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Big bang nucleosynthesis with a varying fine structure constant and nonstandard expansion rate
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We calculate the primordial abundances of light elements produced during big bang nucleosynthesis when
the fine structure constant and/or the cosmic expansion rate take nonstandard values. We compare them with
the recent values of observed fHe, and’Li abundances, which show a slight inconsistency among them-
selves in the standard big bang nucleosynthesis scenario. This inconsistency is not solved by considering either
a varying fine structure constant or a nonstandard expansion rate separately but solutions are found by their
simultaneous existence.
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Big bang nucleosynthesiBBN) theory calculates the eters (7, o, and the expansion rateecessarily explain any
amount of light elements produced in the early Universe. Thehree observations, but since the combination of nonstandard
standard BBN takes the initial amount of baryons as onlyexpansion rate and lepton asymmetmhich has been inves-
one input which is parametrized by the baryon number dentigated in Ref[9]) can only solve the DHe discrepancy, it
sity divided by the photon number density=n,/n.,. With is worth searching some combination to reconcile the three.
7~0(10719, the theory successfully predicts observed D,Moreover, varyinge and the nonstandard expansion of the
“He, andLi abundances extending over ten digits. Universe may both appear from common models based on

However, the recent measurements of the primordial lighstring theory which accommodates both a dynamical origin
element abundances indicate that the success does not seghroupling constants and unusual characteristics of space-
to be perfec{1-5]. Such discrepancy between the observatime such as extra dimensions.
tion and the theory is most likely ascribed to the existence of First of all, we summarize in Fig. 1 the current status of
unknown systematic errors in the observation. It is usuallyoredicted and measured abundances of*Be, and ’Li.
considered that systematic errors in D observation ardheoretical uncertainties are computed through Monte Carlo
smaller than those ifHe andLi because D is observed in
primordial objects, quasar absorption systems, but regressior—

with respect to metallicity is necessary to deduce primordial é 0.25}
*He and 'Li abundance. In addition, the observed D abun- g -
dance is consistent with the baryon density from the cosmic ; 0.24r
microwave backgroundCMB) data[6], which supports its & r
robustness. Therefore, from this viewpoint, unexplored sys- £ 0237
tematic errors in botffHe and ’Li measurements solve the ;% ¢

discrepancy. 10°
From another viewpoint, the investigations correctly esti-

mate the systematic errors fide and’Li measurements so

that the discrepancy is solved by nonstandard physics. TheZ  1g*i

recent studies on nonstandard BBN include the nonstandarc®

expansion raténumber of neutrino species other than g,

lepton asymmetriQ], and a varying fine structure constant 10°
[10]. They can solve the discrepancy between either D and 10°
“He or D and’Li but a solution for three elements together
is not obtained by their individual applicatidn. T

In this paper, we show that the current measurement of =  10°}

the three light elements is consistent without invoking fur- =

ther observational systematic errorsadifis higher than to-
day’s value during BBNand the expansion rate is slower 10
than the standard value. One might think that three param- 10° n 10

-9

FIG. 1. Standard BBN calculations dHe, D, andLi abun-
10r, a higher’Li value such as that measured in R@&f] may be  dances as functions of are indicated by three curves whose width
a solution. However, it will be only marginal due to the discrepancyshows theoretical & uncertainty. The observationab-luncertain-
between D and'He. ties are expressed by the vertical extension of the boxes. They are
2Referencd 11] discusses that a varying deuteron binding energydrawn to overlap the theory curves so that their horizontal extension
may have the capacity to render internal agreement between tighows the allowed range af. The larger box for*He is from Ref.
light element abundances. [14] and the smaller from Ref15].
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simulations using the values of R¢f.2] based on the reac- — === Ao/oe=+0.05
tion rates of Ref[13]. Measured values are taken from Refs. I ﬁg;gzz _00 05
[14] [Eq. (1)] and[15] [Eq. (2)] for *He, from Ref.[16] for 0.28 —
D, and from Ref[17] for ’Li: = 027 f
_g 0.26 |
Y 41 ro= 0.238+ 0.002+ 0.005, (1) g =t
§ 023 |
Y4He,IT =0.2421+ 00021, (2) é 022 f
v% 021 f
(DIH)=2.78"548x 1079, 3) N
10
("LiH)=1.23"558x 1071 (95%). (4)
In Eq. (1), the first uncertainty is statistical and the second E 10
one is systematic. Their root-mean-squarf(stat.y (]
+ (syst.F]*?, is the combined & error. For asymmetric er- 107
rors, we adopt conservatively the larger one asetror|[for
’Li, we divide the error in Eq(4) by 2 to make it Ir]. From 10°
the figure, we see thdtHe and ’Li are compatible withy 10°
~(2-4)x10 ¥ put a higher baryon density~6x 10" *%is
necessary for D. On performing’ analysis, due to the more
severe DILi discrepancy, we do not have s range to ex- T ;
plain three element abundances together with standard BBN 10
at a 99% confidence levéfor either *He observation We
stress once again that such a discrepancy first requires a re
assessment of systematic effects in the measurements of pri 10°

mordial abundancegespecially that of’Li), but below, as-
suming further systematic errors are not found, we
investigate whether this discrepancy is solved by considering FiG. 2. « dependence of light element abundances. The cases
varying & and/or a nonstandard expansion rate. for Aalag=(a— ag)/ay=0, +0.05, —0.05 are drawn with solid,

We calculate BBN abundances whenis different from  dashed, and dotted lines.
the measured value at presedmg~1/137, as is described in
our previous papell8].> We have added the improvements the nucleosynthesis proceeds slower and this saves more D
of Ref.[10] concerningx dependence of the nuclear reactionto be burned out. The same is true férand more of it
rates and binding energies. Figure 2 shows how abundancssrvives with highera. This explains the’Li increase for
change when is varied, reproducing the results of Ref. lower # sincéLi is mainly produced by*He(T, ) Li. For
[10]. The dependence is understood as follows. Fde,  higher,’Li comes from the electron capture te. e is in
since increasingr decreases the neutron-proton mass differturn produced throudtie(®*He,y) ‘Be, which is strongly
ence(a proton is electrically charged so it becomes heaviesuppressed by higher because of the large Coulomb barrier
than a neutron, which is electrically neuyralm, the freeze- [Z;=2;=2 in Eq.(5)].
out ratio of neutron to proton increases and so dbes Especially, the dependence tfle ona is derived from a
abundancg 20,21. Meanwhile, other light element abun- number ratio of neutron to proton when their interchange
dances are affected mainly by the change in the Coulomfreezes out, that is, when the weak interaction becomes com-
barrier penetrability for the charged-particle induced nucleaparable to the expansion rate of the Universe. Since almost
reaction rate$22,10, which is the exponential factor in the every neutron is synthesized inttHe, its mass fraction is
following expression of the cross sectioi{E) at energyE: approximately expressed by neutron and proton number den-

sity, n, andn,, at freezeoutdenoted by subscriptf”) as
S(E) M
U(E):?ex _27TC(Z|ZJ 2_

where S(E) is the astronomica$ factor, x is the reduced

mass, andZ; ; is the atomic number of the colliding nuclei. where freezeout temperatufe is about 0.7 MeV. Sincam

Since largefwe suppresses the charged-particle reaction ratess measured to be 1.293 MeV and its electromagnetic part is
—0.76 MeV[23],

, 5 v 2n, 2 2
4 = = = ,
He 1+(np/np)e  14€AmTs

(6)

3Here we only varyr and do not consider a possible change in the Am=—0 761 +205 MeV @
QCD scale,Aqcp, of which variation was taken into account in " g ’ ’

Ref. [18]. The relation betweeh @ and AAqcp is model depen-

dent and it is possible thata/a>AAgcp/Agep [19]. ThenAYayd Yoy Aal o follows.
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1.25¢ =
S
1.2 + 2
E
1.15¢ <
1.1+ =
)
4 7y
o 1051 "He +'Li
5 N 107 i . T
d I " P . | L T S Li
~— I \\\
. —~—x_ J o T s
5 '\_), ool T 5 ey e
0.95 D +*He 10" n 10°
0.9 _ FIG. 4. N, dependence of light element abundances. The cases
ot for N,=3, 4, 2 are drawn with solid, dashed, and dotted lines.
0.85L% ] measurements of the three elements together. Roughly
o 1 speaking?*He observation constrains in thedirection while
i D and ’Li constrain the direction because they are more
0.8 - 4 sensitive to corresponding parametésse Fig. 2 The “He
I o o +’Li contour lies arounda= a, because they are already
[ D +'Li ] consistent in the standard BBN. ThetDHe contour lies in
0.751 7 a<aq, because, as can be seen in FigtHg is too much
— ] synthesized around the range determined by D and cutting
L L R it down by decreasinge makes it consistent with the obser-
10'10 10'9 vation. At last, the B+ ’Li contours exist in bothv> a and

a<ag. The former corresponds to the region where D de-

termines they range(in which “Li is oversynthesizedand
FIG. 3. Contours show 95% confidence regions allowed bythe o direction is constrained by the required increase o

combinations of two element observations, D dite, D andLi,  pring down the’Li. Meanwhile, for the latter, sincéLi fixes

and “He and’Li. As for combinations including*He, solid lines the 7 range,a< ag is Necessary to decrease overproduced D.
use“He data of Ref[15] and dotted lines use those of REf4]. A However, suchu# a, capable of reconciling D andLi ei-
region consistent with three element abundances together is n%er Over’- . underSroduc‘éHe

found. We see that D afti are only reconciled by adoptin . . .
# ag but that makes théHe abunda)rllce inconsistezt witr?thg ob- The S.tory so far on BBN W'th. varying: (and with .the
servation. obser.vat|ons we adopis summanzed as follows. It fails to
explain the observed three light element abundances because
To figure out whether varying can solve the discrepancy « required to make D andLi compatible creates too much
between D and*He and/or’Li, we calculatey? as a func-  or too small*He. Since it is difficult to come up with any
tion of » and a and search parameter space allowed by thenonstandard BBN other than varyirg which reconciles D
observation of the light elements. The results are summaand ’Li, considering one which recover*He without vio-
rized in Fig. 3. We note that we take into account the uncerfating the success of the variedon D and’Li would be the
tainty in the present value of the electromagnetic pakkiof ~ next best option.
(which we neglected in Ref18]). Since Ref[23] reported it Our choice in this paper is a nonstandard expansion rate.
to be less than 0.3 MeV, we regard this value to sed a  Itis usually treated and parametrized as the effective number
Gaussian error profile and incorporate it in our Monte Carloof neutrino specie®l,,, and we follow this convention. The
simulation along with uncertainties in the reaction rates. Thisstandard BBN corresponds kb, = 3. The dependence of the
uncertainty does not exist when= a, at which theoretical light element abundances dh, is shown in Fig. 4, which we
errors become discontinuous and we have to split the explain briefly. *He is again determined by E¢6). Since
calculation like Fig. 3. increasingN, means increasing the expansion rate, it raises
In Fig. 3, as is expected from Figs. 1 and 2 or has beeithe freezeout temperature and leaves more neutrons which
demonstrated in Ref.10], there is no region that explains synthesize inttHe. A faster expansion rate also makes nu-
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D +*He + ‘Li

of varyingN, on D andLi. With N,<3, from Figs. 1 and 4,
we see that the measured D andi are more consistent
(with smaller ) than the standard BBN because D is pre-
dicted to be smaller ’(i is predicted to have a larger abun-
dance which means working in the opposite way Kytand
n dependences are both larger for D, especially when the
measured value ofLi is around the trough of the theoretical
curve, so D is thought to be the decisive fagtddn the
contrary, sinceN,>3 makes D larger, a highey is more
consistent. This requires very small to decrease D, so
small as to be outside the region of theoretical reliability.
Figure 5 shows our solutions to the inconsistency between
I : ] the standard BBN and the measured primordial abundances
105k A ] of the light elements, Eqg1)—(4). The differentHe mea-

r surements give similar results because the theoretical uncer-
tainty is comparable to the combined uncertainty in the ob-
servation of Eq(1). This mainly comes from the uncertainty
in the electromagnetic part of the neutron-proton mass dif-
ference because the effect of uncertainties in the reaction

FIG. 5. Contours show 95% confidence regions allowed byrates on*He yield is negligible. The estimation for this error
combinations of all three element observations, Ble, and’Li, affects the size of the allowed regions but central values and
for variousN, . Solid lines use’He data of Ref[15] and dotted  qualitative features do not change. It is concluded that larger
lines use those of Ref14]. We do not find an allowed region for 4 and slower expansion ratexpressed by, < 3) solve the
a<ag by varyingN, . discrepancy between the standard theory and the observa-

tions. The solution with maximuriN, is found at aboulN,,
cleosynthesis less effective so more D is left unburned. So is-1.16, »~4.7x10" %, and a/ay~1.05.
T which fuses with*He to be ’Li for lower 7. As for'Be As we conclude, we would like to make some comments.
(which is the origin of Li for higher »), its destruction  The first is on possible origins of lower-than-standard expan-
process'Be(n,p)’Li is enhanced due to increased The  sjon rate (N,<3). We present here three possibilitie;
reason for the increase imis the same as with D. nonthermal distribution of active neutrinos caused by low

We see from the figure thddl, does worse thamr for  reheating temperaturg24,25; (i) negative dark radiation
reconciling D and’Li becauseN, barely alter thermespe-  possibly exists in brane world scenari®6,27; and (i) a
cially for higher ) while changing th&He abundance sub- varying (smaller at BBN gravitational constant which is of-
stantially. However, this turns out to be the advantage wheren found when the Ricci scalar is nonminimally coupled to
combined with varyinge because that is the very required a scalar field21]. The(i) is limited toN,>0 but(ii) and(iii )
property mentioned above. Far> a,, since*He is overpro-  can be any value as far as the total energy is positive. Their
duced in order to adjust D anLi, N, has to decrease. On connection to varyingr would be promising and quite inter-
the other hand, for<«q, N, has to increase. esting. The second is consistency with the CMB data. To our

With this insight, we performy? calculations similar to  knowledge, there is no analysis of CMB data concerning a
Fig. 3, makingN,, less than 3 fox> ay and more than 3 for simultaneous change imandN, . Since full statistical treat-
a<ag. Anaive expectation is that the contours including thement is beyond the scope of this paper, we just check the
“He seen in Fig. 3 would approach+DLi contours and effect of our solution on the first peak. An increasedn
eventually they would merge to form allowed regions of raises the first peal28] and a decrease N, lowers it[29].
three element observations for both>«a, and a<a. It is reassuring that some cancellation is likely to take place
However, while solutions are obtained fer>«, as Fig. 5,  but details remain to be worked out. Third, another solution
there is no solution fow<aq. Notice that we look for so- should be found by considering lepton asymmetry instead of
lutions in the range 0. K a<1.29, where the modification the nonstandard expansion rate because its existence changes
to the reaction rates caused by varyimgs considered to be “*He abundance considerably while leaving D dhilalmost
valid [10]. The different behavior stems from subtle effectsunchanged. These issues are discussed in other Wabks
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