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Abstra
t

We dis
uss experiments and observations aimed at testing the possible spa
e-time variability of

fundamental physi
al 
onstants, predi
ted by the modern theory. Spe
i�
ally, we 
onsider two of

the dimensionless physi
al parameters whi
h are important for atomi
 and mole
ular physi
s: the

�ne-stru
ture 
onstant and the ele
tron-to-proton mass ratio. We review the 
urrent status of su
h

experiments and 
riti
ally analyze re
ent 
laims of a dete
tion of the variability of the �ne-stru
ture


onstant on the 
osmologi
al time s
ale. We stress that su
h a dete
tion remains to be 
he
ked by

future experiments and observations. The tightest of the �rmly established upper limits read that

the 
onsidered 
onstants 
ould not vary by more than 0.015% on the s
ale � 10

10

years.
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1 Introdu
tion

Possible variability of fundamental physi
al 
onstants is one of the topi
al problems of 
ontemporary

physi
s. The modern theory (Supersymmetri
 Grand Uni�
ation Theory { SUSY GUT, Superstring

models, et
.) has established that the 
oupling 
onstant values whi
h 
hara
terize di�erent kinds of

intera
tions (i) are \running" with the energy transfer and (ii) may be di�erent in di�erent regions of the

Universe and vary in the 
ourse of 
osmologi
al evolution (e.g., Ref. [1℄). The energy dependen
e of the


oupling parameters has been reliably 
on�rmed by high-energy experiments (see, e.g., Ref. [2℄), whereas

the spa
e-time variability of their low-energy limits so far es
apes dete
tion.

Note that a numeri
al value of any dimensional physi
al parameter depends on arbitrary 
hoi
e of

physi
al units. In turn, there is no way to determine the units in a remote spa
e-time region other than

through the fundamental 
onstants. Therefore it is meaningless to speak of a variation of a dimensional

physi
al 
onstant without spe
ifying whi
h of the other physi
al parameters are de�ned to be invariable.

Usually, while speaking of variability of a dimensional physi
al parameter, one implies that all the other

fundamental 
onstants are �xed. So did Milne [3℄ and Dira
 [4℄ in their pioneering papers devoted

to a possible 
hange of the gravitational 
onstant G. More re
ently, a number of authors 
onsidered


osmologi
al theories with a time varying speed of light 
 (e.g., Ref. [5℄). However, if we adopt the

standard de�nition of meter [6℄ as the length of path traveled by light in va
uum in 1/299792458 s,

then 
 = 2:997 924 58� 10

10


m s

�1

identi
ally. Similarly, one 
annot speak of variability of the ele
tron

mass m

e

or 
harge e while using the Hartree units (~ = e = m

e

= 1), most natural in atomi
 physi
s.

Thus, only dimensionless 
ombinations of the physi
al parameters are truly fundamental, and only su
h


ombinations will be 
onsidered hereafter.

At present, the most promising 
andidate for the theory whi
h is able to unify gravity with all other

intera
tions is the Superstring theory, whi
h treats gravity in a way 
onsistent with quantum me
hani
s.

All versions of the theory predi
t existen
e of the dilaton { a s
alar partner to the tensorial graviton. Sin
e

the dilaton �eld � is generally not 
onstant, the 
oupling 
onstants and masses of elementary parti
les,

being dependent on �, should vary in spa
e and time. Thus, the existen
e of a weakly 
oupled massless

1
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dilaton entails small, but non-zero, observable 
onsequen
es su
h as Jordan{Brans{Di
ke-type deviations

from General Relativity and 
osmologi
al variations of the gauge 
oupling 
onstants [7℄. These variations

depend on 
osmologi
al evolution of the dilaton �eld and may be non-monotonous as well as di�erent in

di�erent spa
e-time regions.

In this paper, we fo
us on the spa
e-time variability of the low-energy limits of two fundamental


onstants whi
h are of paramount importan
e for atomi
 and mole
ular spe
tros
opy:

(i) the �ne-stru
ture 
onstant � = e

2

=~
 (Sommerfeld parameter),

(ii) the ele
tron-to-proton mass ratio � = m

e

=m

p

(Born{Oppenheimer parameter).

The next se
tion presents a 
ompendium of the basi
 methods allowing one to obtain restri
tions on

possible variations of fundamental 
onstants. In Se
ts. 3 and 4, we 
onsider re
ent estimates of the values

of � and �, respe
tively, at 
osmologi
al redshifts z = 1{4 whi
h 
orrespond to epo
hs � 7{13 billion

years ago. Con
lusions are given in Se
t. 5.

2 Tests of variability of fundamental 
onstants

Te
hniques used to investigate time variation of the fundamental 
onstants may be divided into extra-

gala
ti
 and lo
al methods. The latter ones in
lude astronomi
al methods related to the Galaxy and the

Solar system, geophysi
al methods, and laboratory measurements.

2.1 Lo
al tests

2.1.1 Laboratory measurements

Laboratory tests are based on 
omparison of di�erent frequen
y standards, depending on di�erent 
om-

binations of the fundamental 
onstants. Were these 
ombinations 
hanging di�erently, the frequen
y

standards would eventually dis
ord with ea
h other. An interest in this possibility has been repeatedly

ex
ited sin
e relative frequen
y drift was observed by several resear
h groups using long term 
ompar-

isons of di�erent frequen
y standards. For instan
e, a 
omparison of frequen
ies of He-Ne/CH

4

lasers,

H masers, and Hg

+


lo
ks with a Cs standard [8, 9, 10, 11℄ has revealed relative drifts. Sin
e the 
on-

sidered frequen
y standards have a di�erent dependen
e on � via relativisti
 
ontributions of order �

2

,

the observed drift might be attributed to 
hanging of the �ne-stru
ture 
onstant. However, the more

modern was the experiment, the smaller was the drift. Taking into a

ount that the drift may be also

related to some aging pro
esses in experimental equipment, Prestage et al. [11℄ 
on
luded that the 
urrent

laboratory data provide only an upper limit j _�=�j � 3:7� 10

�14

yr

�1

.

2.1.2 Analysis of the Oklo phenomenon

The most stringent limits to variation of the �ne-stru
ture 
onstant � and the 
oupling 
onstant of the

strong intera
tion �

s

have been originally inferred by Shlyakhter [12℄ from results of an analysis of the

isotope ratio

149

Sm/

147

Sm in the ore body of the Oklo site in Gabon, West Afri
a. This ratio turned out

to be 
onsiderably lower than the standard one, whi
h is believed to have o

urred due to operation of

the natural uranium �ssion rea
tor about 2 � 10

9

yr ago in those ores. One of the nu
lear rea
tions in

the �ssion 
hain was the resonan
e 
apture of neutrons by

149

Sm nu
lei. A
tually, the rate of the neutron


apture rea
tion is sensitive to the energy of the relevant nu
lear resonan
e level E

r

, whi
h depends

on the strong and ele
tromagneti
 intera
tion. Sin
e the 
apture has been eÆ
ient 2 � 10

9

yr ago, in

means that the position of the resonan
e has not shifted by more than it width (very narrow) during

the elapsed time. At variable � and invariable �

s

(whi
h is just a model assumption), the shift of the

resonan
e level would be determined by 
hanging the di�eren
e between the Coulomb energies of the

ground-state nu
leus

149

Sm and the nu
leus

150

Sm

�

ex
ited to the level E

r

. Unfortunately, there is no

experimental data for the Coulomb energy of the ex
ited

150

Sm

�

in question. Using order-of-magnitude

estimates, Shlyakhter [12℄ 
on
luded that j _�=�j . 10

�17

yr

�1

. From an opposite model assumption that

�

s

is 
hanging whereas � =
onstant, he derived a bound j _�

s

=�

s

j . 10

�19

yr

�1

.
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Damour and Dyson [13℄ performed a more 
areful analysis, whi
h resulted in the upper bound j _�=�j .

7 � 10

�17

yr

�1

. They have assumed that the Coulomb energy di�eren
e between the nu
lear states of

149

Sm and

150

Sm

�

in question is not less than that between the ground states of

149

Sm and

150

Sm. The

latter energy di�eren
e has been estimated from isotope shifts and equals � 1 MeV. However, it looks

unnatural that a weakly bound neutron (� 0:1 eV), 
aptured by a

149

Sm nu
leus to form the highly

ex
ited state

150

Sm

�

, 
an so strongly a�e
t the Coulomb energy. Moreover, heavy ex
ited nu
lei often

have Coulomb energies smaller than those for their ground states (e.g., Ref. [14℄). This indi
ates the

possibility of violation of the basi
 assumption involved in Ref. [13℄, and therefore this method may

possess a lower a
tual sensitivity. Furthermore, a 
orrelation between � and �

s

(whi
h is likely in the

frame of modern theory) might lead to 
onsiderable softening of the above-mentioned bound, as estimated

by Sisterna and Vu
eti
h [15℄.

2.1.3 Some other lo
al tests

Geophysi
al, geo
hemi
al, and paleontologi
al data impose 
onstraints on a possible 
hanging of various


ombinations of fundamental 
onstants over the past history of the Solar system, however most of these


onstraints are very indire
t. A number of other methods are based on stellar and planetary models. The

radii of the planets and stars and the rea
tion rates in them are in
uen
ed by values of the fundamental


onstants, whi
h o�ers a possibility to 
he
k variability of the 
onstants by studying, for example, lunar

and Earth's se
ular a

elerations. This was done using satellite data, tidal re
ords, and an
ient e
lipses.

Another possibility is o�ered by analyzing the data on binary pulsars and the luminosity of faint stars.

Most of these have relatively low sensitivity. Their 
ommon weak point is the dependen
e on a model of

a fairly 
omplex phenomenon, involving many physi
al e�e
ts.

An analysis of natural long-lived �- and �-de
ayers in geologi
al minerals and meteorites is mu
h

more sensitive. For instan
e, a strong bound, j _�=�j < 5� 10

�15

yr

�1

, was obtained by Dyson [16℄ from

an isotopi
 analysis of natural �- and �-de
ay produ
ts in Earth's ores and meteorites.

Having 
riti
ally reviewed the wealth of the lo
al tests, taking into a

ount possible 
orrelated syn-


hronous 
hanges of di�erent physi
al 
onstants, Sisterna and Vu
eti
h [15℄ derived restri
tions on

possible variation rates of individual physi
al 
onstants for ages t less than a few billion years ago,

whi
h 
orrespond to 
osmologi
al redshifts z . 0:2. In parti
ular, they have arrived at the estimate

_�=� = (�1:3� 6:5)� 10

�16

yr

�1

.

All the lo
al methods listed above give estimates for only a narrow spa
e-time region around the Solar

system. For example, the epo
h of the Oklo rea
tor (1:8�10

9

years ago) 
orresponds to the 
osmologi
al

redshift z � 0:1. These tests 
annot be extended to earlier evolutionary stages of the Universe, be
ause

the possible variation of the fundamental 
onstants is, in general, unknown and may be os
illating [17, 7℄.

Another investigation is needed for higher 
osmologi
al redshifts.

2.2 Extragala
ti
 tests

Extragala
ti
 tests, in 
ontrast to the lo
al ones, 
on
ern values of the fundamental 
onstants in distant

areas of the early Universe. A test whi
h relates to the earliest epo
h is based on the standard model of

the primordial nu
leosynthesis. The amount of

4

He produ
ed in the Big Bang is mainly determined by

the neutron-to-proton number ratio at the freezing-out of n$p rea
tions. The freezing-out temperature

T

f

is determined by the 
ompetition between the expansion rate of the Universe and the �-de
ay rate.

A 
omparison of the observed primordial helium mass fra
tion, Y

p

= 0:24 � 0:01, with a theoreti
al

value allows one to obtain restri
tions on the di�eren
e between the neutron and proton masses at the

epo
h of the nu
leosynthesis and, through it, to estimate relative variation of the 
urvature radius R

of extra dimensions in multidimensional Kaluza{Klein-like theories whi
h in turn is related to the �

value [18, 19℄. However, as noted above, di�erent 
oupling 
onstants might 
hange simultaneously. For

example, in
reasing the 
onstant of the weak intera
tions G

F

would 
ause a weak freezing-out at a lower

temperature, hen
e a de
rease in the primordial

4

He abundan
e. This pro
ess would 
ompete with the

one des
ribed above, therefore, it redu
es sensitivity of the estimates. Finally, the restri
tions would
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be di�erent for di�erent 
osmologi
al models sin
e the expansion rate of the Universe depends on the


osmologi
al 
onstant �.

The most unambiguous estimation of the atomi
 and mole
ular 
onstants at early epo
hs and in distant

regions of the Universe 
an be performed using the extragala
ti
 spe
tros
opy. A

urate measurements

of the wavelengths in spe
tra of distant obje
ts provide quantitative 
onstraints on the variation rates of

the physi
al 
onstants. This opportunity has been �rst noted and used by Savedo� [20℄, and in re
ent

years exploited by many resear
hers (see, e.g., Refs. [21, 22℄ and referen
es therein). At present, the

extragala
ti
 spe
tros
opy enables one to probe the physi
al 
onditions in the Universe up to 
osmologi
al

redshifts z . 4, whi
h 
orrespond, by order of magnitude, to the s
ales � 10

10

yr in time and � 10

9

parse
 in spa
e. In the following se
tions, we review brie
y the studies of the spa
e-time variability of

the �ne-stru
ture 
onstant � and the ele
tron-to-proton mass ratio �, based on the latter method.

3 Non-variability of �

We have already mentioned in Se
t. 2.1.1 that several laboratory tests hinted at a tentative time variation

of �, but were later refuted by measurements at a higher level of a

ura
y. A similar situation has o

urred

for extragala
ti
 tests at larger spa
e-time s
ales.

Bah
all and S
hmidt [23℄ were the �rst to use spe
tral observations of distant quasars to set a bound

on the variability of the �ne-stru
ture 
onstant. They have obtained an estimate ��=� = (�2�5)�10

�2

at z = 1:95. Later statisti
al analyses [24, 25℄ of �ne-stru
ture doublet lines in quasar spe
tra appeared to

indi
ate a tentative variation of � (of the order of � 0:3% at the 
osmologi
al redshift z � 2). However,

this tentative variation has been shown to result from a statisti
al bias [26℄.

Another statisti
al examination of the �ne-doublet wavelengths of absorption lines in quasar spe
tra

[21℄ indi
ated a tentative (at the 2{3� level) variability of � values by � 0:1% over the 
elestial sphere (as

fun
tion of angle) at redshifts z � 2{3. However, this result has not been 
on�rmed by a later analysis

[22℄, whi
h was based on higher-quality spe
tra and yielded an order of magnitude higher pre
ision.

Quite re
ently, Webb et al. [27℄ have estimated � by 
omparing wavelengths of Fe ii and Mg ii �ne-

splitted spe
tral lines in extragala
ti
 spe
tra and in the laboratory. Their result suggests a time-variation

of � at the in
redibly high a

ura
y level of � 10

�3

%: the authors' estimate reads ��=� = (�1:9 �

0:5) � 10

�5

at z = 1:0{1.6. Note, however, two important sour
es of a possible systemati
 error whi
h


ould mimi
 the e�e
t: (a) Fe ii and Mg ii lines used are situated in di�erent orders of the e
helle-spe
tra,

so relative shifts in 
alibration of the di�erent orders 
an a�e
t the result of 
omparison, and (b) if the

isotopi
 
omposition varies during the evolution of the Universe, then the average doublet separations

should vary due to the isotopi
 shifts. Were the relative abundan
es of Mg isotopes 
hanging during the


osmologi
al evolution, the Mg ii lines would be subje
t to an additional z-dependent shift relative to the

Fe ii lines, quite suÆ
ient to simulate the variation of � (this shift 
an be easily estimated from re
ent

laboratory measurements [28℄).

The method based on the �ne splitting of a line of the same ion spe
ies is not a�e
ted by these two

un
ertainty sour
es. We have studied the �ne splitting of the doublet lines of Si iv, C iv, Mg ii and other

ions, observed in spe
tra of distant quasars. A

ording to quantum ele
trodynami
s, the relative splitting

of these lines Æ�=� is proportional to �

2

(negle
ting small relativisti
 
orre
tions, re
ently estimated by

Dzuba et al. [29℄). We have sele
ted the results of high-resolution observations [30, 31, 32℄, most suitable

for an analysis of the variation of �. A

ording to our analysis, presented elsewhere [33℄, the most reliable

estimate of the possible deviation of the �ne-stru
ture 
onstant at z = 2{4 from its present (z = 0) value:

��=� = (�4:6� 4:3 [stat℄� 1:4 [syst℄)� 10

�5

: (1)

Thus, only an upper bound 
an be derived at present for the long-term variability of �:

j _�=�j < 1:4� 10

�14

yr

�1

(2)

(at the 95% 
on�den
e level).
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4 Non-variability of �

The dimensionless Born{Oppenheimer 
onstant � = m

e

=m

p

approximately equals the ratio of the 
on-

stant of ele
tromagneti
 intera
tion � = e

2

=~
 � 1=137 to the 
onstant of strong intera
tion �

s

=

g

2

=~
 � 14, where g is the e�e
tive 
oupling 
onstant 
al
ulated from the amplitude of �-meson{nu
leon

s
attering at low energy.

An early limit on the possible variation of this 
onstant, j _�=�j < 1:2� 10

�10

yr

�1

, has been derived

from the 
on
ordan
e of K{Ar and Rb{Sr geo
hemi
al ages [34℄. The �rst astrophysi
al bound [35℄, based

on the agreement between redshifts of atomi
 hydrogen and other lines in quasar absorption spe
tra,

turned out to be twi
e stronger.

Orders-of-magnitude more pre
ise analysis has be
ome possible due to dis
overy [36℄ of a system of

H

2

absorption lines in the spe
trum of quasar PKS 0528�250 at z = 2:811. A study of this system yields

information about physi
al 
onditions and, in parti
ular, the value of � at this redshift (
orresponding

to the epo
h when the Universe was several times younger than now). A possibility of distinguishing

between the 
osmologi
al redshift of spe
tral wavelengths and shifts due to a variation of � arises from the

fa
t that the ele
troni
, vibrational, and rotational energies of H

2

ea
h undergo a di�erent dependen
e

on the redu
ed mass of the mole
ule. Hen
e 
omparing ratios of wavelengths �

i

of various H

2

ele
tron-

vibration-rotational lines in a quasar spe
trum at some redshift z and in laboratory (at z = 0), we 
an

tra
e variation of �. We have 
al
ulated [21, 37℄ sensitivity 
oeÆ
ients K

i

of the wavelengths �

i

with

respe
t to possible variation of � and applied a linear regression analysis to the measured redshifts of

individual lines z

i

as fun
tion of K

i

. If the proton mass in the epo
h of line formation were di�erent from

the present value, the measured z

i

and K

i

values would 
orrelate:

z

i

z

k

=

(�

i

=�

k

)

z

(�

i

=�

k

)

0

' 1 + (K

i

�K

k

)

�

��

�

�

: (3)

We have performed a z-to-K regression analysis using a modern high-resolution spe
trum of PKS

0528�250. Eighty-two of the H

2

lines have been identi�ed. The resulting parameter estimate and 1�

un
ertainty is

��=� = (�11:5� 7:6 [stat℄� 1:9 [syst℄)� 10

�5

: (4)

The 2� 
on�den
e bound on ��=� reads

j��=�j < 2:0� 10

�4

: (5)

Assuming that the age of the Universe is � 1:5 � 10

10

yr the redshift of the H

2

absorption system

z = 2:81080 
orresponds to the elapsed time � 1:3 � 10

10

yr (in the standard 
osmologi
al model).

Therefore we arrive at the restri
tion

j _�=�j < 1:5� 10

�14

yr

�1

(6)

on the variation rate of �, averaged over 90% of the lifetime of the Universe.

5 Con
lusions

Despite the theoreti
al predi
tion that fundamental 
onstants of Nature should vary, no statisti
ally

signi�
ant variation of any of the 
onstants has been reliably dete
ted up to date, a

ording to our

point of view substantiated above. The upper limits obtained indi
ate that the 
onstants of ele
troweak

and strong intera
tions did not signi�
antly 
hange over the last 90% of the history of the Universe.

The striking tightness of these limits is really astonishing and has already ruled out some theoreti
al

models (see Refs. [21, 22, 35℄). A more elaborated theory (e.g., Ref. [7℄) 
annot be ruled out yet, but its

parameters 
an be severely restri
ted (e.g., see Ref. [22℄). This shows that more pre
ise measurements and

observations and their a

urate statisti
al analyses are required in order to dete
t the expe
ted variations

of the fundamental 
onstants.
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