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Effect of bound dineutrons upon big bang nucleosynthesis
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We have examined the effects of a bound dineuterupon big bang nucleosynthesBBN) as a function
of its binding energyBz,. We find a weakly bound dineutron has little impact buBagsincreases 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 ligajt62.5 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 variationsi and the deuteron binding ener8y, using a simplified BBN
calculation. We demonstrate that only whgg is very close to 1.7 MeV does tHg, upper limit increase to
3.5 MeV, a value set by incompatibility of an observed primordial2 abundance with the decay of deuter-
ons.

DOI: 10.1103/PhysRevD.70.043512 PACS nuni®er98.80.Ft, 21.10.Dr, 26.35%.c

I. INTRODUCTION “He(T,n)®Li, “He(*He,p)’Li and “He(*He,n)’Be plays a
role.

The concordance of the predicted synthesis of the lightest The focus in this paper is upon another nucleus that could
nuclei during the period immediately following the big bang also become stabilized—the dineutrén. The dineutron, a
with the observed primordial abundances presents us with member of the nucleon-nucleon isospin triplet, is a spin sin-
powerful probe of the state of the Universe during its earliesglet and, by itself, the dineutron is weakly unbotibhg ~70
epochs. In addition to constraining standard cosmologicakeV, then-n scattering length being negatiy43—-46. Early
parameters such as the density of baryons, the number direct searchef47] did not see evidence for a stable dineu-
neutrino flavors and their degeneraldy-15] big bang nu-  tron but recently Bochkareet al. [48] claim that 45- 10%
cleosynthesisBBN) is sufficiently complex that one can of the decay of an excited state 8He is through the
also learn about such possibilities as quintess¢h6e-19,  dineutrorf and Seth and Parkd50], amongst others, find
modifications of gravitf 19,20 or neutrino oscillations, neu- evidence for dineutrons ifH, ®H and 8He decay. There is

trino mass, or neutrino dec41-29. also a claim for tetraneutrorfn, emission in the decay of
Perhaps the most intriguing use of BBN is in constraining“ge [51].
the variation of the fundamental constaf@®—-3§. Support Given that the dineutron is only weakly unbound, even

for this hypothesis has emerged from recent observations @&mall changes in the pion mass could, perhaps, result in a
quasar absorption lines at redshiftzf 1-2 by Webbet al.  bound dineutron, although at present there is not enough ex-
[39,40 that suggest the fine structure constantmay have  perimental information to show whether or not this would
been smaller in the pagthough se¢41,42). In some cases occur[52,53. The scattering length is quite sensitive to the
the variation of a fundamental constant is easily imple-pjon mass and so it is small changes in fundamental con-
mented in BBN because the nuclear physics aspects of thgtants that change its mass, suchaas\ ocp or the Higgs
calculation are unaffected, but in others the lack of an advacuum expectation valug/EV), that could cause the di-
equate theory to predict such properties as the nuclear bingreutron to become bound. Since we are lacking an exact
ing energies and cross sections introduces a degree of unceglationship between these fundamental constants and the
tainty. Nevertheless, one can derive limits to any variation inbinding energy of the dineutron we do not adopt a particular
these circumstance by simply requiring, for example, themodel for the time variation of fundamental constants, but
deuteron to be stable as in Barrg@4], or attempt to deter- instead explore the effect upon BBN of a bound dineutron
mine the scale of the uncertainties as in the calculation ofiirectly.

Kneller and McLaughlir{38]. In this paper we shall make an effort to derive a constraint
In addition to variation of the properties of nuclei that are upon the dineutron binding energy. Initially we will consider
presently stable, variation of the constants relevant to nucleane dineutron in isolation, i.e. whatever the source of the new
structure might also partially stabilize nuclei that are presstability of the dineutron we shall limit the effect to just this
ently particle unstable. This could have pronounced effectgucleus. We begin with an overview of standard BBN in Sec.
upon BBN because, for example, the lack of any stable || with an emphasis on the details of the flow from free

=5 andA=8 nuclei is often cited as the explanation for the nucleons to helium-4 before proceeding to insert dineutrons
dearth of nuclei formed with masses above helium-4 though

the endothermicity of pure strong reactions such as——
Though it may become stable on the surface of neutron-rich nu-

clei.
*Electronic address: JinKneller@ncsu.edu 2Bochkarevet al. [49] also have evidence of diproton emission
"Electronic address: GaiMcLaughlin@ncsu.edu from an excited state dBe.
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in Sec. lll. In Sec. IV we present our results for a baryon-to- gaA32

photon ratio of»=6.14x 10 1° and follow it up in Sec. V Ypm— sTETAY AT

with a discussion of the errors in the calculation and any 2[3v2]A

degeneracy withy in Sec. VI. Finally, in Sec. VII, we show B,—(A—1)B

how BBN can limit the dineutron binding energy before dis- X F{ A D} 3
cussing simultaneous variations of both dineutron and deu- T

teron binding energies in Sec. VIII and then present our con-
clusions. This equation now makes it much clearer that the abundance
of a nucleus with mas&+ 1 is suppressed by approximately
Yy, relative to the abundance of a nucleus with mass
If the neutron or proton abundances are held fixed then
BBN can be simplistically broken into three phases charthe NSE abundance has a minimumTat=2 B,/(3A—3).
acterized by the degree of equilibrium within the nucleons oBelow T, the various nuclear reactions provide sufficient
nuclei. nuclei to keepY, in equilibrium as the abundance climbs
During the first phase, at temperatures aboVe from the minimum but eventually a point is reached where
=1 MeV, there are virtually no complex nuclei so that all this required production rate cannot be met and the abun-
the nucleons exist in a free state. The rapidity of the wealklance falls beneath the equilibrium value. This departure
interactions in converting neutrons and protons, from equilibrium for the complex nuclei is in contrast with
that of the neutrons where it was an insufficient rate that led
(1a) to the departure, here it is a lack of reactants that is the cause.
Heavier nuclei are the first to depart from equilibrium:
helium-4 departs af ~600 keV while helium-3 and tritium
n+e—p+ve, (1b)  drop out atT~200 keV. BelowT~200 keV the only com-
pound nucleus in NSE is the deuteron and its abundance
controls the rate at which all the heavier nuclei can be pro-
duced. ByT~100 keV the D abundance is approaching that
of the free nucleons and the amount of D destruction, via
establish a weak equilibrium so that the neutron to protorsuch reactions as D(P)T and D(Dn)3He, has become sig-
ratio, F, is simply F~exp(-A,,/T). As the Universe cools nificant. When this occurs the deuteron abundance cannot be
the rate at which neutrons must be converted to protons ireplenished sufficiently quickly to maintain its equilibrium
order to maintain the equilibrium cannot be accommodatedand, consequently, it too departs from NSE. This final NSE
As a consequence, the neutron-to-proton ratio departs fromleparture forms the entrance to the third stage of BBN
its equilibrium value and is said to “freeze-out” even though proper.
conversion continues to occur. In the absence of neutron de- Below the deuteron NSE departure temperature the D
cay and the formation of complex nuclei, the ratio would abundance continues to grow for a short period but eventu-
attain an asymptotic value &~ 1/6 [69,70. The departure ally the D+ D drain tips the balance in favor of destruction
of F from its equilibrium value denotes the boundary be-and the deuteron abundance reaches a peak amplitude. The
tween the first two phases of BBN. tritons and helions formed via the reactions DT and
During the second phase of BBN, from a temperature oD(D,n)3He are produced in roughly equal amounts but the
~1 MeV to ~100 keV, the abundances of the various nucleihelions rapidly transform to tritium vidHe(n,p) T. The last
also begin to depart from equilibrium. At1 MeV their  step in the formation of the alpha particle is almost exclu-

abundances are suppressed relative to the free nucleons Bifely T(D,n)*He which destroys-1/3 of all the deuterons
the nuclear reactions that form them establish, and maintaiformed. The essential steps in the scheme are illustrated in
chemical or nuclear statistical equilibriu(NSE). In equilib-  Fig. 1.

II. BBN WITHOUT DINEUTRONS

n—p+e+v,

N+ veep+e, (10

rium the abundanc®Y,=na/ng, of a complex nucleh is Smith, Kawano and Malane}p4] identified 8 reactions
derived fromua=Zu,+ (A—2Z) u, so after inserting the ex-  among theA<4 nuclei as being important for BBN. Five are
pressions for the Boltzmann number density we find identical to those in Fig. 1, the sixth is neutron-proton inter-
conversion, and the two reactions they included, and which
gaA2 o | 32]A-1 we have omitted from the figure, aréHe(D,p)*He and
Ya=—%a— nB(m_NT) YiYn %eBaT.(2)  T(p,y)*He both of which are 2-4 orders of magnitude

smaller than T(Dn)*He, so their importance is marginal.

Whatever the exact number, this handfat two) of impor-

UsingF~ 1/6 and a baryon-photon ratio gf~10 °we see tant reactions is much smaller than the number of reactions

that for a temperature of ¥1 MeV the abundance of deu- included in any BBN code.

terons isYp~10 12 After substitutingYp, for the thermal As the Universe cools eventually the Coulomb barriers in

factors in Eq.(2) we obtain the various reactions become insurmountable leading to a
cessation of the nucleosynthesis. The abundances have pla-
teaued to their “primordial” values with virtually every neu-

3The term “abundance” is also used for the ra¥@/Y,,. tron now incorporated in helium-4 and only small residues in
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cases, such ap(n,vy)D, electromagnetic or weak interac-

n : ; : i
P tions play an important role. The last requirement will re-

move those cases that pass the first two but whose entrance
channels involve multiple particles.
D+ D From these requirements we have selected four dineutron
reactions that we expect to be important:
p+2n—D+n, Q=2.22 MeV-Bz,, (4)
SHe[+| n
D+2n—T+n, Q=6.26 MeV— Bz, (5)
3 2 4 _
He+“n—“He+n, Q=28.29 MeV-Bz,, (63
D[+ T !
*He+2%n—T+D, Q=2.99 MeV-Ba,. (6b)
g The dineutron binding energy will determine tevalue in
€ these reactions and, if we permit values B, of several

_ _ . MeV, both Egs.(4) and (6b) may reverse sign and E¢b)

FIG. 1. A diagrammatic flow of nuclei in standard BBN. The il become small. We will not consider any changes to the
complex nuclei are immersed in @apidly drained bath of free  iher nuclear binding energies. Though one may expect a
nucleons and so we outline only where they form part of the set Ofarge change in the dineutron binding energy to be reflected
reactants. in equally significant changes to the structure of the deu-

teron, the effects upon three nucleon nuclei may be consid-
D, T and *He. A small (but detectable abundance of erably smallef55]. In our study, we also do not consider
lithium-7 and beryllium-7 have also been formed but we will reactions leading to the formation of destruction of nuclei
not discuss these two nuclei further. above mass 4.
To this list we add three additional reactions:

IIl. INSERTING DINEUTRONS INTO BBN n+ne2n+y, Q=Ba,, @
Inclusion of a new, light nucleus into BBN has the poten- )

tial to significantly influence BBN and alter the predicted neD, ®)

primordial abundances. These changes will occur because 5

the dineutron will disrupt the flow of nucleons through the n+p—T+y, Q=8.48MeV-Bz,. 9

reaction network by both presenting new exit channels for ) ) )
reactions that already exist in BBN and through new en-These reactions could become important for producing and,
trance channels in the formation of the nuclei. One can conore importantly, removing dineutrons. In particular, the in-
struct a large number of plausible reactions in whichclusion of Eqs(8) and(9) is based on the following reason-
dineutrons participate but not all are expected to play a"d- Once we have dineutron cross sections we must inte-
prominent role for the same reason that standard BBN igrate them over a Maxwell-Boltzmann spectrum to obtain a
dominated by only a few reactions. We can use our underthermally averaged ratgb6]. .In all the dineutron reacuons_
standing of the important reactions in standard BBN to pickth€ lack of a Coulomb barrier means that the cross section
from the plethora of possibilities for dineutron reactionsfor an exothermic reaction varies ag/f/ at low energy and
those which we expect to be important. The most importang© the rate becomes a constant. This can have important con-

reactions involving dineutrons should be sequences: written in terms of the temperature, a reaction
preferably exothermic, such asA+B—X, with a rate per particle pail, destroys
dominated by the strong interaction, nucleusA at a rate
and two-bodied in their entrance channel.

Exothermicity plays a pivotal role in the BBN because, dur- %ocFY v (10)

ing its second two phases, the system does not attain an daT A'B

equilibrium and, typically, the flow of nuclei in any given

reaction is in one direction. In a few cases where@healue ~ where we have used the relatiomg>= T2 and T2 1/. If we

for the reaction is less than few times the temperature duringssume the abundance of nucl@&is much larger tham\'s

BBN (i.e., T~100 keV, Q~500 keV) flow may be in both and does not change by any other process then the solution to
directions because the “activation energy” for an endother-this equation isY y<exp('YgoT) WhereYp, is the abundance
mic reaction is readily available. Examples of this behaviorof B at some fiducial temperature. In this scenario, the abun-
were seen in Kneller and McLaughlif88]. The reaction dance ofA never becomes a constant and BBN would never
should also be preferably strong in nature since this is thend. In standard BBN this situation never arises because the
behavior seen in standard BBN where reactions such dasvo temperature-independent reactiong(n,y)D and
D(D,n)%He dominate over DOf,y)®He though, in a few >He(n,p)T, are killed by the decay of the neutron. But if the
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dineutron becomes stable then without a reaction such ashereJ, andJ, are the spins of the individual nuclei. The
2n(p,y)T the dineutron abundance could plateau to a conreciprocal of the entrance channel velocity is proportional to
stant larger than, say, the abundance of helium-3 and thé;; /(u;;E). Putting all these together the cross section for
circumstances of Eq.10) may be realized in the reaction the reactions+j«<k+1 is expected to be of the form
3He(®n,n)*He. In order to obtain a primordial abundance of
He it is imperative that this situation be prevented. The

decay_of the (_jineut_ron andn(p,y)T will ensure this by 0'i+jﬂk+l(E):Sij,kI(E)g___klEGij(E)le(E"'Q)
depleting the final dineutron abundance for all value8gf Mij
we shall explore. -
Now that we have determined the most important reac- X Py (B)Pu(E+Q), 9
tions, we need cross sections for them before we can pro-
ceed. where we have introduce&; ,(E) as an undetermined
function. This function becomes constant at low energy, and
2n(p,n)D, D(®n,n)T, %He(®n,n)*He and *He(?n,D)T is similar to, but not the same as, the astrophys&fictor.

With the help of Eq(15) we can extract the most obvious
havior of any cross section with energy to desyg(E).

Our expectation is that this quantity varies slowly though of
course the exact details of a reaction may lead to significant

Since the dineutron is presently unstable we posit Crosg
sections based on “similar” strong reactions involving deu-
terium or other light nuclei. If we consider an arbitrary two-

body strong reaction+ j«< k+1 then general considerations epartures. After extracting: (E) from some known re-
lead us to expect a cross section per particle pair which ig P ) : ] kI _ :
action we can then insert it into the similar dineutron reac-

proportional to a matrix element squared, the phase space X i
with an energy conserving delta function and inversely pro(-ilon based on the assumption tf,q does not change con

portional to a flux. In nuclear astrophysics, one typicaIIySIderably f'rom one to the other. _Th'e major change.s in the
writes the cross section as cross sections will therefore be limited to the considerable

effects of the Coulomb barrier penetrability and phase space.
We have examined the validity of this approach by using it to
’ (11) predict D(Dp)T from D(D,n)He, and T(Dn)*He from
*He(D,p)*He. The last two cross section are dominated by
large resonances corresponding to excited statéslefand
wherep; is the reduced mass for incoming particlendj,  °Li [62] but the non-resonant pieces have been extracted by
andS(E) is the astrophysical S-factor. For our purposes, thisChulick et al. [60] allowing us to compare the transforma-
parametrization is not sufficient since it does not explicitlytion. In both test cases we find the transformation works
show the effects of & value upon the final states. This is reasonably well with an error that is a factor of order a few.
particularly crucial since in our stud® values will vary as For the ?n(p,n)D reaction there is no similar deuteron
the dineutron binding energy varies. With that in mind, wereaction with which to compare so instead we used the
write the non-resonantS-wave contributions to the cross broadly similar®He(n,p)T. We have been unable to find an

S(E 2 i
U(E):%EX[{—WQ’ZiZj %

section, following[57,58, as proportional to the product of analytic expression for this cross section so we interpolated
both Coulomb penetrability factoiG;;(E) andG,(E+Q),  the ENDF-IV evaluated cross section data available online
the available phase space in the exit chanbgj(E+ Q) [61] and then factored out the expected behavior shown in
together with the statistical weiglgf, and the reciprocal of Eq. (15) before replacing it with the appropriate terms for
the entrance channel velocity. The penetrability factor for?n+ p<—D+n.
charged particle interaction§;; (E), is simply We expect the B->n— T+n cross section to be similar to
D(D,p)T and D(Dn)3He up to corrections for the Coulomb
Eﬁ 2ij barrier penetrability and phase space factors. Here we have
Gj;(E)= E X —maZiZi\ |, (12 analytic expressions of tH&factor to use from Chuliclet al.
[60].
; ; 2 4
where Eﬁ is the Coulomb barrier enerdyp9]. Although in 3H;c: ZerisimDatheTtheol;ausat t;vgpreezflgtl(?[gﬁte;eirn(_s)irryirla:_i't?/ a\r/]v(ijth
the standard cross section parame';r'ization, shown in EGF(D,n)“He so t,hat one may use the Chuliekal. [60] ex-
(1D), the_: second Coulom_b penetrability factor can be ab'pression and, once again, correct for the change in the phase
sorbed Into the astrophysic8ifactor because, typlcally,_ th_e space, Coulomb barrier penetrability etc. As mentioned ear-
energy 1S much smaller than @ value, herg we retain it lier, the T(Dn)*He cross section exhibits a resonance due to
explicitly. The phase space factaby(E+Q), is an excited state of theHe nucleus(see[62] for an energy
level diagram. The position of this same resonance, relative
®yg(E+Q)* (E+Q) iy (13)  to the®He+2n ground state, depends on the dineutron bind-
ing energy being subthreshold fBe,<3 MeV. In addition,
while the statistical weight factagy, accounts for the multi- there are further excited states #ie that become relevant

plicity of the final state whenBz,~0 but, as we will show, the effects of the dineu-
tron become apparent only wh®&a, approache8p and we
Ou=(23+1)(23,+1) (14)  have not added them to our cross section.
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2neD 75%
This weak reaction is actually the sum édur sub- =l Hellum-3

processes: 25% | Helum-4
2 — > 0%
n—D+e+v, O<E,<Azp—m, (163 B e

N+ vesD+e, —Azptme<E,, (16b) 50% |
2 . . -75% Deuterium
n+e—D+v,, Azptm.<E,, (160 100% Ao ‘
10°  2x10° 3x10° 4x10° 5x10° 6x10°
n+etrve—D, O0<E,<—Azp— M, (160 Ben [eV]

FIG. 2. The fractional change in the primordial deuterium,
helium-3 and helium-4 abundances as a function of the dineutron

Pelr_1d|ng energy.

where we have denoted I, the dineutron-deuteron mass
difference i.eA2,p=A,+ Bp— B2,=3.52 MeV—B2,. We do
not consider those cases where the final states are free nuc

ons. From the limits on the neutrino ener§y,, we see that, . ) . .
at most, only three of these reactions can be operant at a important. We have also estimated its cross section from

given value ofBz,. For Bs,>3.01 MeV the dineutron is then(p,y)D reaction in63] after modifying the phase space
stable and foB2,=4.03 MeV the deuteron is unstable. and spin multiplicity factors using the expressions discussed

For these rates we use expressions similar to the neutroRPOVe.
proton interconversion rates but with differe@tvalues and
a matrix element that takes into account the presence of tWQ, THE EFEECTS OF A BOUND DINEUTRON UPON BBN
neutrons. We also use a pure Gamow-Teller decay between
the 0" ground state of the dineutron and thé ground state The chief manner in which the dineutron affects BBN is
of the deuteron or vice versa. While there remains som&ia the Q values for the reactions and, from the values
uncertainty in the rates it has a much smaller impact on finafjuoted earlier, we can identify four regionsi, up to the 6
abundance yields as compared with the uncertainties in thileV limit we considered. They are:

strong interaction rates discussed above. B2,<Bp,
There is an interesting quirk that appears whegp Bp=B2,<3.0 MeV,
<mg, Which is that an atom of deuterium can capture an 3.0 MeV=B2,<4.0 MeV,

electron to form a dineutron. Although interesting this pro- and
cess has not been included in our calculations because the 4.0 MeV=Bz,.
amount of atomic deuterium is negligible at the temperature$n Fig. 2 we plot the fractional change in the primordial
relevant to BBN. abundance relative to standard BBN7at 6.14x 10 1° and
the four regions we have identified are clearly visible. Up to
n(n,y)?n and n(p,»)T Bp there is no discernable change wigk,, over the interval

Bp=<B2,<3.0 MeV the deuterium and helium-3 abundances
n(p,y)D this reaction is suppressed because there is nﬁro_p and the hell_um—4 abundance rises but after 3.0 MeV t_he
charge. Despite this smallness, it is the only exothermic re- elium-3 and helium-4 abundances plateau and the evolution
action capable of producing dineutrons when of ¥p changes no_t|ceably. At 4.0 MeV new behawor.
Bs, is small. Following Rupal63], the lowest order con- emerges: the deuterlu_m abundance drops preC|_p|tou§Iy while
tribution to this cross section should be somethingat the.sameBgn there IS a large enhancement in helium-3.
i T g - - Most interestingly helium-4 appears to be unaffected by
like  (NTo2@ 77 N) (N 0@ 7,7)(D+ DYNIE and  \yhatever mechanism is producing the wild swings in the
(NTo,® 757N) {(NTop07@ 7,7(Dy—D)N)Bi€X'.  From  other two nuclei.
examining then(p,y)D operators in the cross section from  |n what follows we shall explain why and how the dineu-
Rupak we estimated that this lowest order contribution isron influences BBN in each region.
N*LO. We therefore make an order of magnitude estimate
for the dineutron cross section by starting with th{g, y) D
(which has a leading order contributioand suppressing it A. B<Bp
by the appropriate factor. Although there is considerable er- ForB2,<Bp the dineutron lifetime is of ordel s sowhile
ror, just as with the twdHe+ ?n reactions, the effects of the the decay would appear to be a significant drain on the di-
dineutron will only become apparent whéha, approaches neutron abundance any loss is easily, and rapidly, replaced
Bp by which time this reaction will be of little importance. from the pool of free neutrons and, consequently, the dineu-

The 2n(p,y)T reaction has been included as a failsafetron abundance during the second stage of BBN follows its
mechanism to remove dineutrons since it is exothermic foNSE value:
all Bz,. It is not expected to be an important reaction unless
we strongly deviate from the nucleon flow in standard BBN 1 YnYDe p(BZn— BD)
because the similar, standard BBN reactiomPB()T is also "3 Yo T '

Thoughn(n, y)?n looks similar to deuteron formation via

17
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102 ; ‘ — ‘ 102
-4
10 Deuterium
31
106 10
107
4
10-10 >'D 10
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10}
10 By = 10%eV
-16 L
107507 10° 10 10 10°L— : —
TleV] 105 5x104 0
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FIG. 3. The evolution of the dineutron abundance as a function 102
of the temperature fdBz,< {10* eV,1¢ eV,2x 1¢° eV,Bp} and the
deuteron abundance from standard BBN. 109

Therefore the effect of increasing the dineutron binding en-
ergy is the same as one expects from NSE, i.e. the abundance s 10*|
builds up at higher temperature as the binding energy in-
creases. The evolution of the dineutron abundance as a func-
tion of the temperature for the four case8z,
e{10* eV,1¢ eV,2x 1 eV,Bp} is shown in Fig. 3. In ev-

ery example in the figure the dineutron abundance is smaller 10
than the deuteron abundance: even wBep=By the NSE TleV]

abundance is smaller thafy, due to both the smaller abun- . . .

dance of free neutronsy(/Y,~1/6—1/7) and the spin fac- FIG. 4. The evolution of the deuterlu@op panel and dineu-
tor, 1/3, of deuterons, combining for a total 6f1/20. The tron (bottom panelgbundances as a function o_f the temperatl_Jre for
figure also makes it quite clear thatBs, approache8p the ~ Bwc {Bp (dotted ling, 2.6 MeV (dot-dashed ling 3 MeV (solid
dineutron starts to possess a considerable abundance at {ine-

transition to BBN proper, approximately the location of the . .
deuteron peak. And the figure also shows that the position dtS Bz increases, the peak deuterium abundance drops and

the peak dineutron abundance is unaffected by its bindin{'® temperature at which it departs NSE also shifts to higher
energy and is coincident with the deuteron peak. Whatevelemperatures. These effects ripple through to the triton and
the dineutron binding energy in this range BBN proper is still"€lion as shown in Fig. 5. A8, increases tritium and

initiated by the deuteron’s departure from NSE and the smalff€lium-3 depart NSE at lower temperatures: the change is

amount of dineutrons present at that time is rapidly removed?0t dramatic, byB2,=3 MeV the twoA=3 nuclei depart at
WhenB2,<Bp, their small abundance means that they never! ~ 170 keV rather than at around 200 keV in standard BBN

form a substantial population which could possibly influencePUt the sensitivity of the NSE abundance to the temperature

the predictions of BBN but aBz, approachesp, their pres- Means that the abundance of helium-3 and tritium after this
ence afl g5y becomes importaplt. point is roughly 2—3 orders of magnitude larger. The figure

also shows that the movement of the tritium peak parallels
B B.<B, <30 MeV that for dineutrons by shifting to higher temperature8as
- PoSBa=sOMe increases.

As shown above, the NSE dineutron abundancer at The movements in the abundances of the intermediary
~100 keV whenBz,=Bp is smaller thanYy by roughly a nuclei are all attributable to changes in the flow of the nuclei
factor of 1/20 so it is not until the dineutron binding energy through the reaction network. Fd2,=Bp, the reaction
has grown to the point where it is capable of reversing theD(n,p)?n is now exothermic and a detailed examination of
suppression of its NSE abundance by the neutron-to-prototihe nuclear flow aBz,=2.6 MeV confirms this to be the
ratio and the spin of the deuteron that its abundance apsource of dineutrons. The flow also indicates the dineutrons
proachesy at T~100 keV. Roughly this occurs when are then chiefly converted to tritons via the reaction

2n(D,n)T. Both reactions lead to a disruption of the usual
exp{ Ban—Bp mechanisms that lead to BBN proper. In standard BBN the
T transition to BBN proper was due to the removal of deuter-
ons via the two D processes but now, because beyond
i.e., whenBz,~2.5 MeV. The evolution of the dineutron and Bz,~2.5 MeV the NSE abundance of dineutronslasger
deuteron abundances during this interval Bay is shown in  than that of deuterons and because free neutrons are so plen-
Fig. 4 and confirms that the dineutron abundance surpasséful during the second stage of BBN, the departure occurs
the deuteron abundance Bt,~2.5MeV. The figure also earlier. Remarkably both D()*He and D(Dp)T are now
demonstrates a number of new features: the position of thef little consequence. The shift in the deuteron’s NSE depar-
dineutron peak abundance now moves to higher temperaturésre temperature is not large, Fig. 4 demonstrates this, but, as

10

5x104 0

~20, (18)
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Ei - geQR T [eV]105 Bxigf 9 FIG. 6. The schematic flow of nuclei through the reaction net-

15 work from deuterium to tritium aB2,=2.6 MeV. The flow does not
105| include helium-3. A little of this nucleus is still produced via
104 D(D,n)3He but the suppressed deuteron abundance means that the
107 amount is substantially reduced compared to standard BBN.
108

£10°| mation is increasingly dominated b¥n(p,y)T rather than
10710 2n(D,n)T and, interestingly, the dominant source of
1071 | helium-3 is the mildly endothermic P(n)*He at higher
10712 temperatures with a changeover to Ttl),°He as the Uni-
107 verse cools. This flow, T{,n)3He, is opposite to that in
107

‘ ‘ ‘ ‘ standard BBNHe(n,p)T.
20e 15108 T[eV]105 oot 0 This second region oBz, is where the presence of
dineutrons really becomes manifest. B4,=Bp the dineu-
FIG. 5. The evolution of the tritiunitop panel and helium-3 {01 is just starting to influence BBN, B§2,=3 MeV it has
(bottom panel abundances as a function of the temperature forqngiderably altered the reaction network that take the free
By {Bp (dotted ling, 2.6 MeV (dot-dashed ling 3 MeV (solid o\ trons to helium-4 and led to a significant change in the
line)}. mechanism that leads to BBN proper.

with T and3He, the deuteron’s NSE abundance is very sen-
sitive to the temperature. Thén(D,n)T reaction can also
provide sufficient tritium to keep its abundance in equilib- The excitement seen wheép,<B2,<3 MeV has largely
rium until a slightly lower temperature. The switch in the played out as we enter the third domain of 3 MeBz,
mechanism that initiates BBN proper explains many of the<4.0 MeV and the shifts in the evolution of the abundances
features seen in Figs. 4 and 5. slows. In this range, between 3 and 4 MeV, there are no new,

From the nuclear flow we also find that helium-3 no major changes in the nuclear flow because Ghealues of
longer plays an important role in the formation of helium-4.the most important reactions are now alMeV. Neverthe-
Some helium-3 is still formed, via D(B)3He, but this less, a detailed study of the reaction network does show
source is suppressed due to the lack of deuterons; what littemall differences and we discuss those here.
helium-3 is created is processed to tritium by the usual Although further increases in the dineutron binding en-
%He(n,p) T though *He(®n,n)*He does play a role. The re- ergy are not reflected in the position and amplitude of the
duced significance of helium-3 is not reflected in Fig. 5: onepeak dineutron abundance, the temperature at which the di-
must remember that the net rate of formation for the interneutron departs NSE shifts to higher values wih,. In
mediary D, T and®He is the small difference between pro- contrast, the reduction in the amplitude of the peak deuteron
duction and destruction and does not necessarily indicate tt&undance seen in Fig. 4 becomes less dramatic and its NSE
true amount of nucleons flowing through them. Even in standeparture temperature has all but ceased to mo\&zam-
dard BBN the evolution of helium-3 does not resemble thaicreases.
of tritium because€’He(n,p)T is so rapid and one can only ~ The behavior of the evolution of these two=2 nuclei
see the significance of the helium-3 nucleus by examiningeflect the fact that dineutrons are primarily created from
the individual reaction ratefb4]. deuterons and that the dominant dineutron destruction

Finally, the formation of helium-4 still occurs via mechanism has switched froAm(D,n)T to *n(p,y)T. Di-
T(D,n)*He and, due to the earlier initiation of BBN proper, neutron NSE departure occurs because of insufficient pro-
its final (primordia) abundance is enhanced. The reactionduction from the small D abundance. TRe abundance at
network is modified and the bulk of the nucleons now flowlower temperatures is thus controlled by the deuteron. The
through a network resembling that shown in Fig. 6. reaction?n(p,y)T is affected byBz, only through the exit

By B2,= 3 MeV Fig. 4 shows that the peak abundance ofchannel phase space which varies B~ Bz, With an
deuterons has dropped by two orders of magnitude from thatbundance controlled by D and a destruction mechanism that
in standard BBN and BBN proper begins at an even highevaries only weakly withBz, the height and temperature of
temperature. The nuclear flow now indicates that tritium for-the peak dineutron abundance is, essentially, static. Deute-

C. 3.0 MeV=B2,=<4.0 MeV
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FIG. 7. The diagrammatic flow of nuclei through the reaction 1% HBm
network from tritium onwards aB2,= 3.5 MeV.
0% ‘ 0%
rium departure from NSE occurs when its abundance opens 10° 2x10° 3x10° 4x10°

the D(n,p)°n drain and, againBz, only enters weakly Ban [eV]

through the exit channel phase space. FIG. 8. The root mean square deviation divided by the mean

A; new featur;z eme'igesf in thhis third. I;ggiog B, At plus the=3o error for deuterium and helium-4 as a function of the
B2,>3.0 MeV, theQ value for the reactionHe("n,D)T is dineutron binding energy. BeloB2,~2 MeV neither nucleus ex-

now negative and the importance of the helion as an InterFlibits any spread due to the uncertainty in the dineutron reaction

meﬂiarly inlt.he formation of he"r:"m'4 reboufnﬁsi. though rFOtrates. Above this value the spread in the deuterium results becomes
to the level in standard BBN. The source of helions is prln'Iarge while the results for helium remain smaller tha#% for all

cipally the mildly endothermic Tg,n)3He but switches to value ofBa
T(D, °n)®He as the Universe cools. "

Finally, helium-4 is now chiefly formed by both
T(D,n)*He and T(T,2)*He in almost equal proportions
with  minor  contributions from Tg,y)*He and
3He(®n,n)*He. The network has changed slightly and the
new flow atB2,=3.5 MeV is illustrated in Fig. 7.

tions, it is a worthwhile task to see how robust the effects we
have described are. If we kno(@r assumgthe distribution
for the error, either in the cross section or the thermally av-
eraged rate, then one can compute the error matrix as in
Fiorentini et al. [65] and Cuococet al. [64], though this ap-
proach cannot recover higher moments of the abundance dis-
tribution. An alternative is to construct the distribution of the
As Bz, enters this last region we identified from Fig. 2 abundances by sampling the distribution of the errors in a
there is a dramatic drop in the final deuterium abundance, Rlonte Carlo analysis. This technique was used by Krauss
large spike in the helium-3, and no change in the helium-4nd Romanelli[66], Smith, Kawano and Malaney54],
until Bz, approaches 6 MeV. The explanation for this behav-Krauss and Kernari67] and, more recently, Nollett and
ior lies in the instability of the deuteron wheBy,=4 MeV  Burles[68] and is the technique we shall use. To this end we
and the lack of Coulomb barriers in dineutron reactionsintroduced random multiplicative factors for all our dineu-
Deuteron decay to dineutrons removes the possibility of §.on reaction cross sections with the exceptioRof-D, the
relic D abundance While'2a5 we explai?ed 2ear|ie4r, reactiongost reliably estimated. These factors were chosen from a
without Coulomb l_:)arrle_rE n_(p_,y)T and°He("n,n)"He fo_r probability distribution limited to the range between 1/5 and
examplg can continue indefinitely. FdBz,>4 MeV the pri- 5 an4 weighted such that there was equal probability either

mordial A=2 abundance is negligible. ; . :
. ; side of 1. The baryon-to-photon ratio was fixedzat 6.14
When Bz, is only slightly larger than 4 MeV deuteron  14-10" ), Fig. 8 we plot the root mean square deviations

decay occurs long after the Coulomb barriers have becom%r deuterium and helium-4 and the three regimes for the

éiineutron binding energgup to the 4 MeV limit plotted are
nuclei during this “post-BBN” period is by no means clear- clearly visible in both curves. The increasing spread for both
cut. From studying the nuclear flow we find that only a few reflects the increasing dominance of dineutron reactions in
dineutrons are lost vidHe(®n,n)*He, the majority is de- the formation of helium-4. The figure shows that upBs,
stroyed by2n(p,y)T. The extra tritons more than compen- ~2 MeV the errors in the reactions involving dineutrons do
sate for the loss of helium-3 and so the- 3 isobar receives Not introduce any error into the predicted abundances, illus-
a large boost. But a5, increases the deuterons decay earliet"@ling again the insignificance of dineutrons in BBN when
permitting the T(Dn)*He, T(T,2n)*He, T(p, ) *He reactions their binding energy is §maller t_han this value. Abdssg,
to remove the tritium and so there is a small enhancement ifr 2 MeV the curves begin to deviate from zero but note two
helium-4. important features: first, the spread in helium-4 is small for
As the 2n binding energy is pushed towards 6 MeV Qe all values ofB2,, and second, the spread in the predicted
value in the reactiori5) approaches the temperatures duringPundance of deuterium does not exceetD0%. The small

BBN and we should expect new modifications to the nucleorsPréad in the helium-4 curves indicate that we can reliably
flow diagrams but, with no possibility of A=2 primordial predict the abundance of helium-4 even if dineutrons have

abundance, we shall not pursue this further. significantly impacted BBN, while the fact that the deute-

rium curves do not exceed 100% shows that at least the

directionof the change is known even if the exact abundance

is not. We have not shown the rms spread for helium-3 be-
While we have strived to estimate the various dineutroncause it exceededt 100%.

cross sections by basing them upon simple physical assump- Note also that the range in the abundances is significantly

D. 4.0 MeV<Bz,

V. ARE THESE PREDICTIONS ROBUST?
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FIG. 9. The correlation between the deuterium abundance and F|G. 10. The fractional difference between the mean from the

helium-4 mass fractiompy , and its+3c error, as a function of the  Monte Carlo simulation and the result with no random factors. The
dineutron binding energy. BelovBz,~2 MeV the correlation is  solid line is for helium-4, the dotted is for deuterium.
close to—100% while afterBz,~3 MeV the correlation has soft-

ened to~—80%. The large peak &z,~2 MeV corresponds to the  \ys have checked the validity of this approximation to the
point where the change in the flow of nuclei through the reactlonspread in the results by performing a Kolmogorov test at
network occurs. each value oBz, we set. The spread in the predictions for
smaller than the range we permitted for the random factord1€lium-3, which we have not shown, did not pass this due to
This may seem remarkable since the primordial abundanca significant kurtosis.

of an intermediary nuclei, such as deuterium, involves a
fierce competition between its production and destruction
and hence the adopted cross sections. While dineutrons may
have led to significant departures in the flow of nuclei com-  So far we have restricted our discussions to a fixed value
pared to standard BBN, large variations in the dineutron reef the baryon-to-photon ratiay, but if we allow this param-
action rates do not translate into equally large spreads in theter to also vary we may well end up with a degeneracy that
abundances of the intermediaries. makes it difficult to establish the presence of a bound dineu-

We also found that there was a significant anti-tron. To determine if this occurs, we show in Fig. 11 iso-
correlations in the results as shown in Fig. 9. Hr, abundance and iso-mass fraction contours for deuterium and
=2 MeV the correlation coefficient was almost exacthl ~ helium respectively as a function 86, and 7. If we exam-
while over the interval 2.5 Me¥Bz2,=3 MeV the anti- ine the most robust prediction of our modified BBN, the
correlation softened slightly te-—0.8. As a consequence of increase inY, then we can quite easily mask this effect by
this correlation the covariance matri¥,z, describing the lowering » as shown in the figure. The decreaserjre-
error in the predictions arising from the uncertainties in thequired to offset the increase in the primordial mass fraction
dineutron’s reaction rates, contains off-diagonal pieces. as Bz, increases is considerable so that abofe,

We have delayed until last the difference we find in the~2.5 MeV all values of in the 3x1071° to 8x107°
mean from the sample and the primordial abundances wmnge plotted yield a helium-4 mass fraction above 0.248.
derive with no random factors as shown in Fig. 2. The factFor deuterium, lower values of lead to increases in the
that a discrepancy arises is not surprising given the nonfinal abundance so that they too can mitigate the decrease in
linearity of BBN. The errorgwhich are functions oBz,) for Yy asBz, increases. But the figure shows that the decrease in
helium-4 is=<0.5% but for deuterium it reaches20% and  # required for deuterium is nowhere near as large as that
helium-3 fared even worse with a discrepancy between the

VI. ADEGENERACY WITH #?

mean and no random factors approaching 30%. The frac- 8x10M0 —
tional difference between the mean and the result with no
random factors are shown in Fig. 10 for deuterium and 7x107

helium-4. Although seemingly large, this error is smaller

-10
than the statistical fluctuations for all three nudlséen in 6x10

Fig. 8 for deuterium and heliumy4ut not significantly so i T A

and we must include it in the total error for the predictions as

a systematic. The covariance matrix for the systematic error 4x107
is denoted bys. —_— \
o g ‘ ‘

With means,Y, and varianceV{=Vx+Vg, that are 0 108 2x10®  3x10°  4x10°
functions ofB2, we approximate the distributions in the pre- Bzn [eV]
dictions as Gaussians

FIG. 11. Helium-4 iso-mass fractigisolid) and Deuterium iso-
1 abundancédashed contours in theB2,— 7 plane. From top to bot-
— Y=V Yy=-Y) tom, the helium-4 contours aré=0.248 andY=0.244 and the
(Y=Y)VEHY=Y)|. _
2 deuterium abundances are D#1.8x 10 °, D/H=2.6x10"° and
(19 D/H=3.4x10°.

P(Y|Bz,) =

™
—exX
27|V
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FIG. 12. The 95% and 99% confidence contours using the OI- l_FIG' 13_' The ma(rjginallilied "Il_(;”hOOd funé:tilon fék, usdin_lg_;hthe
ive, Steigman and Walkefsolid curve$ and lzotov and Thuan Olive, Steigman and Walkefsolid curvé and Izotov an uan

(dashed curveshelium-4 mass fractions observations and the(dashed cury)eheligm-4 mass fractions observations and the Barger
Barger et al. [14] primordial deuterium abundance. The best fit et al.[14] primordial deuterium abundance.
points, both atB2,=0, are denoted by the triangle for OSW, the

square for IT. Marginalizing over the baryon-to-photon ratig, we ob-

tain the results shown in Fig. 13. The two upper limits for
B2, are not greatly influenced by the different primordial

required for helium-4, so, while there is an anticorrelation thelium-4 mass fractions found in the literature

B2, and » for both helium-4 and deuterium, there is no de-
generacy for both simultaneously. If we considered each spe-

cies separately then the degeneracy could, instead, be broken VIII. SIMULTANEOUS VARIATIONS IN - Bp

by using the CMB since loweringggy Will lead to a dis- Throughout our calculation so far we have only permitted
crepancy withycug - the variation of the dineutron binding energy. In reality,
whatever the source of the stability of the dineutron, naively
VII. AN UPPER LIMIT FOR B, the binding energies of the other nuclei should also change.

The range inBz, we investigated is much larger than the

It is finally time to derive an upper limit t82, based on range inBp that Kneller and McLaughlin permitted but we
the compatibility with observations. The primordial abun- notice that the increase i¥iand decrease in D/H seen there
dance, D/H, of deuterium is taken to be B#{2.6:0.4)  when By increased is also mimicked by an increase in the
X 10~° [14] while we will consider both the Olive, Steigman dineutron binding energy wheBz, =By, .
and Walker{ 71] value ofYggy=0.238+0.005 and the Izo- To investigate the effects when bd® andB:, are varied
tov and Thuan value o¥,;1=0.244+-0.002[72,73 for the = we reproduced the Kneller and McLaughlin calculation but
helium-4 mass fractiory. The exact primordial abundances now with dineutrons inserted. Tritons and helions act as the
remain a topic of debate with two, largely incompatible, de-neutron sinks in this simplified BBN so reactiof®a) and
terminations for the helium mass fraction2—76 and ex-  (6b) have to be removed from the network. The results are
cessive scatter in the measurements of deutefishv7 but ~ shown in Fig. 14. The primordial helium-4 mass fraction
these two nuclei still represent the best probes of BBN.

The error in the observed helium-4 mass fractions are 2% 4x100 T
for Yosw, 1% for Y, which compares well with the spread . I : Helium-4
in the predicted mass fraction plotted in Fig. 8. We can inte- 3x10° : L
grate over the possible values for the prediction, at a fixed - A =
. . . . . . >
andBz,, using the distributions found earlier, and find S 2x10°
o
N 1 1. - 10°
L(7,Bzy|Y)= oV expg — E(\(—\()Tv*l(\(—Y) , Deuterium .
O 1 1
(20 10° 2x10° 3x10°
Bp[eV]

whereY denotes the vector whose elements are the observa- FIG. 14. Contours of deuterium iso-abundan@mlid) and

tions ade the ve(_:tor Whose_ elements are the. prediCtion%eliumA iso-mass fractioidashedl as a function the deuteron
andV is the covariance matrix—the sum of theiagonal binding energyBp, and dineutron binding energigz,. The abun-

coyariance mz-itrix for the observationsy, andl the_ tWO €O~ gances are scaled relative to their valuesBgt=2.22 MeV and
variance matrice¥'r andVs. Contours of the likelihood are g, —0 to remove the systematic errors coming from the reaction

shown in Fig. 12 which shows that the use of deuterium anghetwork simplification. From left to right the deuterium contours
helium-4 breaks the degeneracy seen in each separately, argk +30%, 0% and—30% while the helium-4 contours are4.2%,
indeed, the limits to the dineutron binding energy are inde% and+4.2%. The three diagonal lines are the linear equations
pendent of the baryon-to-photon ratio. B2,=Bp, B2,=Bp+0.8 MeV andBz,=Bp+ 1.8 MeV.
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from the Kneller and McLaughlin approximations is known <Bp, Bp=Bz,<3 MeV, 3 MeV<Bz,<4 MeV and 4 MeV
to be systematically low by-1% when compared to stan- <Bz,. The boundaries are due to the sign inversion of the
dard BBN calculations but this is within the observational >n(p,n)D and *He(®n,D)T Q values and the spontaneous
errors on Y. The deuteron abundance is systematically larggecay of the deuteron. BeloB, the dineutron has little
by ~50% which is significantly larger than the observationaleffect upon BBN but as we increas&d, beyond this value
error of 15%. For this reason we have scaled both thewucleons began to flow through the new reaction pathways
helium-4 and deuteron abundances to the value8gt the dineutron presents. The helium-4 mass fraction increased
=2.22 MeV andB2,=0. The contours in the figure represent by ~10% and the deuterium abundance dropped-#0%.
relative differences of-30% for deuterium and-4.2% for ~ Between 3 and 4 MeV the nucleon flow settled into a new
helium-4 indicating the degree to which the errors in thePattern, the helium-4 mass fraction plateaued to new level
observations can constrain simultaneous variations. The dnd the rate at which the deuterium abundance decreases
agonal lines through the figure are the linear relatiBas ~ With Bz, slowed. A small change to the nucleon flow from
—Bp, Bz;=Bp+0.8 MeV andBz,=Bp+1.8 MeV and gen-  1tiuM to helium-4 was seen. _—
eralize the four domains @2, whenBp=2.22 MeV seen in Above 4 MeV the deuteron is now unstable and a signifi-
Fi . _ " D cant primordialA=2 abundance cannot be produced. If deu-

ig. 2 into theBz,— By, plane. : -

. . : . . terons decay long after Coulomb barriers have essentially
Features discussed in earlier sections of this paper gen

lize to simult iati 5 4B At fixed SErminated charged particle reactions this can lead to a large
alize to simultaneous variations Bp andBz,. At any fixe boost in theA=3 abundance but as the interval shortens this

Bp there are four ranges fdsz, and for two of theseBz,  gnpancement is removed and the nucleons continue on to
<Bp and Bp+0.8 MeV=B2,<Bp+1.8 MeV, the predic- pglium-4.
tions for helium-4 and deuterium are independentBaf We estimated the error in the predictions by sampling the
even though the flow of nuclei in each is different. By,  distribution of abundances when the dineutron reactions
<Bp BBN is initiated by the D+ D drain upon the deuteron were multiplied by random factors and found that the predic-
abundance while for dineutron binding energies betweemions of an increase in the helium-4 mass fraction and de-
Bp+0.8 MeV and Bp+1.8 MeV this has switched to D crease in deuteron abundance were reliable. The degeneracy
+2n. In the rangeBp<B2,<Bp+ 0.8 MeV the reaction net- betweenBz, and the baryon-to-photon ratie; that occurs
work is transiting between these two patterns. Lastly, forfor Y and D/H separately was broken when both were con-
Bp+1.8 MeV=Bz, we have the domain in which the deu- sidered simultaneously. We then constructed the 2-D likeli-
teron is unstable. hood functionZ(#,B2,]Y,D/H) by using both the OSW71]

The figure shows that iBp and Bz, increase in tandem and IT[72,73 helium-4 mass fractions and the Bargeral.
then the stability of the dineutron cannot reverse the increadé-4] deuterium abundance before marginalizing oveto
in Y whatever the relative magnitudes of the two bindingderive the likelihood distribution foBz,. We found that di-
energies and even though dineutrons may alter the nucledifutron binding energies above2.5 MeV could not be ac-

flow. If these two binding energies change in opposite Sense%ogmoclitated by BBN \t/.vithin.bott)htﬁll?a/veg.ran%es Oft'j g
then the situation is more interesting: the effect of a decreasge imuftaneous variations in bo € dineutron and aeu-

in By is the immediate decrease in the helium-4 mass frac'geron binding energies were calculated using the simplified

. o BBN approximation used in Kneller and McLaughlig8].
tion so that forBz,< BOD the dguteron binding energy cannot The helium-4 observations are only compatible within a nar-
vary by more than 6% from its present value. The presencg,; range of, whatever the value 8, and that there is

of the dineutron can reverse the decrease in Y only Wheflye oyerlap with the range compatible with the deuterium
B2,=Bp. Even thenBp is well constrained and deuteron 55 ndance wheB2,=2.5 MeV.

binding energies smaller than 1.7 MeV are incompatible with | this paper we have shown that the dineutron can be-
the helium-4 mass fraction observations whatever the valugome bound at a level up to that of the deuteron without
of Bz,. The deuterium contours tell a similar story but the disrupting the standard nuclear flow in BBN or significantly
effects of a stable dineutron are more pronounced and thgltering predicting BBN abundance yields. Beyond that,
decrease irBp is much larger. Taken together the observa-changes to the nuclear flow and to predicted abundance
tions of the primordial helium-4 mass fraction and deuteronyields appear. Although we have not included any dineutron
abundance are only compatible with the BBN predictionsreaction involving nuclei with mass above=4, one can
with dineutron binding energies above2.5 MeV when the speculate that the omitted reactidBe(°n,na)*He could
deuteron binding energy is close By~1.7 MeV. In these play a significant role since beryllium{before it decays to
circumstance the upper limit moves to 3.5 MeV and is set by'Li) is the chief component of the primordi#i=7 isobar

the decay of the deuteron. yield at »~6x 10 1% Further work on the interdependence
of cross sections and binding energies in nuclear theory
would be required to reduce the errors presented here and to
make a more concrete connection with the underlying funda-

We have examined the role that a stable dineutron majental constants.
play in BBN as a function of its binding enerd®;,, up to 6
MeV. We have estimated the important new reactions that ACKNOWLEDGMENTS
enter into the BBN reaction network and examined, in detail, The authors would like to thank Eric Braaten for useful
the change in the nucleon flow. We find that the range Odiscussions. This work was supported by the U.S. Depart-
<B2,=<6 MeV can be subdivided into four region®2,  ment of Energy under grant DE-FG02-02ER41216.

IX. SUMMARY AND CONCLUSIONS
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