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Big bang nucleosynthesis with Gaussian inhomogeneous neutrino degeneracy
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We consider the effect of inhomogeneous neutrino degeneracy on big bang nucleosynthesis for the case
where the distribution of neutrino chemical potentials is given by a Gaussian. The chemical potential fluctua-
tions are taken to be isocurvature, so that only inhomogeneities in the electron chemical potential are relevant.
Then the final element abundances are a function only of the baryon-photomratie effective number of
additional neutrino&\N,,, the mean electron neutrino degeneracy paran{etand the rms fluctuation of the
degeneracy parameter,. We find that for fixedn, AN, andE the abundances dHe, D, and’Li are, in
general, increasing functions ef;. Hence, the effect of adding a Gaussian distribution for the electron
neutrino degeneracy parameter is decreasethe allowed range forp. We show that this result can be
generalized to a wide variety of distributions fér
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l. INTRODUCTION potential is to increase the abundances of deuteritiie,
and Li relative to their abundances in models with homo-

Many modifications to the standard model of big banggeneous neutrino degeneracy.
nucleosynthesi$BBN) have been explorefl]. One of the
most exhaustively investigated variations on the standard Il. MODEL FOR INHOMOGENEOUS
model is neutrino degeneracy, in which each type of neutrino NEUTRINO DEGENERACY
is allowed to have a nonzero chemical potenf] and a
number of models have been proposed to produce a large We first consider the case of homogeneous neutrino de-
lepton degenerachB—5]. More recently, observations of the generacy. For this case, each type of neutrino is characterized
cosmic microwave backgroundCMB) fluctuations have by a chemical potential; (i=e,u,7), which redshifts as
been combined with BBN to further constrain the neutrinothe temperature, so it is useful to define the constant quantity
chemical potential§6—11]. &=u;IT;. Then the neutrino and antineutrino number den-

An interesting variation on these models is the possibilitysities are functions of; :
that the neutrino degeneracy is inhomogendd@s-14. The

consequences of inhomogeneous neutrino degeneracy for n :iTsfx x2dx (1)
BBN were examined by Dolgov and Paddli3] and Whit- 2wt ) 1+expix— &)’

mire and Scherrdrl5]. Dolgov and Pagel examined models

in which the length scale of the inhomogeneity was suffi-and

ciently large to produce an inhomogeneity in the presently )

observed abundances of the elements produced in BBN. = 1 Téfx x“dx @)
Whitmire and Scherrer investigated inhomogeneities in the Vit 2m? vy 1+ exp(x+ &)’

neutrino degeneracy on smaller scales; in these models the

element abundances mix to produce a homogeneous finahd the total energy density of the neutrinos and antineutri-
element distribution. Using a linear programming techniquenos is

they derived upper and lower bounds on the baryon-to-

photon ratio 5 for arbitrary distributions of the neutrino pziT“Jm x3dx

chemical potentials and showed that the upper bound; on 2% V) 1+expx— &)

could be considerably relaxed. However, the resulting distri- 3

butions for the neutrino chemical potentials were quite un- +iTif°° x“dx &)
natural. Hence, in this paper, we examine a more restricted 272 v o 1+expx+§&)’

class of models, in which the distribution of the chemical

potentials is taken to be a Gaussian. Electron neutrino degeneracy changes kep weak rates

In Sec. Il we discuss our model for inhomogeneous neuthrough the number densities given in E(H.and(2), while
trino degeneracy. We calculate the effect of these inhomogghe change in the expansion rate due to the altered energy
neities on the final element abundances and discuss our rdensity in Eq.(3) affects BBN for degeneracy of any of the
sults in Sec. lll. We find that, in most cases, the effect ofthree types of neutrinogSee Ref[2] for a more detailed
Gaussian inhomogeneities in the electron neutrino chemicaliscussion.
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Now consider the effect of inhomogeneities in the neu-electron neutrino; the effect of the other neutrino chemical
trino chemical potential. As noted in R¢L.5], neutrino free-  potentials is to alter the total energy density, which is now
streaming will erase any fluctuations on length scales smalleassumed to be homogeneous.
than the horizon at any given time. Thus, in order for inho- It has recently been noted that if the large mixing angle
mogeneities to affect BBN, they must be non-negligible onsolution of the solar neutrino problem is correct, then neu-
scales larger than the horizon scale rat>p freeze-out, trino flavor oscillations will cause the neutrino chemical po-
which corresponds to a comoving scatel00 pc today. On tentials to equilibrate prior to big bang nucleosynth¢s—
the other hand, if the neutrino chemical potential is inhomo-18]. In our inhomogeneous model, the effect of this
geneous on scales larger than the element diffusion scaleguilibration would depend on the compensation mechanism
estimated in Ref[15] to correspond to a comoving length for the inhomogeneities. In models in which the fluctuations
~1 Mpc, then the result will be an inhomogeneous distribu-n the electron neutrino chemical potential are compensated
tion of observed element abundances to¢ing possibility by fluctuations in the chemical potentials of the and 7
considered in Refl13]). neutrinos, the effect of such flavor oscillations would be to

To make any further progress, we need a specific distrierase any spatial fluctuations in the chemical potentials. In
bution f(&) for neutrino chemical potentials. In analogy models where the electron neutrino chemical potential fluc-
with the distribution of primordial density perturbatio@nd  tuations are compensated in some other way, the chemical
in accordance with the central limit theorgnve take this  potentials of all three species would be equal at any point in
distribution to be a multivariate Gaussian. Such a distributiorspace, but the spatial fluctuations would be preserved. Any
is entirely characterized by the power spectrum of fluctualarge AN, in this case would have to be due to some other
tions, P(k). For a power spectrum of the forf(k)«k" the  form of energy beyond the standard three neutrinos.
rms fluctuationo; on a given length scalk is given by

IIl. CALCULATIONS AND DISCUSSION

g (32 (4 The model described in the preceding section can be com-
pletely specified by two parameters, tkiehomogeneoys
electron neutrino degeneracy parametgr, and the addi-

We wish to consider only cases for which the presently oblional (homogeneousenergy density due to the degeneracy

served element distributiofetermined byr, at a comoving of all three neutrin(_)s plus any a(_jditional relativistic compo-
scale of~1 Mpc) is homogeneous, while the distribution is N€Nt- We parametrize the latter in termsoN,, the effec-

highly inhomogeneous on the horizon scale at nucleosynth ive number of additional neutrinos. This second parameter
sis (a comoving scale of~100 pc). Since our two length

ides our ignorance about the compensation mechanism and
scales of interest differ by a factor of 4,&this condition can about the degeneracies among the other two types of neutri-
be satisfied for ank" power spectrum witm>—3. For

nos. In our simulation, we tak&, to be homogeneous within
instance, for a white-noise power spectrums; 0, a value of

a given horizon volume during nucleosynthesis. Different
=1 at the BBN horizon scale correspondstg= 10-6 at horizon volumes may have different valueséaf which are
the element diffusion scale.

given by the distribution functionfi(&,), i.e, the probability
Given these conditions, it is a good approximation to as{Nata given horizon volume has a valuesgibetweert, and
sume that BBN takes place in separate horizon volume

Lot dé.. (Since we are considering only inhomogeneities in
with the value ofé taken to be homogeneous within each €/€ctron neutrinos, we now drop treesubscripg We take

volume. At late times, the elements produced within eacH (£) to have a Gaussian distribution with meérand rms
volume mix uniformly to produce the observed elementfluctuationo,:
abundances today.

We make the additional assumption that the neutrino fluc- 1 =25 2
tuations are isocurvature, so that the total fluctuation in en- f(6)= \/ﬁ% exf — (§—&)20¢]. ®)

ergy density is zero, even when the chemical potential is

inhomogeneous. This implies that the overdensity in the deThen the final primordial element abundances, for a fixed
generate neutrinos is compensated by an underdensity {f,e of 7 andAN, , will be functions ofgandog; we can
some other component. In R¢l.3] for example, the degen- write, for a given EuclideA,

eracies in each of the three neutrinos are arranged so that the

total density remains uniform. In R€fL4], the compensation —

is produced by a sterile neutrino. Such models have the ad- XA:j
vantage that they produce no additional inhomogeneities in

the cosmic microwave background as long as the Compe%hereXA(g) is the mass fraction oA as a function of, and

sating energy density does not include photons or baryonsg;- . . )
(Note that this is not the assumption made in R&§]). We i/(_A is the mass fraction ok averaged over all space; after the

also assume for simplicity that remains uniform in the Mmatter is thoroughly mixedX, will be the final primordial
presence of an inhomogeneous lepton distribution. With thighass fraction. o

set of assumptions, the only neutrino for which inhomogene- A full treatment for all possible values aof, AN, , ¢, and
ities in the chemical potential are important for BBN is the o is impractical. We have chosen to concentrate on varia-

RAGLELS (6)
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tions in the latter two quantities since we are most interestedteps of 0.5. Our results are displayed in Figs. 1-3. In each
in the effects of inhomogeneities in the chemical potentialof these figures, we also show observational limits on the
Because of the large number of free parameters and the diprimordial element abundances from REf9]: 2.9x 10 °
ficulty of exhaustively searching all of parameter space, ouk (D/H)<4.0x107°,  0.228<Yp<0.248, and —9.9

goal is to discern any general results which are |ndependen£|og(7|_|/H) <-97.

of 7 andAN, The general behavior of the element abundances in Figs.

There are now strong I|.m|ts on from the cosmic micro- 1-3 is very clear. As expected, f0r§<g the abundances of
wave background alone, independent of BEN. We exam'm(ejeuterlum “He, and’Li are unchanged from their values in
two extreme values for: 7=4x10 1% and »=1x10"9, g

these represent very conservative lower and upper bounds 5|ﬁe corresponding homogeneous model with the same value
» from the CMB in models with non-zero neutrino degen- Of §. At the opposite limit, whemr§>§ the models all con-
eracy[10]. For AN, , we consideAN,=0 and 5. Note that Vverge to a single limiting value; again, this is what one would
the first of these is only possible if the extra energy density imaively expect. What is interesting is that, with a few excep-
the degenerate electron neutrinos is compensated by a déens, the introduction of a Gaussian distribution of values
crease in the energy density in some other relativistic comfor & results in arincreasein the abundance of each element
ponent. For each of these cases, we calculate the abundancekative to the corresponding homogeneous model with the

of “He, D, and’Li as a function ofo forE: —1to+1in same value OE The only exceptions occur fotHe with
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negative values OE (for which Yp is far too large to be is convex fpr all values o€; the practical condition for Eq.
physically reasonable and some of the’Li curves, for  (7) to hold is that theX(£) curves be convex as long &6£)

which there is a tiny decrease in tHei abundance over a IS non-negligible.
short range ofr values. This simple behavior allows us to draw some useful gen-

This result may seem surprising, but it is a simple conse&ra! conclusions. In models in whighandAN, are allowed
quence of the behavior 0€,(£). In particular, ifX,() is a to vary freely, if we fix¢ and trace out the allowed region in

. " e . the n», AN, plane, then the upper and lower bounds:pare
convex function[ X4(£)>0], then Jensen’s inequalify20 7, AN, plane, PP P
gives [Xa(£)=0] q | set primarily by the upper observational bound fri and

the upper observational limit on D, respectively, with the
- “He limits serving primarily to set the bounds am, [10].
J Xa(6)F(&)déE> xA(g)_ (7) However, our results indicate that the general effect of going
— from a homogeneous to an inhomogeneous distributiof in
is to increaseboth the deuterium and théLi abundances.
We find, for example, fodN,=0, and both values of, (Again, we note a slight decrease fhi over a small range
that our X(¢) curves are all convex in the range2<¢  in o, but this is a tiny effect. Hence, the net effect of
<2, with the exception of'He até<—1, and ‘Li with » introducing this inhomogeneity will be tdecreasethe al-
=1x10°. These are precisely the regimes for which welowed range fory, in comparison with the corresponding
observe Eq(7) to fail. Of course, none of th¥,(£) curves  homogeneous model. This is a rare example in the study of
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BBN in which the introduction of an extra degree of freedomneousé. The reason for this difference is that the models
does nothing to increase the allowed rangesfoinstead, the examined in Ref[15] allowed for an arbitrary distribution in
effect of adding a Gaussian distribution of values fds to ¢, and large increases i occurred for bizarre distributions
decrease the allowed range fgr in £. In particular, the distributions in Refl5] sampled
Although we have assumed a Gaussian distributioréfor extreme values fo€, outside the range for which all of the
our results are much more general. In particular, as long a¥,(¢) functions are convex.
our distributionf (¢) is negligible over the range of values of
& for which X,(£) is not a convex function, we expect Eg.
(7) to hold. This would apply, for example, to a top hat
distribution with the same values of; as those examined We thank N. Bell, S. Pastor, and G. Steigman for helpful
here. Moreover, the distributioi( £) need not even be sym- comments on the manuscript. S.D.S. was supported at Ohio
metric for our results to apply. State under the NSF Research Experience for Undergradu-
Our results contrast with those of R¢L5], which found  ates(REU) program(PHY-9912037. R.J.S. is supported by
an expanded upper limit om in models with inhomoge- the Department of Energ§DE-FG02-91ER40690
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