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We use big bang nucleosynthesis calculations and light element abundance data to constrain the relative
variation of the deuteron binding energy since the Universe was a few minutessQle,Q(BBN)
—Q(present). Two approaches are used, first treating the baryon to photor eia free parameter, but with
the additional freedom of varyingQ, and second using the WMAP value gfand solving only foréQ.

Including varyingQ yields a better fit to the observational data than imposing the present day value, rectifying
the discrepancy between tiféle abundance and the deuterium &d abundancesand yields good agree-

ment with the independently determinegymap - Using nwmap, the minimal deviation consistent with the

data is significant at about therdevel; 5Q/Q= —0.019+ 0.005. If the primordiaffHe abundance lies towards

the low end of values in the literature, this deviation is even larger and more statistically significant. Taking the
light element abundance data at face value, our result may be interpreted as variation of the dimensionless ratio
X=mg/Aqcp Of the strange quark mass and strong scakX=(1.1+0.3)X 10" 3. These results provide a

strong motivation for a more thorough exploration of the potential systematic errors in the light element
abundance data.
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I. INTRODUCTION <6 min when the temperature beconis 0.05 MeV. The
reaction rate for the above process defines all subsequent
Recent astronomical data suggest a possible variation gfrocesses and final primordial abundances of light elements.
the fine structure constant=e?/%c at the 10° level over a  Amongst the factors that can influence the reaction rate, the
time scale of 10 billion years, see RéL] (a discussion of st significant seems to be a variation of the deuteron bind-
other limits can be found in Reff2], and references thergin ing energy(this variation was discussed in Ref8,5-17).

Naturally, these data motivated more general discussions qfijeeq, the equilibrium concentration of deuterons and the

possible variations of other constants. Unlike for the elec'lnverse reaction rate depend exponentially on it. Moreover,

troweak forces for the strong interaction, there is generallxhe deuteron is a shallow bound level. Therefore the relative

2&2Ireucetu:g:?etlsor;nb?::;v:ﬁtn tge ({Cr;?gjl”\]/\?ecopesstggi dangr?:rz(fr\(iariation of the deuteron bindin@ is much larger than the
g . bap ' P 9 relative variation of the strong potentidl, i.e., 6Q/Q

discussions on the possible influence of the strong scalg SU/U. A It th it in the st int i
variation on primordial big bang nucleosynthesBBN) - AS aresultin€é vanations in the strong interaction

yields, the Oklo natural nuclear reactor, quasar absorptiof!@ be most pronounced via the deuteron binding energy.
spectra and atomic clocks. Here we continue this work, conYve also take into account the effect of variation of the virtual
centrating on BBN. level in the neutron-proton systef3], which is even more

One can only measure variations of dimensionless parang€nsitive to the variation of the strong interaction.
eters[2]. Big bang nucleosynthesis is sensitive to a number The question we address here is whether or not existing
of fundamental dimensionless parameters including the fin@bservations of the primordial abundances of the light ele-
structure constant, Aqcp/Mpiank, andmg/Aqcp, Where — ments suggest any change in the deuteron binding energy at
m, is the quark mass andcp is the strong scale deter- the time of BBN. To do so, we use a compliation of light
mined by a position of the pole in the perturbative QCDelement abundance data from the literature fste, “Li/H
runnung coupling constant. In this work we search for anyand D/H. As we show later, the currently greater experimen-
possible variation o, /A ocp because there is a mechanismtal precision on*He results in that element dominating our
which provides a very strong sensitivity of BBN to this pa- results. The other 2 light elements nevertheless provide im-
rameter. portant consistency checks.

The first and most crucial step in BBN is the procgss The data we use fotHe is presented in Table | and com-
+n—d+ y. The synthesis starts 6&3 sec when the tem- prised 14 surveys giving estimates for the primordial value
perature goes down beloW=0.6 MeV and lasts untilt Y, the mass fraction, derived using, or by extrapolation to,
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TABLE I. Data on the primordiafHe mass fraction. TABLE Il. Data on the primordial deuterium abundance.

Yo Ref. QSO Zabs  D/Hx10°° [Si/H] Ref.
0.2391+0.0020 [14] Q1009+ 299 2.504 4.60.65 —2.53 [28]
0.2384+0.0025 [15] PKS1937# 1009 3.572 3.250.3 —2.26[0O/H] [29]
0.2371-0.0015 [16] HS0105+ 1619  2.536 2.50.25 —-20 [30]
0.2443+0.0015 [17] Q2206-0199 2.076 1.650.35 —2.23 [31]
0.2351-0.0022 [18] Q1243+3047 2526 2.420.35-0.25 —2.77[0/H] [32]
0.2345+-0.0026 [19]
0.244+0.002 [20] _ _ _ _ _
0.243+0.003 [21] These requirements leave only five data points listed in
0.232-0.003 [22] Table I1. - o .
0.240+0.005 [23] The data for lithium primordial abundance are shown in

' ' Table lll. HereA=log(Y,;) + 12, whereY ;= "Li/H. Apply-
0.234+0.002 [24] . . . . .
ing the first procedure described above, in order to obtain
0.244+0.002 [25] 5 T ,
x“/IN=1, we have to add to the individuai’s 0.0017 for
0.242+0.009 [26] helium points, 0.34% 10 ° for deuterium points, and 0.028
0.2421+0.0021 [27] points, ©. points, :

for lithium points. For the weighted mean values we obtain

Y,=0.2393-0.0011, 1)

low metallicity in each case. There is clear evidence for sig-
nificant scatter amongst these 14 values, presumably due to Yp=D/H=(2.63+0.31)x 10 °, (2
unquantified systematics, or if not, intrinsic inhomogeneities.
The dominance b§He, or indeed by any single element, and
unfortunately increases susceptibility to systematic errors,
and we have therefore attempted to explore the effect of
these in several ways. The latter value corresponds to the following lithium abun-

First, in order to make best use of all the availatite  gance:
data, we add a constant term to each of the statistical errors
on Y,, such that the normalizeg® for all 14 points about Y i=(2.02+0.22 X 107 1°, (4
the weighted mean value is equal to unity. This approach is The second and the third procedures are meaningful only
equivalent to the assumption that all 14 estimates g  for the helium points. The number of deuterium points is too
unbiased and Gaussian distributed, but that there is an addimall and the lithium data points are the least scattered. We
tional systematic component to the statistical error which isneed only 20% increase in individual uncertainties to bring
different (and hence randonfor each estimate. X?IN to 1 for the lithium data. In addition, the deuterium and

Second, as shown later, smaller values QfaYe less con- the lithium data do not produce a significant contribution in
sistent with6Q/Q=0 than larger values. Thus we carry out determination of6Q/Q which is entirely dominated by the
a reanalysis using a subset of thg's taking only the high- ~helium data due to their high accuracy. _
est values such that the normalizgd about the weighted ~Keeping 9 upper points for the helium mass fraction data,
mean value is equal to unityyithout increasing the indi- that give x/N=0.94, we obtain for the weighted mean
vidual errors by a constant, as described above. This proc¥alué
dure selects 9 values from the original 14. In doing this, we
are exploring the consequence of there being strong system-
ati<_:s _for the smal! \5’5,_ and little or none for the hi_gh v_a!ues. If we keep 9 lower points, we obtain
This is conservative, in the sense that we are minimizing our
estimate for6Q/Q.

Finally, in order to obtain some estimate of the plausible

A=2.315-0.051. (3

Y, =0.2424+ 0.0008. (5

TABLE lll. Data on the primordial Li/H abundance.

range on our estimate afQ/Q, we perform the converse A Ref.
analysis, subsetting the data by discardhrigh values of
Y, again such that the normalized about the weighted 2.09+0.11-0.12 [33]
mean value is equal to unity. This leaves 9 points. The two 2.35+0.1 [34]
samples thus overlap. 2.36+0.12 [35]
The data on deuterium abundances D/H from quasar ab-  2.34+0.056+0.06 [36]
sorption systems were selected according to two criteria: 2.07+0.16-0.04 [37]
(i) Metallicity must be low, so as to more closely reflect 2.22+0.20 [38]
primordial values[Si/H] or [O/H] less than or equal to 2.4+0.2 [39]
—2.0. 2.5+0.1 [40]

(i) Must be detection, not upper limit.
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Y,=0.2363+0.0008, (6)

which is significantly lower than both in Eq&) and(1).

Il. THE BBN EQUATIONS

PHYSICAL REVIEW 69, 063506 (2004

that both a real level and a virtual one are closg#00. The
relation is(see the Appendix

s s
Je, Q'

We use the standard BBN set of equations that describe
the time development of the abundances of the elements iThe cross section for the+ p— d+ y reaction can be found
an expanding Universgtl]

n_—n.=ng> ZY;,
]

whereng is the density of baryons and, is the abundance

—=H= , 7
Ng
o= 3, (8)
pr=—3H(pr+p7), €)
y Ny N yNiyNi
v.— , I S R S
> N'(Fk'ﬂ” NN NN
(10)
(11

of the elementhZ; . The right-hand side of Eq10) corre-
sponds to a reaction

pt and py denote total energy density and pressure, respe

tively,

Ni(AZ)+Nj(AZ) = N(MZ) =N (AZ). (12)

pr=pytpetp,tps, 13

pT:py+ pe+ pv+ Ps- (14)

Equation(7) defines the expansion rate. Equati@hdefines
the change in time of the baryon density, and the rate equalial nucleosynthesis. The data dhi also favors lowerQ
tion (10) defines the time evolution of the abundances andpproximately for the saméQ as'He.

their final values after freeze-out. Equati@ii), wheren_
andn, are the densities of electrons and positrons, is thdéight element abundances on the deuteron binding energy. In
condition of electroneutrality that defines a chemical potenorder to obtain more quantitative results we analyze the like-
tial of electrons.

Ill. EFFECT OF THE DEUTERON BINDING ENERGY

VARIATION

in textbookg 13]. In the leading order iQ/ €, the product of
the cross section and the velocity is proportional to

ov~Q%e,.

Thus, in linear order in’Q we have the following modifica-

tion of the reaction rate:
Q) oQ
5/2+ \/6: 6 .

v

1+ (16)

Frp—dy=Tnp—ay

We should note, however, that according to our BBN calcu-
lations the effect of the deuteron binding energy variation for
the inverse reactiody— np is more important due to expo-
nential dependence @@ of the reaction raté'y,_.,, than the
variation of the cross sectiamp— dy given by Eq.(16). We
have taken both effects into account anyway.

We modified one of the standard BBN coddg] in such
a way thatQ can be changed for this reaction. Varyi@y
changes the abundances of all three elements under discus-
sion. In Fig. 1 we plot the abundance of D, the mass fraction
of “He, and the abundance 6Li, as functions ofQ at the
value of the baryon to photon ratip=6.14x 10 ° found
from anisotropy of cosmic microwave background3].
%rom Fig. 1 we see that the deuterium abundance is not very
sensitive toQ. The data are fully compatible with the present
value of the deuteron binding energy. Such a poor sensitivity
can be explained by relatively large error bars for the deute-
rium abundance.

The data on*He, in contrast, show strong sensitivity to
the deuteron binding energy favors low@rduring primor-

Figure 1 gives a qualitative picture of the dependence of

lihood functions as functions a@d and ».

A. The likelihood functions

The likelihood function for the abundances have been

The sensitivity of the reaction ratés,q...,, to parameters ~ chosen in the form

of the strong interaction in general, and to the deuteron bind-
ing energy in particular, comes from two sources. First, the
reaction ratd’,4_.,, depends exponentially on the deuteron
binding energyQ. Second, the cross section of the reaction
np— yd is very sensitive to the position of the virtual level
with the energye,=0.07 MeV. Any change in the strong
NN potential causing a shift in the deuteron binding energy
Q will change the position of the virtual leve], as well. The  Here the sum goes over three light elememtg, is the in-
relation betweersQ and ¢, can be obtained using the fact verse error matrix that was calculated using the approach

1
Lf(n,Q)ZeXD(—§ 2 Y(1Q =Y

xwy LY ﬂ,Q)—Yjex])- 17
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FIG. 1. The light elements abundances act as a function of the deuteron binding @ntengyyywap= 6.14x 10" 1°. The vertical line
shows the present value §=25.82< 10° K. The shaded regions illustrate the- tange in the data. For helium the hiyh value[Eq. (5)]
is shown.

proposed in Refl44]. The errors in theoretical values of the Wi = 1/0}0t2_
abundances can be found from the uncertainties in the reac-

tion rates In this case we can present the likelihood functiai) as a

AR, product of three individual functions Lf(#%,Q)

oVP=YIS Mg (18 =Lfo(7.QLfnd7.Q)Lf;(7.Q) The equation
whereAR, are the reaction rate errors and Yi(7,Q) =Y (21)
aln th defines three lines in the— Q plane where the individual
Nk= 200 Ry likelihood functions are equal to one. The equations
are the logarithmic derivatives. The error matey can be [Yi(7,Q)— Y&2= o2 (22)

calculated then by

AR\ 2 define 1o ranges around these lines for each element. These
012,- :YithY}hE )\ik)\ik<_) . (19 ranges are shown in Fig. 2. The slope of the deuterium range
k R is smaller than that of helium and lithium reflecting smaller
sensitivity inQ and higher sensitivity iny.
In contrast, the helium range goes almost vertically re-
cting high sensitivity of the helium fraction ©Q and low
sensitivity to . This low sensitivity ton can be explained
0}0t2: Uﬁ+gie><2_ (20) by a large helium binding energy. Only gamma’s with the
energyE,>20 MeV can significantly change the number of
For “He o™ differs from o®* insignificantly, while for D and  helium nuclei. At anys the number of suchy quanta is
especially for’Li o}, and o> are comparable. If we neglect small at the BBN temperature. We can, therefore, expect the
the correlations then the matni;; is diagonal and equal to low sensitivity of the helium mass fraction top.

The uncertainties in the experimental détg (2), (4) should
be added to the diagonal matrix elements of the error matri>f<Ie
(19
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FIG. 2. 1o ranges around the maxima of individual likelihood al

functions. The solid lines showdl ranges for D, the dashed lines
are for *He [using Y, from Eq. (5)], and the dot-dashed lines are 24 24.5 23 25.5 26
for Li. For lithium, there are 2 solutions fop and Q, hence the Qx10” (K)

shape of the error contours is more complicated.

FIG. 3. 1o range about the maximum &ff (%,Q) [again using
Y, from Eq. (5)]. The lighter shaded region shows CMB-WMAP
The lithium range has two distinct branches correspondeata for». The darker shaded region is the-tange for» from
ing to two different solutions of Eq.21) for # at givenQ. BBN calculations using the present-day value of the deuteron bind-
All three ranges intersect near=6.5 andQ=25. One can ing energy,Q=25.82. A lower value of ¥ will produce a larger
expect that the general likelihood functi¢h?) will have a  deviation between thgwap and 7ggy -
maximum in this region. Indeed, we found the maximum of
Lf(%,Q) at the pOintgng (6.51+0.77-0.66)x 10 1% and B. Constraint from CMB anisotropy measurements
Qm=1(25.26-0.20)x 10° K. Figure 3 shows & elliptic .
bomundary near the maximum. The long axis of the ellipsis is The value of7 found from CMB anisofropy measure-
almost vertical. Therefore, the correlation between and ments
AQ is not significant. Comparing Figs. 3 and 2 one can 7o=(6.14+0.25x 1010
conclude that the erroAQ is determined mostly by*He
mass fraction data. It is interesting to note thgt is com-
patible with the one found from recent CMB anisotropy mea-has a rather high accuracy. It is natural to use the constraint
surement$43]. The dark shadow region shows the tange  from this measurement in our study of the deuteron binding
for » fitted from BBN only at present value o)  energy effects. To do this we construct another likelihood
=25.82 K. function which is a function of only:
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FIG. 4. Individual likelihood functiong23) for the light elements. From top to bottom: BHe [Eq. (5)], Li, and the combined dataset.

o (79— 10)? The position of this maximum is compatible with the helium
L(Q)=f exp( ———— —|LI(»n,Q)dn. (23 result.
- 207, The general likelihood functior(23) is plotted in the
lower panel in Fig. 4. The position of its maximum differs

If we neglect nondiagonal elementswn; we can construct only slightly from the position given by the helium likeli-
the individual likelihood functions for D,*He, and’Li. hood function:
They are constructed in the same way as Exf) using
instead of general functiohf(7,Q) the individual ones Qgen=(25.34+0.12) x 10°. (27)
Lfp(7,Q), Lfud7,Q), Lf(7,Q). These functions are
plotted in Fig. 4 together with the general likelihood function It is interesting to compare the light element abundances for

(23). two values of the deuterium binding energies. In Fig. 5 we

From the deuterium likelihood function we found the po- plotted the traditional curves for the light element abun-
sition of the maximum and & deviations dances as a function af for two values ofQ. The dotted
lines in the figures correspond to a present valu®gfsen

Qp=(25.74+0.92-0.68 x 10°. (24) =25.82x 10° K, while the solid curves correspond to a new

value Qggn=25.34x 10° K. Clearly, the new valueQggy

The shape near the maximum is apparently non-symmetrin@Ves the curves closer to the data.

The position of the maximum is fully compatible with the ~ 1he result which we obtained may be presented as
present value of)=25.82<10° K. The helium likelihood
function is much narrowefsee the second panel from the
top). It gives for the maximum and for theolthe values

6Q/Q=—0.019+0.005, (28

where 6Q = Qggn— Qpresent If We do not fix  and try to fit
Ope=(25.37+0.13 X 10°. 25) it simultaneously withQ we obtain
) ) o 5Q/Q=—-0.022-0.008, 7=(6.51+0.77—0.66)x 10 1°,
This value lies below the present value of the binding energy. (29)
Finally, the lithium likelihood function has the maximum at
The obtainedy is fully compatible with the one measured by
Qi=(24.88+0.43-0.59 x 10°. (260  WMAP.
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FIG. 5. The predicted light element abundance vyields as a functiop fdér two values of the deuteron binding enei@y The dotted
curve corresponds to the present valueQ¥fesene 25.82x 10° K. The solid curve corresponds to the new value@# Qggy=25.34
X 10° K. The vertical line corresponds tg=6.14 (WMAP valug. The shaded regions is theriranges for the observed light element
abundances, where,¥s from Eq. (5).

These values ofQ/Q and » were obtained for high constant, and the quark mass is variable. This only means
value of the helium mass fraction,. If we use as an input that we measure all energies in units &fcp (and cross
the low value ofY, from Eq. (6) we obtain sections in unitsAééD). In Ref.[5] we concluded that the
deuteron binding energy is very sensitive to variation of the

6Q/Q=—0.048£0.004. (30 strange quark massg [45]:
If we fit both §Q/Q and 5 we obtain 8(Q/ A ocp) o 175( Mg/ A ocp) a0
5Q/Q=—0.059+0.007, #=(7.55+0.91-0.75x10 . (Q/Aqep) (Ms/Aqep)
31 . :
(3Y) Combining Egs(32) and(34) we obtain
Finally if we use the value oY, for “He obtained using the
whole sample of 14 points, with increased error bars, from 6(ms/A qep) =(1.1+0.3x 1073 (35)
Eq. (1), we obtain (ms/Aqep) T '
6Q/Q=—0.033+0.006, (320  This equation may contain an additional factdiose to ong
reflecting unknown theoretical uncertainty in Eg§4). Note
and for6Q/Q and » that we obtain here variation at the level FOwhile the

limits on variation ofa [2,46] and A gcp/Mpiank[2,3] are an

_ _ —10
4Q/Q=—-0.042:0.009, #=(7.00+0.85-0.72x10 " order of magnitude weaker. This may serve as a justification

(33 of our approach.
The results given in Eq$28) and(30) therefore represent an
estimate of the plausible range #Q/Q. Despite the clear IV. CONCLUSION
systematic uncertainties in thée data, and accepting the
WMAP value of » as being correctyQ/Q appears to devi- Allowing the deuteron binding energ to vary in BBN

ate from zero by & [Eq. (28)] or greate{Egs. (30), (32)]. appears to provide a better fit to the observational light ele-
The deuteron binding energy depends on the strong scaleent abundance data. Varyin@ simultaneously does two
and quark masses. It is convenient to assume Agdlp is  things; it resolves the internal inconsistency betwééte
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and the other light elements, and it also results in excellentegion outside of the nuclear forces radrRisThe normaliza-

independent agreement with the baryon to photon ratio detion integral can be presented as sum of contributions from

termined from WMAP(Fig. 5. However, the magnitude of inner and outer regions

the variation is sensitive primarily to the observide abun- 5 .

dance, which has the smallest relative statistical error. A sys- 2 2 —2yr

tematic error in the abundance &He could imitate the ef- f x(ndr+b fR e rdr=1, A2)

fect of the deuteron binding energy variation, although one

needs a systematic error which is very much greater than haghere y=ym|E[/#°. At |E|—0 the second integral domi-

been claimed in the most recent observational work. nates givingh®=2y. Separating theE dependence of the
We note that Izotov and Thud@7], the most recent esti- normalization factor iny(r) we can rewrite Eq(Al) as

mate for Y, in our sample, argue that systematics are at most dE

0.6% for that survey. On the other hand, the possibility has B my (= ~5

also been explored that the creation*sfe in population IlI ﬁ_d)‘z V ﬁfo [Uo(r) =U(n)Ix*(ridr, (A3)

stars might mean that the true primordfdie abundance is

lower even than that seen in the most metal-poor objectghere(r) is practically independent d inside the poten-
[47]. If so, the s!gnlfpance of the deviation 6fQ/Q from tial well (whereE<U) and}(r):e—zw’*}l atr>R when
zero we report in this paper would be even larger. Thes?E|_)O_ Integrating the left hand side of EGA3) over E

results hopefully provide an extremely strong motivation 0t om —Q to 0 and the right hand side of EGA3) over \
obtain substantially better measurements of all the light elego 1 5 t0 1 we obtain
ments, and to explore even more intensively, the possible
sources of systematic errors. my( [* 5 2
Q= ﬁ( fo [Uo(r)—Uy(n)Ix*(r)dr | . (A4)
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APPENDIX function ¥(r) is insensitive to the energl, and the qua-
dratic dependence dd — U, guarantees the validity of Eq.
Let Uy(r) be a critical depth potential for which the bind- (A4) for bothU<U, andU>U,. Thus, for the energy of the
ing energyQ=0, andU,(r) a potential for a proton neutron Vvirtual level we have
system in a triplet state producing a deuteron with small

binding energyQ=2.22 MeV. If we add to the deuteron _Mp ([~ _ ~5 2
Hamiltonian a perturbation “=22\ Jo [Uo(r)—Us(nx“(ndr |, (AS)
OUL(r)=N[Uq(r) =Uy(r)], whereU(r) is the potential for a singlet states. We have

o ) o both Q<U and ¢,<U. This means that the difference be-
then, variation of from 0 to 1 will move the binding energy  tween the triplet and singlet potentials is not large. Assuming
Q from 2.22 MeV to 0. From a virial theorem for a quantum that the changes in the triplet and singlet potentials are the

system we have same we obtain for the changes@nand e, the relation
dE (= ) 8
a:f [Uo(r)—Ui(n)1x*(r)dr, (A1) % R (A6)
0 Ve, \Q

wherex(r) is the radial s-wave function. For simplicity we This equation also holds for the effect produced by variation
neglect the d-wave contribution. FQ—0 the main contri-  of the proton masgthe dominating effect comes from varia-
bution into normalization integral fox(r) comes from the tion of U).
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