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Abstrat

We review the urrent status of the problem of osmologial variability of

fundamental physial onstants, provided by modern laboratory experiments,

Oklo phenomena analysis, and espeially astronomial observations.

PACS Nos.: 31.15.Pf, 31.30.Jv, and 32.10.Hq

1 Introdution

The problem of the talk is one of the hot point of ontemporary physis and osmol-

ogy. Current theories of fundamental interations (e.g., SUSY GUT, Superstring

theory) predit two kinds of variations of fundamental onstants. First, they state

that the fundamental onstants are \running onstants" depend on the energy trans-

fer in partile interations (e.g., Ref. [1℄). It is a result of radiation orretions and

vauum polarization e�ets. It has been reliably on�rmed in high-energy aelerator

experiments. For example, the �ne-struture onstant � = e

2

=~ equals 1/137.036

at low energies (E ! 0) and 1/128.896 at energy 90 GeV [1℄. Suh \running" of the

onstants has to be taken into aount for onsideration of very early Universe.

Seond, the urrent theories predit that the low-energy limits of the fundamental

onstants an vary in the ourse of osmologial evolution and take on di�erent values

at di�erent points of spae-time. Multidimensional theories (Kaluza-Klein type, \p-

brane" models, and others) predit variations of fundamental physial onstants as

a diret result of the osmologial evolution of the extra-dimensional subspae. It

means that the true onstants of nature are de�ned in higher dimensions and their

three-dimensional projetions we observe do not need to be onstant. In several

theories (e.g. Superstrings/M-theory), the variations of the onstants result from

the osmologial evolution of the vauum state (a vauum ondensate of some salar

�eld or \Quintessene"). In addition, a possible non-uniqueness of the vauum state

in di�erent spae-time regions would allow onstants to have di�erent values in

di�erent plaes.
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Clearly, experimental detetion of a spae-time variability of the fundamental

onstants would be a great step forward in understanding Nature. Note, however,

that a numerial value of any dimensional physial parameter depends on arbitrary

hoie of physial units. In turn, there is no way to determine the units in a re-

mote spae-time region other than through the fundamental onstants. Therefore

it is meaningless to speak of a variation of a dimensional physial onstant without

speifying whih of the other physial parameters are de�ned to be invariable. This

point has been reently emphasized by Du� [2℄ (the ounter-arguments by Mo�at

[3℄ are atually based on the unjusti�ed impliit assumption that one an measure

absolute time intervals in distant spae-time regions without speifying the lok

used). Usually, while speaking of variability of a dimensional physial parameter,

one implies that all the other fundamental onstants are �xed. So did Milne [4℄ and

Dira [5℄ in their pioneering papers devoted to a possible hange of the gravitational

onstant G. More reently, a number of authors onsidered osmologial theories

with a time varying speed of light  (e.g., Ref. [6℄ and referenes therein). However,

if we adopt the standard de�nition of meter [7℄ as the length of path traveled by

light in vauum in 1/299 792 458 s, then  = 2:997 924 58 � 10

10

m s

�1

identially.

Similarly, one annot speak of variability of the eletron mass m

e

or harge e while

using the Hartree units (~ = e = m

e

= 1), most natural in atomi physis.

Thus, only dimensionless ombinations of the physial parameters are truly fun-

damental, and only suh ombinations will be onsidered hereafter. We shall review

the urrent status of the problem of spae-time variability of the low-energy limits

of the fundamental onstants.

2 Tests for possible variations of fundamental onstants

Various tests of the fundamental physial onstants variability di�er in spae-time

regions of the Universe whih they over (large review see e.g. [8℄). In partiular,

laboratory tests infer the possible variation of ertain ombinations of onstants

\here and now" from omparison of di�erent frequeny standards. Geophysial tests

impose onstraints on ombinations of fundamental onstants over the past history

of the Solar system, although most of these onstraints are very indiret. In ontrast,

astrophysial tests (i.e. ones onerned with extragalati observations) allows one to

\measure" the values of fundamental onstants in distant areas of the early Universe.

2.1 Loal tests

2.1.1 Laboratory measurements

Laboratory tests are based on omparison of di�erent frequeny standards, depend-

ing on di�erent ombinations of the fundamental onstants. Were these ombina-

tions hanging di�erently, the frequeny standards would eventually disord with

eah other. An interest in this possibility has been repeatedly exited sine relative

frequeny drift was observed by several researh groups using long term ompar-
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isons of di�erent frequeny standards. For instane, a omparison of frequenies

of He-Ne/CH

4

lasers, NH

3

masers, H masers, and Hg

+

loks with a Cs standard

[9, 10, 11, 12, 13℄ has revealed relative drifts. Sine the onsidered frequeny stan-

dards have a di�erent dependene on � via relativisti ontributions of order �

2

, the

observed drift might be attributed to hanging of the �ne-struture onstant. How-

ever, the more modern was the experiment, the smaller was the drift. Taking into

aount that the drift may be also related to some aging proesses in experimental

equipment, Prestage et al. [13℄ onluded that the urrent laboratory data provide

only an upper limit j _�=�j � 3:7� 10

�14

yr

�1

.

The most aurate experiment was performed reently by Sortais et al. [14℄. They

ompared mirowave loks using laser ooled neutral atoms

87

Rb I and

133

Cs I. The

frequenies of their HFS transitions of the ground states are

�

HFS

(

87

Rb I) = 6 834 682 610:904 343 (17) Hz

�

HFS

(

133

Cs I) = 9 192 631 770:000 000 (0) Hz

The error of �

HFS

(

133

Cs) equals zero by de�nition: it is the primary referene stan-

dard of frequeny and the time unit. Measurements of the ratio �

HFS

(

87

Rb)=�

HFS

(

133

Cs)

during 24 months indiate no hange at the level of 3:1 � 10

�15

yr

�1

. This gives a

new upper limit for �-variation j _�=�j � 1:8 � 10

�14

yr

�1

, providing the gyromag-

neti ratios of

87

Rb and

133

Cs are invariable, either upper limit to the gyromagneti

ratio j _g

p

=g

p

j � 4:2� 10

�15

yr

�1

providing the �ne-struture onstant is invariable.

Some other possibilities for laboratory searhes of possible variations of the phys-

ial onstants suggested by Karshenboim [15℄.

2.1.2 Analysis of the Oklo phenomenon

The strongest limits to variation of the �ne-struture onstant � and the oupling

onstant of the strong interation �

s

have been originally inferred by Shlyakhter [16℄

from results of an analysis of the isotope ratio

149

Sm/

147

Sm in the ore body of the

Oklo site in Gabon, West Afria. This ratio turned out to be onsiderably lower

than the standard one (instead of 0.92 it falls down to 0.006). It is believed to have

ourred due to operation of the natural uranium �ssion reator about 2 � 10

9

yr

ago in those ores. One of the nulear reations aompanying this proess was the

resonane apture of neutrons by

149

Sm nulei. Atually, the rate of the neutron

apture reation is sensitive to the energy of the relevant nulear resonane level E

r

,

whih depends on the strong and eletromagneti interation. Sine the apture has

been eÆient 2 � 10

9

yr ago, it means that the position of the resonane has not

shifted by more than its width (� = 0:066 eV) during the elapsed time. At variable

� and invariable �

s

(whih is just a model assumption), the shift of the resonane

level would be determined by hanging the di�erene between the Coulomb energies

of the ground-state nuleus

149

Sm and the nuleus

150

Sm

�

exited to the level E

r

.

Unfortunately, there is no experimental data for the Coulomb energy of the exited

150

Sm

�

in question. Using order-of-magnitude estimates, Shlyakhter [16℄ onluded
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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

.

Later Damour and Dyson [17℄ performed a more areful analysis, whih resulted

in the upper bound j _�=�j . 7 � 10

�17

yr

�1

(see, also Fujii et al., [18℄). They have

assumed that the Coulomb energy di�erene between the nulear 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�erene 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 nuleus to form the highly exited state

150

Sm

�

,

an so strongly a�et the Coulomb energy. Moreover, exited nulei sometimes have

Coulomb energies smaller than those for their ground states (e.g., Ref. [19℄). This

indiates the possibility of violation of the basi assumption involved in Ref. [17℄,

and therefore this method may possess a lower atual sensitivity. Furthermore, a

orrelation between variations of � and �

s

(whih is likely in the frame of mod-

ern theory) might lead to onsiderable softening of the above-mentioned bound, as

estimated by Sisterna and Vuetih [20℄.

2.1.3 Some other loal tests

Geophysial, geohemial, and paleontologial 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 indiret. A number of

other methods are based on stellar and planetary models. The radii of the planets

and stars and the reation rates in them are inuened by values of the fundamental

onstants, whih o�ers a possibility to hek variability of the onstants by studying,

for example, lunar and Earth's seular aelerations. This was done using satellite

data, tidal reords, and anient elipses. 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 dependene on a model

of a fairly omplex phenomenon, involving many physial e�ets.

An analysis of natural long-lived �- and �-deayers in geologial minerals and

meteorites is muh more sensitive. For instane, a strong bound, j _�=�j < 5 �

10

�15

yr

�1

, was obtained by Dyson [21℄ from an isotopi analysis of natural �- and

�-deay produts in Earth's ores and meteorites.

Having ritially reviewed the wealth of the loal tests, taking into aount pos-

sible orrelated synhronous hanges of di�erent physial onstants, Sisterna and

Vuetih [20℄ derived restritions on possible variation rates of individual physi-

al onstants for ages t less than a few billion years ago, whih orrespond to

osmologial redshifts z . 0:2. In partiular, they have arrived at the estimate

_�=� = (�1:3� 6:5) � 10

�16

yr

�1

.

The most sensitive proess is

187

Re!

187

Os+ e+ �� due to a very small Q-value:

��=� ' 1:8� 10

4

���=�. The laboratory measurement �

1=2

(lab) = (42:3� 0:7)Gyr

an be ompared with the value inferred from Re=OS measurement in anient mete-

orites �

1=2

(met) = (41:6�0:4)Gyr, dated by means of di�erent radioative methods
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(e.g. U=Th method, whih is muh less weakly a�eted by variation of �). The

agreement within errors provides a signi�ant onstraint, ��=� = (1 � 1) � 10

�6

([22℄).

All the loal methods listed above give estimates for only a narrow spae-time

region around the Solar system. For example, the epoh of the Oklo reator (1:8�10

9

years ago) orresponds to the osmologial redshift z � 0:1.

2.2 Quasar spetra

Values of the physial onstants in the early epohs are estimated diretly from

observations of quasars (the most powerful soures of radiation) whose spetra were

formed when the Universe was several times younger than now. The wavelengths of

the spetral lines observed in radiation from these objets (�

obs

) inrease ompared

with the laboratory values (�

lab

) in proportion �

obs

= �

lab

(1 + z), where z is the

osmologial redshift whih an be used to determine the age of the Universe at the

line-formation epoh. Analyzing these spetra we an study the epohs when the

Universe was several times younger than now.

At present, the extragalati spetrosopy enables one to probe the physial

onditions in the Universe up to osmologial redshifts z . 6, whih orrespond, by

order of magnitude, to the sales . 15 Gyr in time and . 5 Gp in spae. The

large time span enables us to obtain quite stringent estimates of the rate of possible

time variations, even though the astronomial wavelength measurements are not so

aurate as the preision metrologial experiments. Moreover, suh analysis allows

us to study the physial onditions in distant regions of the Universe, whih were

ausally disonneted at the line-formation epoh.

In general, the dependene of wavelengths of resonant lines in quasar spetra

on fundamental onstants is not the same for di�erent transitions. This makes it

possible to distinguish the osmologial redshift (ommon for all lines in a given

absorption system) from the shift due to the possible variation of fundamental on-

stants.

2.2.1 Fine-struture onstant

Quasar spetra were used for setting bounds on possible variation rates of fundamen-

tal physial onstants by many authors. The �rst ones were Bahall et al. [23, 24℄,

who ompared the observed redshifts z of the omponents of �ne-struture doublets

in spetra of distant quasars, and derived the estimates ��=� = (�2 � 5) � 10

�2

at z = 1:95 and ��=� = (�1 � 2) � 10

�3

at z = 0:2. Afterwards this and similar

methods were used for setting stronger bounds on ��=� at di�erent z. In partiu-

lar, Potekhin and Varshalovih [25℄ applied modern statistial methods to analysis

of � 1400 pairs of wavelengths of the �ne-splitted doublet absorption lines in quasar

spetra and obtained an upper bound on the rate of a relative variation of the �ne-

struture onstant j�

�1

d�=dzj < 5:6 � 10

�4

for the epoh 0:2 � z . 4. Later we

(Ivanhik et al. [26℄) optimized the strategy of studying the time-dependene of �.
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As a result, a new onstraint on the possible deviation of the �ne-struture onstant

at z = 2:8{3.1 from its present (z = 0) value was obtained: j��=�j < 1:6 � 10

�4

.

The orresponding upper limit of the � variation rate averaged over � 10

10

yr is

j _�=�j < 2� 10

�14

yr

�1

.

In a reent series of papers, Webb et al. (e.g., Ref. [27℄ and referenes therein)

reported a possible detetion of variation of the �ne-struture onstant, ��=� =

�0:72 � 0:18 � 10

�5

, averaged over the osmologial redshifts z = 0:5{3:5. How-

ever, it is diÆult to evaluate systemati errors whih might simulate this result. In

partiular, the method used by the authors, whih is based on simultaneous mea-

surements of wavelengths of a large number of transitions for various ions, depends

more sensitively on poorly known fators (e.g., isotope variations, instrumental al-

ibration errors, et.) than in the method based on separate measurements of �ne

struture of spetral lines of eah speies [25, 26℄. On the other hand, the latter

method has a larger statistial error than the method of Webb et al. Therefore, it is

espeially important to hek possible variations of di�erent fundamental onstants,

using di�erent tehniques, applied to di�erent stages of the osmologial evolution.

2.2.2 Proton-to-eletron mass ratio

Sine any interation inherent in a given partile ontributes to its observed mass, a

variation in � suggests a variation in the proton-to-eletron mass ratio � = m

p

=m

e

.

The funtional dependene �(�) is urrently unknown, but there are several the-

oretial models whih allow one to estimate the eletromagneti ontribution to �

(e.g., [28, 29℄), as well as model relations between osmologial variations of � and

� [30℄.

Evaluation of � in distant spae-time regions of the Universe is possible in quasar

spetra. The wavelengths of these lines depend on � through the redued mass of

the moleule. The method is based on the relation [31℄

1 + z

i

1 + z

k

=

(�

i

=�

k

)

z

(�

i

=�

k

)

0

' 1 + (K

i

�K

k

)

�

��

�

�

; (1)

where z

i

is the observed redshift of an individual line, the subsripts `z' and `0'

mark the wavelength ratios in the quasar spetrum and the terrestrial laboratory,

respetively, andK

i

� � ln�

i

=� ln� are the sensitivity oeÆients. A method for al-

ulation these oeÆients has been presented in Ref. [32℄. The authors have applied

a linear regression (z as a linear funtion of K) analysis to the H

2

absorption lines

in the spetrum of quasar PKS 0528�250 at z = 2:8108 and obtained an estimate

of the frational variation of ��=� = (�11:5 � 7:6) � 10

�5

. Thus, no statistially

signi�ant variation was found. The above estimate approximately orresponds to

the upper bound j _�=�j < 1:5� 10

�14

yr

�1

.

Reently, similar analyses of the H

2

absorption system in the spetrum of quasar

Q 0347�382 at z = 3:0249 have been performed by Levshakov et al. [33℄ and

Ivanhik et al. [34℄; the latter authors analyzed also the H

2

absorption system in

the spetrum of quasar Q 1232+082 at z = 2:3377. The most onservative estimate
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Figure 1: Regression analysis of �

i

-to-K

i

for the H

2

lines. �

i

= (z

i

� z)=(1 + z)

for the possible variation of � in the past � 10 Gyr, obtained in Ref. [34℄, reads

��=� = (5:7� 3:8) � 10

�5

: (2)

The orresponding linear regression is illustrated in Fig. 1. Thus, we have obtained

the most stringent estimate on a possible osmologial variation of mu j _�=�j <

6� 10

�15

yr

�1

.

2.3 Cosmi Mirowave Bakground Radiation

Any time variation in the �ne-struture onstant (as well as m

e

) alters the ioniza-

tion history of the Universe and therefore hanges the pattern of osmi mirowave

bakground utuations. Changing � hanges the energy levels of hydrogen, the

Thomson ross setion, and reombination rates. These hanges are dominated by

the hange in the redshift of reombination due to the shift in the binding energy of

hydrogen.

An analysis of the reently obtained data from BOOMERanG [35℄ and MAXIMA

[36℄ experiments allowing for the possibility of a time-varying the �ne-struture

onstant. This data prefers a value of � that was smaller in the past (whih is in

agreement with measurements of � from quasar observations). However, the strong
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statements about � an not be made beause suh a theoretial analysis involves

several additional parameters (osmologial ones H

0

, 


0

, and 


b

as well as some

physial onstants, e.g. the eletron mass). Bounds imposed on the variation of

� an be signi�antly relaxed if one also allows for a hange in the equation of

state of quintessene whih mimi the osmologial �-term. In any ase, suh a

analysis allows to obtained upper limit on �-variation at the reombination epoh

([37, 38, 39, 40℄):

j��=�j � 10

�2

(3)

2.4 Primordial Nuleosynthesis

Temporal variations of the oupling onstants an be revealed by analyzing the

dependene of the primordial

4

He mass fration on gravitational onstant G, on

�ne-struture onstant �, and on other onstants [41℄. Based on astronomial ob-

servational data for the primordial helium abundane Y

p

, Kolb et al. [41℄ imposed

onstraints (2-3%) on the possible deviations of fundamental physial onstants at

the epoh of primordial nuleosynthesis from their urrent values. However, they

varied di�erent onstants separately (with the remaining onstants being �xed) and

assumed the parameter � = n

B

=n



, the baryoni-to-photon density ratio, to be also

�xed.

Subsequently, modifying the standard nuleosynthesis theory, several authors

imposed onstraints on the relative hange in fundamental physial onstants by

taking into aount the possible simultaneous hange in various onstants (see, e.g.,

[42, 43, 44℄). However, the alulations were performed for a spei� �xed � (as in

the pioneering study by Kolb et al. [41℄).

In paper [45℄ a two-parameter (�, Æ) model for primordial nuleosynthesis was

onsidered, in whih � is a free parameter and an depend (for a onstant yield

of light elements) on the deviation of onstant Æ. The parameter Æ haraterizes

the relative deviation of fundamental physial onstants at the epoh of primordial

nuleosynthesis from their urrent values (in partiular Æ = ��=�).

Unfortunately, the Primordial Nuleosynthesis as well as Cosmi Mirowave

Bakground Radiation do not give very stringent limitation on the variation of fun-

damental onstant beause of many di�erent parameters involved in the analysis.

3 Conlusions

We have disussed the urrent status of the problem of osmologial variability

of fundamental physial onstants, making emphasis on the studies of the spae-

time variability of two basi parameters of atomi and moleular physis: the �ne-

struture onstant � and the proton-to-eletron mass ratio �. A variation of these

parameters is not �rmly established. More preise measurements and observations

and their aurate statistial analyses are required in order to detet the expeted

variations of the fundamental onstants.
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