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Early universe constraints on time variation of fundamental constants
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We study the time variation of fundamental constants in the early Universe. Using data from primordial

light nuclei abundances, cosmic microwave background, and the 2dFGRS power spectrum, we put
constraints on the time variation of the fine structure constant & and the Higgs vacuum expectation value
(v) without assuming any theoretical framework. A variation in (v) leads to a variation in the electron
mass, among other effects. Along the same line, we study the variation of « and the electron mass m,. In a
purely phenomenological fashion, we derive a relationship between both variations.
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I. INTRODUCTION

Unification theories, such as super-string [1-6], brane-
world [7-10] and Kaluza-Klein theories [11-15], allow
fundamental constants, such as the fine structure constant
«a and the Higgs vacuum expectation value (v), to vary over
cosmological time scales. A variation in (v) leads to a
variation in the electron mass, among other effects. On
the other hand, theoretical frameworks based in first prin-
ciples were developed by different authors [16—18] in order
to study the variation of certain fundamental constants.
Since each theory predicts a specific time behavior, by
setting limits on the time variation of fundamental con-
stants some of these theories could be set aside.

Limits on the present rate of variation of & and p = 7=

»
(where m, is the electron mass and m, the proton mass) are

provided by atomic clocks [19-24]. Data from the Oklo
natural fission reactor [25,26] and half-lives of long lived 8
decayers [27] allow one to constrain the variation of fun-
damental constants at z = 1. Recent astronomical data
based on the analysis of spectra from high-redshift quasar
absorption systems suggest a possible variation of a and w
[28-34]. However, another analysis of similar data gives
null variation of a [35-38]. Big bang nucleosynthesis
(BBN) and cosmic microwave background (CMB) also
provide constraints on the variation of fundamental con-
stants. Although the limits imposed by BBN and CMB are
less stringent than the previous ones, they are still impor-
tant since they refer to the earliest cosmological times.

In previous works, we have studied the time variation of
the fine structure constant in the early Universe to test the
Bekenstein model [39] and the time variation of the elec-
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tron mass to test the Barrow-Magueijo model [40].
However, unifying theories predict relationships among
the variation of gauge coupling constants which depend
on the theoretical framework. In this work, we perform a
phenomenological analysis of the joint time variation of «
and (v) in the early Universe without assuming a theoreti-
cal framework.

The model developed by Barrow and Magueijo [18]
predicts the variation of m, over cosmological time scales.
This model could be regarded as the low energy limit of a
more sophisticated unified theory. In such a case, the
unifying theory would also predict variation of gauge
coupling constants and in consequence the variation of «.
Thus, in order to provide bounds to test such a kind of
models, we also analyze in this paper the joint variation of
a and m, without assuming a theoretical framework.

The dependence of the primordial abundances on « has
been analyzed by Bergstrom et al. [41] and improved by
Nollett and Lopez [42], while the dependence on (v) has
been analyzed by Yoo and Scherrer [43]. Semianalytical
analyses have been performed by some of us in earlier
works [44,45]. Several authors [46—48] studied the effects
of the variation of fundamental constants on BBN in the
context of a dilaton superstring model. Miiller et al. [49]
calculated the primordial abundances as a function of the
Planck mass, fine structure constant, Higgs vacuum expec-
tation value, electron mass, nucleon decay time, deuterium
binding energy, and neutron-proton mass difference and
studied the dependence of the last three quantities as
functions of the fundamental coupling and masses. Coc
et al. [50] set constraints on the variation in the neutron
lifetime and neutron-proton mass difference using the pri-
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mordial abundance of “He. Cyburt et al. [51] studied the
number of relativistic species at the time of BBN and the
variations in fundamental constants a and Gy. Dent et al.
[52] studied the dependence of the primordial abundances
with nuclear physics parameters such as Gy, nucleon
decay time, «, m,, the average nucleon mass, the
neutron-proton mass difference, and binding energies.
Finally, limits on cosmological variations of @, Agcp,
and quark mass (m?) from optical quasar absorption spec-
tra, laboratory atomic clocks, and from BBN have been
established by Flambaum ez al. [53,54].

In this paper, we study the effects of a possible variation
of @ and (v) on the primordial abundances, including the
dependence of the masses of the light elements on the cross
sections, and using the dependence on (v) of the deuterium
binding energy calculated in the context of usual quantum
theory with a phenomenological potential. We use all
available observational data of D, “He, and "Li to set
constraints on the joint variation of fundamental constants
at the time of BBN.

However, we do not consider a possible variation of
Aqcp. Indeed, the dependence of the physical quantities
involved in the calculation of the primordial abundances
with a varying Acp is highly dependent on the model. The
analyses of Refs. [46,47], for example, are done in the
context of a string dilaton model. Therefore, we will not
consider such dependencies even though it has been ana-
lyzed in the literature [46,47,53-55]. Our analysis, instead,
is a model independent one.

Previous analysis of CMB data (earlier than the WMAP
three-year release) including a possible variation of « have
been performed by Refs. [56-58] and including a possible
variation of m, have been performed by Refs. [43,58]. The
work of Ichikawa ef al. [58] is the only one that assumes
that both variations are related in the context of string
dilaton models. In this work, we follow a completely
different approach, by assuming that the fundamental con-
stants vary independently.

The paper is organized as follows. In Sec. II, we present
bounds on the variation of the fine structure constant and
the Higgs vacuum expectation value during big bang nu-
cleosynthesis. We also discuss the difference between con-
sidering (v) variation and m, variation during this epoch.
In Sec. III, we use data from the CMB and from the
2dFGRS power spectrum to put bounds on the variation
a and (v) (or m,) during recombination, allowing also
other cosmological parameters to vary. In Sec. IV, we use
the @ — m, and a — (v) confidence contours to obtain a
phenomenological relationship between both variations
and then discuss our results. Conclusions are presented in
Sec. V.

II. BOUNDS FROM BBN

Big bang nucleosynthesis (BBN) is one of the most
important tools to study the early universe. The standard

PHYSICAL REVIEW D 78, 083527 (2008)

model has a single free parameter, the baryon to photon
ratio 7, which can be determined by comparison between
theoretical calculations and observations of the abundances
of light elements. Independently, the value of the baryonic
density Qzh? (related to ng) can be obtained with great
accuracy from the analysis of the cosmic microwave back-
ground data [59-61]. Provided this value, the theoretical
abundances are highly consistent with the observed D but
not with all *He and ’Li data. If the fundamental constants
vary with time, this discrepancy might be solved and we
may have insight into new physics beyond the minimal
BBN model.

In this section, we use available data of D, “He, and "Li
to put bounds on the joint variation of @ and (v) and on the
joint variation of « and m, at the time of primordial
nucleosynthesis. The observational data for D have been
taken from Refs. [62—69]. For 'Li we consider the data
reported by Refs. [70-76]. For “*He, we use the data from
Refs. [77,78] (see Ref. [39] for details).

We checked the consistency of each group of data
following Ref. [79] and found that the ideogram method
plots are not Gaussian-like, suggesting the existence of
unmodeled systematic errors. We take them into account
by increasing the errors by a fixed factor, 2.10, 1.40, and
1.90 for D, “He, and "Li, respectively. A scaling of errors
was also suggested by Ref. [80].

The main effects of the variation of the fine struc-
ture constant during BBN are the variation of the
neutron-to-proton ratio in thermal equilibrium produced
by a variation in the neutron-proton mass difference,
the weak decay rates, and the cross sections of the re-
actions involved during the first three minutes of the
Universe. The main effects of the variation of the
Higgs vacuum expectation value during BBN are the
variation of the electron mass, the Fermi constant, the
neutron-proton mass difference, and the deuterium bind-
ing energy, affecting mostly the neutron-to-proton ratio,
the weak decay rates, and the initial abundance of
deuterium. In Appendix A we give more details about
how the physics at BBN is modified by a possible
change in «, (v), and m,. We modify the Kawano code
[81] in order to consider time variation of « and (v) and
time variation of « and m, during BBN. The cou-
lomb, radiative, and finite temperature corrections were
included following Ref. [82]. We follow the analysis
of Refs. [41,42] to introduce the variation in a on
the reaction rates. The main effects of a change in « in
nuclear reaction rates are variations in the Coulomb
barrier for charged-induced reactions and radiative cap-
tures. We introduce the dependence of the light nuclei
masses on «, correction that affects the reaction rates,
their inverse coefficients, and their Q values [44]. We also
update the value of the reaction rates following Ref. [41].

To illustrate the effect of the variation in the fine struc-
ture constant on the reactions rates, we present the nuclear

083527-2



EARLY UNIVERSE CONSTRAINTS ON TIME VARIATION ...

PHYSICAL REVIEW D 78, 083527 (2008)

reaction rate of d + d — p + t (R[dd; pt] = 0.93 X 1073Qzh’T3N(ov)) as a function of 42 ®(Aa = @ — ap and ay is

the current value of the fine structure constant):
Aa

ap

R[dd; pt] = 2.369 X 10‘3QBh2T;/3a(1)/3(1 +

X (1 +4.365 X 10*12M*1/3a52/3(1 + A“)

Qg
Aa)
-|— -
a

where T is the temperature in units of 10° K and u is the
reduced mass. The reduced mass also changes if the fine
structure constant varies with time (see Appendix A). This
nuclear reaction is important for calculating the final deu-
terium abundance since this reaction destroys deuterium
and produces tritium which is crucial to form “He. In Fig. 1
we present the value of N,{(owv) for this reaction as a
function of the temperature, for different values of 2% A“ I
the fine structure constant is greater than its present Value
the reaction rate is lower than in the case of no « variation.
A decrease in the value of this reaction rate results in an
increase in the deuterium abundance.

The “He abundance is less sensitive to changes in the
nuclear reaction rates than the other abundances (deute-
rium and “Li) [41] and very sensitive to variations in the
parameters that fixed the neutron-to-proton ratio. In ther-
mal equilibrium, this ratio is

+0.355T, — 5.104 X 1018M2/3a3/3<1

Y’Z _

Y,

e*AmnI,/T, (2)

where Y, (Y,) is the neutron (proton) abundance, Am,,, is
the neutron-proton mass difference, and 7 is the tempera-
ture in MeV. When the weak interaction rates become

Na <6V>gqpt [107 cm3sg™]

0 2 4 6 8 10
T[10°K]

FIG. 1. N,{(ov) (in units of 107 cm?®s~! g™!) for the reaction
d+d— p+1t as a function of the temperature (in units of
10° iif = —0.1 (solid line), i—Z‘ = (0.0 (dashed line),

and ?1—3‘ = (.1 (dotted line).

)4/3M—1/3e9.545><1010((/La§/T9)(1+(Aa/a0))2)1/3[1 4 0.16(1 + %)]

ap

"TYR 4 1161 X 1010413 2/3(1 + A“>Z/3T2/3
ag

Aa\2/3
T3 — 3.966 X 108173 2/3(1+ “) T5/3) (1)
@

slower than the Universe expansion rate the neutron-to-
proton ratio freezes out at temperature Ty. Afterwards,
nearly all the available neutrons are captured in “He [41],
this abundance can be estimated by

[T e

where (?) = e~Amu/T;  The neutron-proton mass differ-
.

ence is affected by a change in the fine structure constant
and in the Higgs vacuum expectation value:

SA
Mip _ 058739 4 1.58720)
<U>0

Amn p o

An increase in the fine structure constant results in a
decrease in Am,,, this produces a larger equilibrium
neutron-to-proton ratio and a larger abundance of *He.
However, an increase in {v) leads to an increase in
Am,,. This produces a smaller equilibrium neutron-to-
proton equilibrium ratio and a smaller abundance of “He
[43].

The freeze-out temperature of weak interactions is cru-
cial to determinate the amount of available neutrons and
therefore the primordial abundance of *He. This tempera-
ture is modified if the Higgs vacuum expectation value is
changed during BBN due to changes in the weak reaction
rates (see Appendix A). A larger Higgs vacuum expecta-
tion value during BBN results in: (i) a smaller G leading
to earlier freeze-out of the weak reactions (n < p), pro-
ducing more “He; (ii) an increase in m,, a decreasing of
n < p reaction rates and also producing more “He [43].

The dependence of the deuterium binding energy on the
Higgs vacuum expectation value is extremely model de-
pendent. Beane and Savage [83] studied this dependence
using chiral perturbation theory and their results were
applied by several authors [43,49,55]. We performed an-
other estimation in the context of usual quantum theory,
using the effective Reid potential [84] for the nucleon-
nucleon interaction (paper in preparation). Even though
Yoo and Scherrer had shown that very different values for
g%”” lead to similar constraints on the change of (v), we

“)

perform our calculation using two different relationships
(see Table I): (i) that obtained by Ref. [43] using the results
of Ref. [83]; (ii) that obtained using the effective Reid
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TABLE L sen

Values used in this work for and the coefficient

« in the relationship ¢ AED =k ?5;’3

9

o K
Yoo and Scherrer —0.159 —5.000
Reid potential —0.198 —6.230

potential. From Table 1, it follows that the value obtained
using the effective Reid potential lies in the range allowed
by the estimation of Beane and Savage [83]. The variation
of the deuterium binding energy due to a time variation of

the Higgs vacuum expectation value is related to ﬁ as
Aep  dep m,; Adv) 5)
(eplo  dmy 2(ep)y (v)o

We call k = 2(":—”) g;” hereafter.

An increase in the Higgs vacuum expectation value
results in a decrease in the deuterium binding energy,
leading to a smaller initial deuterium abundance:

Yn Ypell.6OSED/T9

Y, = , (6)
40471 x 1071073

where €, is in MeV. The production of “He begins later,
leading to a smaller helium abundance but also to an
increase in the final deuterium abundance [43].

To assume time variation of the electron mass during
BBN is not exactly the same as to assume time variation of
the Higgs vacuum expectation value since the weak inter-
actions are important during this epoch. There exists some
well tested theoretical model that predicts time variation of
the electron mass [18]. For this reason we compute the
light nuclei abundances and perform a statistical analysis
using the observational data mentioned above to obtain the
best fit values for the parameters for the following cases:

(i) variation of « and (v) allowing 7z to vary,

(ii) variation of a and (v) keeping 1 fixed,

(iii) variation of « and m, allowing 7y to vary,
(iv) variation of « and m, keeping np fixed.

Even though the WMAP data are able to constrain the
baryon density with great accuracy, there is still some
degeneracy between the parameters involved in the statis-
tical analysis. For this reason, we allow the joint variation
of baryon density and the other two constants to obtain an
independent estimation for ng. In the cases where 7y is
fixed, we assume the value reported by the WMAP team
[60] (nyMAP = (6.108 = 0.219) X 1071%).  We also
present in Table II, as an independent estimation, the best
fit for the baryon density when all the constants are fixed at
their present value. It is shown that the only reasonable fit
is found when the lithium data is removed from the data
set, and the value for 7p is consistent with the value
reported by Spergel et al. [60]. The fits considering the
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TABLE II. Best fit parameter values, 1o errors for the BBN
constraints on 15 (in units of 107!%) keeping all the fundamental
constants fixed at their present value.

2

5+ a[1071°] o
D + *He + "Li 4.310 = 0.050 10.00
*He + "Li 3.920 = 0.080 6.53
D+ 'Li 4.270 = 0.060 9.27
D + “He 6.710794% 1.61

data of "Li are not reasonable and the best fit for 7 is not
consistent with the WMAP value.

Table III shows the results for the analysis of the varia-
tion of @ and (v) when 7 is allowed to vary. These results
correspond to the relationship between €, and (v) obtained
using the Reid potential. This fit is consistent within 1o
with that obtained considering the value of « calculated by
Yoo and Scherrer. We will not perform the statistical
analysis again excluding one group of data for the case
where 7p is allowed to vary since we would have two
groups of data and three unknown variables. A reasonable
fit can be found when «, {(v), and 75 are allowed to vary.
This fit is consistent within 60 with non-null values for the
variations of @ and (v) while the value for 7z is not
consistent with the estimation of WMAP within 3o

The left part of Fig. 2 shows a strong degeneracy be-

2 and ng, ?5>> and ng, and A"‘ and ?If;», (Aw) =

{(v) — (v}o and (v), is the present Value of the Higgs
vacuum expectation value). From this phenomenological
approach, the variation of the fundamental constants can be
used to reconcile the observed primordial abundances.
When «, m,, and 7y are considered as free parameters,
we also obtain a reasonable fit (see Table III). Once again,
we will not perform the statistical analysis again excluding
one group of data since we would have two groups of data
and three unknown variables. There is consistency within
60 with variation of « and m, but the value for 7y is not
consistent with the estimation of WMAP within 30. The

right part of Fig. 2 shows a strong degeneracy between A“

tween

(me)O,
(m,), is the present value of the electron mass]. From this
result it might be possible to reconcile the observed pri-
mordial abundances and the WMAP estimation for the
baryon density.

and 7g, mand e and%—oan (m i [Am, =

TABLE III. Best fit parameter values and 1o errors for the
BBN constraints on 42, %—;’0), (?n’”)‘;), allowing np (in units of

10719 to vary and considering D + “He + 7Li. We use the
estimation (é:)o —6.2307 A<"> to obtain the fit on 42, 2 a4

a’(v)’

7B
A A(w) Am, 107 X
Lro Lt o mLEo ng = o[10717]  fm

0.21074013

0.04375:903 8.0051033% 116

—0.2507001s 75331047 1.11
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FIG. 2. Left figure: Likelihood contours for 3¢ My) and np (in units of 1071%) and one-dimensional likelihood (usmg
and 7 (in units of 107!%) and one-dimensional likelihood.

* o

—6.230 ?5;’>) Right figure: Likelihood contours for

g ’(m)’

By comparing the results presented in Tables II and I1I, it
can be noticed that the variation of the fundamental con-
stants improves the statistical analysis providing a
X2../(N — 3) value that is closer to one.

We now consider the joint variation of the fine structure
constant and the Higgs vacuum expectation value with np
fixed at the WMAP estimation. In this case, it is reasonable
to repeat the analysis excluding one group of data at the
time. The results are presented in Table IV and were
obtained using (Af

—6.2307 A<"> . The fits obtained using
Aep

T = -5. 000 A<”> are cons1stent, within 1o, with the ones

presented. There 1s good fit for the whole data set and also
excluding one group of data at each time. In any case, there
and A<"> (see Fig. 3).
Considering all data or “He + 7L1 we find Var1at10n of both
fundamental constants, « and {(v), even at 60. However, if
the statistical analysis is performed with D + *“He we find
null variation for both constants within 1o. For complete-
ness we also modified Kawano’s code in order to calculate
the different primordial abundances for two values inside

is a strong degeneracy between

TABLE IV. Best fit parameter values, 1o errors for the BBN

constraints on o and f%jl) , with np fixed at the WMAP estima-

tion. The results

correspond to the estimation é;fo =

~6.230%42.
Data ﬁ—;" *o if;’: * o ,&2
D+“%He+7Li  0.140*£0.006  0.032*0.002 252
“He + "Li 0.14875:9%¢% 0.03375:992 1.23
D +Li 0.090+9017 —0.07075:92¢ 1.15
D + “He —0.03070033 —0.002+2907 1.03
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the range of (‘?% calculated by Refs. [43,85] (—0.15 <
g% < —0.05) and performed the statistical test in order to

obtain the constraints on the variation of the fundamental
constants « and {v). All the results are consistent within
20 with the ones presented above.

Table V and Fig. 4 show the results obtained when only
« and m, are allowed to vary. There is a strong degeneracy
between the variations of « and the variations of m, in all
the cases considered. We find reasonable fits for the whole
data set and also excluding one group of data at each time.
Considering all data or *He + ’Li, we find variation of «
and m,, even at 6o. On the other hand, if the statistical
analysis is performed with D + “He we find null variation
for both constants within 1o.

Richard et al. [86] have pointed out that a better under-
standing of turbulent transport in the radiative zones of the
stars is needed in order to get a reliable estimation of the
7Li abundance, while Meléndez and Ramirez [87] have
reanalyzed the "Li data and obtained results that are mar-
ginally consistent with the WMAP estimate. On the other
hand, Prodanovi¢ and Fields [88] put forward that the
discrepancy with the WMAP data can worsen if contami-
nation with ®Li is considered. Therefore, we adopt the
conservative criterion that the bounds on the variation of
fundamental constants obtained in this paper are those
where only the data of D and *He are fitted to the theoreti-
cal predictions of the abundances. This paper shows evi-
dence for variation of fundamental constants in the early
Universe if the reported values for the "Li abundance are
confirmed by future observations and/or improvement of
the theoretical analyses.

In Table VI we summarize our results for the variation of
a, (v), and m,, using D + *He data in the statistical
analysis. The sign of « variation is the same for all the
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FIG. 3. Likelihood contours for % vs 22 and one-dimensional likelihood. Left figure: D + 7Li data; right figure: D + “He. The

W),

figures were obtained using é;’):) = 6.230 ?5;3.

TABLE V. Best fit parameter values, 1o errors for the BBN constraints on ﬁ—;* and (ﬁlm)ﬂ , with np fixed at the WMAP estimation.
Data i—: + o (ﬁl':‘); + o %
D + “He + "Li 0.159 = 0.008 —0.213 = 0.012 1.85
‘He + "Li 0.163 = 0.008 —0.218 = 0.013 1.00
D +Li 0.067-5:922 0.447 = 0.134 1.00
D + “He —0.036f8:8§§ 0.020f8:82§ 1.00

cases. However, the sign of the variation of (v) or m,

changes depending on whether the joint variation with «

is considered or not. In all cases, we have found null

variation of the fundamental constants within 30~ and the
2

values of % (where g = 2 for the case where two con-

stants are allowed to vary, and g = 1 when only one

0.8

0.6 |-

L/Lmax

0.2+

-0.21 +

Ame/(Me)o

-0.23 +

-0.25 +

-0.23 -0.21 -0.19 -0.17
Amg/(me)o

0.14 0.15 0.16 0.17 0.18 -0.25
Ad/og

FIG. 4. =

fundamental constant is allowed to vary) are closer to
one, resulting in reasonable fits for all the cases.

III. BOUNDS FROM CMB

The cosmological parameters can be estimated by an
analysis of the cosmic microwave background (CMB)

Ame/(Me)o

-0.2 -0.1 0 0.1 -0.15
Ao/og

-0.05 0.05 0.15 0.25
Amg/(me)o

Likelihood contours for % Vs A’”‘;) and one-dimensional likelihood. Left figure: D + *He + 7Li data; right figure: D + “He.
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TABLE VL

or two constants are allowed to vary [39,40]. We also present the values of

Comparison between the best fit parameter values and 1o errors for the BBN constraints on £<

PHYSICAL REVIEW D 78, 083527 (2008)
Aa A{w) Am,
ay > (v)y° (m.)o>
with g = 2 for the case where two constants are allowed

and when one

2
Ain
N—g

to vary, whereas g = 1 when only one fundamental constant is allowed to vary. We consider D + “He data and 5 fixed at the WMAP

estimation.

Time variation of
Parameter a and (v) a and m, a (v) m,
Aa/ay = o —0.030+3:93 —0.03613:532 —0.020 = 0.007 ce
Aw)/{v)y £ o —0.0020:507 e e 0.004 = 0.002 e
Am,/(m,)y = o e 0.02072:96¢ s e —0.024 = 0.008
X2 /(N —g) 1.03 1.00 0.90 0.97 0.95

radiation, which gives information about the physical con-
ditions in the Universe just before decoupling of matter and
radiation.

The variation of fundamental constants affects the phys-
ics during recombination (see Appendix B for details). At
this stage of the Universe history, the only consequence of
the time variation of (v) is a variation in m,. The main
effect of o and m, variations is the shift of the epoch of
recombination to higher z as « or m, increases. This is easy
to understand since the binding energy B,, scales as a’m,,
so photons should have higher energy to ionize hydrogen
atoms. In Fig. 5 we show how the ionization history is
affected by changes in & and in m,, in a flat universe with
cosmological ~ parameters  (Q,h% Qcpuh? b, 7) =
(0.0223,0.1047,0.73,0.09). When « and/or m, have
higher values than the present ones, recombination occurs
earlier (higher redshifts). The ionization history is more
sensitive to « than to m, because of the B,, dependence on
these constants.

The most efficient thermalizing mechanism for the pho-
ton gas in the early universe is Thomson scattering on free
electrons. Therefore, another important effect produced by
the variation of fundamental constants is a shift in the
Thomson scattering cross section o, which is propor-
tional to m, 2a?.

1.2 T T

FIG. 5.

The visibility function, which measures the differential
probability that a photon last scattered at conformal time
7, depends on « and m,. This function is defined as

= X,n,a0r @)

d d
gln) = e"‘—K, where d_K »

dnm

is the differential optical depth of photons due to Thomson
scattering, n,, is the total number density of protons (both
free and bound), x, is the fraction of free electrons, and a is
the scale factor. The strongest effect of variations of a and
m, on the visibility function occurs due to the alteration of
the ionization history x,(7). In Fig. 6 we show that if «
and/or m, were smaller (larger) at recombination than their
present values, the peak in the visibility function would
shift towards smaller (larger) redshifts, and its width would
slightly increase (decrease).

The signatures on the CMB angular power spectrum due
to varying fundamental constants are similar to those pro-
duced by changes in the cosmological parameters, i.e.
changes in the relative amplitudes of the Doppler peaks
and a shift in their positions. Indeed, an increase in « or m,
leads to a higher redshift of the last-scattering surface,
which corresponds to a smaller sound horizon. The posi-
tion of the first peak (€;) is inversely proportional to the
latter, so a larger €, results. Also a larger early integrated

1.2

0.8

0.4

0.2

Tonization history as a function of redshift, for different values of « (left panel) and m, (right panel) at recombination time.
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FIG. 6. Visibility function as a function of conformal time in Mpc, for different values of « (left panel) and m, (right panel).

Sach-Wolfe effect is produced, making the first Doppler
peak higher. Moreover, an increment in « or m, decreases
the high-€ diffusion damping, which is due to the finite
thickness of the last-scattering surface, and thus, increases
the power on very small scales [89-91]. All these effects
are illustrated in Fig. 7.

To put constraints on the variation of « and {(v) during
recombination time, we performed a statistical analysis
using data from the WMAP 3-year temperature and
temperature-polarization power spectrum [60], and other
CMB experiments such as CBI [92], ACBAR [93], and
BOOMERANG [94,95], and the power spectrum of the
2dFGRS [96]. We consider a spatially flat cosmological
model with adiabatic density fluctuations, and the follow-
ing parameters:

Aa A(v)
)y

where Qcpyh? is the dark matter density in units of the

(QB]’Z QCDMh2 @ T, — » R, As): (8)

7000 T T
o/ogp=1 05 -

\ w/0p=1.00 ——
0/0p=0.95

6000 ‘1;
5000
4000

3000

(1+1)C, / 2n

2000

1000

0 500 1000 1500 2000

2500

critical density, O gives the ratio of the comoving sound
horizon at decoupling to the angular diameter distance to
the surface of last scattering, 7 is the reionization optical
depth, n, the scalar spectral index, and A, is the amplitude
of the density fluctuations.

The parameter space was explored using the Markov
chain Monte Carlo method implemented in the COSMOMC
code of Ref. [97] which uses CAMB [98] to compute the
CMB power spectra and RECFAST [99] to solve the recom-
bination equations. We modified these numerical codes in
order to include the possible variation of @ and (v) (or m,)
at recombination. We ran eight Markov chains and fol-
lowed the convergence criterion of Ref. [100] to stop them
when R — 1 < 0.0149. Results are shown in Table VII and
Fig. 8.

It is noticeable the strong degeneracies that exist be-

tween ?<“> and QCDMhz, <U> ) and O, A“ and ng, and also

between and A<U> . The values obtalned for Qgh?, h,
Qcpmh?, T, and ns agree, within 1o, with those of the
7000 ' ' /(m)o=1.05
m -1 05 -
m(m)o=1.00 —
6000 |- Mg/(Mg)p=0.95 -------- s
5000
B
N 4000
Q
* 3000
2000
1000
o
2000

1000 1500 2500

FIG. 7. The spectrum of CMB fluctuations for different values of a (left panel) and m, (right panel).
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TABLE VII. Mean values and 1o errors for the parameters including « and (v) variation. For comparison, results where only one

fundamental constant is allowed to vary are also shown [39,40]. H, is in units of kms~' Mpc~ 1.

Parameter a and (v) variation « variation (v) variation
Qph? 0.0218 = 0.0010 0.0216 = 0.0009 0.0217 £ 0.0010
Qepuh? 0.106 = 0.011 0.102 =+ 0.006 0.101 = 0.009
0 1.033+00%8 1.021 = 0.017 1.020 = 0.025
T 0.090 = 0.014 0.092 = 0.014 0.09175:913
Aa/ag —0.023 = 0.025 —0.015 = 0.012 e
Aw)/{(v), 0.036 £ 0.078 e —0.029 = 0.034
ng 0.970 £ 0.019 0.965 £ 0.016 0.960 £ 0.015
A, 3.054 +0.073 3.03910.964 3.020 = 0.064
H, 70.4+6¢ 67.7+%1 68.1130
WMAP team [60], where no variation of a nor (v) is In Figs. 9 and 10 we compare the degeneracies that exist

considered. It is interesting to note that our results for the  between different cosmological parameters and the funda-
cosmological parameters are similar to those obtained  mental constants when one or both constants are allowed to
considering the variation of one constant at each time  vary. In any case, the allowable region in the parameter
[39,40]. Our results are consistent within 1o with no space is larger when both fundamental constants are al-
variation of « and (v) at recombination. lowed to vary. This is to be expected since when the

e
IS
IS b L R |

S
N
PR |
} }
' I

Ao/ ag

i P L T B

A<v>/<v>
o
T

S 53
L

AN

s Lo 10T ]
0.02  0.024 0.09 0.13 1 1.1 0.01 0.085 0.16 -0.1 -0.05 0 0.05-0.15 0 0.150.3 0.93 0.98 1.03 29
QBh2 QCDMh2 C] T Ao/ og A<v>/<v> n

FIG. 8. Marginalized posterior distributions obtained with CMB data, including the WMAP 3-year data release plus 2dFGRS power

spectrum. The diagonal shows the posterior distributions for individual parameters, the other panels show the 2D contours for pairs of
parameters, marginalizing over the others.

083527-9



LANDAU, MOSQUERA, SCOCCOLA, AND VUCETICH

0.06
0.04

0.02

Ad/og

FIG. 9.

0.02

0.021

free to vary in both cases.

0.25
0.2
0.15

0.022
Q gh?

0.023

0.024

0.025

0.06

0.04

0.02

0

-0.02

AO(/(XO

-0.04

-0.06

-0.08

0.25
0.2
0.15
0.1
0.05
0

A<v>/<v>

PHYSICAL REVIEW D 78, 083527 (2008)

A
0.96 O.

98

1 1.02 1.04 1.06 1.08 1.1 1.12

]

lo and 20 contour levels. Dotted line: variation of a and (v); solid line: only a variation. The cosmological parameters are

0.02 0.022 0.025

Q gh?

0.021 0.023  0.024

FIG. 10.
are free to vary in both cases.

parameter space has a higher dimension the uncertainties
in the parameters are larger. The correlations of ﬁ—‘;‘ with the

other cosmological parameters change sign when (v) is

also allowed to vary. On the contrary, the correlations of
Aw)
[
when « is also allowed to vary.

When only one fundamental constant is allowed to vary,
the correlation between this constant and any particular
cosmological parameter has the same sign, no matter
whether the fundamental constant is a or {(v). This is
because both constants enter the same physical quantities.
However, since the functional forms of the dependence on
« and (v) are different, the best fit mean values for the time
variations of these fundamental constants are different and
the probability distribution is more extended in one case
than in the other. Nevertheless, in the cases when only one
constant is allowed to vary, it prefers a lower value than the
present one.

with cosmological parameters do not change sign

-0.05

-0.1

-0.15

2 | | | | | | | |
094 096 098 1 1.02 1.04 1.06 1.08 1.1
(C]

1.12

1o and 20 contour levels. Dotted line: variation of @ and (v); solid line: only (v) variation. The cosmological parameters

IV. DISCUSSION

In Sec. II, we obtained bounds on the variation of « and
(v) using the observational abundances of D, “He, and "Li.
We performed different analyses: (i) we allow g to vary
and (ii) we keep my fixed. We also performed the same
analyses for two different estimations of the dependence of
the deuterium binding energy on the pion mass or the
Higgs vacuum expectation value: (i) that obtained by Yoo
and Scherrer who considered the coefficient for the linear
dependence obtained by Beane and Savage [83]; (ii) that
obtained using the Reid potential for the description of the
nucleon-nucleon interaction and without using chiral per-
turbation theory. The best fits for these two different cases
are consistent within 10. We found reasonable fits for the
variation of a, (v), and 7y for the whole data set and for
the variation of «, (v), keeping 1 fixed, for the whole data
set and also when we exclude one group of data. We only
found variation of the fundamental constants when the 7Li
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abundance is included in the statistical analysis. We also
calculated the light abundances, keeping 7y fixed at the
WMAP estimation, for different values of the dependence
of €, on the Higgs vacuum expectation value, inside the
range proposed in Ref. [85], and performed the statistical
analysis. These results are consistent within 1o with the
ones presented in Sec. II.

We also considered the joint variation of & and m, with
np variable and fixed at the WMAP estimation. In this
case, we also obtained reasonable fits for the whole data
set. When the 7Li abundance was included in the fit, we
obtained results consistent with variation of fundamental
constants (and 7y consistent with the WMAP value). From
a phenomenological point of view, to vary « and m, solves
the discrepancy between the 7Li data, the other abundan-
ces, and the WMAP estimate. However, it is important to
mention that the theoretical motivations for m, being the
varying fundamental constant are weak.

We have discussed in Sec. II that there is still no agree-
ment within the astronomical community in the value of
the 7Li abundance. We think that more observations of ’Li
are needed in order to arrive to stronger conclusions.
However, if the present values of ’Li abundances are
correct, we may have insight into new physics and varying
fundamental constants would be a good candidate for
solving the discrepancy between the light elements abun-
dances and the WMAP estimates.

In Sec. 111, we calculated the time variation of « and {(v)
(or m,) with data from CMB observations and the final
2dFGRS power spectrum. In this analysis, we also allowed
other cosmological parameters to vary. We found no varia-
tion of a and (v) within 1o, and the values for the cosmo-
logical parameters agree with those obtained by Ref. [60]
within 1o

In Fig. 11 we show the 2D contours for 42 and %;’0)

obtained from BBN and CMB data. The correlatlon coef-
ficients are —0.82 for CMB and 0.77 for BBN. There is a

02 ; ; — . .

A<v>/<v>q

005 | RN SR -

0.1+t } R

0.15 1 1 | 1 N I
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1

Acfog

FIG. 11. 2D contour levels for variation of a and (v) from
BBN (solid line) and CMB (dotted line) data.

PHYSICAL REVIEW D 78, 083527 (2008)

small region where the two contours superpose which is
consistent with null variation of both constants. However,
the results do not exclude the possibility that the funda-
mental constants have values different from their present

ones but constant in the early universe. It is possible to
A(v

obtain a linear relationship (between and ) from the
BBN and CMB contours:
A Aa
ﬂ = aBBN_ + bBBN for BBN (9)
(W)
Av) Aa

- = aCMB — + bCMB for CMB (10)
(v)o

where aggy = 0.181 £ 0.003, bggy = 0.0046 £ 0.0002,
acms = —3. 7+8';, and bCMB = —(. 053+88(2)2
Figure 12 shows the 2D contours for and Am‘“ ob-

tained from BBN and CMB data. In this case, the correla-
tion coefficients are —0.82 for CMB and —0.91 for BBN.
A phenomenological relationship between the variation of
the fundamental constants « and m, can be obtained by
adjusting a linear function. These two linear fits are differ-
ent for both cases:

A Aa
Me — cppn—Z + dggy for BBN,  (11)
(me)O o)
A Aa
i CCMB + dCMB for CMB, (12)
(me)O

where cpgy = —1.229 £0.008, dppy = —0.0234 =
0005, CCMB — _37458%, and dCMB = —0. 053+88(2)2 (the
time variation of (v) during CMB has the same effects as
the variation of the electron mass).

It is important to point out that BBN degeneration
suggests phenomenological relationships between the var-

0.25 T T T T

i L
“0.2 -0.15 -0.1 -0.05 0 0.05 0.1
Ao/

FIG. 12. 2D contour levels for variation of a and m, from
BBN (solid line) and CMB (dotted line) data.
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iations of both constants, while the CMB contours are not
thin enough to assure any conclusion.

Our results suggest that the model used by Ichikawa
et al. [58] where the variation of fundamental constants is
driven by the time evolution of a dilaton field can be
discarded, since these models predict m, =~ a'/2.

V. SUMMARY AND CONCLUSION

In this work we have studied the joint time variation of
the fine structure constant and the Higgs expectation value
and the joint variation of « and m, in the early Universe.
We used the observational abundances of D, “He, and Li
to put bounds on the joint variation of « and (v) and on the
joint variation of @ and m, during primordial nucleosyn-
thesis. We used the 3 yr WMAP data together with other
CMB experiments and the 2dfGRS power spectrum to put
bounds on the variation of « and (v) (or m,) at the time of
neutral hydrogen formation.

From our analysis we arrive at the following conclu-
sions:

(1) The consideration of different values of gr% leads to

similar constraints on the time variation of the fun-
damental constants.

(2) We obtain non-null results for the joint variation of
a and (v) at 60 in two cases: (i) when 7y is allowed
to vary and all abundances are included in the data
set used to perform the fit and (i) when only “He
and "Li are included in the data set used to perform
the fit and 73 is fixed to the WMAP estimation. In
the first case, the best fit value of 75 is inconsistent
with the WMAP estimation.

(3) We obtain non-null results for the joint variation of
a and m, at 60 in two cases: (i) when 7p is allowed
to vary and all abundances are included in the data
set used to perform the fit and (ii) when only “He
and Li are included in the data set used to perform
the fit and 7y is fixed to the WMAP estimation. In
the first case, the best fit value of 7 is inconsistent
with the WMAP estimation.

(4) We also obtain non-null results for the joint varia-
tion of & and (v) and a and m, when all abundances
are included in the data set and 73 is fixed to the
WMAP estimation. The statistical significance of
these results is too low to claim a variation of
fundamental constants.

(5) Excluding "Li abundance from the data set used to
perform the fit, and keeping 7 fixed, we find results
that are consistent with no variation of fundamental
constants within 1o.

(6) The bounds obtained using data from CMB and
2dFGRS are consistent with null variation of «
and (v) (or m,) at recombination within 1o.

(7) We find phenomenological relationships for the var-
iations of a and {(v), and for the variations of « and
m,, at the time of primordial nucleosynthesis and at

PHYSICAL REVIEW D 78, 083527 (2008)

the time of recombination. All the phenomenologi-
cal relationships correspond to linear fits.

(8) From our phenomenological approach, it follows
that the relationship between the variations of the
two pairs of constants considered in this paper is
different at the time of nucleosynthesis than at the
time of neutral hydrogen formation.

(9) The dilaton model proposed by Ichikawa et al. [58]
can be discarded.
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APPENDIX A: PHYSICS AT BBN

We discuss the dependencies on a, (v), and m, of the
physical quantities involved in the calculation of the abun-
dances of the light elements. We also argue how these
quantities are modified in the Kawano code.

1. Variation of the fine structure constant

The variation of the fine structure constant affects sev-
eral physical quantities relevant during BBN. These quan-
tities are the cross sections, the Q values of reaction rates,
the light nuclei masses, and the neutron-proton mass dif-
ference (along with the neutrons and protons initial abun-
dances and the n < p reaction rates).

The cross sections were modified following
Refs. [41,42,44,58] and replacing a by «a (1 + i—:) in
the numerical code. The Q values of reaction rates where
modified following Ref. [44].

To consider the effect of the variation of the fine struc-
ture constant upon the light nuclei masses, we adopted

Am, Aa

=pP—, Al
(mx)O ap (Al

where P is a constant of the order of 10~ (see Ref. [44] for
details) and m, is the mass of the nuclei x. These changes
affect all of the reaction rates, their Q values and their
inverse coefficients.

If the fine structure constant varies with time, the
neutron-proton mass difference also changes. Following
Ref. [101],

SA
ﬂ = —0.587&.
Amnp Qg

(A2)
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This modifies the n < p and the neutrons and protons
initial abundances. The n — p reaction rate is calculated
by

E, + Am,,)?
n_}p =K dE epe ( 17)
me 14 eP/Ty 1 4 em (Bt dmy)/T,=¢)
© E Ee - Amn 2
+K | dE, ePe ( ) ,
m, 1 + e E/Ty 1 + EeAm,,)/T,+¢

(A3)

where K is a normalization constant proportional to G2, E,
and p, are the electron energy and momentum, respec-
tively, T, and T, are the photon and neutrino temperature,
and ¢, is the ratio between the neutrino chemical potential
and the neutrino temperature. In order to include the varia-
tion of Am
SAm,,

we replace this quantity by Am,,, (1 +

mp»

——£) in Kawano code. The neutrons and protons initial
np

abundances are calculated by

1

T T e
B 1
Yy = R E (A5)

2. Variation of the electron mass

If the electron mass can have a different value than the
present one during primordial nucleosynthesis, the sum of
the electron and positron energy densities, the sum of the
electron and positron pressures, and the difference of the
electron and positron number densities must be modified in
order to include this change. These quantities are calcu-
lated in Kawano code as

ot e = 5 RS 1 ot M)
(A6)
. + o 2 ( 2)4 (_ )n+1
% = — Thcc)3 Z cosh(n¢,)N(nz),
(A7)
X sinh(ne,)L(nz), (AS8)

m,c?
kT, °

L(z), M(z), and N(z) are combinations of the modified
Bessel function K;(z) [81,102]. The change in these quan-
tities affects their derivatives and the expansion rate
through the Friedmann equation:

where z = ¢, is the electron chemical potential, and

PHYSICAL REVIEW D 78, 083527 (2008)

H? = 81G(pT + A) (A9)

3 3
where G is the Newton constant, A is the cosmological
constant, and

Pr =Py T P T per T put+ py (A10)

The n < p reaction rates [see Eq. (A3)] and the weak
decay rates of heavy nuclei are also modified if the electron
mass varies with time.

It is worthwhile mentioning that the most important
changes in the primordial abundances (due to a change in
m,) arrive from the change in the weak rates rather than
from the change in the expansion rate [43].

3. Variation of the Higgs vacuum expectation value

If the value of (v) during BBN is different than the
present value, the electron mass, the Fermi constant, the
neutron-proton mass difference, and the deuterium binding
energy take different values than the current ones. The
electron mass is proportional to the Higgs vacuum expec-
tation value, then

Am,  Aw)
(me)o (v)o
The Fermi constant is proportional to (v)~2 [103]; this

dependence affects the n « p reaction rates. The
neutron-proton mass difference changes by [101]
6Am Av)

— = 1.587—~
Am np <U>0

(A11)

(A12)

affecting n < p reaction rates [see Eq. (A3)] and the initial
neutron and proton abundances [see Eq. (A4)].
The deuterium binding energy must be corrected by

Aep _ AW)
(ED)o " <U>o ’

where « is a model dependent constant. This constant can
be found: (i) using chiral perturbation theory, as was done
by Beane and Savage [104]; (ii) using effective potentials
to describe the nucleon-nucleon interaction. This correc-
tion affects the initial value of the deuterium abundance

(A13)

Yanell'6OSED/T9

0471 X 1071073

(Al4)

where Ty is the temperature in units of 10° K, and €, is in
MeV.

APPENDIX B: PHYSICS AT RECOMBINATION

During the recombination epoch, the ionization fraction,
x, = n,/n (where n, and n are the number density of free
electrons and of neutral hydrogen, respectively), is deter-
mined by the balance between photoionization and
recombination.
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In this paper, we solved the recombination equations
using RECFAST [99], taking into account all of the depen-
dencies on « and m, [43,56-58]. To get a feeling of the
dependencies of the physical quantities relevant during
recombination, we consider here the Peebles recombina-
tion scenario [105]. The recombination equation is

2
d (E) - C(acne _ Bcﬁe—(Bl—Bz)/kT), (B1)
n n

S di\n

where

(1 + KAZ.\',IA‘”I.\')

C —
(1 + K(B. + Ay 15)nyy)

(B2)

is the Peebles factor, which inhibits the recombination rate
due to the presence of Lyman-« photons, n;, is the number
density of hydrogen atoms in the ground state, and B,, is the
binding energy of hydrogen in the nth principal quantum

PHYSICAL REVIEW D 78, 083527 (2008)
. . 3

number. The redshift of the Lyman-«a photons is K = é‘;z,
with A, = &3¢, and A, ), is the rate of decay of the 2s
excited state to the ground state via two-photon emission,
and scales as a®m,. Recombination directly to the ground
state is strongly inhibited, so the case B recombination
takes place. The case B recombination coefficient «, is
proportional to a’m, 3/2 The photoionization coefficient
depends on «,, but it also has an additional dependence on

mg,

2’TmfkT)3/ ST, (B3)

B.=a L(T
The most important effects of changes in « and m, during
recombination are due to their influence upon Thomson

. . 2 . .
scattering cross section or = 38;1’2;22 a?, and the binding
e

energy of hydrogen B, = 1a%m,c?.
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