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An analysis of quasar spectra yields highly reliable constraints on the possible variation of the fine-
structure constank and the proton-to-electron mass ratiaduring cosmological evolution

from the epoch corresponding to a cosmological red shif2.8 (i.e., ~10'° years agdto the

current epoch£=0): |a/a|<2x10"* yr ! and|u/p|<2x107 yr 1.
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1. INTRODUCTION problem was subsequently examined by many investigators
(see, for example, Ref. 7, as well as the references cited in
Constants characterizing various interactions are knowmgef, 8, but it has become especially acute in recent years in
to be related to one another and to depend on interactiofynnection with the precipitous development of the grand
energy. However, this dependence is manifested only afnified theoriesGUTS) for the strong and electroweak inter-
very high energie¢hundreds of MeV or mope Although the  4ctions, as well as some more general theoretical schemes, in
tabulated values of the constants pertain only to comparayhich the gravitational interaction is also includ®t.t fol-
tively low energies, they cover the overwhelming majority of |o\s from the theories indicated that fundamental constants
natural phenomena and experiments. It is these low-energyignht have different values in other cosmological epochs, as
limits that will be examined in this report. well as in spatially distant regions of the Universe. That
We note that it is actually only dimensionless combina-these values are identical in different, even causally unre-
tions of physical constants, which do not depend on thgated regions of space—time, is not a trivial fact. However,
choice of units of measure, that have fundamental signifiyitferent versions of the theory predict different spatiotem-
cance. We shall consider two such combinations: the finepora| dependences of the fundamental constants. Experi-
structure constant=e’rc=1/137.035 999 93 (52)the NU-  ments are needed to ascertain which of the theoretical mod-
merical value is after Ref. 2; the error in the last significantg|s is correct.
digits is indicated in parenthegesnd the proton-to-electron This report presents the results of a study of the spectra
mass ratiou=m,/m.=1836.152701 (37)i.e., the proton  of dgistant extragalactic objects, which permit the establish-
mass in the Hartree system of units; the value from Ref. 3 isnent of new, the most reliable to date, upper limits on the

free spacgwhich is presently taken as a conversion factor

for going from units of time to units of length
e=4.803204 251(10x 10 1° esu is the charge of an elec-
tron, 7=1.05457162(8X 10" %" erg s is Planck’s constant Experimental tests for the possible inconstancy of fun-
divided by 27, m,=1.672621 62(15X 10 ?* g is the pro- damental constants can be classified according to the spa-
ton mass, anan,=9.1093821(8)x 10 28 g is the electron tiotemporal regions of the Universe covered by them. The
mass(all the values were taken from Ref).4 first group is comprised of laboratory measurements, which
The constantr is a basic parameter of quantum electro-cover no more than a few years. The second group includes
dynamics, whileu is related to the strong interaction cou- “local tests,” which are concerned with the Earth and the
pling constant. The parametetisand « are decisive for the solar system and cover up to 4.5 billion (%30°) years.
spectra of atoms and molecules, respectively. Finally, the third group is comprised of astrophysical testing
It can be seen from the numerical values given that mosinethods, which are based on data from extragalactic as-
fundamental constants are measured within a relative error adfonomy and cover practically the entire period of existence
~10"8. The reproducibility of these measurements includesof the Universe.
the appreciable variation of the parameters during a short Laboratory tests are generally confined to comparing fre-
time interval, but does not include their variation during thequency standards based on various physical phenomena,
existence of the Universe-15 billion years$. Moreover, the  which consequently depend differently on the values of dif-
values of the constants might be different in spatially distanferent physical constants. If the constants would vary, stan-
regions of the Universe. dards which were initially matched to one another would
The problem of the possible variation of the fundamentalbecome unmatched with the passage of time. One of the
physical constants was first discussed by Milaad Dirac®  standards compared is generally the cesium frequency stan-
who advanced their famous large numbers hypothesis. Thidard, which is presently taken as a basis for defining a unit of

2. TESTING METHODS
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time. In particular, different groups of _researchers have com- 1390 1395 1400 1405 1410 Ay, A
pared the output frequency of stabilized lasers and masers 12 —

with it. The accuracy of these experiments permitted the de- HS 1946 + 76

tection of relative changes in the fundamental constants at [

the level of~6x 10" * per year, but no statistically signifi- 1.0

cant effect was discoveréd.

“Local tests” are based on an analysis of changes which
would occur in the motion of the Earth and other bodies of 08}
the solar system, as well as in the physical conditions and
processes on them, if the fundamental constants would vary.
Such an analysis is capable of providing a higher accuracy 0.6
than laboratory measurements, mainly because it permits
tracing changes which occur over the course of a far greater
time. For example, by analyzing the isotopic composition of 0.4
meteorites and ancient terrestrial rocks, we can estimate the (2= 2'843357(2)|
characteristic alpha- and beta-decay times of the long-lived [
radioactive elements in them and compare these times to the 0.2

half-lives measured in the laboratory. The half-lives of such 5340 5360 3380 3400 5420 Aobs, A
elements are very sensitive to the value of the fine-structure

constanta. On the basis of such an analysis Dysshowed — — gig

that the relative change im cannot exceed- 10~ '# per year. g & .

The limit |a/a|<2x 10~ % yr~* was subsequently obtained 2 3 SilV

on the basis of refined data on the beta decalf ®te (Ref. i - Sin

12).
. . . FIG. 1. Finely split doublet of the Si IV resonance line in the spectrum of
A more rigorous estimate was obtained by Shlyakmer' the quasar HS 194676 recorded on the 6-meter telescope of the Special

He used data on the isotopic composition of Sm in theastrophysical Observatory of the Russian Academy of Sciences. Scheme of
“spent fuel” of a natural nuclear reactor, which operated 1.8energy levels and transitions corresponding to the lines indicated.

billion years ago at the site of the contemporary Oklo ura-
nium mine in Gabon. A more detailed analysis was recently

performed by Damour and DysdfiThey concluded that the tronomy affords the possibility of investigating these regions
rate of relative variation of the fine-structure constaht is  of space—time.
no greater than 10" per year. For this purpose it would be useful to analyze the spectra
The weak spot in the local tests just described is theibf quasars, which are very powerful sources of radiation and
dependence on the model of the phenomenon studied. Than be seen for distances up to 10-15 billion light years.
model is usually fairly complicated and includes a number ofAlong the way, the light coming from them has passed
physical parameters. In particular, Damour and Dyson asthrough clouds of interstellar gas in early galaxies and has
sumed in their analysis that the electrosta@ulomb en-  been partially absorbed by them. Therefore, the spectral lines
ergy of the excited®*Sm nucleus into which #°Sm nucleus ~ “imprinted” in quasar spectra contain information on the
is converted after neutron capture exceeds the electrostatithysical conditions and the state of matter in the early stages
energy of a°°Sm nucleus in the absence of excitation. How-0f the evolution of the Universe in various spatially distant
ever, it is known from experiments that such an hypothesis i§egions of it.
far from always correct: the root-mean-square radii of ex- The expansion of the Universe has resulted in increases
cited nuclei can be greater than or smaller than the radii of? the wavelengths of the lines observed in quasar spectra
the corresponding nuclei in the ground stft&® This con-  (Xobd In comparison to their laboratory valuesy) accord-
straint becomes even more doubtful if it is taken into account"d O the proportionality
that different physical parameters are interdependent and
could have varied synchronously during cosmological evolu-
t?or). As was shown in Ref. 17, this c_ould have wg_akeqed the herez is the cosmological red shift.
limit by more than an order of magnitude. In addition, itwas  The value ofz can be used to determing.e., the “age”
noted in Refs. 18 and 9 that if the fundamental constantgf the Universe in the epoch when the spectral line was
depend nonlinearly on time, as is assumed in modern thegormed. For example, Figs. 1 and 2 present fragments of the
ries, constraints which are valid for one time interval do notspectra of two quasars and exhibit absorption lines with
apply to another. As we have noted above, there might alsg~2.8. These absorption lines were formed when the Uni-
be a simultaneous spatial dependence. Thus constrainigrse was 7-8 times younger than now. To obtain rigorous
which are valid for the solar system cannot be arbitrarilyestimates of the variations of the fundamental constants, the
extended to more distant regions of space and to earlidines studied must be sufficiently narrow and they must be
stages in the life of the universe. Only extragalactic astecorded with a high spectral resolution and with a high

Nobs=No(1+2),
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L 40 It should, however, be noted that in the overwhelming

majority of cases the goal of the observers was not to per-
form exact measurements of the fine splitting; therefore, a
large part of the data treated did not have a very high accu-
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racy. The analysis performed allowed us to optimize the
strategy for investigating the dependenceaobn z In the

second stage of the work, our program of spectral observa-
tions of several quasars, which was aimed at achieving the
highest possibility accuracy in measurements of fine splitting
with large red shifts, was carried out on the 6-meter tele-
scope of the Special Astrophysical Observatory of the Rus-
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0.0k RO) RO P RD @ RO, sian Academy of Sciencé$As a result of the implementa-
4000 4005 4010 4015 tion of this program, as well as the use of observational data
L7-0 and W0-0 from othe.r telesco'peg,‘ Zwe determined the mean value of
the possible deviation of the fine-structure constant for
l-OM z=2—4 from its value forz=0 and the measurement errors
% 08 [ (both the statistical and systematic erjéts
S 08F
£} Aala=(—4.2+5.4 staf|+ 8.0 sysf]) x 10" °. (1
‘E’ 0.6 ' A comparison of the data obtained on telescopes located
g 04k in the northern and southern hemispheres allows us to tighten
e | the constraint on the possible dependence of the fine-
02} structure constant on the direction in the celestial sphere to
I R RO |Aala|<2x10 4
0.0L— L RO, RQ) | . L . A result which has a formally higher accuracy was re-
3860 3865 3870 3875 cently obtained on the basis of observations on the Keck |
Wavelengh, A 10-meter telescopel a/ o= (— 1.88+ 0.53 staf]) x 10" ° for
— 26 ;i ;
FIG. 2. Fragments of the spectrum of the quasar PKS 0528-250 containiné_ 0.6-1.6. Howev_er’ Weblet al' did not tak_e Into ac-
absorption lines of Kin the Lyman and Werner series. count the systematic error, which results mainly from the

uncertainty in the values of the referenta&boratory wave-

] ) ) ) . _ lengths, and, as can be seen fray this error is dominant.
signal-to-noise ratio. The lines of the Si IV doublet shownin  the ypper limit corresponding td) (at the 2r signifi-

Fig. 1 and many of the lines of molecular hydrogen in Fig. 2c53nce level on the mean rate of variation af during ~10

satisfy this condition. billion years is
3. DOES THE FINE-STRUCTURE CONSTANT VARY? || <2x 1071 yrt. 2
In order to ascertain whether the value @whas varied This constraint is five times tighter than the one which

during cosmological time, it would be useful to investigatewe previously obtainedf® and its accuracy is 3.5 times

the fine splitting of the doublet lines of the Si IV, C IV, Mg better than that of the precision laboratory measurements in

I, and other ions, which are often observed in the spectra oRef. 11.

distant quasars. An example of such spectral lines is shown

in Fig. 1. The relative magnitude of the splitting\/\ of

these lines is proportional ta? (to within negligibly small 4. DOES THE PROTON-TO-ELECTRON MASS RATIO VARY?

corrections. Therefore, if the value ofr varied with time,

the relative splittingS\/A should depend on the magnitude of The dimensionless constaat=m,/m, is approximately

the red shift. equal to the ratio between the nuclear strong interaction cou-
In the first stage of our work we re-analyzed all the pling constant §2/%c)~14 and the electromagnetic cou-

published data on finely split doublet lines observed in quapling constanta~1/137. Hereg is the effective coupling

sar spectra and complied a special catalog of wavelengths aebnstant, which is calculated from the scattering amplitude

these lineg® Altogether we examined about 1500 pairs of of 7 mesons on nucleons.

doublet lines with red shifts from 0.2 to 3.7. The analysis of  The absorption lines of molecular hydrogep iH quasar

these data demonstrated the absence of a statistically signifipectra can be used to ascertain whether the valye hais

cant deviation ofoN/\ from the current value. The rich ob- varied during cosmological time. The variation @fcan be

servational material assembled in our catalog also allowed udetected by comparing the wavelengths of various lines in a

to analyze the possibility of differences in the valuesrah quasar spectrum and in the laboratory. The key to this tech-

regions of the Universe that are causally unrelated to onaique is that the wavelengths of different lines depend dif-

another® It was found that the dependence of the magnitudderently on the parameter under study. This makes it possible

of the fine doublet splittingand thusa) on the direction in  to separate the cosmological red shift from the shift caused

the celestial sphere falls within the erfdra/a|<3%x1073. by the variation ofu.
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The most suitable system of molecular lines with a largeto one point in spade In addition, they are far less depen-
red shift for such an analysis is the system of absorption linedlent on model assumptions. They can therefore be recom-
of the H, molecule withz=2.8108, which was observed by mended as the most reliable limits to date. They can serve as
Levshakov and Varshalovi¢hin the spectrum of the quasar effective criteria for selecting permissible theoretical models
PKS 0528-250. We calculated the sensitivity coefficients ofyt glementary interactions which predict changes in physical
the wavelengths of Htoward the possible variation gf constants on the cosmological time scale.

:wli?gerf.-qizli?;C;paer::?rlzfnec:)fﬂlgngb(?g;VSegggg Irgi%iggb;hian- This work was carried out within the State Scientific-
zettaet al. on the CTIO 4-meter telescope. A fragment of Technical Programs “Fundamental Metrqlogy” and “As-
this spectrum is shown in Fig. 2. The results of measurelfonomy” and was supported by the Russian Fund for Fun-
ments of the wavelengths of 50 lines of molecular hydrogerflamental (Grant No. 96-02-16849aand the Kosmion
with consideration of the sensitivity coefficients just men-Scientific-Training Center.
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