
ASTROPHYSICAL TESTING

COSMOLOGICAL VARIABILITY OF

FUNDAMENTAL PHYSICAL CONSTANTS

D.A. Varshalovi
h, A.V. Ivan
hik, and A.Y. Potekhin

Io�e Physi
o-Te
hni
al Institute, Politekhni
heslaya 26, 194021, St. Petersburg, Russia

We review the 
urrent status of the problem of 
osmologi
al variability of fun-

damental physi
al 
onstants, in parti
ular, the �ne-stru
ture 
onstant � = e

2

=~


and the proton-to-ele
tron mass ratio � = m

p

=m

e

, with emphasis on the re
ent

results provided by astronomi
al observations.

1 Introdu
tion

The problem of the talk is one of the hot points of 
ontemporary physi
s and


osmology. Current theories of fundamental intera
tions (e.g., SUSY GUT,

Superstring theory) predi
t two kinds of variations of fundamental 
onstants.

First, they state that the fundamental 
onstants are \running" { that is, de-

pend on the energy of parti
le intera
tion (e.g., Ref. [1℄). This e�e
t has been

reliably 
on�rmed in high-energy a

elerator experiments. For example, the

�ne-stru
ture 
onstant � = e

2

=~
 equals 1/137.036 at low energies (E ! 0)

and 1/128.896 at energy 90 GeV [2℄. Se
ond, the 
urrent theories predi
t

that the low-energy limits of the fundamental 
onstants 
an vary in the 
ourse

of 
osmologi
al evolution and take on di�erent values at di�erent points of

spa
e-time. Here we fo
us on the latter kind of their possible variability.

Clearly, experimental dete
tion of a spa
e-time variability of the funda-

mental 
onstants would be a great step forward in understanding Nature.

Note, however, that a numeri
al value of any dimensional physi
al parame-

ter 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. This point has been re
ently empha-

sized by Du� [3℄ (the 
ounter-arguments by Mo�at [4℄ are a
tually based on

the unjusti�ed impli
it assumption that one 
an measure absolute time inter-

vals in distant spa
e-time regions without spe
ifying the 
lo
k used). Usually,

while speaking on variability of a dimensional physi
al parameter, one implies



that all the other fundamental 
onstants are �xed. So did Milne [5℄ and Dira


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


onstant G. More re
ently, a number of authors 
onsidered 
osmologi
al theo-

ries with a time varying speed of light 
 (e.g., Ref. [7℄ and referen
es therein).

However, if we adopt the standard de�nition of meter as the length of path

traveled by light in va
uum in 1/299 792 458 s, then 
 = 2:997 924 58�10

8

ms

�1

identi
ally. Similarly, one 
annot speak on 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. We

shall review the 
urrent status of the problem of spa
e-time variability of

the low-energy limits of the fundamental 
onstants, paying main attention

to two 
onstants whi
h are of paramount importan
e for atomi
 and mole
-

ular spe
tros
opy: (i) the �ne-stru
ture 
onstant � = e

2

=~
, and (ii) the

proton-to-ele
tron mass ratio � = m

p

=m

e

, whi
h 
hara
terize the strengths

of ele
tromagneti
 and strong intera
tions.

2 Quasar spe
tra

Values of the physi
al 
onstants in the early epo
hs are estimated dire
tly

from observations of quasars (the most powerful sour
es of radiation) whose

spe
tra were formed when the Universe was several times younger than now.

The wavelengths of the spe
tral lines observed in radiation from these obje
ts

(�

obs

) in
rease 
ompared with the laboratory values (�

lab

) in proportion �

obs

=

�

lab

(1+z), where z is the 
osmologi
al redshift whi
h 
an be used to determine

the age of the Universe at the line-formation epo
h. Analyzing these spe
tra

we 
an study the epo
hs when the Universe was younger than now.

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 . 6, whi
h 
orre-

spond, by order of magnitude, to the s
ales . 15 Gyr in time and . 5 Gp
 in

spa
e. The large time span enables us to obtain quite stringent estimates of

the rate of possible time variations, even though the astronomi
al wavelength

measurements are not so a

urate as the pre
ision metrologi
al experiments.

Moreover, su
h analysis allows us to study the physi
al 
onditions in distant

regions of the Universe, whi
h were 
ausally dis
onne
ted at the line-formation

epo
h.

In general, the dependen
e of wavelengths of resonant lines in quasar spe
-



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

makes it possible to distinguish the 
osmologi
al redshift (
ommon for all lines

in a given absorption system) from the shift due to the possible variation of

fundamental 
onstants.

2.1 Fine-stru
ture 
onstant

Quasar spe
tra were used for setting bounds on possible variation rates of

fundamental physi
al 
onstants by many authors. The �rst ones were Bah
all

et al. [8, 9℄, who 
ompared the observed redshifts z of the 
omponents of �ne-

stru
ture doublets in spe
tra 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 parti
ular, Potekhin and Varshalovi
h [10℄

applied modern statisti
al methods to analysis of � 1400 pairs of wavelengths

of the �ne-splitted doublet absorption lines in quasar spe
tra and obtained an

upper bound on the rate of a relative variation of the �ne-stru
ture 
onstant

j�

�1

d�=dzj < 5:6� 10

�4

for the epo
h 0:2 � z . 4. Later we (Ivan
hik et al.

[11℄) optimized the strategy of studying the time-dependen
e of �. As a result,

a new 
onstraint on the possible deviation of the �ne-stru
ture 
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 re
ent series of papers, Webb et al. (e.g., Ref. [12℄ and referen
es

therein) reported a possible dete
tion of variation of the �ne-stru
ture 
on-

stant, ��=� = (�0:72�0:18)�10

�5

, averaged over the 
osmologi
al redshifts

z = 0:5{3:5. However, it is diÆ
ult to evaluate systemati
 errors whi
h might

simulate this result. In parti
ular, the method used by the authors, whi
h

is based on simultaneous measurements of wavelengths of a large number of

transitions for various ions, depends more sensitively on poorly known fa
-

tors (e.g., isotope variations, instrumental 
alibration errors, et
.) than the

method based on separate measurements of �ne stru
ture of spe
tral lines of

ea
h spe
ies [10, 11℄. On the other hand, the latter method has a larger statis-

ti
al error than the method of Webb et al. Therefore, it is espe
ially important

to 
he
k possible variations of di�erent fundamental 
onstants, using di�erent

te
hniques, applied to di�erent stages of the 
osmologi
al evolution.



2.2 Proton-to-ele
tron mass ratio

Sin
e any intera
tion inherent in a given parti
le 
ontributes to its observed

mass, a variation in � suggests a variation in the proton-to-ele
tron mass ra-

tio � = m

p

=m

e

. The fun
tional dependen
e �(�) is 
urrently unknown, but

there are several theoreti
al models whi
h allow one to estimate the ele
tro-

magneti
 
ontribution to � (e.g., [13, 14℄), as well as model relations between


osmologi
al variations of � and � based on Grand Uni�
ation [15℄.

Evaluation of � in distant spa
e-time regions of the Universe is possible

due to observations of H

2

mole
ular lines in quasar spe
tra. The wavelengths

of these lines depend on � through the redu
ed mass of the mole
ule. The

method is based on the relation [16℄

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 subs
ripts `z' and

`0' mark the wavelength ratios in the quasar spe
trum and the terrestrial

laboratory, respe
tively, and K

i

� � ln�

i

=� ln� are the sensitivity 
oeÆ
ients.

A method for 
al
ulation of these 
oeÆ
ients has been presented in Ref. [17℄.

The authors have applied a linear regression (z as a linear fun
tion of K)

analysis to the H

2

absorption lines in the spe
trum of quasar PKS 0528�250

at z = 2:8108 and obtained an estimate of the fra
tional variation of j��=�j =

(11:5 � 7:6) � 10

�5

. Thus, no statisti
ally signi�
ant variation was found.

The above estimate approximately 
orresponds to the upper bound j _�=�j <

1:5� 10

�14

yr

�1

.

Re
ently, similar analyses of the H

2

absorption system in the spe
trum

of quasar Q 0347�382 at z = 3:0249 have been performed by Levshakov et

al. [18℄ and Ivan
hik et al. [19℄; the latter authors analyzed also the H

2

absorption system in the spe
trum of quasar Q 1232+082 at z = 2:3377. The

most 
onservative estimate for the possible variation of � in the past � 10

Gyr, obtained in Ref. [19℄, 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 
osmologi
al �-variation

j _�=�j < 1� 10

�14

yr

�1

: (3)



Figure 1: Regression analysis of �

i

-to-K

i

for the H

2

lines; �

i

= (z

i

� z)=(1+ z).

3 Con
lusions

We have dis
ussed the 
urrent status of the problem of 
osmologi
al variabil-

ity of fundamental physi
al 
onstants, making emphasis on the studies of the

spa
e-time variability of two basi
 parameters of atomi
 and mole
ular physi
s:

the �ne-stru
ture 
onstant � and the proton-to-ele
tron mass ratio �. A varia-

tion of these parameters is not �rmly established. 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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