn G=2-3n/2, so that

|G/G|<10710 yr~ L, (192)

Mansfield (1976) assumed a relativistic degenerate, zero-
temperature polytropic star and got that, when G <0,

0<-G/G<68x10" 1 yr! (193)

at a 20 level. He also noted that a positive G induces a
spin up counteracting the electromagnetic spin down,
which can provide another bound if an independent es-
timate of the pulsar magnetic field can be obtained.
Goldman (1990), following Eardley (1975), used the
scaling relations NG ~*? and M= G ~5? to deduce that
2dInlldIn G=—5+3dInI/dIn N. He used the data from
the pulsar PSR 0655+ 64 to deduce that the rate of de-
crease of G was smaller than

0<-G/G<55x10711 yr 1, (194)

C. Stellar constraints

In early works, Pochoda and Schwarzschild (1963),
Ezer and Cameron (1966), Roeder and Demarque
(1966), and then Gamow (1967¢c), Shaviv and Bahcall
(1969), and Chin and Stothers (1975, 1976) studied Solar
evolution in the presence of a time-varying gravitational
constant. They came to the conclusion that under the
Dirac hypothesis, the original nuclear resources of the
Sun would have been depleted by now. This results from
the fact that an increase of the gravitational constant is
equivalent to an increase of the star density (because of
the Poisson equation). With a slighter decrease rate, the
Sun would be more evolved, so that its central helium
content, temperature, and neutrino luminosity must be
larger than in standard solar models.

A side effect of the change of luminosity is a change in
the depth of the convection zone. This induces a modi-
fication of the vibration modes of the star and particu-
larly to the acoustic waves, i.e., p modes (Demarque
et al., 1994). Demarque et al. (1994) considered an an-
satz in which Go¢~# and showed that |3]|<0.1 over the
last 4.5X 10” years, which corresponds to
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|G/G|<2x10711 yr1, (195)

Guenther et al. (1995) also showed that g modes could
provide even much tighter constraints, but these modes
are to this date very difficult to observe. Nevertheless,
they concluded, using the claim of detection by Hill and
Gu (1990), that

|G/G|<4.5x107 12 yr1, (196)

Guenther ef al. (1998) compared the p-mode spectra
predicted by different theories with varying gravitational
constants to the observed spectrum obtained by a net-
work of six telescopes and deduced that

|G/G|<1.6X10712 yr 1, (197)

The standard Solar model depends on a few parameters,
and G plays an important role since stellar evolution is
dictated by the balance between gravitation and other
interactions. Astronomical observations determine very
accurately GM , and a variation of G with GM g, fixed
induces a change of the pressue (P=GM?%/R%) and
density (p=M o /R}). Ricci and Villante (2002) studied
the effect of a variation of G on the density and pressure
profile of the Sun and concluded that present data can-
not constrain G better than 1072%.

The late stages of stellar evolution are governed by
the Chandrasekhar mass (%c/G)¥*m_? determined
mainly by the balance between the Fermi pressure of a
degenerate electron gas and gravity. Assuming that the
mean neutron star mass is given by the Chandrasekhar

mass, one expects that G/G=—2Mys/3Mys. Thorsett
(1996) used the observations of five neutron star bina-
ries for which five Keplerian parameters can be deter-
mined (the binary period P, , the projection of the or-
bital semimajor axis a; sin, the eccentricity e, the time
and longitude of the periastron T, and w) as well as the
relativistic advance of the angle of the periastron w. As-
suming that the neutron star masses vary slowly as

Mys=M S)S)—M Nsins s that their age was determined by
the rate at which P, is increasing (so that tyyg

=2P,/P},), and that the mass follows a normal distribu-
tion, Thorsett (1996) deduced that, at 20,

G/IG=(—0.6=42)x10"12 yr 1, (198)

Analogously, the Chandrasekhar mass sets the charac-
teristic of the light curves of supernovae (Riazuelo and
Uzan, 2002).

Garcia-Berro et al. (1995) considered the effect of a
variation of the gravitational constant on the cooling of
white dwarfs and on their luminosity function. As first
pointed out by Vila (1976), the energy of white dwarfs is
entirely of gravitational and thermal origin, so that a
variation of G will induce a modification of their energy
balance. Restricted to cold white dwarfs with luminosity
smaller than ten Solar luminosities, the luminosity can
be related to the star binding energy B and gravitational
energy Egp,y as
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dB G
L=— E—F EEgrav7
which simply results from the hydrostatic equilibrium.
Again, the variation of the gravitational constant inter-
venes via the Poisson equation and the gravitational po-

tential. The cooling process is accelerated if G/G <0,
which then induces a shift in the position of the cutoff in
the luminosity function. Garcia-Berro et al. (1995) con-
cluded that

(199)

0<-G/G<4x10"1 yr 1, (200)

The result depends on the details of the cooling theory,
on whether the C/O white dwarf is stratified or not, and
on the hypothesis of the age of the galactic disk. For
instance, with no stratification of the C/O binary mix-

ture, one would require G/G=-(2.5%0.5)
x 107! yr~ 1 if the Solar neighborhood has a value of 8
Gyr (i.e., one would require a variation of G to explain
the data). In the case of the standard hypothesis of an

age of 11 Gyr, one obtains 0<—G/G<3x10" ! yr 1,

A time variation of G also modifies the main se-
quence time of globular clusters (Dicke 1962a; Roeder,
1967). Del’Innocenti et al. (1996) calculated the evolu-
tion of low-mass stars and deduced the age of the iso-
chrones. The principal effect was a modification of the
main-sequence evolutionary time scale while the appear-
ance of the color-magnitude diagram remained undis-
torted within the observational resolution and theoreti-
cal uncertainties. Since the globular clusters must be
younger than the universe, and assuming that their age
was between 8 and 20 Gyr, they concluded that

G/G=(—14+21)x10" 1" yr 1, (201)

This analysis was also applied to clusters of galaxies by
Dearborn and Schramm (1974). In that case, a lower
gravitational constant allows the particle to escape from
the cluster since the gravitational binding energy also
decreases. They deduced that the decrease of G that
allows the existence of clusters at the present epoch is

0<-G/G<4x10"1 yr 1, (202)

D. Cosmological constraints

1. Cosmic microwave background

A time-dependent gravitational constant will have
mainly three effects on the CMB angular power spec-
trum [see Riazuelo and Uzan (2002) for discussions
within the framework of scalar-tensor gravity in which G
is considered as a field].

(1) The variation of G modifies the Friedmann equa-
tion and therefore the age of the Universe (and, hence,
the sound horizon). For instance, if G is larger at an
earlier time, the age of the Universe is smaller at recom-
bination, so that the peak structure is shifted towards
higher angular scales.

(2) The amplitude of the Silk damping is modified. At
small scales, viscosity and heat conduction in the
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photon-baryon fluid produce a damping of the photon
perturbations (Silk, 1968). The damping scale is deter-
mined by the photon diffusion length at recombination,
and therefore depends on the size of the horizon at this
epoch, and hence depends on any variation of the New-
ton constant throughout the history of the Universe.

(3) The thickness of the last scattering surface is modi-
fied. In the same vein, the duration of recombination is
modified by a variation of the Newton constant as the
expansion rate is different. It is well known that CMB
anisotropies are affected on small scales because the last
scattering “surface” has a finite thickness. The net effect
is to introduce an extra, roughly exponential damping
term, with the cutoff length being determined by the
thickness of the last scattering surface. When translating
redshift into time (or length), one has to use the Fried-
mann equations, which are affected by a variation of the
Newton constant. The relevant quantity to consider is
the visibility function g. In the limit of an infinitely thin
last scattering surface, 7 goes from o to 0 at recombina-
tion epoch. For standard cosmology, it drops from a
large value to a much smaller one, and hence the visibil-
ity function still exhibits a peak, but is much broader.

Liddle et al. (1998) studied the transition from radia-
tion domination to matter domination in Jordan-Brans-
Dicke theory and its effect on CMB anisotropies. Chen
and Kamionkowski (1999) investigated in more detail
the CMB spectrum in Brans-Dicke theory and showed
that CMB experiments such as MAP will be able to con-
strain these theories for wgp<<100 if all parameters are
to be determined by the same CMB experiment, wgp
<500 if all parameters are fixed but the CMB normal-
ization, and wgp<<800 if one uses the polarization. For
the Planck mission these numbers are, respectively, 800,
2500, and 3200.

As far as we are aware, no complete study of the im-
pact of the variation of the gravitational constant (e.g.,
in scalar-tensor theory) on the CMB has yet been per-
formed. Note that, to compute the CMB anisotropies,
one needs not only the value of G at the time of decou-
pling but also its complete time evolution up to now,
since it will affect the integrated Sachs-Wolfe effect.

2. Nucleosynthesis

As explained in detail in Sec. III.C.2, changing the
value of the gravitational constant affects the freeze-out
temperature 7. A larger value of G corresponds to a
higher expansion rate. This rate is determined by the
combination Gp, and in the standard case the Fried-
mann equations imply that G pr? is constant. The density
p is determined by the number N, of relativistic par-
ticles at the time of nucleosynthesis, so that nucleosyn-
thesis allows us to put a bound on the number of neu-
trinos N,. Equivalently, assuming the number of
neutrinos to be three leads to the conclusion that G has
not varied by more than 20% since nucleosynthesis. But,
allowing for a change both in G and N, allows for a
wider range of variation. Contrary to the fine-structure
constant, the role of G is less involved.
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Steigmann (1976) used nucleosynthesis to put con-
straints on the Dirac theory. Barrow (1978) assumed that
Goct™" and obtained from the helium abundances that
—5.9%x107°<n<7x10"3, which implies that

|G/IG|<(2£9.3)hx 10712 yr™ 1, (203)

assuming a flat universe. This corresponds in terms of
the Brans-Dicke parameter to wgp>25, which is a much
smaller bound than the ones obtained today. Yang et al.
(1979) included the computation of the deuterium and
lithium. They improved the result by Barrow (1978) to
n<5x1073, which corresponds to wpp>50, and also
pointed out that the constraint is tighter if there are ex-
tra neutrinos. It was further improved by Rothman and
Matzner (1982) to |n|<3 %1073, implying

|G/G|<1.7x10713 yr 1, (204)

Accetta et al. (1990) studied the dependence of the
abundances of D, *He, “He, and "Li upon the variation
of G and concluded that

—~03<AG/G<04, (205)

which corresponds roughly to 9X 107 °<n<8x 103 and
to |G/G|<9x107 1 yr 1,

All previous investigations assumed that the other
constants were kept fixed and that physics was un-
changed. Kolb et al. (1986) assumed a correlated varia-
tion of G, agy, and G and got a bound on the varia-
tion of the radius of the extra dimensions.

The case of Brans-Dicke (1961) theory, in which only
the gravitational constant varied, was well studied. Casas
et al. (1992a, 1992b) concluded from the study of helium
and deuterium abundances that wgp>380 when N ,=3
(see also Damour and Gundlach, 1991, and Serna et al.,
1992) and wgp>50 when N,=2.

Kim and Lee (1995) calculated the allowed value for
the gravitational constant, electron chemical potential,
and entropy consistent with observations up to lithium-7
and argued that beryllium-9 and boron-11 abundances
are very sensitive to a change in G. Kim et al. (1998)
further included neutrino degeneracy. The degeneracy
of the electron-neutrino not only increases the radiation
density but also influences the weak interaction rates so
that it cannot be absorbed in a variation of G. It was
shown that a higher gravitational constant can be bal-
anced by a higher electron-neutrino degeneracy, so that
the range of electron chemical potential, G was wider.

Damour and Pichon (1999) extended these investiga-
tions by considering a two-parameter family of scalar-
tensor theories of gravitation involving a nonlinear sca-
lar field-matter coupling function. They concluded that,
even in the cases where the scalar-tensor theory before
BBN was far from general relativity, BBN enables the
setting of quite tight constraints on the observable de-
viations from general relativity today.

Let us also note the work by Carroll and Kaplinghat
(2002), in which they tried to constrain the expansion
history of our universe in a model-independent way dur-
ing nucleosynthesis. They assumed changes in the gravi-
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tational dynamics and not in the particle physics pro-
cesses. For that purpose, the expansion rate at the time
of nucleosynthesis is approximated as H(T)
=(T/1 MeV)*H; in order to infer the constraints on
(a,H). This is a simple way to compare an alternative
to cosmology with data.

V. OTHER CONSTANTS

Up to now, we have detailed the results concerning
the two most studied constants, ag and agy;. But, as we
emphasized, if agy is varying one also expects a varia-
tion of other constants such as ag and ayw. There are
many theoretical reasons for that. First, in Kaluza-Klein
or string-inspired models, all constants are varying due
either to the dilaton or the extra dimensions (see Sec. VI
for details).

Another argument lies in the fact that if we believe in
grand unified theories, there exists an energy scale A gyt
at which all the (nongravitational) couplings unify,

3 apm(Agur) = aw(Agur) = as(Agur) = agur-
(2006)

The value of the coupling constants at any energy scale
smaller than A gyt is obtained from the renormalization-
group equations. It follows that a time variation of agy
induces a time variation of agyr and thus of aw and ag.
In such a framework, the varying parameters would then
be agur, Agur/M,4, and the Yukawa couplings.

The strong coupling at an energy scale E is related to
the QCD scale Aqgcp by

2
BoIn(E/Aqcp) ’

with Bo=—11+2n/3, n; being the number of quark fla-
vors. It follows that

as(E)= (207)

E
AQCD

ACYS

(208)

A lnAQCD/E=ln

as
The time variation of «g is thus not the same at all en-
ergy scales. In the chiral limit, in which the quarks are
massless, the proton mass is proportional to the QCD
energy scale, my,*Aqcp, so that a change in ag (or in
agur) induces a change in u and we have

(209)

The energy-scale evolution of the three coupling con-
stants in a one-loop approximation takes the form

E

A GUT

Amp/mp= AAQCD/AQCD .

a; (E)=agln—5-

uT %ln

: (210)

where the numerical coefficients depend on the choice
of the considered gauge group. For instance, b;
=(41/10,—19/16,—7) in the standard model (SM) and
b;=(33/5,1,—3) in its minimal supersymmetric exten-
sion. In the case of supersymmetric models (SUSY), Eq.
(210) has to be replaced by
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SUSY
@ (E)=| agur— —5—In| 37— |O(E~Asusy)
+|a; '(Agusy)
pM E
- In|——]|®(A —F).
27 ™ Agosy (Asusy— E)

This SUSY threshold applies only to SUSY models, and
analogous thresholds have to be taken into account such
as those associated with the ¢, b, and ¢ quarks (see Dent
and Fairbairn, 2003). Using Eq. (210), one can work out
the variation of all couplings once the grand unified
group is chosen, whether supersymmetry is assumed or
not. Note also that, theoretically, agy; is determined by
running down from some high-energy cutoff A and by
the electron mass that is the infrared cutoff. The effect
of the variation of m./A has been shown to have little
effect (Wetterich, 2002).

In the string-inspired model by Damour and Polyakov
(1994a, 1994b), Eq. (146) [obtained from Eq. (277)] im-
plies that

(211)

where the string-mass scale is kept fixed, as was first
pointed out by Taylor and Veneziano (1988).

Recently Calmet and Fritzsch (2002a, 2002b), Dent
and Fairbairn (2003), and Langacker ef al. (2002) have
tried to work out these relationships in different models
and have confirmed the order of magnitude Eq. (211).
Calmet and Fritzsch (2002a) computed low-energy ef-
fects of a time-varying fine-structure constant within a
grand-unified-theory- (GUT) like theory with a con-
straint of the form (206) and focused their analysis on
the nucleon mass. Nevertheless, they assumed that the
mechanisms of electroweak and supersymmetry break-
ing as well as fermion mass generation were left un-
changed, and thus that quarks, leptons, W, and Z
masses do not vary. But, as seen from Egs. (212) and
(213) below, one cannot vary gw with My being fixed
without varying the Higgs vacuum expectation value,
which induces a variation of the mass of the fermions.
On this basis they concluded that the result by Webb
et al. (2001) on the fine-structure constant implies that
Am,/m,=38A apy/apy=—4X 107*  (keeping the
Planck mass constant) and that Ay/y~ —36Aagy/agy
~9x107°, which is above the current observational
constraints (see Sec. V.D). Calmet and Fritzsch (2002b)
considered different scenarios: (i) Agyr is constant and
agyr time dependent, (ii) only Agyr is time dependent,
and (iii) both are varying. One needs to specify the
quantities that are kept constant; M, seems a good can-
didate since these studies do not consider the gravita-
tional sector but other choices such as the string-mass
scale, etc., can be made. They concluded that the most
“interesting” situation, in view of the variation of agy
and pu, is the second case. Langacker eral (2002)
pointed out that changes in the quark masses and in the
Higgs vacuum expectation value were also expected,

AMpadron/ Mhadron=40A apyn/ apwm
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and they parametrized the effects of the variation of
agyt on the electroweak and Yukawa sector. They as-
sumed that agyr was the vacuum expectation value of a
slowly varying scalar field. They concluded that
AAQCD/AQCD~34A aEM/aEM (Wlth a precision of about
20% on the numerical factor) and that a variation of the
fine structure of the magnitude of the one observed by
Webb et al. (2001) would imply Am,,/m,=—2.5X 1074,
They also argued that Ax/x~-—32Aagy/apy~8
X 107>, which is consistent with current bounds if one
assumes the variation of the proton gyromagnetic factor
to be negligible. Earlier, Sisterna and Vucetich (1990)
tried to determine the compatibility of all the bounds by
restricting their study to Agcp, agm, Gr, and G, and
then included the u, d, and s quark masses (Sisterna
and Vucetich, 1991).

Since we do not have the theories of electroweak and
supersymmetry breaking as well as the ones for the gen-
eration of fermion masses, the correlations between dif-
ferent low-energy observables remain model dependent.
But, in this unification picture, one is able to derive
stronger constraints. For instance, Olive et al. (2002) ex-
pressed the constraints from «, B8 decays, and Oklo as
functions of |AAQCD/AQCD_AU/U|NSOAaEM/aEM to
give the tighter constraints, respectively, of <107,
<107?, and <107 '°. The goal of this section is to discuss
the constraints on some of the constants that are of im-
portance while checking for consistency.

A. Weak interaction

Most of the studies on the variation either of Gy or
aw concern BBN, Oklo, CMB, and geochemial dating.

The Fermi constant can be expressed in terms of g
and of the mass of the boson W, My, as

2
In the standard model, M %v is simply the product of g%v/4
by the Higgs vacuum expectation value v?=(¢)>, so
that

Gp=1/2v" (213)

Thus, at tree level, G is actually independent of the
SU(2) coupling and is a direct measurement of the mag-
nitude of the electroweak symmetry breaking. Note that
a change in v is related to a change in the Yukawa cou-
plings.

Kolb et al. (1986) considered the effect of the varia-
tions of the fundamental constants on nucleosynthesis.
As detailed in Sec. III.C.2, they found the dependence
of the helium abundance on G, G, and Q, the varia-
tion of which was related to the variation of agy (then
related to the size of extra dimensions). Kolb e al
(1986) did not consider changes in G due to the varia-
tion in M and assumed that 6Ggx dgw . Since G, agy,
and G were related to the volume of extra space, this
study gives no bound on the variation of G, assuming
m. fixed.
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Dixit and Sher (1988) argued that the relation be-
tween G and gy in the work by Kolb et al. (1985) was
ill motivated and that the only way to vary G was to
vary v. Changing v has four effects on BBN: it changes
(1) all weak interaction rates, (2) m., (3) the quark
masses and hence Q, and (4) the pion mass, which af-
fects the strong nuclear force and the binding of the
deuteron. Using results on the dependence of m,. and

myon agy and v (Gasser and Leutwyler, 1982), they got

0 Aagy
MoV — 1.293-0.9 .
Besides, a change of 1% of the quark masses changes
the pion mass by 0.5%, which implies that the deuteron
binding energy changes also by 0.5% (Davies, 1972).
They concluded that the helium abundance was given by

Y, =0240—0.31A0/v +0.38A apy/ apy (215)

and deduced that Av/v<0.032 if ag) is fixed (assuming
either the four-dimensional Planck mass or a higher-
dimensional Planck mass fixed) and A agpy/agy<0.026
if v is fixed. They also noted that the changes in Q, m.,
and G induced by v tend to cancel the change in agy,
appearing larger only in Q.

Scherrer and Spergel (1993) followed the same path
and focused on two cases: (1) one in which the Yukawa
couplings are fixed so that both Gy and the fermion
masses vary in parallel and (2) one in which the Yukawa
couplings vary so that G changes while the fermion
masses are kept constant. Considering the abundances
of helium and assuming agy; fixed, they deduced that

Av
+2.1937. (214)

—0.22<AGR/GE<0.01 (216)
in the first case and
—0.01<AGr/GE<0.09 (217)

in the second case.

To finish with cosmological constraints, a change in
Gr induces a change in m, that can be constrained by
the CMB. The electron mass appears in the expression
of the Thomson cross section [Eq. (116)] and on the
binding energy of hydrogen [Eq. (117)], which induces a
change in the ionization fraction. Kujat and Scherrer
(2000) implemented these changes as in Sec. III.C and
showed that the upper limit on Am./m, is of order
1072-10"3 (keeping the Planck mass constant) for a
maximum multipole of €~500-2500 if @y is assumed
constant. The degeneracy with agy is broken at high
multipoles, so that one can hope to detect a 1% varia-
tion with a maximum multipole of €>1500.

From Oklo data, Shlyakhter (1976) argued that the
weak interaction contribution to the total energy of the
nucleus is of order 10_5(m7/mp)2, so that Agw/gw~5
X 10°Agq/gs, where gg is defined through the depth of
the nuclear potential (see Sec. V.B), to conclude that

|Aay/aw|<4Xx1073. (218)

But in fact, the change in ay is much more difficult to
model than the change in agy. Damour and Dyson
(1996) used the estimate by Haugan and Will (1976) for
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the weak-interaction contribution to the nuclear ground-
state energy of samarium E('*°Sm)— E('*Sm)=5.6 eV
to conclude that, if no subtle cancellation appears,

|Aay/aw|<0.02. (219)

Concerning geochemical data (see Sec. V.A), Dyson
(1972) pointed out that all B-decay rates are propor-
tional to a3y, so that all constraints are in fact dependent
on the combination ajyaiy, s being defined in Eq. (49).
The degeneracy can be lifted by comparing different nu-
clei, e.g., '5IRe (spe=—18000) and }9K (sx=—30). The
constancy of the decay rates of these two nuclei have
approximatively the same accuracy. From the constancy
of the ratio

A Are A
A )\Re _ (SRe Re EM
K

— sy e
Ak apMm

within a few parts in 10'° per year, one can deduce that,
independently of any assumption of ayy,

|Aapy/apy| <2X1073 (220)
and thus that
|Aay /aw| <1071 (221)

during the last 10° years.

Wilkinson (1958) studied the variation of ay by using
pleochroic halos, that is, spheres formed by a-ray tracks
around specks of uranium-bearing mineral in mica. The
intensities of the halos of different radii give a picture of
the natural radioactive series integrated over geological
time from which one can deduce the proportion of dif-
ferent daughter activities in the decay chain from ura-
nium to lead. This series contain elements undergoing
both « and B decay. For instance, Ac branches 1.2% by
a decay and the rest by B decay. From 10°-year-old
samples, Wilkinson (1958) deduced that

| Aary/ arg] <10. (222)

Let us also mention some works (Agrawal et al.,
1998a, 1998b) in which the mass scale of the standard
model and the scale of electroweak symmetry breaking
are constrained by means of the anthropic principle.
Passarino (2001) investigated the effects of the time
variation of the Higgs vacuum expectation value and
showed that the classical equation of motion for the
Higgs field in the standard model accepts time-
dependent solutions.

B. Strong interaction

A very small number of works address this issue. Due
to the strong energy dependence of ag, it makes more
sense to constrain the variation of A gcp. Doing so has a
lot of implications on the stability properties of nuclei,
and it follows that most of the constraints arise from
nuclear considerations. Let us remember that in the chi-
ral limit, all dimensional parameters are proportional to
Aocp so that all dimensionless ratios will be, in this
limit, pure numbers and thus insensitive to a change of
the strong interaction. But quark masses will play an
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important role in the variation of dimensionless ratios
and so have to be taken into account.

A change in the strong interaction affects the light
elements, and (1) the most weakly bound nucleus,
namely, the deuteron, can be unbound if it is weaker, (2)
there may exist stable dineutron and diproton if it is
stronger [and hydrogen would have been burned cata-
strophically at the beginning of the universe (Dyson,
1971)], (3) the rate of the proton capture (p+n—D
+ ) is altered, and (4) the neutron lifetime changes. All
these effects influence the nucleosynthesis (Barrow,
1987). It will also be a catastrophe if the deuteron is not
stable (by affecting the hydrogen burning properties in
stars).

Most of the early studies considered these stability
properties by modeling the nuclear force by a Yukawa
approximation of the form V(r)~giexp(—m,r). In the
following, the cited bounds refer to such a definition of
ag together with Eq. (12). Davies (1972) studied the sta-
bility of two-nucleon systems in terms of agy and ag,
assuming that ay remains fixed, and concluded that the
diproton is not bounded if Aag/as—Aapv/apum
<0.034. Rozental (1980) assumed that the depth of the
potential well in the deuteron is proportional to ag to
state that a decrease of ag of 10—15 % would make it
unstable. An increase of ag would render the diproton
stable, so that |Aag/ag|<10~! at nucleosynthesis. A
previous and more detailed analysis by Davies (1972)
yields |Aag/ag|<4 %1072, and Pochet et al. (1991) con-
cluded that |[Aag/ag|<4Xx1072 for the deuteron to be
stable and |Aag/ag|<6%x 107! for the diproton to be un-
stable.

Concerning high-Z nuclei, Broulik and Trefil (1971)
used the liquid-drop model of the nucleus and the ob-
served half-lives and abundances of transuramium ele-
ments to constrain the variation of ag/agy. In this
model, the stability of a nucleus can be discussed by
comparing the Coulomb repulsion between protons to
the strong-interaction attraction modeled by a surface
tension 7 proportional to ag. With increasing atomic
weight, the individual nucleons become progressively
more weakly bound as the Coulomb force dominates. A
nucleus is stable against spontaneous fission if

Z2 40w r}

A3 2 (25)
If ag/agy was larger, in the past some unstable nuclei
would have been stable. The idea is thus to find unstable
nuclei with long half-lives that do not occur naturally.
The variation of ag/agy would make them stable in the
past but this must have occurred roughly more than
about ten times their lifetime since otherwise they would
be in detectable abundances. Assuming that agy; is
fixed, Broulik and Trefil concluded from data on *j;Pu
that |Aag/ag|<1.7X1072 on a time scale of about 7.6
x10® yr. Unfortunately, four months later it was re-
ported that %3Pu occurs naturally on Earth (Hoffmann
et al., 1971), making the argument invalid. Davies (1972)

argued that the binding energy is expected to vary as a3
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(contrary to the ansatz by Broulik and Trefil, 1971) so
that the previous bound becomes |A ag/ag| <8.5x 1074,

Barrow (1987) studied the effect of the change of ag
on the BBN predictions in Kaluza-Klein and superstring
theories in which all the couplings depend on the com-
paction radius. Assuming that probably the most sensi-
tive parameter of BBN, the deuteron binding energy,
scales as ag, he concluded that

N/ Tyx G2} GE, (224)

which affects the helium abundances from Egs. (126)
and (127). Dent and Fairbairn (2003) discussed the
deuteron, diproton, and dineutron systems on the basis
of a nuclear potential arising from chiral symmetry
breaking in QCD. They derived the dependence of
their binding energy on the parameter (m,+mg)/Aqcp
(see, however, Beane et al., 2002 for details on the com-
putation of nuclear forces). Analogously, Flam-
baum and Shuryak (2001) concluded that |&,]|<0.005
between BBN and today where §&,=46In(m,/Aqcp)
=61n[(my+ma)/Aqcpl-

As detailed in Sec. III.A.1, Shlyakhter (1976) argued
that the change in the energy of the resonance in 1ggSm
is related to a change in «ag by

Aas/as~2AE,/V0 (225)

and deduced that |Aag/ag/<3.8X107°. Clearly, this
analysis is not very reliable. Flambaum and Shuryak
(2001) estimated the variation of the resonance energy
due to a variation of the pion mass and concluded that
AE,/E,~3%X10%6,|, so that |8,|<7x1071,

Flambaum and Shuryak (2001) also argued that, in the
worst case, all strong-interaction phenomena depend on
Aocpt Kmg where K is some universal constant and mg
the strange quark mass, but a real study of the effect of
mg on all hadronic masses remains to be done. It also
follows that the proton gyromagnetic factor can be time
dependent and constrained by observations such as
those presented in Sec. V.D.

C. Electron-to-proton mass ratio

An early limit on the variation of'?> x was derived by
Yahil (1975), who compared the concordance of K-Ar
and Rb-Sr geochemical ages and deduced that |Au/u|
<1.2 over the past 10" yr.

As first pointed out by Thompson (1975), molecular
absorption lines can provide a test of the variation of wu.
The energy difference between two adjacent rotational
levels in a diatomic molecule is proportional to Mr~2, r
being the bond length and M the reduced mass, and the
vibrational transition of the same molecule has, in first
approximation, a M dependence. For molecular hydro-
gen, M=m,/2, so that a comparison of an observed vi-

"’In the literature u refers either to m¢/m, or to its inverse.
In the present work we choose the first definition and harmo-
nize the results of the different articles.
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brorotational spectrum with its present analog will thus
give information on the variation of m, and m,. Com-
paring pure rotational transitions with electronic transi-
tions gives a measurement of u.

Following Thompson (1975), the frequency of

vibration-rotation transitions is, in the Born-
Oppenheimer approximation, of the form
VzEl(celec+cvib/\/;+ Crot/ 1), (226)

where Cgec, Cyip, and ¢, are some numerical coeffi-
cients. Comparing the ratio of wavelengths of various
electronic-vibration-rotational lines in the quasar spec-
trum and in the laboratory allows us to trace the varia-
tion of w, since, at lowest order, Eq. (226) implies

AE;(z) Au A/.Lz)

ij

=1+K;;—+0| —|. 227
AEij(O) " M (227)

Varshalovich and Levshakov (1993) used the observa-
tions of a damped Lyman-« system associated with the
quasar PKS 0528-250 (which is believed to have molecu-
lar hydrogen in its spectrum) of redshift z=2.811 and
deduced that

|Aw/ ] <4x1073, (228)
A similar analysis was first tried by Foltz et al. (1988) but
their analysis did not take into account the wavelength-

to-mass sensitivity and hence their result seems not very
reliable. Nevertheless, they concluded that

|Ap/p|<2x10* (229)

at z=2.811. Cowie and Songaila (1995) observed the
same quasar and deduced that

Au/pu=(0.75+6.25)x10"* (230)

at 95% confidence level from the data on 19 absorption
lines. Varshalovich and Potekhin (1995) calculated the
coefficient K;; with a better precision and deduced that

|Apl | <2%x1074 (231)

at 95% confidence level. Lanzetta et al. (1995) and Var-
shalovich, Panchuk, and Ivanchik (1996) used 59 transi-
tions for H, rotational levels in PKS 0528-250 and got

Au/pu=(—1%12)x10"* (232)

at 2o level. These results were confirmed by Potekhin
et al. (1998) using 83 absorption lines to get

Au/p=(—75+9.5)x1073

at a 20 level.

More recently, Ivanchik ef al. (2002) measured, with
the Very Large Telescope (VLT), the vibrorotational
lines of molecular hydrogen for two quasars with
damped Lyman-« systems at, respectively, z=2.3377 and
3.0249 and also argued for the detection of a time varia-
tion of w. Their most conservative result (the observa-
tional data were compared to two experimental data
sets) is

Apl/pu=(—57+3.8)x1073

(233)

(234)
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at 1.50, and the authors cautiously point out that addi-
tional measurements are necessary to support this con-
clusion. 1.5¢ is not really significant, and this may not
survive further extended analysis. The result is also de-
pendent on the laboratory dataset used for the compari-
son since it gave Au/u=(—12.2+7.3)x 107> with an-
other dataset.

As in the case of Webb ef al. (1999, 2001), this mea-
surement is very important in the sense that it is a non-
zero detection that will have to be compared with other
bounds. The measurements by Ivanchik ef al. (2002) is
indeed much larger than one would expect from the
electromagnetic contributions. As seen above, with the
change in any unified theory, the changes in the masses
are expected to be larger than the change in agy. Typi-
cally, we expect Au/u~AAocp/Aocp—Av/v~ (30—
40)A agy/ agy, SO that it seems the detection by Webb
et al. (2001) is too large by a factor of 10 to be compat-
ible with it. Note that Calmet and Fritzsch (2002b) ex-
pect that Au/u~22X1073 if Agyr/M, is varying.

Wiklind and Combes (1997) observed the quasar PKS
1413+135 with redshift z=0.247 and used different
transitions from the same molecule to constrain the
variation of u. They compared different lines of HCO™,
HCN, and CO and showed that the redshift differences
are likely to be dominated by the velocity difference
between the two species, which limits the precision of
the measurements to Au/u~10"> at 30 level. In one
source (B3 1504+377), they observed a discrepancy of
Al u~10"4,

Pagel (1977, 1983) used another method to constrain
p based on the measurement of the mass shift in the
spectral lines of heavy elements. In that case, the mass
of the nucleus can be considered as infinite, contrary to
the case of hydrogen. A variation of x will thus influence
the redshift determined from hydrogen [see Eq. (68)].
Pagel compared the redshifts obtained from the spec-
trum of the hydrogen atom and metal lines for quasars
of redshift ranging from 2.1 to 2.7. Since

Ap

Az=72q—Zmeta=(1+2 , 235
H metal ( )1_/'LO ( )
he obtained

|Au/p|<4x1071 (236)

at 30 level. This result is unfortunately not conclusive
because heavy elements and hydrogen usually belong to
different interstellar clouds with different radial veloci-
ties.

D. Proton gyromagnetic factor

As seen in Sec. I11.B, the hyperfine structure induces a
splitting dependent on gp,u,a}zEM. The ratio between the
frequency v,; of the hyperfine 21-cm absorption transi-
tion and optical resonance transition of frequency v,y
mainly depends on

Va1 Vopt™ aIZEMgp/J’Ex‘ (237)
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By comparing the redshift of the same object deter-
mined from optical data and the 21-cm transition, one

deduces that
AZ:ZOPt_Zzlz(1+Z)Ax/)€. (238)

Savedoff (1956) used the spectrum of Cygnus A and
deduced that

Ax/x=(3+7)x10"* (239)

at z~0.057. Wolfe et al. (1976) discovered a BL Lac ob-
ject (AO 0235+164) having the same redshift deter-
mined either by the 21-cm absorption line or by the ul-
traviolet doublet of Mg™. Using

i/ v gpmaip(1—=3p+-+2), (240)
they concluded that
Ax/x=(5+10)x107° (241)

at redshift of z=0.5. They also got a constraint on the
variation of g,u by comparing the separation of the Mg
IT doublet to hydrogen to get |Ag,u/gym|<6X% 1072
Wolfe and Davis (1979) used the 21-cm absorption lines
of neutral hydrogen in front of the quasar QSO 1331
+170 at a redshift z~2.081. They determined that the
cloud was at redshift z~1.755. The agreement between
the 21-cm and optical redshifts is limited by the error in
the determination of the optical redshift. They con-
cluded that

|Ax/x|<2x10"* (242)

at a redshift z~1.755; another absorber at redshift z
~0.524 around the quasar AO 0235+ 164 gives

|Ax/x|<2.8x107%. (243)

Tubbs and Wolfe (1980) used a set of four quasars,
among them MC3 1331+ 17, for which z,,=1.77642+2
X 107> is known with very high precision, and deduced
that

|Ax/x|<2x107%. (244)

Cowie and Songaila (1995) used the observations of
neutral carbon absorption and fine structure to get the
better optical redshift z,,= 1.776 44+2x 1073, which
enables them to improve the constraint to

Ax/x=(7+11)x10°, (245)

Besides the uncertainty in the determination of the op-
tical redshift, since the 21-cm optical depth depends sen-
sitively on spin temperature while resonance-line optical
depths do not, the two regions of absorption need not
coincide. This induces an uncertainty Az==(1+z)
X(Avgp/c) into Eq. (237) [see e.g., Wolfe and Davis
(1979) for a discussion].

Drinkwater et al. (1998) compared the hydrogen hy-
perfine structure to molecular absorption for three sys-
tems at redshift z=0.24, 0.67, and 0.68 and used CO
absorption lines. This allowed them to constrain y
= gpa%M and they got

|Ay/y|<5x107°, (246)
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Assuming that the change in g, and @y are not corre-
lated, they deduced that [Ag,/g,|<5%107® and

|Aapym/ apy <2.5%1075. (247)

If g, is constant, then this constraint is incompatible with
the claim by Webb et al. (2001). This is also the case in
GUT-like theories (Calmet and Fritzsch, 2002a) that ar-
gue Ay/y"" _36AaEM/aEM .

Varshalovich and Potekhin (1996) used the CO and
hyperfine hydrogen redshift toward PKS 1413+135 (z
=0.247) to get

Ayly=(—4%6)x107° (248)
and PKS 1157+0.14 (z=1.944) for
Ayly=(7+10)x107>. (249)

Murphy et al. (2001d) improved the precision of this
measurement by fitting Voigt profiles to the H 21-cm
profile instead of using published redshifts and got

Ayly=(—02*0.44)x107° (250)
at z=0.25 and
Ay/y=(—0.16+0.54)x1073 (251)

at z=0.68. With the same systems, Carrilli et al. (2000)
found

|Ay/y|<1.7x1073 (252)

both at z=0.25 and z=0.68. Murphy et al. (2001d) ar-
gued that one can estimate the velocity to 1.2 kms™!
instead of the 10 kms™! assumed by Carrilli et al.
(2000), so that their results in fact lead to Ay/y=(1
+0.03)x1073 at z=0.25 and Ay/y=(1.29+0.08) X103
at z=0.68.

E. The particular case of the cosmological constant

The cosmological constant has also been losing its sta-
tus as a constant. In this section, we briefly review the
observations backing up this fact and then describe the
theoretical models in favor of a time-dependent cosmo-
logical constant, providing some links with the variation
of other fundamental constants.

The combination of recent astrophysical and cosmo-
logical observations [which include the luminosity
distance-redshift relation up to z~1 from type-Ia super-
novae (Perlmutter et al., 1998; Riess et al., 1998), the
cosmic microwave background temperature anisotropies
(de Bernardis et al., 2000), and gravitational lensing
(Mellier, 1999)] seems to indicate that the universe is
accelerating and that about 70% of the energy density of
the universe is made of matter with a negative pressure
(i.e., having an equation of state w=P/p<0).

There are many different candidates to account for
this exotic type of matter. The most simple solution
would be a cosmological constant (for which w=—1),
but one will then have to face the well-known cosmo-
logical constant problem (Weinberg, 1989), i.e., the fact
that the value of this cosmological constant inferred
from the cosmological observations is extremely
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small—by about 120 orders of magnitude—compared
with the energy scales of high-energy physics (such as
Planck, GUT). Another solution is to argue for a (yet
unknown) mechanism that makes the cosmological con-
stant strictly vanish, and to find another matter candi-
date (referred to as “dark energy”) able to explain the
cosmological observations.

Among all the proposals (see, e.g., Binétruy, 2000 and
Carroll, 2001 for a review), quintessence seems to be a
promising mechanism. In these models, a scalar field is
rolling down a runaway potential, decreasing to zero at
infinity and hence acting as a fluid, with an effective
equation of state in the range —1<w=1 if the field is
minimally coupled. Runaway potentials such as expo-
nential potential and inverse power-law potentials

V(g)=M*"/ ¢, (253)

with >0 and M a mass scale, arise in models where
supersymmetry is dynamically broken (Binétruy, 1999)
and in which flat directions are lifted by nonperturbative
effects. Note, however, that, in general, imposing the
correct superpartner mass splittings implies that super-
gravity corrections to the quintessence mass are ex-
pected to be very large.

One of the underlying motivations to replace the cos-
mological constant by a scalar field comes from super-
string models in which any dimensionful parameter is
expressed in terms of the string mass scale and the
vacuum expectation value of a scalar field. However, the
requirement of slow roll (mandatory in order to have a
negative pressure) and the fact that the quintessence
field dominates today imply, if the minimum of the po-
tential is zero, that (i) it is very light, roughly of order
~1073% eV (Carroll, 1998), and that (ii) the vacuum ex-
pectation value of the quintessence field today is of or-
der of the Planck mass. It follows that coupling of this
quintessence field leads to observable long-range forces
and time dependence of the constant of nature.

Carroll (1998) considered the effect of the coupling of
this very light quintessence field to ordinary matter via
an interaction of the form B;(¢/M)L; and to the elec-

tromagnetic field as ¢F’“’TV#,,. Chiba and Kohri (2002)
also argued that an ultralight quintessence field induces
a time variation of the coupling constant if it is coupled
to ordinary matter; they studied a coupling of the form
¢F"*'F,,. Dvali and Zaldarriaga (2002) showed that it
will be either detectable as a quintessence field or by
tests of the equivalence principle, as also concluded by
Wetterich (2002).

It was proposed that the quintessence field is also the
dilaton (Uzan, 1999; Riazuelo and Uzan, 2000; Banerjee
and Pavon, 2001; Esposito-Farese and Polarski, 2001;
Gasperini et al., 2002). The same scalar field drives the
time variation of the cosmological constant as well as of
the gravitational constant, and it has the ability to also
have tracking solutions (Uzan, 1999).

Another motivation for considering the link between
a dynamical cosmological constant and the time varia-
tion of fundamental constants comes from the origin of
the inverse power-law potential. As shown by Binétruy
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(1999), it can arise from supersymmetry breaking by
nonperturbative effects such as gaugino condensation.
The same kind of potential was also considered by Vayo-
nakis (1988) while discussing the variation of the funda-
mental couplings in the framework of ten-dimensional
supergravity.

The variation of fundamental constants also has other
implications for the measurement of the cosmological
constant. Riazuelo and Uzan (2002) considered the ef-
fect of the variation of the gravitational constant on su-
pernovae data. Besides changing the luminosity
distance-redshift relation, the variation of G changes the
standard picture in two ways according to which type-Ia
supernovae are standard candles. First, the thermo-
nuclear energy release proportional to the synthesized
nickel mass is changing (and hence the maximum of the
light curve); second, the time scale of the supernovae
explosion and thus the width of the light curve is also
changed. Riazuelo and Uzan (2002) derived the modi-
fied magnitude-redshift relation to include the effect of
the variation of G using a one-zone analytical model for
the supernovae. This was confirmed by numerical simu-
lations (Gaztanaga et al., 2002).

Barrow and Magueijo (2001) considered the effect of
a time-dependent fine-structure constant on the inter-
pretation of the supernovae data. Their study was re-
stricted to a class of varying speed-of-light theories (see
Sec. VI.C) that have cosmological solutions very similar
to quintessence. But only the effect on the Hubble dia-
gram was studied; the influence of the change of the
fine-structure constant on the thermonuclear burst of
the supernovae, and hence on its light curve, was not
considered at all.

Up to now there has been no observational evidence
of a time variation of the cosmological constant. The
measurement of the equation of state of the dark energy
will be possible, it is hoped, very soon, the best candi-
date being the use of large-scale structure growth and
weak gravitational lensing (Benabed and Bernardeau,
2001). But it seems that the variation of constants and
the dark energy are somehow related (Banks et al., 2002;
Chiba and Khori, 2002; Dvali and Zaldarriaga, 2002;
Fujii, 2002; Wetterich, 2002); at least they share the
properties of being very light and appearing in many
models with a runaway potential. The effects of the cos-
mological constant on the evolution of the fine-structure
constant in scalar-tensor theories and their anthropic im-
plications were investigated by Barrow, Sandvik, and
Magueijo (2002a).

F. Attempts to constrain the variation of dimensionful
constants

As emphasized in Sec. I, considering the variation of
dimensionful constants is doubtful and seems meaning-
less, but such attempts have nevertheless been made. We
briefly review and comment on them as follows. These
investigations were motivated mainly by the construc-
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tion of cosmological models alternative to the big bang
scenario and in which the redshift needs to have another
interpretation.

Bahcall and Salpeter (1965) proposed to look for a
time variation of the Planck constant by comparing the
light emitted by two quasars. Their idea was based on
the observation that a prism was sensitive to the energy
E of the photon and a diffraction grating to its wave-
length \, so that any difference in the comparison of the
wavelengths of a particular spectral line could be attrib-
uted to a change in %. Their study led to a null result in
terms of experimental errors.

Noerdlinger (1973) [and later Blake (1977a)] tried to
measure EN. His argument was that the intensity of the
Rayleigh-Jeans tail of the Planck spectrum of the CMB
photon determines kg7 whereas the turnover point of
the spectrum determines hv/kgT. It follows that one
can determine the value of /¢ at the time of recombina-
tion, leading to the constraint |A In hc|<0.3.

Further work as performed by Solheim et al. (1976)
and Baum and Florentin-Nielsen (1976), who compared
the light of nearby and distant galaxies in order to test
the constancy of EX. Bekenstein (1979) demonstrated
that these experiments were meaningless since the con-
stancy of £\ was interpreted as the constancy of #c; this
latter fact was implicitly assumed in the two experiments
since the wave vector and momentum of the photon
were both propagated in a parallel manner. This is only
possible if their proportionality factor #c is constant, en-
suring the null result of the two experiments.

VI. THEORETICAL MOTIVATIONS

One general feature of higher-dimensional dimen-
sional theories, such as Kaluza-Klein and string theories,
is that the “true” constants of nature are defined in the
full higher-dimensional theory. The effective four-
dimensional constants depend on the value of some sca-
lar fields and on the structure and sizes of the extra di-
mensions. Any evolution of these sizes either in time or
space would lead to a spacetime dependence of the ef-
fective four-dimensional constants. If some of these
fields are extremely light, they could give rise to varia-
tion of constants on cosmological time scales.

We present in Secs. VI.A and VI.B some results con-
cerning Kaluza-Klein theories and string theories. We
end in Sec. VI.C by describing some phenomenological
approaches initiated by Bekenstein (1982).

A. Kaluza-Klein theories

The aim of the early model by Kaluza (1921) and
Klein (1926) to consider a five-dimensional spacetime
with one spatial extra dimension S' (assumed to be of
radius Rgx) was to unify electromagnetism and gravity
(for a review see, e.g., Overduin and Wesson, 1997).
Starting from the five-dimensional Einstein-Hilbert La-
grangian
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1
Ss=3 f dx\—gsM3Rs, (254)
we decompose the five-dimensional metric as
dsi=g,,dx"dx"+e* (A dx"+dy)>. (255)

This form still allows four-dimensional reparametriza-
tions of the form y’=y+\(x*) provided that A/ =4,
—d,N, so that gauge transformations arise from the
higher-dimensional coordinate transformations group.
Any field ¢ can be decomposed as

p(xty)= 2 M (xH)e™ Rrx, (256)
ne”Z

The five-dimensional Klein-Gordon equation for a

massless field becomes

V, V4" =(n/Rygg)* ™ (257)

so that ¢") has a mass m,=n/Rgx. At energies small
with respect to myg =Ry, only y-independent fields re-
main, and the physics is four dimensional. The effective
action for the massless fields is obtained from the rela-
tion Rs=R,—2e¢ “Ae’—e¢?°F*/4 with F,,=d,A,
—d,A, so that

S4: Wf d4X\/_g620RKKMg

X[Ry—d,00"0— ;e*7F, F*]. (258)

The field equations do not determine the compaction
radius and only the invariant radius p= Rgg exp(o) dis-
tinguishes nonequivalent solutions (one can set Rgy to
unity without loss of generality).

Setting A ,= RKKZ# ,
+ipyAﬂ=(9M+in;1M, so that the charges are integers.
The four-dimensional Yang-Mills coupling, identified as

the covariant derivative is a,

the coefficient — 1/4g%,, of F, and the gravitational con-
stant are given by

Mi=2mpM3, 4gym=M:ip’L2, (259)

2mp being the volume of the extra space. Note that as
long as one considers vacuum as in Eq. (255), there is a
conformal undeterminacy that has to be lifted when
adding matter fields. This generalizes to the case of D
extra dimensions (see, e.g., Cremmer and Scherk, 1977,
and Forgacs and Horvath, 1979 for the case of two extra
dimensions) to

GupiD’ ai(mKK):Ki(D)szv (260)

where the constants K; depend only on the dimension
and topology of the compact space (Weinberg, 1983b),
so that the only fundamental constant of the theory is
My.p. A theory of MyXMp, where Mp is a
D-dimensional compact space, generates a low-energy
quantum field theory of the Yang-Mills type related to
the isometries of Myp [for instance, Witten (1981)
showed that for D=7, it can accommodate the Yang-
Mills group SU(3)XSU(2)xU(1)]. The two main
problems of these theories are that one cannot construct
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chiral fermions in four dimensions by compaction on a
smooth manifold with such a procedure, and gauge theo-
ries in five dimensions or more are not renormalizable.

The expression for the structure constants at lower
energy are obtained by the renormalization group (Mar-
ciano, 1984; Wu and Wang, 1986)

-1 2y -1 2
a; (mc*)=a; (mggc?)

1 m m;
__E Cl/ In KK_ G(m—mj)ln—] N
T m m

]
(261)

where the sum is over all leptons, quarks, gluons, etc.,
and the C;; are constants that depend on the spin and
group representation (Georgi et al., 1974). Note, how-
ever, that this relation is obtained by considering the
renormalization group in four dimensions, and does not
take into account the contribution of the Kaluza-Klein
modes in loops.

Chodos and Detweiler (1980) illustrated the effect of
the fifth dimension by considering a five-dimensional
vacuum solution of the Kasner form

t\2Pi
e

with Zp,=3p?=1 and assuming compact spatial sec-
tions O0=x;<L. In order to ensure local isotropy and
homogeneity, they choose the solutions p;=p,=p;
=1/2 and p,=—1/2, so that the universe has four mac-
roscopic spatial dimensions at the time ¢, and looks spa-
tially three dimensional at a time > ¢, with a small com-
pact dimension of radius (T, /t)">L. Considering A u as
a small metric perturbation, they deduced that

ds’=—di*+ 2,

i=1,..4

(262)

(263)

hence offering a realization of three Dirac large-number
hypothesis. Freund (1982) studied (4 + D) Kaluza-Klein
cosmologies starting both in a (4+ D)-dimensional Ein-
stein gravity or a (4+D)-dimensional Brans-Dicke
gravity.

Using the expressions (260) and (261), Marciano
(1984) related the time dependence of the different cou-

plings and restricted his discussion to the cases where K
and m; vanish. In the case where &;(mgg)=0 (as stud-
ied in Chodos and Detweiler, 1980) one can relate the
time variation of the gravitational and fine structure

constant as

aEM/aG=t/t0,

-— 5C;+Cy
QEM 27 7 v

a’EM:_aEME (; (264)

G
6.

In the case where &;(mgx)#0 (as studied in Freund,
1982), it was shown that the time variation of ag was
enhanced at low energy, so that constraints on the time
variation of m./m,, provided a sensitive test. It was also
claimed that, in the case of an oscillating mgyk, the am-
plitude of the oscillations would be damped by radiation
in our three-dimensional spacetime due to oscillating
charges, and that experimental bounds can be circum-
vented.
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Kolb et al. (1986) used the variation (260) to constrain
the time variation of the radius of the extra dimensions
during primordial nucleosynthesis (see Sec. III1.C.2) as-
suming that Gpegis. They deduced |ARgy/Ryx|
<1%. Barrow (1987) took the effects of the variation of
as* Ry (see Sec. V.B) and deduced from the helium
abundances that for |ARgx/Ryk/<0.7%  and
|ARkk/Rkk|<1.1%, respectively, for D=2 and D=7
Kaluza-Klein theory, and that [AR gy /Ryy|<3.4x1071°
from the Oklo data.

It follows that the radius of the extra dimensions has
to be stabilized, but no satisfactory and complete mecha-
nism has yet been found. Li and Gott (1998) considered
a five-dimensional Kaluza-Klein inflationary scenario,
which is static in the internal dimension and expanding
in the other dimensions, and solves the five-dimensional
semiclassical Einstein equations including the Casimir
effect. In particular, it was deduced that the effective
four-dimensional cosmological constant is related to the
fine-structure constant by G A .=(15g, /204877 ) gy, -

B. Superstring theories

There exist five anomaly free supersymmetric pertur-
bative string theories, respectively known as type-I,
type-11A, type-1IB, SO(32) heterotic, and EgX Eg het-
erotic theories (see, e.g., Polchinski, 1997). One of the
definitive predictions of these theories is the existence of
a scalar field, the dilaton, that couples directly to matter
(Taylor and Veneziano, 1988) and whose vacuum expec-
tation value determines the string coupling constant
(Witten, 1984). There are two other excitations that are
common to all perturbative string theories, a rank-two
symmetric tensor (the graviton) g,, and a rank-two an-
tisymmetric tensor B, . The field content then differs
from one theory to another. It follows that the four-
dimensional couplings are determined in terms of a
string scale and various dynamical fields (dilaton, vol-
ume of compact space, etc.). When the dilaton is mass-
less, we expect three effects: (i) a scalar admixture of a
scalar component inducing deviations from general rela-
tivity in gravitational effects, (ii) a variation of the cou-
plings, and (iii) a violation of the weak-equivalence prin-
ciple. Our purpose is to show how the four-dimensional
couplings are related to the string mass scale, to the di-
laton, and to the structure of the extra dimensions
mainly in the example of heterotic theories.

To be more specific, let us consider an example. The
two heterotic theories originate from the fact that left-
and right-moving modes of a closed string are indepen-
dent. This reduces the number of supersymmetry to N
=1, and the quantization of the left-moving modes re-
quires that the gauge group be either SO(32) or Ej
X E¢ depending on the fermionic boundary conditions.
The effective tree-level action is

Sy= f d"x=g10e "

MSAR y+40P—4(VD)?}

My

4 FABFAB+"'

: (265)
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When compacted on a six-dimensional Calabi-Yau
space, the effective four-dimensional action takes the
form

Sﬂzf d4x\/—g4d>

1 (vv(ﬂ M

¢

V¢)2

MZ{R4+

_TH
7 F

6\ Vg

where ¢=V4e 2? couples identically to the Einstein
and Yang-Mills terms. It follows that

Mi=M%p, gyi=M%e

oo, (266)

(267)

at tree level. Note that to reach this conclusion, one has
to assume that the matter fields [in the “dots” of Eq.
(266)] are minimally coupled to g4 (see, e.g., the discus-
sion by Maeda, 1988).

The strongly coupled SO(32) heterotic string theory is
equivalent to the weakly coupled type-I string theory.
Type-1 superstring admits open strings, the boundary
conditions of which divide the number of supersymme-
tries by two. It follows that the tree-level effective
bosonic action is N=1, D =10 supergravity which takes
the form, in the string frame,

F2
Slzf d'x\=g1Mje ™ e " MR = -+,
(268)

where the dots contains terms describing the dynamics
of the dilaton, fermions, and other form fields. At vari-
ance with Eq. (265), the field ® couples differently to
the gravitational and Yang-Mills terms because the
graviton and Yang-Mills fields are, respectively, excita-
tion of closed and open strings. It follows that M, can be
lowered even to the weak scale by simply having exp(®)
be small enough. Type-I theories require D 9-branes for
consistancy. When V is small, one can use 7T duality (to
render V¢ large, which allows us to use a quantum-field-
theory approach) and turn the D9-brane into a
D3-brane so that

S= j d"x\=gpe MRy

1
—f d4x\/—g4e_q’ZF2+---, (269)
where the second term describes the Yang-Mills fields
localized on the D3-brane. It follows that

Mi=e2°VMS, gyy=e @ (270)

at tree level. If one compacts the D9-brane on a six-
dimensional orbifold instead of a six-torus, and if the
brane is localized at an orbifold fixed point, then gauge
fields couple to fields M; living only at these orbifold
fixed points with a (calculable) tree-level coupling c¢; so

that
Mi=e ?*V MY, gyi=e P+ceM;. (271)

The coupling to the field c; is a priori nonuniversal. At
strong coupling, the ten-dimensional EgX Eg heterotic
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theory becomes M theory on R'°xS!/Z, (Horava and
Witten, 1996). The gravitational field propagates in the
11-dimensional space, while the gauge fields are local-
ized on two ten-dimensional branes.

At one loop, one can derive the couplings by includ-
ing Kaluza-Klein excitations to get (see, e.g., Dudas,
2000)

-2 6 b 2

Sym=Mpyp— 5 (RM )"+ (272)
when the volume is large compared to the mass scale,
and in that case the coupling is no longer universal. Oth-
erwise, one would get a more complicated function. Ob-
viously, the four-dimensional effective gravitational and
Yang-Mills couplings depend on the considered super-
string theory or on the compaction scheme but in any
case they depend on the dilaton.

Wu and Wang (1986) studied the cosmological
behavior of the theory [Eq. (265)] assuming
a ten-dimensional metric of the form
diag(—1,R3(1)*Z;j(x),R6(1)*mn(y)), Where R3 and Ry
are scale factors of the external and internal spaces. The
rate of evolution of the size of the internal space was
related to the time variation of the gravitational con-
stant. The effect of a potential for the size of the internal
space was also studied.

Maeda (1988) considered the (N=1,D=10)
supergravity model derived from the heterotic super-
string theory in the low energy limit and assumed that
ten-dimensional spacetime is compacted on a 6-torus of
radius R(x*), so that the effective four-dimensional
theory described by Eq. (266) is of the Brans-Dicke
type, with w=—1. Assuming that ¢ has a mass p and
couples to the matter fluid in the universe as S aer

= [d'%\— g10exp(—2P) L yarier(g10), the reduced four-
dimensional matter action is

Smatler: j d4x\/__g¢£matter(g)- (273)
The cosmological evolution of ¢ and R can then be com-
puted; Maeda (1988) deduced that dgy/agy
=10 /1 eV) 2yr~!. In this approach, there is an am-
biguity in the way to introduce the matter fluid.
Vayonakis (1988) considered the same model but as-
sumed that supersymmetry is broken by nonperturba-
tive effects such as gaugino condensation. In this model,
and contrary to the work by Maeda (1988), ¢ is stabi-
lized and the variation of the constants arises mainly
from the variation of R in a runaway potential.
Damour and Polyakov (1994a, 1994b) argued that the
effective action for the massless modes taking into ac-
count the full string loop expansion is of the form

Szf d4x\/—_g{M§{Bg(®)R+4B¢(<D)[DA<D

. k . .
—(V¢)2]}—BF(¢)ZFQ—Bw(‘I’)WDlH“'

(274)
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in the string frame, M, being the string mass scale. The
functions B; are not known but can be expanded as
Bi(®)=e 2P+ c)+c(De?®+ et (275)

in the limit ® — — o, so that these functions can exhibit a
local maximum. After a conformal transformation [g,,,
=CBgy8,.,,¥=(CB,) ~3¥4p ll/,/zl?/], the action in Einstein
frame takes the form

d*x
s:f — J—_g[R—Z(W

k _
~ T BH P gDyt |, (276)
from which it follows that the Yang-Mills coupling be-
haves as gvi;=kB (). This also implies that the QCD
mass scale is given by

AQCDNMS(CBg)—1/26—8772kBF/b, (277)

where b depends on the matter content. It follows that
the mass of any hadron, proportional to Agcp in first
approximation, depends on the dilaton, m 4 (B, ,Bp,...).
With the ansatz (275), m 4(¢) can exhibit a minimum
¢,, that is an attractor of the cosmological evolution that
drives the dilaton towards a regime where it decouples
from matter. But one needs to assume that, for this
mechanism to apply, and particularly to avoid violation
of the equivalence principle at an unacceptable level, all
the minima are the same, which can be implemented by
setting B;= B. Expanding In B around its maximum ¢,,
as In Bx—k(¢— ¢,,)*2, Damour and Polyakov (1994a,
1994b) constrained the set of parameters («,¢q— ¢,,)
using the different observational bounds. This toy model
allows one to address the unsolved problem of the dila-
ton stabilization, to study all the experimental bounds
together, and to relate them in a quantitative manner
(e.g., by deriving a link between equivalence-principle
violations and time variation of agy).

Damour, Piazza and Veneziano (2002a, 2002b) ex-
tended this model to a case where the coupling functions
have a smooth finite limit for infinite value of the bare-
string coupling, so that B;=C;+O(e”?). The dilaton
runs away toward its attractor at infinity during a stage
of inflation. The amplitude of residual dilaton interac-
tion is related to the amplitude of the primordial density
fluctuations, and it can induce a variation of the funda-
mental constants provided it couples to dark matter or
dark energy. It is concluded that, in this framework, the
largest allowed variation of apy; is of order 2X 1079,
which is reached for a violation of the universality of
free fall of order 10~ 2

Kolb et al. (1986) argued that in ten-dimensional su-
perstring models, GxR ¢ and agy*R 2, which led
them to deduce that |AR/R|<0.5%. This was revised by
Barrow (1987), who included the effect of ag to discern
that helium abundances impose |AR/R|<0.2%. Re-
cently Ichikawa and Kawasaki (2002) considered a
model in which all the couplings vary due to the dilaton
dynamics and constrained the variation of the dilaton
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field from nucleosynthesis as —1.5x10"*<\167GA ¢
<6.0x107*. From the Oklo data, Barrow (1987) con-
cluded that |[AR/R|<1.5x107 1,

To conclude, superstring theories offer a theoretical
framework to discuss the value of the fundamental con-
stants since they become expectation values of some
fields. This is a first step towards their understanding,
but as yet no complete and satisfactory mechanism for
the stabilization of the extra dimension and dilaton is
known.

C. Other investigations

Bekenstein (1982) formulated a framework indepen-
dent of string theory to incorporate a varying fine-
structure constant. Working in units in which # and ¢ are
constant, he adopted a classical description of the elec-
tromagnetic field and made a set of assumptions to ob-
tain a reasonable modification of Maxwell equations to
account for the effect of the variation of the elementary
charge (for instance, to incorporate the problem of
charge conservation that usually derive from Maxwell
equations). His eight postulates are that (1) for a con-
stant agy, electromagnetism is described by Maxwell
theory and the coupling of the potential vector A, to
matter is minimal, (2) the variation of agy results from
dynamics, (3) the dynamics of electromagnetism and
agyp can be obtained from an invariant action that is (4)
locally gauge invariant, (5) electromagnetism is causal
and (6) its action is time-reversal invariant, (7) the short-
est length scale is the Planck length, and (8) gravitation
is described by a metric theory that satisfies Einstein
equations.

Assuming that the charges of all particles vary in the
same way, one can set e=e¢pe(x*) where e(x*) is a di-
mensionless universal field (the theory governing e
should be invariant under e— constX e through a redefi-
nition of e;). The electromagnetic tensor generalizes to

Fﬂv:671V[M(6AV]) (278)
and the electromagnetic action is given by
-1
Sen™ 16 J F o Fr\—gd*x. (279)

The dynamics of € can be shown to derive from the ac-
tion

—1 Ac [ d,ed*e
S=5 ) —a Ved

€

(280)

where € is length scale, which needs to be small enough
to be compatible with the observed scale invariance of
electromagnetism ({p<€<10"-10"'® cm around
which electromagnetism merges with the weak interac-
tion). Finally, the matter action for point particles
of mass m takes the form S,,=3[[—mc?
+(e/c)u“AM]77153(xi—x"(r))d4x where vy is the Lor-
entz factor and 7 the proper time.

Varying the total action gives the electromagnetic
equation
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-1 V) — v
V(e F*)=4mj (281)
and the equation for the dynamics of €
P DL R 282
€= leos T g Fud™, (282)

with o=3mc?y '8 (x'—x'(7))/\V—g. The Maxwell
equation (281) is the same as electromagnetism in a ma-
terial medium with dielectric constant e 2 and perme-
ability €* [this was the original description proposed by
Lichnérowicz (1955) and Fierz (1956); see also Dicke
(1964)].

On cosmological scales, it can be shown that the dy-
namical equation for e can be cast under the form

2

(a3é/e)'=—a3§%pmc2, (283)
where {=0(107%) is a dimensionless (and approxi-
mately constant) measuring of the fraction of mass in
Coulomb energy for an average nucleon compared with
the free proton mass, and p,, is the matter density. Since
pm>a >, Eq. (283) can be integrated to relate (€/€) to
€/€p; and the cosmological parameters. In order to inte-
grate this equation, Bekenstein assumed that { was con-
stant, which was a reasonable assumption at low red-
shift. Livio and Stiavelli (1998) extended this analysis
and got {=1.2X10"2(X+4/3Y) where X and Y are the
mass fraction of hydrogen and helium.

Replacing the quantity in the brackets of the right-
hand side of Eq. (282) by {p,,c? with {=0(107?), the
static form Eq. (282) is analogous to the standard Pois-
son equation, so that In € is proportional to the gravita-
tional potential

{

Ine= _2-4’7TC f_pl s

(284)
from which it follows that a test body of mass m and of
electromagnetic energy Er); experiences an acceleration
of i=—VOd—M Y9Egy/de)Ve.

From the comparison of the results of the spatial and
cosmological variation of € Bekenstein (1982) con-
cluded, given his assumptions on the couplings, that agy
“is a parameter, not a dynamical variable.” This problem
was recently bypassed by Olive and Pospelov (2002),
who generalized the model to allow additional coupling
of a scalar field e 2= B z(¢) to nonbaryonic dark matter
(as first proposed by Damour et al., 1990) and the cos-
mological constant. They argue that in certain classes of
dark-matter models, and particularly in supersymmetric
ones, it is natural to expect that ¢ would couple more
strongly to dark matter than to baryon. For instance, by
supersymmetrizing the Bekenstein model, ¢ will get a
coupling to the kinetic term of the gaugino of the form
M, Lxdx, so that, assuming the gaugino is a large frac-
tion of the stable, lightest supersymmetric particle, the
coupling to dark matter would then be of order 10°-10*
times larger. Such a factor could almost reconcile the
constraint arising from the test of the universality of free
fall with the order of magnitude of the cosmological
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variation. This generalization of the Bekenstein model
relies on an action of the form

1 1
S=§M§f Rx/—gd“x—f [EMia#qba"qS

V—gd*x

1
+ BHOF, P

- [z NLiD—mBy(#)]N,

M3B \($)A

1
+ EY&)(] V—gd*x— j

N —gd4x,

where the sum is over proton [ D = y*(d,—ieyA,)] and
neutron [ D = y*d,]. The functions B can be expanded
(since one focuses on small variations of the fine-
structure constant and thus of ¢) as By=1+{y¢
+ £x¢*/2. Tt follows that apy(¢)=ed/d4mB p(p), so that
Aapy/apm=Lrd+ (Ep— 2512;) ¢*/2. This framework ex-
tends the analysis by Bekenstein (1982) to a four-
dimensional parameter space (M, ,{r,{,,,{s). It con-
tains the Bekenstein model ({r=-2, {,=0, ¢,
~10"*¢), a Jordan-Brans-Dicke model ({z=0, ¢,
=-2\2Rw+3, ¢,=—1/J4w+6), and a stringlike
model ({p=-V2, {(,=V2, ¢(,=V2/2), so that
A/agy/ apy=3 and the Bekenstein model is supersym-
metrized ({p=—2, {,=—2, {,,={,, so that Aagy/agy
~5/w). In all the models, the universality of free fall sets
a strong constraint on {p/\w (with 0=M,/2M?), and
the authors show that a small set of models are compat-
ible with the cosmological variation claimed by Webb
et al. (2001) and the equivalence-principle tests.

The constraint arising from the universality of free fall
can be fulfilled if one sets by hand Bp—1x[¢
—¢(0)]?, where ¢(0) is the value of the field today. It
then follows that cosmological evolution will drive the
system toward a state in which ¢ is almost stabilized
today but allows for cosmological variation of the con-
stants of nature. In their two-parameter extension, Livio
and Stiavelli (1998) found that only Aagy/agy varia-
tions of 8 X107 % and 9x 1077, respectively, for z<5 and
7<1.6 were compatible with Solar system experiments.

The formalism developed by Bekenstein (1982) was
also applied to the the strong interaction (Chamoun
et al., 2000, 2001) by simply adding a term f,;.A ZA; to
describe the gluon tensor field wa, fape being the struc-
ture constants of the non-Abelian group. It was also
implemented in the braneworld context (e.g., Youm,
2001), and Magueijo et al. (2001) studied the effect of a
varying fine-structure constant on a complex scalar field
undergoing an electromagnetic U(1) symmetry breaking
in this framework. Armendariz-Picon (2002) derived the
most general low-energy action, including a real scalar
field that is local, invariant under space inversion and
time reversal, diffeomormism invariant, and has a U(1)
gauge invariance. This form includes the previous form

1
+5M,B ()X X (285)
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(285) of Bekenstein’s theory as well as scalar-tensor
theories and the long-wavelength limit of bimetric theo-
ries.

Recently Sandvik ez al. (2002) claimed to have gener-
alized the Bekenstein model by simply redefining a,
=€A,, [u,=0,a,), and y=Ine€ so that the covariant
derivative becomes D ,=d,+iega, . It follows that the
total action, including the Einstein-Hilbert action for
gravity, the actions (279) and (280) for the modified elec-

tromagnetism and normal matter, takes the form

S= f V=8d*X(Lyray+ Lonar+ Ly+ Lene *Y),  (286)

with £,=— (wsgm/2)d, 0", so that the Einstein equa-
tion is among the “standard” Einstein equations with an
additive stress-energy tensor for the scalar field ¢. In-
deed, Bekenstein (1982) did not take into account the
effect of e (or ¢) in the Friedmann equation and studied
only the time variation of € in a matter-dominated uni-
verse. In that sense, Sandvik et al. (2002) extended the
analysis of Bekenstein (1982) by solving the coupled sys-
tem of Friedmann and Klein-Gordon equations. They
studied numerically the function of {/wggy (With wggm
:€12>1/ ¢?) and showed that cosmological and astrophysi-

cal data can be explained by wggy=1 if { ranges be-
tween 0.02% and 0.1% (that is about one order of mag-
nitude smaller than Bekenstein’s value based on the
argument that dark matter has to be taken into ac-
count). An extension of the discussion of the cosmologi-
cal scenarios was performed in Barrow, Sandvik, and
Magueijo (2002a), and it was shown that apy is constant
during the radiation era, then evolves logarithmically
with the cosmic time during the matter era, and then
tends toward a constant during a curvature or
cosmological-constant era. The scalar-tensor case with
both varying G and agy, was considered by Barrow,
Magueijo, and Sandvik (2002a, 2000b).

Sandvik et al. (2002), following Barrow and O’Toole
(2001), estimated the spatial variations to be of order
Aln apy~4.8X10"*GM/c*r (Magueijo, 2001) to con-
clude that on a cosmological scale Aln agy~10"% if
GM/c*r~10"*%, as expected on cosmological scales if
(8T/T)cmp~GM/c*r. On the Earth-orbit scale, this
leads, assuming a constant gradient, to the rough esti-
mate  |VIn apy|~A In app/2R g~ 10" 3=10"2 ecm ™!,
which is about ten orders of magnitude higher than the
constraint (154) arising from the test of the universality
of free fall. Nevertheless, Magueijo et al. (2002) reana-
lyzed the violation of the universality of free fall and
claimed that the theory is still compatible with
equivalence-principle tests provided that {,,<1 for dark
matter. This arises probably from the fact that only agy
is varying while other constants are fixed, so that the
dominant factor in Eq. (146) is absent.

Wetterich (2002) considered the effect of the scalar
field responsible for the acceleration of the universe (the
“cosmon”) on the couplings arising from the coupling of
the cosmon to the kinetic term of the gauge field as
Z () F?/4. Focusing on grand unified theory, so that
one gets a coupling of the form L=Zy(¢)Tr(F?)/4
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+iZ ,(¢) D, and assuming a runaway expotenial po-
tential, he related the variation of agy, ag, the nucleon
masses to the arbitrary function Z; and to the
¢-dependent electroweak scale.

Chacko et al. (2002) proposed that the variation of the
fine-structure constant could be explained by a late
second-order phase transition at z~1-3 (that is, around
T~1073 eV) inducing a change in the vacuum expecta-
tion value of a scalar field. This can be implemented, for
instance, in supersymmetric theories with low-energy
symmetry-breaking scale. This will induce a variation of
the masses of electrically charged particles. From
the renormalization group equation apy=apy(A)
+3;(b;s1/2m)In(m;, /m;), and assuming that apy(A)
was fixed, one would require that =ém;/m;=O(107?)
to explain the observations by Webb et al. (2001), so that
the masses have to increase. Note that it will induce a
time variation of the Fermi constant. Such models can
occur in a large class of supersymmetric theories. Unfor-
tunately, it is yet incomplete and its viability depends on
the existence of an adjustment mechanism for the cos-
mological constant. But it offers a new way of thinking
about the variation of the constants at odds with the
previous analysis involving a rolling scalar field.

Motivated by resolving the standard cosmological
puzzles (horizon, flatness, cosmological constant, en-
tropy, homogeneity problems) without inflation, Al-
brecht and Magueijo (1999) introduced a cosmological
model in which the speed of light is varying. Earlier re-
lated attempts were investigated by Moffat (1993a,
1993b). Albrecht and Magueijo (1999) postulated that
the Friedmann equations are kept unchanged, from
which it follows that matter conservation has to be
changed and designated by a term proportional to ¢/c.
The flatness and horizon problems are not solved by a
period of accelerated expansion, so that, contrary to in-
flation, it does not offer any explanation for the initial
perturbations (see, however, Harko and Mak, 1999). Al-
brecht and Magueijo (1999) considered an abrupt
change in the velocity of light, as may happen during a
phase transition. It was extended to scenarios in which
both ¢ and G were proportional to some power of the
scale factor by Barrow (1999) (see also Barrow and
Magueigo, 1999a, 1999b). The link between this theory
and the Bekenstein theory was investigated by Barrow
and Magueijo (1998). Magueijo et al. (2002) investigated
the test of universality of free fall. A Lagrangian formu-
lation would probably require the introduction of an
“ether” vector field to break local Lorentz invariance as
was used in, for example, Lemoine et al. (2002) [see also
Levin and Freese (1994), Drummond (1999), and Basset
et al. (2000) for alternative formulations of the varying-
speed-of-light theory]. Note also that ¢ refers at least to
three different quantities: the speed cgy of propagation
of the electromagnetic waves, the speed c;, entering the
Lorentz transformation and related to the concept of
causality, and the speed c, of propagation of gravitation.
In the standard picture, cgy=cp = ¢, so that one has to
specify clearly what is meant by a varying-speed-of-light
theory, since one can let one, or two, or three of these
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“c” vary. As lucidly explained in Bekenstein (2002), ¢
appears at least in four contexts in a physical action. Two
different “c” can be promoted to different powers of the
same scalar field (e.g., Magueijo, 2000), or of different
fields.

Clayton and Moffat (1998) implemented a varying-
speed-of-light model by considering a bimetric theory of
gravitation in which one metric g,, describes the stan-
dard gravitational vacuum, whereas a second metric
guvt B, , Bbeing a dimensionless constant and #* a
dynamical vector field, describes the geometry in which
matter is propagating (see also Bekenstein, 1993). When
choosing ¢, =d,¢, this reduces to the models devel-
oped by Clayton and Moffat (2000, 2001). Some cosmo-
logical implications were discussed by Moffat (2001,
2003), but no study of the constraints arising from Solar-
system experiments have been taken into account. Note
that Dirac (1979) also proposed that a varying G can be
reconciled with Einstein’s theory of gravity if the space
metric was different from the “atomic” metric. Landau
and Vucetich (2001) investigated the constraints arising
from the violation of the charge conservation. Other re-
alizations arise from the brane world picture in which
our universe is a three-dimensional brane embedded in
a higher-dimensional spacetime. Kiritsis (1999) showed
that when a test brane is moving in a black-hole bulk
spacetime (Kehagias and Kiritsis, 1999), the velocity of
light varies according to the distance between the brane
and the black hole. Alexander (2000) generalizes this
model (see also Steer and Parry, 2002) by including ro-
tation and expansion of the bulk, so that the speed of
light gets stabilized at late time. Carter et al. (2001) nev-
ertheless showed that even if a Newton-like force is re-
covered on small scales such models are very con-
strained at the post-Newtonian level. Brane models
allowing for the scalar field in the bulk naturally predict
a time-variable gravitational constant (see, e.g., Brax
and Davis, 2001).

D. A new cosmological constant problem?

The question of the compatibility between an ob-
served variation of the fine-structure constant and
particle-physics models was put forward by Banks et al.
(2002). As seen above, in the low-energy limit, the
change of the fine-structure constant can be imple-
mented by coupling a scalar field to the photon kinetic
term F*"F,,, but this implies that the vacuum energy
computed in this low-energy limit must depend on agy;-
Estimating that

AN ~A*Aapy (287)

leads to a variation of order AA,,.~10% (eV)* for a
variation Aagy~O(107%) and for A=Agcp~100
MeV. Indeed, this contrasts with the average energy
density of the universe of about 10* eV* during the mat-
ter era, so that the universe was dominated by the cos-
mological constant at z~3, which is at odds with obser-
vations. It was thus concluded that this imposes
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|A gy / apy] <1072, (288)

Contrary to the standard cosmological-constant prob-
lem, the vacuum zero-point energy to be removed is
time dependent and one can only remove it for a fixed
value of agy;. Whereas the cosmological constant prob-
lem involves the fine tuning of a parameter, this now
implies the fine tuning of a function!

It follows that a varying agy; cannot be naturally ex-
plained in a field-theory approach. A possible way out
would be to consider that the field is in fact an axion
(see Carroll, 1998; Choi, 2000; Banks and Dine, 2001).
Some possible links with Heisenberg relations and quan-
tum mechanics were also investigated by Ranada (2003).
The resolution of the cosmological constant problem
may also provide the missing elements to understand the
variation of the constants. It is hoped that both prob-
lems can be solved by string theory.

VIl. CONCLUSIONS

The experimental and observational constraints on
the variation of the fine-structure and gravitational con-
stants, of the electron-to-proton mass ratio and different
combinations of the proton gyromagnetic factor and the
two previous constants, as well as bounds on ayw are
summarized in Tables III, IV, and V.

The development of high-energy physics theories such
as multidimensional and string theories provides new
motivations to consider the time variation of the funda-
mental constants. The observation of the variability of
these constants constitutes one of the very few hopes to
test directly the existence of extra dimensions and to test
these high-energy physics models. In the long run, it may
help to discriminate between different effective poten-
tials for the dilaton and/or the dynamics of the internal
space. But indeed, independently of these motivations,
the understanding of the value of the fundamental con-
stants of nature and the discussion of their status as con-
stant remains a central question of physics in general:
questioning the free parameters of a theory amounts to
questioning the theory itself. It is a basic and direct test
of the law of gravity.

As we have shown, proving that a fundamental con-
stant has changed is not an obvious task, mainly because
observations usually entangle a set of constants and be-
cause the bounds presented in the literature often as-
sume the constancy of a set of parameters. But, in GUT,
Kaluza-Klein, and string-inspired models, one expects
all the couplings to vary simultaneously. Better analysis
of the degeneracies, as started by Sisterna and Vucetich
(1990, 1991) (see also Landau and Vucetich, 2002), are
really needed before drawing definite conclusions, but
such analyses are also dependent on the progress in our
understanding of the fundamental interactions and par-
ticularly of the QCD theory and on the generation of
fermion masses.

Other progress requires (model-dependent) investiga-
tions of the compatibility of the different bounds. It has
also to be remembered that arguing about the nonexist-
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TABLE III. Summary of the constraints on the variation of the fine-structure constant A agy/ gy - The confidence levels (C.L.)
are those cited by the authors (x means that no C.L. was given so that the bound could be taken as a 1o- bound). For the details
concerning these C.L., one should refer to the text (particularly to know what is taken into account by the C.L.).

Reference Constraint

CL. Redshift  Time (10° yr) Method

(Savedoff, 1956) (1.8x£1.6)x1073

(Wilkinson, 1958) (0£8)x1073
(Bahcall et al., 1967) (—2x5)x107?2
(Bahcall and Schmidt, 1967) (1x2)x1073
(Dyson, 1967) (0£9)x1074

(Gold, 1968)
(Chitre and Pal, 1968)

(0+4.66)x10*
(0£3%3)x107*

(Dyson, 1972) (0£4)x107*
(Dyson, 1972) (0+1)x1073
(Dyson, 1972) (0£5)x10°6
(Shlyakhter, 1976) (0x1.8)x1078
(Wolfe et al., 1976) (0£3)x1072
(Irvine, 1983a) (0+£9)x1078
(Lindner et al., 1986) (—4.5%9)x107¢
(Kolb et al., 1986) (0=x1)x1074

(Potekhin and Varshalovich, 1994)
(Varshalovich and Potekhin, 1994)
(Cowie and Songaila, 1995)
(Prestage et al., 1995)

(Damour and Dyson, 1996)
(Varshalovich, Potekhin, et al., 1996)
(Bergstrom et al., 1999)

(Webb et al., 1999)

(Webb et al., 1999)

(Ivanchik et al., 1999)

(Fujii et al., 2000)

(Varshalovich et al., 2000a)
(Avelino et al., 2001)

(Landau et al., 2001)

(Webb et al., 2001)

(Webb et al., 2001)

(Webb et al., 2001)

(Murphy et al., 2001c)

(Murphy et al., 2001c)

(Murphy et al., 2001c)

(Murphy et al., 2001b)

(Sortais et al., 2001)

(21%+2.3)x1073
(0£1.5)x1073
(—03x1.9)x107*
(0=1.42)x10 1
(0.15+1.05)x 1077
(2+7)x107°
(0£2)x1072
(—0.17+0.39)x 1073
(—1.88+0.53)x107°
(—33+6.5+8)x1073
(—0.36+1.44)x1077
(—4.5+43+14)x107°
(—3.5+5.5)x107?2
(—55%85)x1072
(—0.7+0.23) 1073
(—0.760.28)x 107>
(—0.5+1.3)x107°
(—02+0.3)x1073
(—=12+0.3)x1073
(—0.7+0.23)x107°
(—0.5+1.3)x107°
(84+13.8)x107 1

(Nollet and Lopez, 2002) (3x7)x1072
(Ichikawa and Kawasaki, 2002) (—2.24+3.75)x1074
(Olive et al., 2002) (0+1)x1077
(Olive et al., 2002) (0+3)x1077
(Olive et al., 2002) (0£1)x1073

x  0.057 Cygnus A (N II, Ne IIT)

X 34 a decay

x 195 QSO (Si II, Si IV)

x 02 radio galaxies (O III)

X 3 Re/Os

X 2 Fission

X 1 Fission

X 2 a decay

X 2 Fission

X 1 Re/Os

X 1.8 Oklo

x 0524 QSO (Mg 1)

X 1.8 Oklo

20 4.5 Re/Os

x 108 BBN

20 3.2 QSO (C 1V, Si 1V...)
20 3.2 QSO (C1V,Si IV...)
200 2.785-3.191 QSO

x 0 140 days Atomic clocks

20 1.8 Oklo

20 2.8-3.1 QSO (Si IV)

x 108 BBN
3.50 0.6-1 QSO (Mg II, Fe II)
350 1-1.6 QSO (Mg II, Fe II)
20 2-3.5 QSO (Si IV)

20 1.8 Oklo

20 24 QSO (Si IV)

1o 10° CMB

200 10° CMB

40 0.5-1.8 QSO (Fe II, Mg II)
40 1.8-3.5 QSO (Ni II, Cr II, Zn II)
40 2-3 QSO (Si IV)
410 0.5-1 QSO (Mg I, Mg 11....)
410 1-1.8 QSO (Mg I, Mg 11....)
410 0.5-1.8 QSO (Mg I, Mg 11....)
200 2-3 QSO (Si IV)

20 24 months Atomic clock

1o 10® BBN

x 108 BBN

X 1.8 Oklo

x ~045 4.6 Re/Os

X a decay

ence of something to set constraints (e.g., Broulik and
Trefil, 1971) is very dangerous. From an observational
point of view, one needs to study further the systematics
(and remember some erroneous claims such as those by
Van Flandern, 1975) and to propose new experiments
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(see, e.g., Karshenboim, 2000, 2001, who proposed ex-
periments based on the hyperfine structure of deuterium
and ytterbium-171 as well as atoms with magnetic mo-
ment; Torgerson, 2000 who proposed the comparison of
optical-frequency references; Braxmaier et al., 2001; Sor-
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TABLE IV. Summary of the constraints on the time variation of the Newton constant G. The constraints labeled by * refer to
bounds obtained under the assumption that G was decreasing (that is, — G/G<0). G being dimensionful, these bounds assume
in general that the masses of stars and/or planets or some other mass scale are kept constant (see text for details). The confidence
levels (C.L.) are those cited by the authors (x means that no C.L. was given so that the bound could be taken as a 1o bound).

Reference Constraint (yr~ 1) C.L. Method
(Teller, 1948) (0x2.5)x10™ 1 X Earth temperature
(Shapiro et al., 1971) (0x4)x1071° X Planetary ranging
(Morrison, 1973) (0x2)x10" 1 X Lunar occultations
(Dearborn and Schramm, 1974)* <4x10"1 X Clusters of galaxies
(Van Flandern, 1975) (—-8=5)x107 1 X Lunar occultations
(Heintzmann and Hillebrandt, 1975) (0=1)x10710 X Pulsar spin-down
(Reasenberg and Shapiro, 1976) (0+£1.5)x10710 X Planetary ranging
(Mansfield, 1976)* <(3.4=34)x10™1 20 Pulsar spin-down
(Williams et al., 1976) (0x3)x10™ 1 1.1o Planetary ranging
(Blake, 1977b) (—0.5+2)x10" 1 X Earth radius
(Muller, 1978) (2.6=1.5)x10™ 1 X Solar eclipses
(McElhinny et al., 1978)* <8x10° 12 X Planetary radii
(Barrow, 1978) (2£9.3)hx10712 X BBN
(Reasenberg et al., 1979)* <1072 X Viking ranging
an Flandern, 3.2+1.1)X10™ X unar occultation
(Van Flandern, 1981) (32+1.1)x1071 L Itati
othman an atzner, +1.7)X10™ X
(Roth dM 1982) (0+1.7)x107 13 BBN
ellings et al., +4)X10 X 1king rangin
Helling 1., 1983 2+4)x10712 Viking ranging
easenberg, +3)X10 X 1King rangin
R berg, 1983 0+3)x10~1 Viking ranging
amour et al., 0x23)X10™ o +
(D L, 1988) (1.0+£2.3)x107 1 2 PSR 1913+ 16
(Shapiro, 1990) (—2+10)x10712 Planetary ranging
(Goldman, 1990)* (2.25+2.25)x10™ 1! PSR 0655+ 64
(Accetta et al., 1990) (0£9)x10™ 1 20 BBN
(Muller et al., 1991) (0+1.04)x10™ 1 X Lunar laser ranging
(Anderson et al., 1992) (0.0£2.0)x10712 X Planetary ranging
(Damour and Taylor, 1991) (1.10+1.07)x10™ 1 X PSR 1913+ 16
andler et al., +1)x10~ X iking rangin
Chandl 1., 1993 0+1)x10 1 Viking ranging
(Dickey et al., 1994) (0+6)x10712 X Lunar laser ranging
(Kaspi et al., 1994) (4=5)x10712 20 PSR B1913+16
aspi et al., -9+ xX10™ o PSR B +
(Kaspi et al., 1994) (—9+18)x107 12 2 SR B1855+09
emarque et al., *2)X10™ eliosismology
D L., 1994 0+2)x10"" Heliosismol
uenther et al., *4.5)X10™ eliosismology
Guenth L, 1995 0+4.5)x10712 Heliosismol
(Garcia-Berro et al., 1995)* (2x2)x10™ 1 lo White dwarf
(Williams et al., 1996) (0=8)x10712 X Lunar laser ranging
(Thorsett, 1996) (—0.6+42)x10"12 20 Pulsar statistics
(Del’Innocenti et al., 1996) (—14=x21)x10 1 lo Globular clusters
Guenther et al., 1998 0+1.6)x10" 1 X Heliosismolo
gy

tais et al., 2001, who improved the sensitivity of fre-
quency standards; the coming satellite experiments
ACES, MICROSCOPE, and STEP, etc.). On local
scales, the test of the universality of free fall sets drastic
constraints, and one can hope to use similar methods on
cosmological scales from the measurements of weak
gravitational lensing (Uzan and Bernardeau, 2001) or
from structure formation (Martins et al, 2002). The
complementarity between local experiments and geoas-
trophysical observations is necessary since these meth-
ods test different time scales and are mainly sensitive
either to rapid oscillations or a slow drift of the con-
stants.
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Based on recent astrophysical observations of quasars,
it has been claimed that the fine-structure constant has
evolved. These measurements are nonzero detections
and thus very different in consequences compared with
other bounds. They raise the question of their compat-
ibility with the bounds obtained from other physical sys-
tems, such as the test of the universality of free fall and
Oklo, but also, in a more theoretical aspect, they raise
the question of the understanding of such a late-time
variation that does not seem to be natural from a field-
theory point of view. Theoretically, one expects all con-
stants to vary, and the level of their variation is also
worth investigating. For instance, constraints on the
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TABLE V. Summary of the constraints on the variation of the constant k. We use the notation u=m./m, xza%Mgp,u,, and y

= azEMgp .
Reference Constant Constraint redshift ~ Time (10° yr) Method
(Yahil, 1975) n (0x1.2) 10 Rb-Sr, K-Ar
Pagel, 1977 % 0+4)x107! 2.1-2.7 QSO
g
Foltz et al., 1988 0+2)x10"* 2.811 QSO
( ©
Varshalovich and Levshakov, 1993 0+4)x1073 2.811 QSO
22
Cowie and Songaila, 1995 0.75+6.25)x 1074 2.811 QSO
g M
Varshalovich and Potekhin, 1995 0+2)x10~* 2.811 QSO
22
Varshalovich, Potekhin, et al., 1996a 0+£2)x10~* 2.811 QSO
( M
(Varshalovich, Panchuk, and Ivanchik, 1996) % (-1+12)x107* 2.811 QSO
(Potekhin et al., 1998) I (=75+9.5)x1073 2.811 QSO
(Ivanchik et al., 2002) o (—5.7+38)x1073 2.3-3 QSO
(Savedoff, 1956) X (3x7)x107* 0.057 Cygnus A
(Wolfe et al., 1976) x (5£10)x1073 ~0.5 QSO (Mg I)
(Wolfe and Davis, 1979) x (0x2)x1074 1.755 QSO
Wolfe and Davis, 1979 x 0+2.8)x10"4 0.524 QSO
(
(Tubbs and Wolfe, 1980) x (0+1)x107* 1.776 QSO
Cowie and Songaila, 1995 X 7+11)x107° 1.776 QSO
g
Varshalovich and Potekhin, 1996 —4+6)%x107° 0.247 QSO
y
Varshalovich and Potekhin, 1996 —7+10)x1073 1.94 QSO
( y
Drinkwater et al., 1998 0+5)x107° 0.25, 0.68 QSO
( y
Carilli et al., 2000 0+3.4)x107> 0.25, 0.68 QSO
( y
Murphy et al., 2001d —0.2x0.44)x107° 0.25 QSO
(Murphy y
Murphy et al., 2001d —0.16+0.54)x 1073 0.68 QSO
(Murphy y
Wolfe et al., 1976 0+0.68)x1072 0.524 QSO
( gplt
Turneaure and Stein, 1974 o 0+9.3)x10716 12 days Atomic clocks
EpMaEm y
Godone et al., 1993 yn 0+54)x10" 13 1 year Atomic clocks
8p
Wilkinson, 1958 a 0+1)x10! 1 Fission
( W
(Dyson, 1972) aw (0+1)x10°! 1 B decay
(Shlyakhter, 1976) avy (0+4)x1073 1.8 Oklo
(Damour and Dyson, 1996) aw (0+2)x1072 1.8 Oklo

variation of u and y from quasar spectra are incompat-
ible with the result by Webb et al. (2001) in a GUT
framework, nor are they compatible with the Oklo or
Re/Os results if the variation is linear with time or with
the bound by Murphy ef al. (2001b). The recent bound
by Olive et al. (2002) at z~0.45 emphasizes the difficulty
of achieving the deviation claimed by Webb et al. (2001),
and the need to study the compatibility. One would also
need to study the implication of these measurements for
the other experiments and try to determine their ex-
pected level of detection. Both results arise from the
observation of quasar-absorption spectra; it is important
to ensure that all systematics are taken into account and
are confirmed by independent teams, using, for instance,
the VLT which offers a better signal-to-noise and spec-
tral resolution.

The step from the standard model+general relativity
to string theory allows for dynamical constants and thus
starts to address the question of why the constants have
the value they have. Unfortunately, no complete and sat-
isfactory stabilization mechanism is yet known; we have
to understand why, if confirmed, the constants are still
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varying and whether such a variation induces a new cos-
mological constant problem.

The study of the variation of the constants offers a
new link between astrophysics, cosmology, and high-
energy physics complementary to primordial cosmology.
It is deeply related to the test of the law of gravitation,
both of the deviations from general relativity, and the
violation of the weak-equivalence principle. But much
work is yet needed to both disentangle the observations
and relate them to theoretical models.
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