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Effect of bound dineutrons upon big bang nucleosynthesis

James P. Kneller* and Gail C. McLaughlin†

Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202, USA
~Received 9 January 2004; published 17 August 2004!

We have examined the effects of a bound dineutron2n upon big bang nucleosynthesis~BBN! as a function
of its binding energyB2n . We find a weakly bound dineutron has little impact but asB2n increases its presence
begins to alter the flow of free nucleons to helium-4. Because of this disruption, and in the absence of changes
to other binding energies or fundamental constants, BBN sets a reliable upper limit ofB2n&2.5 MeV in order
to maintain the agreement with the observations of the primordial helium-4 mass fraction and D/H abundance.
We also consider simultaneous variations inB2n and the deuteron binding energyBD using a simplified BBN
calculation. We demonstrate that only whenBD is very close to 1.7 MeV does theB2n upper limit increase to
3.5 MeV, a value set by incompatibility of an observed primordialA52 abundance with the decay of deuter-
ons.
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I. INTRODUCTION

The concordance of the predicted synthesis of the ligh
nuclei during the period immediately following the big ban
with the observed primordial abundances presents us w
powerful probe of the state of the Universe during its earli
epochs. In addition to constraining standard cosmolog
parameters such as the density of baryons, the numbe
neutrino flavors and their degeneracy@1–15# big bang nu-
cleosynthesis~BBN! is sufficiently complex that one ca
also learn about such possibilities as quintessence@16–19#,
modifications of gravity@19,20# or neutrino oscillations, neu
trino mass, or neutrino decay@21–29#.

Perhaps the most intriguing use of BBN is in constrain
the variation of the fundamental constants@30–38#. Support
for this hypothesis has emerged from recent observation
quasar absorption lines at redshift ofz51 – 2 by Webbet al.
@39,40# that suggest the fine structure constant,a, may have
been smaller in the past~though see@41,42#!. In some cases
the variation of a fundamental constant is easily imp
mented in BBN because the nuclear physics aspects o
calculation are unaffected, but in others the lack of an
equate theory to predict such properties as the nuclear b
ing energies and cross sections introduces a degree of u
tainty. Nevertheless, one can derive limits to any variation
these circumstance by simply requiring, for example,
deuteron to be stable as in Barrow@31#, or attempt to deter-
mine the scale of the uncertainties as in the calculation
Kneller and McLaughlin@38#.

In addition to variation of the properties of nuclei that a
presently stable, variation of the constants relevant to nuc
structure might also partially stabilize nuclei that are pr
ently particle unstable. This could have pronounced effe
upon BBN because, for example, the lack of any stableA
55 andA58 nuclei is often cited as the explanation for t
dearth of nuclei formed with masses above helium-4 tho
the endothermicity of pure strong reactions such
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4He(T,n)6Li, 4He(4He,p)7Li and 4He(4He,n)7Be plays a
role.

The focus in this paper is upon another nucleus that co
also become stabilized—the dineutron2n. The dineutron, a
member of the nucleon-nucleon isospin triplet, is a spin s
glet and, by itself, the dineutron is weakly unbound1 by ;70
keV, then-n scattering length being negative@43–46#. Early
direct searches@47# did not see evidence for a stable dine
tron but recently Bochkarevet al. @48# claim that 45610%
of the decay of an excited state of6He is through the
dineutron2 and Seth and Parker@50#, amongst others, find
evidence for dineutrons in5H, 6H and 8He decay. There is
also a claim for tetraneutron,4n, emission in the decay o
14Be @51#.

Given that the dineutron is only weakly unbound, ev
small changes in the pion mass could, perhaps, result
bound dineutron, although at present there is not enough
perimental information to show whether or not this wou
occur @52,53#. The scattering length is quite sensitive to t
pion mass and so it is small changes in fundamental c
stants that change its mass, such asa, LQCD or the Higgs
vacuum expectation value~VEV!, that could cause the di
neutron to become bound. Since we are lacking an ex
relationship between these fundamental constants and
binding energy of the dineutron we do not adopt a particu
model for the time variation of fundamental constants, b
instead explore the effect upon BBN of a bound dineutr
directly.

In this paper we shall make an effort to derive a constra
upon the dineutron binding energy. Initially we will consid
the dineutron in isolation, i.e. whatever the source of the n
stability of the dineutron we shall limit the effect to just th
nucleus. We begin with an overview of standard BBN in S
II with an emphasis on the details of the flow from fre
nucleons to helium-4 before proceeding to insert dineutr

1Though it may become stable on the surface of neutron-rich
clei.

2Bochkarevet al. @49# also have evidence of diproton emissio
from an excited state of6Be.
©2004 The American Physical Society12-1
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in Sec. III. In Sec. IV we present our results for a baryon-
photon ratio ofh56.14310210 and follow it up in Sec. V
with a discussion of the errors in the calculation and a
degeneracy withh in Sec. VI. Finally, in Sec. VII, we show
how BBN can limit the dineutron binding energy before d
cussing simultaneous variations of both dineutron and d
teron binding energies in Sec. VIII and then present our c
clusions.

II. BBN WITHOUT DINEUTRONS

BBN can be simplistically broken into three phases ch
acterized by the degree of equilibrium within the nucleons
nuclei.

During the first phase, at temperatures aboveT
*1 MeV, there are virtually no complex nuclei so that a
the nucleons exist in a free state. The rapidity of the we
interactions in converting neutrons and protons,

n↔p1e1 n̄e ~1a!

n1ē↔p1 n̄e , ~1b!

n1ne↔p1e, ~1c!

establish a weak equilibrium so that the neutron to pro
ratio, F, is simply F'exp(2Dnp/T). As the Universe cools
the rate at which neutrons must be converted to proton
order to maintain the equilibrium cannot be accommoda
As a consequence, the neutron-to-proton ratio departs f
its equilibrium value and is said to ‘‘freeze-out’’ even thoug
conversion continues to occur. In the absence of neutron
cay and the formation of complex nuclei, the ratio wou
attain an asymptotic value ofF;1/6 @69,70#. The departure
of F from its equilibrium value denotes the boundary b
tween the first two phases of BBN.

During the second phase of BBN, from a temperature
;1 MeV to ;100 keV, the abundances of the various nuc
also begin to depart from equilibrium. At;1 MeV their
abundances are suppressed relative to the free nucleon
the nuclear reactions that form them establish, and main
chemical or nuclear statistical equilibrium~NSE!. In equilib-
rium the abundance,3 YA5nA /nB , of a complex nucleiA is
derived frommA5Zmp1(A2Z)mn so after inserting the ex
pressions for the Boltzmann number density we find

YA5
gAA3/2

2A FnBS 2p

mNTD 3/2GA21

Yp
ZYn

A2ZeBA /T. ~2!

UsingF;1/6 and a baryon-photon ratio ofh;10210 we see
that for a temperature of T;1 MeV the abundance of deu
terons isYD;10212. After substitutingYD for the thermal
factors in Eq.~2! we obtain

3The term ‘‘abundance’’ is also used for the ratioYA /YH .
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YA5
gAA3/2

2@3&#A21
Yp

11Z2AYn
12ZYD

A21

3expS BA2~A21!BD

T D . ~3!

This equation now makes it much clearer that the abunda
of a nucleus with massA11 is suppressed by approximate
YD relative to the abundance of a nucleus with massA.

If the neutron or proton abundances are held fixed th
the NSE abundance has a minimum atTA52 BA /(3A23).
Below TA the various nuclear reactions provide sufficie
nuclei to keepYA in equilibrium as the abundance climb
from the minimum but eventually a point is reached whe
this required production rate cannot be met and the ab
dance falls beneath the equilibrium value. This depart
from equilibrium for the complex nuclei is in contrast wit
that of the neutrons where it was an insufficient rate that
to the departure, here it is a lack of reactants that is the ca
Heavier nuclei are the first to depart from equilibrium
helium-4 departs atT;600 keV while helium-3 and tritium
drop out atT;200 keV. BelowT;200 keV the only com-
pound nucleus in NSE is the deuteron and its abunda
controls the rate at which all the heavier nuclei can be p
duced. ByT;100 keV the D abundance is approaching th
of the free nucleons and the amount of D destruction,
such reactions as D(D,p)T and D(D,n)3He, has become sig
nificant. When this occurs the deuteron abundance canno
replenished sufficiently quickly to maintain its equilibrium
and, consequently, it too departs from NSE. This final N
departure forms the entrance to the third stage of B
proper.

Below the deuteron NSE departure temperature the
abundance continues to grow for a short period but eve
ally the D1D drain tips the balance in favor of destructio
and the deuteron abundance reaches a peak amplitude
tritons and helions formed via the reactions D(D,p)T and
D(D,n)3He are produced in roughly equal amounts but
helions rapidly transform to tritium via3He(n,p)T. The last
step in the formation of the alpha particle is almost exc
sively T(D,n)4He which destroys;1/3 of all the deuterons
formed. The essential steps in the scheme are illustrate
Fig. 1.

Smith, Kawano and Malaney@54# identified 8 reactions
among theA<4 nuclei as being important for BBN. Five ar
identical to those in Fig. 1, the sixth is neutron-proton int
conversion, and the two reactions they included, and wh
we have omitted from the figure, are3He(D,p)4He and
T(p,g)4He both of which are 2–4 orders of magnitud
smaller than T(D,n)4He, so their importance is margina
Whatever the exact number, this handful~or two! of impor-
tant reactions is much smaller than the number of reacti
included in any BBN code.

As the Universe cools eventually the Coulomb barriers
the various reactions become insurmountable leading t
cessation of the nucleosynthesis. The abundances have
teaued to their ‘‘primordial’’ values with virtually every neu
tron now incorporated in helium-4 and only small residues
2-2
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EFFECT OF BOUND DINEUTRONS UPON BIG BANG . . . PHYSICAL REVIEW D70, 043512 ~2004!
D, T and 3He. A small ~but detectable! abundance of
lithium-7 and beryllium-7 have also been formed but we w
not discuss these two nuclei further.

III. INSERTING DINEUTRONS INTO BBN

Inclusion of a new, light nucleus into BBN has the pote
tial to significantly influence BBN and alter the predicte
primordial abundances. These changes will occur beca
the dineutron will disrupt the flow of nucleons through t
reaction network by both presenting new exit channels
reactions that already exist in BBN and through new
trance channels in the formation of the nuclei. One can c
struct a large number of plausible reactions in wh
dineutrons participate but not all are expected to play
prominent role for the same reason that standard BBN
dominated by only a few reactions. We can use our und
standing of the important reactions in standard BBN to p
from the plethora of possibilities for dineutron reactio
those which we expect to be important. The most import
reactions involving dineutrons should be

preferably exothermic,
dominated by the strong interaction,
and two-bodied in their entrance channel.

Exothermicity plays a pivotal role in the BBN because, d
ing its second two phases, the system does not attain
equilibrium and, typically, the flow of nuclei in any give
reaction is in one direction. In a few cases where theQ value
for the reaction is less than few times the temperature du
BBN ~i.e., T;100 keV, Q;500 keV) flow may be in both
directions because the ‘‘activation energy’’ for an endoth
mic reaction is readily available. Examples of this behav
were seen in Kneller and McLaughlin@38#. The reaction
should also be preferably strong in nature since this is
behavior seen in standard BBN where reactions such
D(D,n)3He dominate over D(p,g)3He though, in a few

FIG. 1. A diagrammatic flow of nuclei in standard BBN. Th
complex nuclei are immersed in a~rapidly drained! bath of free
nucleons and so we outline only where they form part of the se
reactants.
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cases, such asp(n,g)D, electromagnetic or weak interac
tions play an important role. The last requirement will r
move those cases that pass the first two but whose entr
channels involve multiple particles.

From these requirements we have selected four dineu
reactions that we expect to be important:

p12n↔D1n, Q52.22 MeV2B2n , ~4!

D12n↔T1n, Q56.26 MeV2B2n , ~5!

3He12n↔4 He1n, Q528.29 MeV2B2n , ~6a!

3He12n↔T1D, Q52.99 MeV2B2n . ~6b!

The dineutron binding energy will determine theQ value in
these reactions and, if we permit values ofB2n of several
MeV, both Eqs.~4! and ~6b! may reverse sign and Eq.~5!
will become small. We will not consider any changes to t
other nuclear binding energies. Though one may expe
large change in the dineutron binding energy to be reflec
in equally significant changes to the structure of the d
teron, the effects upon three nucleon nuclei may be con
erably smaller@55#. In our study, we also do not conside
reactions leading to the formation of destruction of nuc
above mass 4.

To this list we add three additional reactions:

n1n↔2n1g, Q5B2n , ~7!

2n↔D, ~8!

2n1p↔T1g, Q58.48 MeV2B2n . ~9!

These reactions could become important for producing a
more importantly, removing dineutrons. In particular, the
clusion of Eqs.~8! and~9! is based on the following reason
ing. Once we have dineutron cross sections we must i
grate them over a Maxwell-Boltzmann spectrum to obtai
thermally averaged rate@56#. In all the dineutron reactions
the lack of a Coulomb barrier means that the cross sec
for an exothermic reaction varies as 1/AE at low energy and
so the rate becomes a constant. This can have important
sequences: written in terms of the temperature, a reac
such asA1B→X, with a rate per particle pairG, destroys
nucleusA at a rate

dYA

dT
}GYAYB ~10!

where we have used the relationsnB}T3 andT2}1/t. If we
assume the abundance of nucleusB is much larger thanA’s
and does not change by any other process then the solutio
this equation isYA}exp(GYB0T) whereYB0 is the abundance
of B at some fiducial temperature. In this scenario, the ab
dance ofA never becomes a constant and BBN would ne
end. In standard BBN this situation never arises because
two temperature-independent reactions,p(n,g)D and
3He(n,p)T, are killed by the decay of the neutron. But if th

f

2-3
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dineutron becomes stable then without a reaction such
2n(p,g)T the dineutron abundance could plateau to a c
stant larger than, say, the abundance of helium-3 and
circumstances of Eq.~10! may be realized in the reactio
3He(2n,n)4He. In order to obtain a primordial abundance
3He it is imperative that this situation be prevented. T
decay of the dineutron and2n(p,g)T will ensure this by
depleting the final dineutron abundance for all values ofB2n
we shall explore.

Now that we have determined the most important re
tions, we need cross sections for them before we can
ceed.

2n„p,n…D, D„2n,n…T, 3He„2n,n…4He and 3He„2n,D…T

Since the dineutron is presently unstable we posit cr
sections based on ‘‘similar’’ strong reactions involving de
terium or other light nuclei. If we consider an arbitrary tw
body strong reactioni 1 j↔k1 l then general consideration
lead us to expect a cross section per particle pair whic
proportional to a matrix element squared, the phase sp
with an energy conserving delta function and inversely p
portional to a flux. In nuclear astrophysics, one typica
writes the cross section as

s~E!5
S~E!

E
expS 2paZiZjA2m i j

E D , ~11!

wherem i j is the reduced mass for incoming particlesi and j,
andS(E) is the astrophysical S-factor. For our purposes, t
parametrization is not sufficient since it does not explici
show the effects of aQ value upon the final states. This
particularly crucial since in our studyQ values will vary as
the dineutron binding energy varies. With that in mind, w
write the non-resonant~S-wave! contributions to the cross
section, following@57,58#, as proportional to the product o
both Coulomb penetrability factorsGi j (E) andGkl(E1Q),
the available phase space in the exit channelFkl(E1Q)
together with the statistical weightgkl and the reciprocal of
the entrance channel velocity. The penetrability factor
charged particle interactions,Gi j (E), is simply

Gi j ~E!5AEi j
C

E
expS 2paZiZjA2m i j

E D , ~12!

whereEi j
C is the Coulomb barrier energy@59#. Although in

the standard cross section parametrization, shown in
~11!, the second Coulomb penetrability factor can be
sorbed into the astrophysicalS factor because, typically, th
energy is much smaller than theQ value, here we retain i
explicitly. The phase space factor,Fkl(E1Q), is

Fkl~E1Q!}A~E1Q!mkl
3 ~13!

while the statistical weight factorgkl accounts for the multi-
plicity of the final state

gkl5~2Jk11!~2Jl11! ~14!
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whereJk and Jl are the spins of the individual nuclei. Th
reciprocal of the entrance channel velocity is proportiona
F i j /(m i j E). Putting all these together the cross section
the reactionsi 1 j↔k1 l is expected to be of the form

s i 1 j→k1 l~E!5Si j ,kl~E!
gkl

m i j E
Gi j ~E!Gkl~E1Q!

3F i j ~E!Fkl~E1Q!, ~15!

where we have introducedSi j ,kl(E) as an undetermined
function. This function becomes constant at low energy, a
is similar to, but not the same as, the astrophysicalS factor.

With the help of Eq.~15! we can extract the most obviou
behavior of any cross section with energy to deriveSi j ,kl(E).
Our expectation is that this quantity varies slowly though
course the exact details of a reaction may lead to signific
departures. After extractingSi j ,kl(E) from some known re-
action we can then insert it into the similar dineutron rea
tion based on the assumption thatSi j ,kl does not change con
siderably from one to the other. The major changes in
cross sections will therefore be limited to the considera
effects of the Coulomb barrier penetrability and phase spa
We have examined the validity of this approach by using it
predict D(D,p)T from D(D,n)3He, and T(D,n)4He from
3He(D,p)4He. The last two cross section are dominated
large resonances corresponding to excited states of5He and
5Li @62# but the non-resonant pieces have been extracted
Chulick et al. @60# allowing us to compare the transforma
tion. In both test cases we find the transformation wo
reasonably well with an error that is a factor of order a fe

For the 2n(p,n)D reaction there is no similar deutero
reaction with which to compare so instead we used
broadly similar3He(n,p)T. We have been unable to find a
analytic expression for this cross section so we interpola
the ENDF-IV evaluated cross section data available on
@61# and then factored out the expected behavior shown
Eq. ~15! before replacing it with the appropriate terms f
2n1p↔D1n.

We expect the D12n↔T1n cross section to be similar to
D(D,p)T and D(D,n)3He up to corrections for the Coulom
barrier penetrability and phase space factors. Here we h
analytic expressions of theS factor to use from Chulicket al.
@60#.

To estimate the last two reactions,3He12n↔n14He and
3He12n↔D1T, one appeals to their similarity with
T(D,n)4He so that one may use the Chulicket al. @60# ex-
pression and, once again, correct for the change in the p
space, Coulomb barrier penetrability etc. As mentioned e
lier, the T(D,n)4He cross section exhibits a resonance due
an excited state of the5He nucleus~see@62# for an energy
level diagram!. The position of this same resonance, relat
to the 3He12n ground state, depends on the dineutron bin
ing energy being subthreshold forB2n&3 MeV. In addition,
there are further excited states of5He that become relevan
whenB2n;0 but, as we will show, the effects of the dine
tron become apparent only whenB2n approachesBD and we
have not added them to our cross section.
2-4
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2n^D

This weak reaction is actually the sum offour sub-
processes:

2n↔D1e1 n̄e, 0<En<D2nD2me, ~16a!

2n1ne↔D1e, 2D2nD1me<En, ~16b!

2n1ē↔D1 n̄e , D2nD1me<En, ~16c!

2n1ē1ne↔D, 0<En<2D2nD2me, ~16d!

where we have denoted byD2nD the dineutron-deuteron mas
difference i.eD2nD5Dnp1BD2B2n53.52 MeV2B2n . We do
not consider those cases where the final states are free n
ons. From the limits on the neutrino energy,En , we see that,
at most, only three of these reactions can be operant at
given value ofB2n . For B2n>3.01 MeV the dineutron is
stable and forB2n>4.03 MeV the deuteron is unstable.

For these rates we use expressions similar to the neu
proton interconversion rates but with differentQ values and
a matrix element that takes into account the presence of
neutrons. We also use a pure Gamow-Teller decay betw
the 01 ground state of the dineutron and the 11 ground state
of the deuteron or vice versa. While there remains so
uncertainty in the rates it has a much smaller impact on fi
abundance yields as compared with the uncertainties in
strong interaction rates discussed above.

There is an interesting quirk that appears whenD2nD
,me , which is that an atom of deuterium can capture
electron to form a dineutron. Although interesting this pr
cess has not been included in our calculations because
amount of atomic deuterium is negligible at the temperatu
relevant to BBN.

n„n,g…

2n and 2n„p,g…T

Thoughn(n,g)2n looks similar to deuteron formation vi
n(p,g)D this reaction is suppressed because there is
charge. Despite this smallness, it is the only exothermic
action capable of producing dineutrons wh
B2n is small. Following Rupak@63#, the lowest order con-
tribution to this cross section should be someth
like (NTs2^ t2t jN)†

„NTs2^ t2t j (DT k1DY k)N…Ek and
(NTs2^ t2t jN)†

„NTs2s i ^ t2t j (DT k2DY k)N…Ble
ikl . From

examining then(p,g)D operators in the cross section fro
Rupak we estimated that this lowest order contribution
N4LO. We therefore make an order of magnitude estim
for the dineutron cross section by starting with then(p,g)D
~which has a leading order contribution! and suppressing i
by the appropriate factor. Although there is considerable
ror, just as with the two3He12n reactions, the effects of th
dineutron will only become apparent whenB2n approaches
BD by which time this reaction will be of little importance

The 2n(p,g)T reaction has been included as a failsa
mechanism to remove dineutrons since it is exothermic
all B2n . It is not expected to be an important reaction unle
we strongly deviate from the nucleon flow in standard BB
because the similar, standard BBN reaction D(n,g)T is also
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unimportant. We have also estimated its cross section f
then(p,g)D reaction in@63# after modifying the phase spac
and spin multiplicity factors using the expressions discus
above.

IV. THE EFFECTS OF A BOUND DINEUTRON UPON BBN

The chief manner in which the dineutron affects BBN
via the Q values for the reactions and, from the valu
quoted earlier, we can identify four regions ofB2n up to the 6
MeV limit we considered. They are:

B2n<BD ,
BD<B2n<3.0 MeV,

3.0 MeV<B2n<4.0 MeV,
and

4.0 MeV<B2n .
In Fig. 2 we plot the fractional change in the primordi
abundance relative to standard BBN ath56.14310210 and
the four regions we have identified are clearly visible. Up
BD there is no discernable change withB2n , over the interval
BD<B2n<3.0 MeV the deuterium and helium-3 abundanc
drop and the helium-4 abundance rises but after 3.0 MeV
helium-3 and helium-4 abundances plateau and the evolu
of YD changes noticeably. At 4.0 MeV new behavi
emerges: the deuterium abundance drops precipitously w
at the sameB2n there is a large enhancement in helium-
Most interestingly helium-4 appears to be unaffected
whatever mechanism is producing the wild swings in t
other two nuclei.

In what follows we shall explain why and how the dine
tron influences BBN in each region.

A. B2nÏBD

For B2n!BD the dineutron lifetime is of order 1 s sowhile
the decay would appear to be a significant drain on the
neutron abundance any loss is easily, and rapidly, repla
from the pool of free neutrons and, consequently, the din
tron abundance during the second stage of BBN follows
NSE value:

Y2n5
1

3

YnYD

Yp
expS B2n2BD

T D . ~17!

FIG. 2. The fractional change in the primordial deuteriu
helium-3 and helium-4 abundances as a function of the dineu
binding energy.
2-5
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Therefore the effect of increasing the dineutron binding
ergy is the same as one expects from NSE, i.e. the abund
builds up at higher temperature as the binding energy
creases. The evolution of the dineutron abundance as a f
tion of the temperature for the four casesB2n
P$104 eV,106 eV,23106 eV,BD% is shown in Fig. 3. In ev-
ery example in the figure the dineutron abundance is sma
than the deuteron abundance: even whenB2n5BD the NSE
abundance is smaller thanYD due to both the smaller abun
dance of free neutrons (Yn /Yp;1/621/7) and the spin fac-
tor, 1/3, of deuterons, combining for a total of;1/20. The
figure also makes it quite clear that asB2n approachesBD the
dineutron starts to possess a considerable abundance a
transition to BBN proper, approximately the location of t
deuteron peak. And the figure also shows that the positio
the peak dineutron abundance is unaffected by its bind
energy and is coincident with the deuteron peak. Whate
the dineutron binding energy in this range BBN proper is s
initiated by the deuteron’s departure from NSE and the sm
amount of dineutrons present at that time is rapidly remov
WhenB2n!BD their small abundance means that they ne
form a substantial population which could possibly influen
the predictions of BBN but asB2n approachesBD their pres-
ence atTBBN becomes important.

B. BDÏB2nÏ3.0 MeV

As shown above, the NSE dineutron abundance aT
;100 keV whenB2n5BD is smaller thanYD by roughly a
factor of 1/20 so it is not until the dineutron binding ener
has grown to the point where it is capable of reversing
suppression of its NSE abundance by the neutron-to-pro
ratio and the spin of the deuteron that its abundance
proachesYD at T;100 keV. Roughly this occurs when

expS B2n2BD

T D;20, ~18!

i.e., whenB2n;2.5 MeV. The evolution of the dineutron an
deuteron abundances during this interval forB2n is shown in
Fig. 4 and confirms that the dineutron abundance surpa
the deuteron abundance atB2n;2.5 MeV. The figure also
demonstrates a number of new features: the position of
dineutron peak abundance now moves to higher tempera

FIG. 3. The evolution of the dineutron abundance as a func
of the temperature forB2nP$104 eV,106 eV,23106 eV,BD% and the
deuteron abundance from standard BBN.
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as B2n increases, the peak deuterium abundance drops
the temperature at which it departs NSE also shifts to hig
temperatures. These effects ripple through to the triton
helion as shown in Fig. 5. AsB2n increases tritium and
helium-3 depart NSE at lower temperatures: the chang
not dramatic, byB2n53 MeV the twoA53 nuclei depart at
T;170 keV rather than at around 200 keV in standard BB
but the sensitivity of the NSE abundance to the tempera
means that the abundance of helium-3 and tritium after
point is roughly 2–3 orders of magnitude larger. The figu
also shows that the movement of the tritium peak paral
that for dineutrons by shifting to higher temperatures asB2n
increases.

The movements in the abundances of the intermed
nuclei are all attributable to changes in the flow of the nuc
through the reaction network. ForB2n>BD , the reaction
D(n,p)2n is now exothermic and a detailed examination
the nuclear flow atB2n52.6 MeV confirms this to be the
source of dineutrons. The flow also indicates the dineutr
are then chiefly converted to tritons via the reacti
2n(D,n)T. Both reactions lead to a disruption of the usu
mechanisms that lead to BBN proper. In standard BBN
transition to BBN proper was due to the removal of deut
ons via the two D1D processes but now, because beyo
B2n;2.5 MeV the NSE abundance of dineutrons islarger
than that of deuterons and because free neutrons are so
tiful during the second stage of BBN, the departure occ
earlier. Remarkably both D(D,n)3He and D(D,p)T are now
of little consequence. The shift in the deuteron’s NSE dep
ture temperature is not large, Fig. 4 demonstrates this, bu

n

FIG. 4. The evolution of the deuterium~top panel! and dineu-
tron ~bottom panel! abundances as a function of the temperature
B2nP $BD ~dotted line!, 2.6 MeV ~dot-dashed line!, 3 MeV ~solid
line!%.
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with T and 3He, the deuteron’s NSE abundance is very s
sitive to the temperature. The2n(D,n)T reaction can also
provide sufficient tritium to keep its abundance in equil
rium until a slightly lower temperature. The switch in th
mechanism that initiates BBN proper explains many of
features seen in Figs. 4 and 5.

From the nuclear flow we also find that helium-3 n
longer plays an important role in the formation of helium-
Some helium-3 is still formed, via D(D,n)3He, but this
source is suppressed due to the lack of deuterons; what
helium-3 is created is processed to tritium by the us
3He(n,p)T though 3He(2n,n)4He does play a role. The re
duced significance of helium-3 is not reflected in Fig. 5: o
must remember that the net rate of formation for the int
mediary D, T and3He is the small difference between pr
duction and destruction and does not necessarily indicate
true amount of nucleons flowing through them. Even in st
dard BBN the evolution of helium-3 does not resemble t
of tritium because3He(n,p)T is so rapid and one can onl
see the significance of the helium-3 nucleus by examin
the individual reaction rates@54#.

Finally, the formation of helium-4 still occurs via
T(D,n)4He and, due to the earlier initiation of BBN prope
its final ~primordial! abundance is enhanced. The react
network is modified and the bulk of the nucleons now flo
through a network resembling that shown in Fig. 6.

By B2n53 MeV Fig. 4 shows that the peak abundance
deuterons has dropped by two orders of magnitude from
in standard BBN and BBN proper begins at an even hig
temperature. The nuclear flow now indicates that tritium f

FIG. 5. The evolution of the tritium~top panel! and helium-3
~bottom panel! abundances as a function of the temperature
B2nP $BD ~dotted line!, 2.6 MeV ~dot-dashed line!, 3 MeV ~solid
line!%.
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mation is increasingly dominated by2n(p,g)T rather than
2n(D,n)T and, interestingly, the dominant source
helium-3 is the mildly endothermic T(p,n)3He at higher
temperatures with a changeover to T(D,2n)3He as the Uni-
verse cools. This flow, T(p,n)3He, is opposite to that in
standard BBN,3He(n,p)T.

This second region ofB2n is where the presence o
dineutrons really becomes manifest. AtB2n5BD the dineu-
tron is just starting to influence BBN, byB2n53 MeV it has
considerably altered the reaction network that take the
neutrons to helium-4 and led to a significant change in
mechanism that leads to BBN proper.

C. 3.0 MeVÏB2nÏ4.0 MeV

The excitement seen whenBD<B2n<3 MeV has largely
played out as we enter the third domain of 3 MeV<B2n
<4.0 MeV and the shifts in the evolution of the abundanc
slows. In this range, between 3 and 4 MeV, there are no n
major changes in the nuclear flow because theQ values of
the most important reactions are now all;MeV. Neverthe-
less, a detailed study of the reaction network does sh
small differences and we discuss those here.

Although further increases in the dineutron binding e
ergy are not reflected in the position and amplitude of
peak dineutron abundance, the temperature at which the
neutron departs NSE shifts to higher values withB2n . In
contrast, the reduction in the amplitude of the peak deute
abundance seen in Fig. 4 becomes less dramatic and its
departure temperature has all but ceased to move asB2n in-
creases.

The behavior of the evolution of these twoA52 nuclei
reflect the fact that dineutrons are primarily created fro
deuterons and that the dominant dineutron destruc
mechanism has switched from2n(D,n)T to 2n(p,g)T. Di-
neutron NSE departure occurs because of insufficient p
duction from the small D abundance. The2n abundance at
lower temperatures is thus controlled by the deuteron. T
reaction 2n(p,g)T is affected byB2n only through the exit
channel phase space which varies asABT2B2n. With an
abundance controlled by D and a destruction mechanism
varies only weakly withB2n the height and temperature o
the peak dineutron abundance is, essentially, static. De

r

FIG. 6. The schematic flow of nuclei through the reaction n
work from deuterium to tritium atB2n52.6 MeV. The flow does not
include helium-3. A little of this nucleus is still produced vi
D(D,n)3He but the suppressed deuteron abundance means tha
amount is substantially reduced compared to standard BBN.
2-7



e

te
o
in

s

he

2
e,
-
v

ns
f
on

n
om

th
r-
w

n-

lie

t

ng
o

ro
m

we

av-
s in

dis-
e

n a
uss

we
u-

m a
nd
her

ns
the

oth
in

do
lus-
en

wo
for
ed

bly
ave
e-
the
ce

be-

ntly

on

an
e

tion
mes

J. P. KNELLER AND G. C. McLAUGHLIN PHYSICAL REVIEW D70, 043512 ~2004!
rium departure from NSE occurs when its abundance op
the D(n,p)2n drain and, again,B2n only enters weakly
through the exit channel phase space.

A new feature emerges in this third region ofB2n . At
B2n>3.0 MeV, theQ value for the reaction3He(2n,D)T is
now negative and the importance of the helion as an in
mediary in the formation of helium-4 rebounds, though n
to the level in standard BBN. The source of helions is pr
cipally the mildly endothermic T(p,n)3He but switches to
T(D, 2n)3He as the Universe cools.

Finally, helium-4 is now chiefly formed by both
T(D,n)4He and T(T,2n)4He in almost equal proportion
with minor contributions from T(p,g)4He and
3He(2n,n)4He. The network has changed slightly and t
new flow atB2n53.5 MeV is illustrated in Fig. 7.

D. 4.0 MeVÏB2n

As B2n enters this last region we identified from Fig.
there is a dramatic drop in the final deuterium abundanc
large spike in the helium-3, and no change in the helium
until B2n approaches 6 MeV. The explanation for this beha
ior lies in the instability of the deuteron whenB2n>4 MeV
and the lack of Coulomb barriers in dineutron reactio
Deuteron decay to dineutrons removes the possibility o
relic D abundance while, as we explained earlier, reacti
without Coulomb barriers@ 2n(p,g)T and 3He(2n,n)4He for
example# can continue indefinitely. ForB2n>4 MeV the pri-
mordial A52 abundance is negligible.

When B2n is only slightly larger than 4 MeV deutero
decay occurs long after the Coulomb barriers have bec
effective so that only2n(p,g)T and3He(2n,n)4He, together
with deuteron and triton, decay operate. The evolution of
nuclei during this ‘‘post-BBN’’ period is by no means clea
cut. From studying the nuclear flow we find that only a fe
dineutrons are lost via3He(2n,n)4He, the majority is de-
stroyed by2n(p,g)T. The extra tritons more than compe
sate for the loss of helium-3 and so theA53 isobar receives
a large boost. But asB2n increases the deuterons decay ear
permitting the T(D,n)4He,T(T,2n)4He,T(p,g)4He reactions
to remove the tritium and so there is a small enhancemen
helium-4.

As the 2n binding energy is pushed towards 6 MeV theQ
value in the reaction~5! approaches the temperatures duri
BBN and we should expect new modifications to the nucle
flow diagrams but, with no possibility of aA52 primordial
abundance, we shall not pursue this further.

V. ARE THESE PREDICTIONS ROBUST?

While we have strived to estimate the various dineut
cross sections by basing them upon simple physical assu

FIG. 7. The diagrammatic flow of nuclei through the reacti
network from tritium onwards atB2n53.5 MeV.
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tions, it is a worthwhile task to see how robust the effects
have described are. If we know~or assume! the distribution
for the error, either in the cross section or the thermally
eraged rate, then one can compute the error matrix a
Fiorentini et al. @65# and Cuocoet al. @64#, though this ap-
proach cannot recover higher moments of the abundance
tribution. An alternative is to construct the distribution of th
abundances by sampling the distribution of the errors i
Monte Carlo analysis. This technique was used by Kra
and Romanelli @66#, Smith, Kawano and Malaney@54#,
Krauss and Kernan@67# and, more recently, Nollett and
Burles@68# and is the technique we shall use. To this end
introduced random multiplicative factors for all our dine
tron reaction cross sections with the exception of2n↔D, the
most reliably estimated. These factors were chosen fro
probability distribution limited to the range between 1/5 a
5 and weighted such that there was equal probability eit
side of 1. The baryon-to-photon ratio was fixed ath56.14
310210. In Fig. 8 we plot the root mean square deviatio
for deuterium and helium-4 and the three regimes for
dineutron binding energy~up to the 4 MeV limit plotted! are
clearly visible in both curves. The increasing spread for b
reflects the increasing dominance of dineutron reactions
the formation of helium-4. The figure shows that up toB2n
;2 MeV the errors in the reactions involving dineutrons
not introduce any error into the predicted abundances, il
trating again the insignificance of dineutrons in BBN wh
their binding energy is smaller than this value. AboveB2n
;2 MeV the curves begin to deviate from zero but note t
important features: first, the spread in helium-4 is small
all values ofB2n , and second, the spread in the predict
abundance of deuterium does not exceed6100%. The small
spread in the helium-4 curves indicate that we can relia
predict the abundance of helium-4 even if dineutrons h
significantly impacted BBN, while the fact that the deut
rium curves do not exceed 100% shows that at least
directionof the change is known even if the exact abundan
is not. We have not shown the rms spread for helium-3
cause it exceeded6100%.

Note also that the range in the abundances is significa

FIG. 8. The root mean square deviation divided by the me
plus the63s error for deuterium and helium-4 as a function of th
dineutron binding energy. BelowB2n;2 MeV neither nucleus ex-
hibits any spread due to the uncertainty in the dineutron reac
rates. Above this value the spread in the deuterium results beco
large while the results for helium remain smaller than;2% for all
value ofB2n .
2-8
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EFFECT OF BOUND DINEUTRONS UPON BIG BANG . . . PHYSICAL REVIEW D70, 043512 ~2004!
smaller than the range we permitted for the random fact
This may seem remarkable since the primordial abunda
of an intermediary nuclei, such as deuterium, involves
fierce competition between its production and destruct
and hence the adopted cross sections. While dineutrons
have led to significant departures in the flow of nuclei co
pared to standard BBN, large variations in the dineutron
action rates do not translate into equally large spreads in
abundances of the intermediaries.

We also found that there was a significant an
correlations in the results as shown in Fig. 9. ForB2n
&2 MeV the correlation coefficient was almost exactly21
while over the interval 2.5 MeV&B2n&3 MeV the anti-
correlation softened slightly to;20.8. As a consequence o
this correlation the covariance matrix,VR , describing the
error in the predictions arising from the uncertainties in
dineutron’s reaction rates, contains off-diagonal pieces.

We have delayed until last the difference we find in t
mean from the sample and the primordial abundances
derive with no random factors as shown in Fig. 2. The f
that a discrepancy arises is not surprising given the n
linearity of BBN. The errors~which are functions ofB2n) for
helium-4 is&0.5% but for deuterium it reaches&20% and
helium-3 fared even worse with a discrepancy between
mean and no random factors approaching 30%. The f
tional difference between the mean and the result with
random factors are shown in Fig. 10 for deuterium a
helium-4. Although seemingly large, this error is smal
than the statistical fluctuations for all three nuclei~seen in
Fig. 8 for deuterium and helium-4! but not significantly so
and we must include it in the total error for the predictions
a systematic. The covariance matrix for the systematic e
is denoted byVS .

With means, Ȳ, and variance,VT5VR1VS , that are
functions ofB2n we approximate the distributions in the pr
dictions as Gaussians

P~YuB2n!5
1

A2puVTu
expF2

1

2
~Y2Ȳ!TVT

21~Y2Ȳ!G .
~19!

FIG. 9. The correlation between the deuterium abundance
helium-4 mass fraction,rDY , and its63s error, as a function of the
dineutron binding energy. BelowB2n;2 MeV the correlation is
close to2100% while afterB2n;3 MeV the correlation has soft
ened to;280%. The large peak atB2n;2 MeV corresponds to the
point where the change in the flow of nuclei through the react
network occurs.
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We have checked the validity of this approximation to t
spread in the results by performing a Kolmogorov test
each value ofB2n we set. The spread in the predictions f
helium-3, which we have not shown, did not pass this due
a significant kurtosis.

VI. A DEGENERACY WITH h?

So far we have restricted our discussions to a fixed va
of the baryon-to-photon ratio,h, but if we allow this param-
eter to also vary we may well end up with a degeneracy t
makes it difficult to establish the presence of a bound din
tron. To determine if this occurs, we show in Fig. 11 is
abundance and iso-mass fraction contours for deuterium
helium respectively as a function ofB2n andh. If we exam-
ine the most robust prediction of our modified BBN, th
increase inY, then we can quite easily mask this effect b
lowering h as shown in the figure. The decrease inh re-
quired to offset the increase in the primordial mass fract
as B2n increases is considerable so that aboveB2n
;2.5 MeV all values ofh in the 3310210 to 8310210

range plotted yield a helium-4 mass fraction above 0.2
For deuterium, lower values ofh lead to increases in the
final abundance so that they too can mitigate the decreas
YD asB2n increases. But the figure shows that the decreas
h required for deuterium is nowhere near as large as

nd

n

FIG. 10. The fractional difference between the mean from
Monte Carlo simulation and the result with no random factors. T
solid line is for helium-4, the dotted is for deuterium.

FIG. 11. Helium-4 iso-mass fraction~solid! and Deuterium iso-
abundance~dashed! contours in theB2n2h plane. From top to bot-
tom, the helium-4 contours areY50.248 andY50.244 and the
deuterium abundances are D/H51.831025, D/H52.631025 and
D/H53.431025.
2-9
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J. P. KNELLER AND G. C. McLAUGHLIN PHYSICAL REVIEW D70, 043512 ~2004!
required for helium-4, so, while there is an anticorrelation
B2n andh for both helium-4 and deuterium, there is no d
generacy for both simultaneously. If we considered each s
cies separately then the degeneracy could, instead, be br
by using the CMB since loweringhBBN will lead to a dis-
crepancy withhCMB .

VII. AN UPPER LIMIT FOR B2n

It is finally time to derive an upper limit toB2n based on
the compatibility with observations. The primordial abu
dance, D/H, of deuterium is taken to be D/H5(2.660.4)
31025 @14# while we will consider both the Olive, Steigma
and Walker@71# value ofYOSW50.23860.005 and the Izo-
tov and Thuan value ofYIT50.24460.002 @72,73# for the
helium-4 mass fractionY. The exact primordial abundance
remain a topic of debate with two, largely incompatible, d
terminations for the helium mass fraction@72–76# and ex-
cessive scatter in the measurements of deuterium@14,77# but
these two nuclei still represent the best probes of BBN.

The error in the observed helium-4 mass fractions are
for YOSW, 1% for YIT which compares well with the sprea
in the predicted mass fraction plotted in Fig. 8. We can in
grate over the possible values for the prediction, at a fixeh
andB2n , using the distributions found earlier, and find

L~h,B2nuŶ!5
1

A2puVu
expF2

1

2
~Ŷ2Y!TV21~Ŷ2Y!G ,

~20!

whereŶ denotes the vector whose elements are the obse
tions andY the vector whose elements are the predictio
and V is the covariance matrix—the sum of the~diagonal!
covariance matrix for the observations,VO , and the two co-
variance matricesVR andVS . Contours of the likelihood are
shown in Fig. 12 which shows that the use of deuterium a
helium-4 breaks the degeneracy seen in each separately
indeed, the limits to the dineutron binding energy are in
pendent of the baryon-to-photon ratio.

FIG. 12. The 95% and 99% confidence contours using the
ive, Steigman and Walker~solid curves! and Izotov and Thuan
~dashed curves! helium-4 mass fractions observations and t
Barger et al. @14# primordial deuterium abundance. The best
points, both atB2n50, are denoted by the triangle for OSW, th
square for IT.
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Marginalizing over the baryon-to-photon ratio,h, we ob-
tain the results shown in Fig. 13. The two upper limits f
B2n are not greatly influenced by the different primordi
helium-4 mass fractions found in the literature.

VIII. SIMULTANEOUS VARIATIONS IN BD

Throughout our calculation so far we have only permitt
the variation of the dineutron binding energy. In reali
whatever the source of the stability of the dineutron, naiv
the binding energies of the other nuclei should also chan
The range inB2n we investigated is much larger than th
range inBD that Kneller and McLaughlin permitted but w
notice that the increase inY and decrease in D/H seen the
when BD increased is also mimicked by an increase in
dineutron binding energy whenB2n*BD .

To investigate the effects when bothBD andB2n are varied
we reproduced the Kneller and McLaughlin calculation b
now with dineutrons inserted. Tritons and helions act as
neutron sinks in this simplified BBN so reactions~6a! and
~6b! have to be removed from the network. The results
shown in Fig. 14. The primordial helium-4 mass fractio

l- FIG. 13. The marginalized likelihood function forB2n using the
Olive, Steigman and Walker~solid curve! and Izotov and Thuan
~dashed curve! helium-4 mass fractions observations and the Bar
et al. @14# primordial deuterium abundance.

FIG. 14. Contours of deuterium iso-abundance~solid! and
helium-4 iso-mass fraction~dashed! as a function the deuteron
binding energy,BD , and dineutron binding energy,B2n . The abun-
dances are scaled relative to their values atBD52.22 MeV and
B2n50 to remove the systematic errors coming from the react
network simplification. From left to right the deuterium contou
are130%, 0% and230% while the helium-4 contours are24.2%,
0% and14.2%. The three diagonal lines are the linear equati
B2n5BD , B2n5BD10.8 MeV andB2n5BD11.8 MeV.
2-10
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EFFECT OF BOUND DINEUTRONS UPON BIG BANG . . . PHYSICAL REVIEW D70, 043512 ~2004!
from the Kneller and McLaughlin approximations is know
to be systematically low by;1% when compared to stan
dard BBN calculations but this is within the observation
errors on Y. The deuteron abundance is systematically la
by ;50% which is significantly larger than the observation
error of 15%. For this reason we have scaled both
helium-4 and deuteron abundances to the values atBD
52.22 MeV andB2n50. The contours in the figure represe
relative differences of630% for deuterium and64.2% for
helium-4 indicating the degree to which the errors in t
observations can constrain simultaneous variations. The
agonal lines through the figure are the linear relationsB2n
5BD , B2n5BD10.8 MeV andB2n5BD11.8 MeV and gen-
eralize the four domains ofB2n whenBD52.22 MeV seen in
Fig. 2 into theB2n2BD plane.

Features discussed in earlier sections of this paper ge
alize to simultaneous variations ofBD andB2n . At any fixed
BD there are four ranges forB2n and for two of these,B2n
<BD and BD10.8 MeV<B2n<BD11.8 MeV, the predic-
tions for helium-4 and deuterium are independent ofB2n
even though the flow of nuclei in each is different. ForB2n
<BD BBN is initiated by the D1D drain upon the deuteron
abundance while for dineutron binding energies betw
BD10.8 MeV and BD11.8 MeV this has switched to D
12n. In the rangeBD<B2n<BD10.8 MeV the reaction net-
work is transiting between these two patterns. Lastly,
BD11.8 MeV<B2n we have the domain in which the deu
teron is unstable.

The figure shows that ifBD and B2n increase in tandem
then the stability of the dineutron cannot reverse the incre
in Y whatever the relative magnitudes of the two bindi
energies and even though dineutrons may alter the nuc
flow. If these two binding energies change in opposite sen
then the situation is more interesting: the effect of a decre
in BD is the immediate decrease in the helium-4 mass fr
tion so that forB2n<BD the deuteron binding energy cann
vary by more than 6% from its present value. The prese
of the dineutron can reverse the decrease in Y only w
B2n>BD . Even thenBD is well constrained and deutero
binding energies smaller than 1.7 MeV are incompatible w
the helium-4 mass fraction observations whatever the va
of B2n . The deuterium contours tell a similar story but t
effects of a stable dineutron are more pronounced and
decrease inBD is much larger. Taken together the observ
tions of the primordial helium-4 mass fraction and deute
abundance are only compatible with the BBN predictio
with dineutron binding energies above;2.5 MeV when the
deuteron binding energy is close toBD;1.7 MeV. In these
circumstance the upper limit moves to 3.5 MeV and is set
the decay of the deuteron.

IX. SUMMARY AND CONCLUSIONS

We have examined the role that a stable dineutron m
play in BBN as a function of its binding energy,B2n , up to 6
MeV. We have estimated the important new reactions t
enter into the BBN reaction network and examined, in det
the change in the nucleon flow. We find that the range
<B2n<6 MeV can be subdivided into four regions:B2n
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<BD , BD<B2n<3 MeV, 3 MeV<B2n<4 MeV and 4 MeV
<B2n . The boundaries are due to the sign inversion of
2n(p,n)D and 3He(2n,D)T Q values and the spontaneou
decay of the deuteron. BelowBD the dineutron has little
effect upon BBN but as we increasedB2n beyond this value
nucleons began to flow through the new reaction pathw
the dineutron presents. The helium-4 mass fraction increa
by ;10% and the deuterium abundance dropped by;40%.
Between 3 and 4 MeV the nucleon flow settled into a n
pattern, the helium-4 mass fraction plateaued to new le
and the rate at which the deuterium abundance decre
with B2n slowed. A small change to the nucleon flow fro
tritium to helium-4 was seen.

Above 4 MeV the deuteron is now unstable and a sign
cant primordialA52 abundance cannot be produced. If de
terons decay long after Coulomb barriers have essent
terminated charged particle reactions this can lead to a la
boost in theA53 abundance but as the interval shortens t
enhancement is removed and the nucleons continue o
helium-4.

We estimated the error in the predictions by sampling
distribution of abundances when the dineutron reacti
were multiplied by random factors and found that the pred
tions of an increase in the helium-4 mass fraction and
crease in deuteron abundance were reliable. The degene
betweenB2n and the baryon-to-photon ratio,h, that occurs
for Y and D/H separately was broken when both were c
sidered simultaneously. We then constructed the 2-D lik
hood functionL(h,B2nuY,D/H) by using both the OSW@71#
and IT @72,73# helium-4 mass fractions and the Bargeret al.
@14# deuterium abundance before marginalizing overh to
derive the likelihood distribution forB2n . We found that di-
neutron binding energies above;2.5 MeV could not be ac-
commodated by BBN within both allowed ranges of Y.

Simultaneous variations in both the dineutron and d
teron binding energies were calculated using the simplifi
BBN approximation used in Kneller and McLaughlin@38#.
The helium-4 observations are only compatible within a n
row range ofBD whatever the value ofB2n and that there is
little overlap with the range compatible with the deuteriu
abundance whenB2n*2.5 MeV.

In this paper we have shown that the dineutron can
come bound at a level up to that of the deuteron with
disrupting the standard nuclear flow in BBN or significan
altering predicting BBN abundance yields. Beyond th
changes to the nuclear flow and to predicted abunda
yields appear. Although we have not included any dineut
reaction involving nuclei with mass aboveA54, one can
speculate that the omitted reaction7Be(2n,na)4He could
play a significant role since beryllium-7~before it decays to
7Li) is the chief component of the primordialA57 isobar
yield at h;6310210. Further work on the interdependenc
of cross sections and binding energies in nuclear the
would be required to reduce the errors presented here an
make a more concrete connection with the underlying fun
mental constants.
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