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ABSTRACT

We consider astronomical and local bounds on the time variation of fundamental constants to test some
generic Kaluza-Klein-like models and some particular cases of Beckenstein theory. Bounds on the free
parameters of the different theories are obtained. Furthermore, we find that none of the proposed models is
able to explain recent results (as from Webb and coworkers in 1999 and 2001) claiming an observed variation
of the fine-structure constant from quasar absorption systems at redshifts 0.5 < z < 3.

Subject headings: cosmology: theory — quasars: absorption lines

1. INTRODUCTION

Time variation of fundamental constants has had plenty
of theoretical and experimental research since the large-
number hypothesis (LNH) proposed by Dirac (1937). The
great predictive power of the LNH induced a large number
of research papers and suggested new sources of variation.
Among them, the attempt to unify all fundamental interac-
tions resulted in the development of multidimensional theo-
ries such as Kaluza-Klein (Kaluza 1921; Klein 1926;
Chodos & Detweiler 1980; Marciano 1984) and superstring
theories (Damour & Polyakov 1994), which predict not only
the energy dependence of fundamental constants but also
the dependence of their low-energy limits on cosmological
time. In such theories, the temporal variation of fundamen-
tal constants is related to the variation of the extra compact
dimensions.

Following a different path of research, Beckenstein (1982)
proposed a theoretical framework for studying the fine-
structure constant variability based on very general assump-
tions: covariance, gauge invariance, causality, and time-
reversal invariance of electromagnetism, as well as the idea
that the Planck-Wheeler length (10733 c¢m) is the shortest
scale allowable in any theory.

Different versions of the theories mentioned above pre-
dict different time behaviors for the fundamental constants.
Thus, experimental bounds on the variation of fundamental
constants are an important tool for checking the validity of
such theories (Marciano 1984; Chodos & Detweiler 1980;
Beckenstein 1982).

The experimental research can be grouped into astronom-
ical and local methods. The latter ones include geophysical
methods such as that for the natural nuclear reactor that
operated about 1.8 x 10° yr ago in Oklo, Gabon (Damour
& Dyson 1996), the analysis of natural long-lived § decayers
in geological minerals and meteorites (Sisterna & Vucetich
1990), and laboratory measurements such as comparisons
of rates between clocks with different atomic numbers (Pre-
stage, Toelker, & Maleki 1995). The astronomical methods
are based mainly on the analysis of spectra from high-red-
shift quasar absorption systems (Drinkwater et al. 1998;
Webb et al. 1999, 2001; Murphy et al. 2001a; Cowie & Son-
gaila 1995; Bahcall, Sargent, & Schmidt 1967). Besides,
other constraints can be derived from primordial nucleosyn-
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thesis (Bernstein, Brown, & Feinberg 1989) and the cosmic
microwave background (CMB) fluctuation spectrum (Bat-
tye, Crittenden, & Weller 2001; Avelino et al. 2000; Landau,
Harari, & Zaldarriaga 2001).

Although most of the previously mentioned experimental
data gave null results, Webb et al. (1999) reported a signifi-
cantly different measurement of the time variation of the
fine-structure constant, which was confirmed recently
(Webb et al. 2001; Murphy et al. 2001a). This suggests an
examination of the available experimental results in the con-
text of typical theories predicting time variation of funda-
mental constants.

Thus, in this work, we consider several astronomical and
local bounds on the time variation of fundamental con-
stants in the framework of two Kaluza-Klein-like late-time
solutions (Marciano 1984; Bailin & Love 1987; Okada
1985) and some particular cases of Beckenstein theory
(Beckenstein 1982). In particular, we put bounds on the free
parameters of the different models: the size of the extra
dimensions in the first case and the parameters / and ~ of
Beckenstein’s theory. Besides this, the consistency of exper-
imental data with a given family of theories can be checked.

The paper is organized as follows: in § 2 we briefly
describe the models we want to test, in § 3 we describe the
experimental constraints that we use to check our models,
and in § 4 we present our results and briefly discuss our con-
clusions.

2. THEORETICAL MODELS PREDICTING TIME
VARIATION OF FUNDAMENTAL CONSTANTS

2.1. Kaluza-Klein—like Models

The basic idea of Kaluza-Klein theories is to enlarge
spacetime to 4 + D dimensions in such a way that the D
extra spatial dimensions form a very small compact mani-
fold with mean radius Rgk.

Therefore, the metricin 4 + D dimensions can be written

ds? = di* — ¥ (1) g dx™ dx" — R%K(l)gw dx*dx”, (1)

where g, is the metric of an S3 of unit radius, r(¢) is the
scale factor of ordinary space, g, is the metric of an S? of
unit radius, and Rgk () is the scale factor of the internal
space.

In Kaluza-Klein theories, gauge fields of the standard
model of fundamental interactions are related to the g,,, ele-
ments that connect the internal dimensions with the usual
3 + I spacetime. The gauge coupling constants are related
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to the “internal ™ scale of the extra dimensions through one
or more scalar fields (Weinberg 1983).

In some models, the “internal” dimensions are small
compared to the large ““ ordinary ” dimensions. However, at
the Planck time, the characteristic size of both internal and
external dimensions are likely to be the same. The cosmo-
logical evolution that determines the way in which the extra
dimensions are compactified depends on how many extra
dimensions are taken and on the energy-momentum tensor
considered: radiation, monopoles, cosmological constant,
ete.

The generalized Einstein equations can be written as
(Kolb & Turner 1990)

. 1 1 A

Ryy =87G| Tyy — ——— .
MN = ST (MN D 29mvte D+287rGgMN>’
(2)

where G is the gravitational constant in 4 + D dimensions
and A is a cosmological constant in 4 + D dimensions.

The evolution of the extra dimensions with cosmological
time is related to the time variation of fundamental con-
stants through the equation (Kaluza 1921; Klein 1926; Mar-
ciano 1984; Weinberg 1983)

—— = KiGMy , (3)

where «;(Mxk) for i = 1, 2, 3 are the coupling constants of
U(l), SU(2), and SU(3) for a typical energy
Rgx = 1/Mgk. We assume, as usual, the existence of a
grand unified theory (GUT) energy scale Agyr beyond
which all these constants merge into only one «;. The K; are
numbers that depend on the D-dimensional topology.

The expressions for the gauge coupling constants at dif-
ferent energies are related through the group renormaliza-
tion equation (Marciano 1984):

In (é>
my

+0(Ey —m)) In (%)] . 4)

_ _ 1
a; [(Ey) = o7 ' (E) _;,Z Gy

1

Therefore, we can find the low-energy limit for the gauge
coupling constants using equation (4) twice:

Ey = Agur, Ex= Mgk,
Ey =My, E>=Acur. (5)
Inserting equation (3), we obtain
KG 76 [ Rl 2 (A
—1 M _ 2 KK “ GUT
al ( W) R%{K 67T n AGUT + m n MW ’ (6)
KG 76 [ R¢l 5. (A
-1 _ Ay 7 KK 2 GUT
o (Mw) = R, or" (AGUT> 3wln< My ) )
KG 76 Ry} 7 A
- e AR Py il < 'O GUT
ay (My) = Ry 67rln (AGUT> 27Tln( My ) : (8)

In this way, we get expressions for the gauge coupling
constants depending on Rgg and Agyt. In order to com-

Vol. 570

pare equations (6), (7), and (8) with experimental and obser-
vational values, we should still calculate the adjustment for
energies of ~1 GeV. However, since this adjustment is very
small, we do not consider it.

The gauge coupling constants are related to the fine-struc-
ture constant «, the QCD energy scale Agcp, and the Fermi
coupling constant G through the following equations:

a (E) =30, (E) + oy (E), 9)

Aqcp = Eexp [—277Ta31(E)] ; (10)
_7T042(Mw)

Gg 77\/§M%,V . (11)

It has been shown that either Kaluza-Klein equations are
nonintegrable or their solutions lack physical interest
(Helmi & Vucetich 1995). However, several nonexact solu-
tions of equation (2) have been analyzed in the literature
(see Bailin & Love 1987; Kolb & Turner 1990, and referen-
ces therein).

For the purposes of this paper, however, we are inter-
ested in typical late-time solutions, since the data we work
with belong to times not earlier than nucleosynthesis. Thus,
we consider models in which the scale factor of the universe
behaves as in a flat Robertson-Walker spacetime with and
without a cosmological constant and the radius of the inter-
nal dimensions behaves as the following schematic solutions
motivated in Marciano (1984), Bailin & Love (1987), and
Okada (1985):

Rix () ~ Ry + AR{1 — coslw(t — 1)}, (12)

to 3/4
Rex (1) ~ Ro +AR(7) , (13)

where Ry = Rkk (fplanck) = Rpianck- We expect that typical
solutions of Kaluza-Klein cosmologies behave asymptoti-
cally like equations (12) and (13) with AR< Ry and w
depending on the details of the model. We refer to the solu-
tion in equation (12) as generic model 1 and to the solution
in equation (13) as generic model 2. Generic model 1 is simi-
lar in shape to the variation in « reported by Webb et al.
(2001). Indeed, it predicts a null variation of the fine-struc-
ture constant today and a greater variation in the past.

Thus, the free parameter in all Kaluza-Klein-like models
is AR/ Ry, and we take as usual Agyr = 101 GeV.

Table 1 shows the cosmological model and the values of
w considered for each particular model.

2.2. Beckenstein Models

As we have mentioned above, Beckenstein (1982) pro-
posed a framework for the fine-structure constant « varia-
bility based on very general assumptions such as
covariance, gauge invariance, causality, and time-reversal
invariance of electromagnetism, as well as the idea that the
Planck-Wheeler length (10733 cm) is the shortest scale allow-
able in any theory.

He obtained the following equation for the temporal var-

iation of o
L) =- ) o, 14
( . ) a(t) <(hc>p; ¢ (14)
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TABLE 1
RESULTS FOR THE KALUZA-KLEIN-LIKE MODELS

Model Number Generic Model Number

Qm

Q w ARgx/Rxx

NN = —

025 075  27/te

0.25 0.75

0 27/tor (1.0£6.0) x 108
(2.14+8.4) % 108
0 3% 1071942 % 10716

25x107184£9x 10°1

Note.—The columns show the number of particular model considered; the number of the generic
model; the cosmological parameters; and the free parameters of the theory taken as constant in this
work, the best-fit parameter value and the standard deviation. The quantity z5; = 1.0 x 1010 yr is the age
of the universe for models without a cosmological constant; 79, = 1.5 x 1010 yr is the age of the universe
for models with a cosmological constant. For all models, Hy = 65kms~! Mpc—!.

where € = (o/today ) 2 lisa length scale of the theory, p,,
is the total rest mass density of matter, a(¢) is the expansion
scale factor, and ¢ is a dimensionless parameter that meas-
ures the fraction of mass in the form of Coulomb energy of
an average nucleon, compared to the free proton mass
(Beckenstein [1982] assumed that ¢ is constant and equal to

1.3 x 1072).
In an expanding universe where P =
(3H2/87G)a(to) /a(1)]’, we obtain
€ 12¢3
PR T m\t 7 tc) 1
€ g( h )p (t l) ( 5)

where .. is an integration constant. We consider a flat model
with a cosmological constant in which the scale factor varies

as
a(t) = a(ty) (%) " [sinh G Q}\/zHot)} e

Integrating equation (15), we obtain the time variation of
the fine-structure constant as

A 3, el 1Y) t !
Ao —8—;_(Hotol)2(L—p> {ﬁCOthﬂ—%ﬁCOth(ﬂ£>

n[%} +7[ﬂcoth(ﬂfo> —ﬂcothﬂ} } ,
(17)

with
cothg =",

where L, = (Gi/c3) /2 In all cases, the integration constant
issuch thate(#p) = 1and Q,,, + Qp = 1.

Table 2 shows the cosmological parameters for the mod-
els we use to test this theory. The free parameters in these
models are L = //L, and .

TABLE 2
RESULTS FOR THE BECKENSTEIN-TYPE MODELS

Model Number Q Qp L ~ p(L,7)

1 0 0.0021°9018 2524010 —0.001
025 075 (1057580 778 —0.024

NoTe.—The columns show the number of the particular model, the
cosmological parameters, the value and standard deviation of the best-fit
parameters, and the correlation coefficient. For all models, Hy = 65 km

-1 -1
s Mpc.

3. BOUNDS FROM ASTRONOMICAL AND
GEOPHYSICAL DATA

In this section, we make a critical discussion of the rather
heterogeneous data set we use to test our models.

3.1. The Oklo Phenomenon

One of the most stringent limits on the time variation of
fundamental constants follows from an analysis of isotope
ratios of ¥Sm/!#7Sm in the natural uranium fission reactor
that operated 1.8 x 10° yr ago at the present-day site of
the Oklo mine in Gabon, Africa (Schlyakter 1976; Damour
& Dyson 1996). From an analysis of nuclear and geo-
chemical data, the operating conditions of the reactor
could be reconstructed and the thermal neutron capture
cross-sections of several nuclear species measured. In partic-
ular, a shift in the lowest lying resonance level in 14°Sm,
A = EPOKo) _ plddnow) oo "be derived from a shift in
the neutron capture cross-section of the same nucleus
(Schlyakter 1976; Damour & Dyson 1996). We know that
we can translate the shift in A into a bound on a possible dif-
ference between the values of o and G during the Oklo phe-
nomenon and their value now. Damour & Dyson (1996)
derived bounds on « and Gf separately; here we consider
both variations at the same time:

OE, A OE, AGr
A= adErR Aor 18
“9a o " T OGr Gr 18)
where Aa = aOKlo — qnow and AGp = G2K°© — G2V, The

value of A is shown in Table 3. Finally, using the values of
A, «(9E,/0a), and Gg(JE,/0Gg) from Damour & Dyson
(1996), we can relate A to Aa/a and AGg /G (see entry 1 of
Table 4).

3.2. Long-lived 3 Decayers

The half-life of long-lived /3 decayers such 187Re, 40K, and
87Rb has been determined either in laboratory measure-
ments or by comparison with the age of meteorites, as found
from a-decay radioactivity analysis. Sisterna & Vucetich
(1990) have derived a relation between the shift in the half-
life of three long-lived (3 decayers and a possible variation
between the values of the fundamental constants o, Agcp,
and Gf at the age of the meteorites and their value now (see
entries 2, 3, and 4 of Table 4).

The values of AXN/A for 87Re, 4K, and 3"Rb are res-
pectively shown in entries 2, 3, and 4 of Table
3, where A=AMNX and A= \(t=5.535x10)—
At = 1o = 1.0035 x 1019).
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TABLE 3
OBSERVATIONAL DATA

t—1y

Vol. 570

(107yr)

DATA NUMBER METHOD Q=0 Q) =0.75 Ax 107 o(A) x 1076 REFERENCES
Oklo reactor 1.8 1.8 —15000 1050000 1
Long lived 3 decayers 4.5 4.5 0 6700 2
Long lived 3 decayers 4.5 4.5 0 13000 2
Long lived 3 decayers 4.5 4.5 0 13000 2
Laboratory bounds 3.8 x 1010 3.8 x 1010 0 108 3
Quasar absorption systems 8.7 13 0 350 4
Quasar absorption systems 8.9 13 0 350 4
Quasar absorption systems 8.7 12.8 0 83 5
Quasar absorption systems 8.68 12.5 0 80 5
Quasar absorption systems 8.51 12.24 -5 13 6
Quasar absorption systems 6.8 9.17 -7 2.3 7
Quasar absorption systems 8.6 12.4 -7.6 2.8 7
Quasar absorption systems 6.5 8.5 =5 1.3 7
Quasar absorption systems 7.8 11 7 11 4
Quasar absorption systems 5.5 6.9 0 120 8
Quasar absorption systems 4.7 5.7 0 280 9
Quasar absorption systems 2.9 3.2 -2 44 10
Quasar absorption systems 5.4 6.8 -1.6 5.4 10
Quasar absorption systems 8.65 12.6 0 20 11
Nucleosynthesis 10 15 0 43000 12
CMB 10 15 0 10000 13,14, 15

NoTE.—The columns show the data number (correlated with the respective equation in Table 4); the method considered; the time
interval for which the variation was measured, computed for models with and without a cosmological constant; the observed value;
the standard deviation; and the corresponding reference.

REFERENCES.—(1) Damour & Dyson 1996; (2) Sisterna & Vucetich 1990; (3) Prestage et al. 1995; (4) Cowie & Songaila 1995; (5)
Varshalovich et al. 1996; (6) Murphy et al. 2001c; (7) Webb et al. 2001; (8) Wolfe & Davis 1979; (9) Wolfe et al. 1976; (10) Murphy et
al. 2001b; (11) Pothekin et al. 1998; (12) Bernstein et al. 1989; (13) Battye et al. 2001; (14) Avelino et al. 2000; (15) Landau et al.

2001.

TABLE 4
COEFFICIENTS OF THE A EQUATION

Data Number a b c
100 5.6 0
2.16 x 10* 2 5.62 x 103
4.6 x 10 2 1.7 x 10
1.07 x 103 2 2.71
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
2 0 -1
2 0 -1
2 0 —1
2 0 0
2 0 0
0 0 -1
1.76 0.64 —0.3
1 0 0
Note.—The equation A = a(Aa/a)+ b(AGr/GF)

+c(AAqep /Aqep) relates the observed value (A of Table 3)
with the relative variations of fundamental constants.

3.3. Laboratory Experiments

The best limit on « variation comes from a laboratory
experiment (Prestage et al. 1995); it is a limit on a present-
day variation of a. The experiment is based on a compari-
son of rates between clocks based on hyperfine transitions
in atoms with different atomic numbers. H-maser and Hg*
clocks have a different dependence on « since their relativis-
tic contributions are of the order of (aZ)z. The result of a
140 day clock comparison between an ultrastable frequency
standard based on Hg" ions confined to a linear ion trap
and a cavity-tuned H-maser (Prestage et al. 1995) is shown
in Table 3, where A = Aa/av.

3.4. Quasar Absorption Systems

Quasar absorption systems present ideal laboratories for
searching for any temporal variation in the fundamental
constants. The continuum spectrum of a quasar is formed at
an epoch corresponding to the redshift z of main emission
details specified by the relationship Aops = Ajan(1 + z). Qua-
sar spectra of high redshift show the absorption resonance
lines of the alkaline ions such as C v, Mg, Fe 11, Si 1v, and
others, corresponding to the Sy, — P3p(N) and
Si/2 — Py/2(A2) transitions. The relative magnitude of the
fine splitting of the corresponding resonance lines is propor-
tional to the square of the fine-structure constant « to the
lowest order in «:

AN A=A
— =~

3 3 (19)



No. 2, 2002

Therefore, any change in « will result in a corresponding
change in A\ in the separation of the doublets of the quasar:

-

Cowie & Songaila (1995), Varshalovich, Panchuk, &
Ivanchik (1996), and Murphy et al. (2001c) have applied this
method to Si 1v doublet absorption line systems at different
redshifts (2.5 < z < 3.33) to find the values shown in entries
6-10 of Table 3, where A = Aa/ .

Webb et al. (1999) have improved this method comparing
transitions of different species with widely differing atomic
masses. As mentioned before, this is the only data consistent
with a time-varying fine-structure constant. In turn, recent
work (Webb et al. 2001; Murphy et al. 2001a) including new
optical data confirms their previous results. The values of
Aa/ at redshift z = 1.2,2.7, and 2.5 are respectively shown
inentries 11, 12, and 13 of Table 3.

Moreover, the ratio of frequencies of the hyperfine 21 cm
absorption transition of neutral hydrogen v, to an optical
resonance transition v, is proportional to x = a?g,m./m,,
where g, is the proton g factor. Thus, a change of this quan-
tity will result in a difference in the redshift measured from
21 cm and optical absorption lines:

now

Ax Zopt — 21

x  (1+2) ° (20)
Therefore, by combining the measurements of optical and
radio redshift, a bound on x can be obtained.

The upper bounds on x obtained by Cowie & Songaila
(1995) at redshift z = 1.776 are shown in Table 3, where
A = Ax/x. The relationship between Ax/x and the variation
of a, Gr, and Aqcp are shown in Table 4. Other bounds on
x were obtained by Wolfe & Davis (1979) at redshift
z =0.69 (entry 15 of Table 3) and Wolfe, Brown, & Roberts
(1976) at redshift z = 0.52 (entry 16 of Table 3).

On the other hand, the ratio of the rotational transition
frequencies of diatomic molecules such as CO to the 21 cm
hyperfine transition in hydrogen is proportional to
y = gpo?. Thus, any variation in y would be observed as a
difference in the redshifts measured from 21 cm and molecu-
lar transition lines:

Ay Zmol — 221
y (1+2)

Murphy et al. (2001b) have placed upper limits on y at
redshift z = 0.25 and 0.68. The observed values are shown
in entries 17 and 18 of Table 3, where A = Ay/y. Entries 17
and 18 of Table 4 relate Ay/y to the variation of «.

Finally, observations of molecular hydrogen in quasar
absorption systems can be used to set bounds on the evolu-
tion of y = m,/m,. The most stringent bounds established
by Pothekin et al. (1998) are shown in entry 19 of Table 4.

(1)

3.5. Nucleosynthesis

Primordial nucleosynthesis also provides a bound on the
variation of fundamental constants. A didactical analysis of
4He production can be found in Bernstein et al. (1989). At
the conclusion of the big bang nucleosynthesis, the “He
mass fraction of the total baryonic mass is given by (Bern-
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stein et al. 1989)
I
Y = 2exp(— ;)X(tp) , (22)

where .. is the neutron capture time, 7 is the neutron mean
life, and X (¢g) is the ratio of the neutron to total baryon
number at the time at which the baryons become uncoupled
from the leptons (freeze-out time).

In the Appendix, we derive the following expression for
the change in the helium abundance AY brought about by
changes in the fundamental constants:

AY ARKK AG‘F Aa
—=0.74 0.64 1.76— — 0.3
Y RKK + GF + «

AAQCD
Agep
(23)

3.6. Cosmic Microwave Background

Any variation of the fine-structure constant « alters
the physical conditions at recombination and therefore
changes the CMB fluctuation spectrum. Moreover, the
fluctuation spectrum of the CMB is sensitive to many
cosmological parameters, such as the density of baryonic
and dark matter, the Hubble constant, and the index of
primordial spectral fluctuations. Recently, different inde-
pendent analyses (Battye et al. 2001; Avelino et al. 2000;
Landau et al. 2001) showed that the recent published
data of BOOMERANG and MAXIMA are better fitted
with a varying fine-structure constant and a density of
baryonic matter closer to nucleosynthesis bounds. The
same authors established a bound on « variation at the
epoch at which neutral hydrogen formed (see entry 21 of
Table 3).

4. RESULTS AND DISCUSSION

From the data reviewed in the last section, we have per-
formed a statistical analysis working on the x2 function with
MINUIT to compute the best-fit parameter values and
uncertainties including correlations between parameters.

For the Kaluza-Klein-like models, results within a 99%
confidence level (3 o) are shown in Table 1. For the models
derived from Beckenstein’s proposal, we obtain results with
a 90% confidence level (see Table 2). The contours of the
likelihood functions for Beckenstein’s models in regions of
90% and 70% confidence levels are shown in Figure 1.

The values of the free parameters obtained are coincident
within uncertainties for the Kaluza-Klein—like models
(Table 1) and for Beckenstein’s models (Table 2). Besides,
the values obtained are consistent with the theoretical sup-
position AR< Ry for Kaluza-Klein-like models, but they
disagree with the supposition / > L, implied in Becken-
stein’s framework.

Thus, the present available data set, considered within
Beckenstein’s framework, is capable of ruling out « varia-
bility, while the original paper had to recourse to Eotvos-
like experiments to achieve the same result. Livio & Stiavelli
(1998) have also analyzed « variation in the context of Beck-
enstein’s theory. Our results are in agreement with their
analysis, even though they did not allow both free parame-
ters of the theory, //L, and v, to vary independently.

However, it should be noted that Beckenstein’s frame-
work is very similar to the dilatonic sector of string theory,
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Fic. 1.—Contours for Beckenstein’s models

and it has been pointed out that in the context of string theo-
ries (Bachas 2000; Antoniadis & Pioline 1999), there is no
need for a universal relation between the Planck and the
string scale.

Finally, our results are consistent with no time variation
of fundamental constants over cosmological time in agree-
ment with most experimental results. Indeed, excluding the
Webb et al. data points from our fits does not significantly

change the values of the adjusted constants. Thus, this
rather large class of theories cannot explain this discrepant
result.

The authors wish to thank Professor D. Harari for many
interesting discussions. H. V. acknowledges economic sup-
port from grant GO35-UNLP.

APPENDIX

Following Bernstein et al. (1989) and equation (22), the change in the helium abundance is given by

AY t. (AT At AX(tr)
7_7'(7' >+X(1F) ’ (A1)
where
AX(tg) Ab
—0.52— A2
12
b =255 i A3
() 6 A
O=Am=m, —m,, (A4)
and where N is the number of neutrino types.
Since 7 = Q5G%, we find for the ratio of neutron to total baryon number at the freeze-out time
AX([F) <AMP1 AGE AQ)
=-0.52 —2——=7—=]. A5
X (tr) Mp Gr 0 (A3)
Next, also from Bernstein et al. (1989), we take the following expression for the neutron time capture:
45 \'2 111\*> My,
= (5220) () »



No. 2, 2002

TIME VARIATION OF FUNDAMENTAL CONSTANTS 469

where £ is an integration constant and 7, . is the temperature of the photon at the neutron capture time. Thus, the last equa-

tion yields

At, . AMp, B
I MPI

Writing T, = €d/zc with eg = m, + m,,

T, €d

— My andzc = ed/

AT, Aey Az

AT.
22C A7
T (A7)

T, ., we obtain

o AAQCD Az ¢

(A3)

Agep ze

Since at the neutron capture time the neutrons are essentially all converted into helium, we can identify the temperature 7, .
at which neutrons are captured, or equivalently the redshift z. = ¢;/ T, ., by the condition

ax
dz

where X;1s the ratio of deuterons to total baryon number.

=0, (A9)

From Bernstein et al. (1989), it is easy to see that the last equation is equivalent to

f(z) = 1n<co>+‘3‘1n(mp)+1 (Mm)+ "

mp

where Cjis a constant and z. = 26.
Assuming

§f = (af)a' R (§f>a' " s +(

1/2.1/3
(@) = in(z) 42— 5.11-22 9, (A10)
6 1/3
(ed/mp)
Bf ;= af Q=i B
aMPl)Z__,r OMp| + (3 d) e =0, (Al1)

where a; = ajo means a = aioday and Aqep = AQeD today, We obtain the following expression:

Az, A A\ Aa [ Of Mp\“""AMp [ Of ea\ """ Acq| (O
B Y 2l (2L Al12
Ze (aa z) + <8Mp1 z Mp + (aed ). €d 0z ( )
Evaluating equation (A12) yields
Az, A AM, AA
0. 13—0‘ 0.046 =1 1+ 0.26=—2L (A13)
Ze Mp Aqcp

Thus, from equations (A1), (AS), (A7), (A8), and (A13), and as AQ/Q = Aa/«, the final expression yields

AY ) 74 2RKK
Y Rix

where we have used the equality Rxk (tp1) ~ Rp; = 1/ Mpj.

+064—+176——03

A AAQCD (A14)

Aqcp
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