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Limits on active-sterile neutrino mixing and the primordial deuterium abundance

Christian Y. Cardall and George M. Fuller
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~Received 20 March 1996!

Studies of limits on active-sterile neutrino mixing derived from big bang nucleosynthesis~BBN! consider-
ations are extended to consider the dependence of these constraints on the primordial deuterium abund
This study is motivated by recent measurements of D/H in quasar absorption systems, which at present y
discordant results. Limits on active-sterile mixing are somewhat relaxed for high D/H ('231024). For low
D/H ('231025), no active-sterile neutrino mixing is allowed by currently popular upper limits on the
primordial 4He abundanceY. For such low primordial D/H values, the observational inference of active-sterile
neutrino mixing by upcoming solar neutrino experiments would imply thatY has been systematically under-
estimated, unless there is new physics not included in standard BBN.@S0556-2821~96!50314-0#

PACS number~s!: 14.60.Pq, 14.60.St, 26.35.1c
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Upper limits on the abundance of4He produced in big
bang nucleosynthesis~BBN! have been used to limit mixing
between active (ne , nm , or nt) and sterile (ns , no standard
model interactions! neutrinos@1#. In this paper, we point out
and discuss how these constraints are dependant on
adopted primordial deuterium abundance. Previous limits
sterile neutrino mixing have assumed a value for the low
bound on the baryon-to-photon ratioh derived from inter-
stellar medium and solar system measurements of deute
~D! and 3He, and models of chemical and galactic evolutio
Recent measurements of D/H in quasar absorption syst
~QASs! have yielded discordant values of this ratio, som
higher than previously derived ranges@2#, and some lower
@3#. Several factors make an investigation of the primord
D/H dependence of BBN constraints on active-sterile n
trino mixing timely: the discordant QAS measurements
D/H; the fact that future solar neutrino experiments may
able to distinguish and identifyne-nsmixing @4#; and the use
of sterile neutrinos in schemes for neutrino masses and m
ings that explain all available data@5#.

As is well known ~e.g., Ref. @6#!, the abundance of
4He produced by BBN is essentially determined by t
ratio of neutron to proton number densities (n/p) at
‘‘weak freeze-out’’~WFO!. WFO occurs when the reaction
that interchange neutrons and protons proceed too slo
relative to the expansion rate of the universe to keepn/p
at its equilibrium value of n/p'exp(2Dm/T). Here
Dm[mn2mp'1.293 MeV is the neutron-proton mass di
ference, andT is the photon temperature. Mixing betwee
active and sterile neutrinos increases (n/p)WFO, and there-
fore the primordial4He mass fractionY, in two ways. First,
active-sterile neutrino mixing effectively brings more d
grees of freedom into thermal contact, increasing the ene
density and hence the expansion rate of the universe. Sec
active-sterile mixing—especiallyne-nsmixing—depletes the
electron neutrino and antineutrino populations, reducing
rates of then↔p interconversion reactions. Both of thes
effects causen/p to freeze out at a higher temperature.

Using a neutrino ensemble evolution formalism@1,7# that
includes both neutrino oscillations~with matter effects! and
neutrino collisions, previous authors@1# have produced ex-
clusion plots in thedm2-sin22u plane for bothne-ns and
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nm-ns mixing @8#. Heredm2 and sin22u are the difference of
the squares of the neutrino vacuum mass eigenvalues an
measure of the vacuum mixing angle, respectively, asso
ated with two-flavor neutrino mixing. These studies showe
that forh.2.8310210, both thenm-ns solution to the atmo-
spheric neutrino problem@9# and the ne-ns large-angle
Mikheyev-Smirnov-Wolfenstein~MSW! solution to the solar
neutrino problem@10# are excluded forY,0.247.

In our study of the primordial D/H dependance of BBN
constraints on active-sterile neutrino mixing, we have em
ployed the same neutrino evolution formalism@1,7# as pre-
vious authors. We have neglected any net lepton numb
contributed by the neutrinos.~An initial lepton number of
greater than about 1024—about six orders of magnitude
larger than the known net baryon number—would allow th
limits presented here to be evaded@11#. Also, the recently
reported effect of active-sterile neutrino mixinggeneratinga
net lepton number does not occur in the regions of parame
space we consider here@12#.! In this case, the neutrino and
antineutrino sectors evolve identically. A Fermi-Dirac mo
mentum distribution for all neutrinos is assumed, but allow
ance is made for nonequilibrium number densities. The d
ferential equations in the formalism yieldnne

,nnm
,nnt

,nns
,

andT as functions of time. Herennx
denotes the fraction of

a full fermionic degree of freedom contributed by neutrin
speciesx, which we shall hereafter call the ‘‘number densit
parameter’’ of neutrino speciesx. In the equations below we
will take nnx

5n n̄ x
, since we are working under the assump

tion that the net lepton number contributed by the neutrin
is negligible.

In our BBN computation we have employed the Kawan
@13# update of the Wagoner@14# code, with the latest world
average neutron lifetimet5887.0 s@15#, the reaction rates
of Ref. @16#, and a correction of10.0031 toY due to finite
nucleon mass and timestep-dependent effects@17#. We have
altered the Kawano code to use the ‘temperature series’
neutrino number density parametersnnx

(T) to compute the

energy density contributed by neutrinos and then↔p inter-
conversion rates. The neutrino energy density is

rn5
7

8

p2

15
~nne

1nnm
1nnt

1nns
!T4. ~1!
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Then↔p rates are

lne→pn5KE
1

`S 1

11exz
D S 12

nne

11e~x1q!zn
D x~x1q!2~x221!1/2dx, ~2!

lnn→pe5KE
q

`S nne

11e~x2q!zn
D S 1

11e2xzD x~x2q!2~x221!1/2dx, ~3!

ln→pen5KE
1

qS 1

11e2xzD S 12
nne

11e~q2x!zn
D x~x2q!2~x221!1/2dx, ~4!

lpe→nn5KE
q

`S 1

11exz
D S 12

nne

11e~x2q!zn
D x~x2q!2~x221!1/2dx, ~5!

lpn→ne5KE
1

`S nne

11e~x1q!zn
D S 1

11e2xzD x~x1q!2~x221!1/2dx, ~6!

lpen→n5KE
1

qS 1

11exz
D S nne

11e~q2x!zn
D x~x2q!2~x221!1/2dx. ~7!
r-
In these expressionsx[Ee /me , whereEe andme are the
total electron~or positron! energy and rest mass, respe
tively; z[me /T; zn[me /Tn , whereTn is the appropriate
neutrino temperature;q[Dm/me ; andK is a constant ob-
tained by solving the equation

lim
z,zn→`

ln→pen51/t ~8!

for K, wheret is the experimentally measured neutron life
time.

The lower limit onh obtained from a standard BBN cal
culation withNn53 is not appropriate for BBN with active-
sterile mixing. This is because the lower limit onh depends
on the expansion rate, often codified as an effective num
of neutrino generationsNn @18#. Since active-sterile mixing
increasesNn ~at least for the range of parameter space w
consider here@12#!, it affects the lower bound onh. There-
fore, we will plot our results as a function of the primordia
D/H value—the experimentally determined quantity—rath
than as a function ofh. These considerations are most im
portant for thenm-ns atmospheric neutrino mixing solution
and much less important~nearly negligible! for the ne-ns
small-angle MSW solution to the solar neutrino problem.

In Fig. 1, a representativenm-ns atmospheric neutrino
mixing solution (dm251.031022 eV2, sin22u50.6 @1#! is
assumed, and the resulting BBN4He yield is plotted as a
function of the BBN D/H yield. The value ofh ~given as
h1051010h) at various values of D/H is also indicated on th
figure. For a given value of D/H, the implied abundance
4He can be interpreted as the observational upper limit
quired to constrain the solution. Alternatively, adetectionof
these neutrino mixing parameters by, for example, future
mospheric neutrino experiments would yield an independ
determination of the primordial4He abundance, so long a
D/H were known from QAS studies. This could be very in
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teresting, given the recent emphasis on the systematic unce
tainties in the determination of the primordial4He abun-
dance as derived from helium recombination lines in
extragalactic HII regions@19#. The conclusions reached from
Fig. 1 are essentially the same over the range ofdm2

(102321021 eV2) for the proposednm-ns mixing explana-

FIG. 1. BBN yields for a typicalnm-ns atmospheric neutrino
solution (dm251.031022 eV2, sin22u50.6). The solid curve is the
4He mass fractionY vs D/H. The squares indicate, from lower left
to upper right, 1010h5 1.7, 2.3, 3.0, 4.6, 6.6, 8.6. The dotted lines
indicate the ranges of ‘‘high’’ and ‘‘low’’ D/H inferred from QAS
studies. The dashed lines indicate two possible upper limits onY:
the currently popularY50.245, and the more conservative
Y50.255.
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tion of the atmospheric neutrino problem.
Figure 2 is similar to Fig. 1, but with a representativ

ne-ns small-angle MSW solution to the solar neutrino prob
lem assumed (dm254.031026 eV2, sin22u58.031023

@20#!. These mixing parameters have only a very small effe
on the BBN 4He yield. For the most recent data from sola
neutrino experiments and the standard solar model@21#,
there is none-ns large-angle MSW solution to the solar neu
trino problem@20#.

Some of the QAS data suggest D/H'231024 @2#. Fig-
ures 1 and 2 show the range D/H51.522.331024, as de-
termined in Ref.@22#. This range of D/H implies a lower
bound onh that is significantly lower than that used in pre
vious studies. Since a lowerh implies a lower 4He yield,
high D/H relaxes constraints on any effect that increases
expansion rate, including mixing with sterile species@23#.
Figure 1 shows, however, that for D/H'231024, the

FIG. 2. BBN yields for a typicalne-ns small-angle MSW solu-
tion to the solar neutrino problem (dm254.031026 eV2,
sin22u58.031023). The solid curve is the4He mass fractionY vs
D/H. The squares indicate, from lower left to upper right, 1010h5
1.5, 2.0, 2.6, 3.6, 4.6, 5.6. The dotted lines indicate the ranges
‘‘high’’ and ‘‘low’’ D/H inferred from QAS studies. The dashed
lines indicate two possible upper limits onY: the currently popular
Y50.245, and the more conservativeY50.255.
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nm-ns atmospheric neutrino solution is still somewhat con
strained@24# if current observational inferences@25# of pri-
mordial 4He are correct:Y50.23460.00360.005, where
the first error is statistical and the second systematic. O
course, if thisnm-ns atmospheric neutrino mixing solution
were inferred from atmospheric neutrino experiments, an
QAS studies confirm D/H'231024, the implied4He abun-
dance ofY'0.245 would be significantly higher than the
central value ofY50.234 cited above.

The ne-ns small-angle MSW solar neutrino solution is
allowed for D/H'231024. Figure 2 shows that an obser-
vational upper bound ofY&0.232 would be required to re-
strict this small angle solution if such a high D/H is indeed
the primordial value.

Other very high quality QAS data—arguably better@3# for
the determination of D/H than that used in Ref.@2#—suggest
D/H '231025 @3#. This value of D/H is incompatible with
standard BBN withNn53 @17,18,26# for current observa-
tional inferences of the primordial4He abundances@25#, and
any mixing with sterile neutrinos would only exacerbate th
problem. As mentioned previously, however, it has been a
gued thatY has been systematically underestimated, and
more appropriate upper limit onY may actually be
Y<0.255@19#. It is unlikely that the systematic error inY is
enough to allow thenm-ns atmospheric neutrino solution for
D/H '231025. However, observation of thene-ns small-
angle MSW solar neutrino solution, together with a solid
determination of D/H'231025, would require thatY has
been systematically and significantly underestimated b
about 0.015~see Fig. 2!, unless there is nonstandard physic
during the BBN epoch@26#. This is a somewhat trivial point,
since the mixing parameters of the small-anglene-ns MSW
solution produce only slightly more4He than the standard
BBN picture withNn53, for which the ‘‘crisis’’ at low D/H
is well known @17,26,18#. Useful constraints on thene-ns
small-angle MSW solar neutrino solution would require ver
precise observational knowledge ofh andY. This may, how-
ever, still be interesting in view of the fact that future sola
neutrino experiments may be able to distinguish the ster
neutrino oscillation-based solution from other solutions@4#.
Also, many models that seek to satisfy all available con
straints on neutrino properties employ thene-ns small-angle
MSW solar neutrino solution@5# ~but see Ref.@27#!.

This work was supported by the National Science Foun
dation through NSF Grant No. PHY-9503384, and by
NASA Theory Grant.
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