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Abstract

We consideractive-sterileneutrinoconversionsin the earlyuniversehot plasmain the presence
of a randommagneticfield generatedat the electroweakphasetransition. Within a randomfield
domain the magnetizationasymmettyof the lepton antilepton plasmaproducedby a uniform
constantmagneticfield is hugein contrastto their smalldensity asymmetry,leadingto a drastic
changein theactive-sterileconversionrates.Assumingthat therandomfield providesthe seedfor
the galacticfield onecanestimatethe restrictionsfrom primottlial nucleosynthesis.Requiringthat
the extrasterileneutrinodoesnot enterin equilibrium with the active onesbeforenucleosynthesis
we find limits of the oscillationparameterswhich arestrongerthanin the isotropic case.

1. Introduction

Recentobservationsof cosmicbackgroundtemperatureanisotropieson large scales
by theCOBE satelliteindicate theneedfor theexistenceof a hot darkmatter (HDM)
component,contributing about30% of the total mass density, i.e. ‘1HDM 0.3 [1].
Simple extensionsof thestandardelectroweakmodel that canreconcileall known hints
for neutrinomasses,including solarandatmosphericneutrinoobservationspostulatethe
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existenceof a light sterileneutrino z-’~ [2,31. In someof thesemodelssuchlight sterile
neutrinois the HDM candidate[2].

The most stringentconstraintsfor the neutrinomassmatrix includingsuch a fourth
kind of neutrino, a singlet z’~,are obtainedfrom the nucleosynthesisbound on the
maximumnumberof neutrinospecies(zW ~ 0.3) that canreachthennalequilibrium
before nucleosynthesisand thus change the primordially producedhelium abundance
[4].

In an isotropicearly Universehot plasmasuch constrainton the additionalneutrino
speciesleadsto an excludedregion in the oscillationparameters~im2, sin229o charac-
terizing the active-sterileneutrinooscillationswhich canbe estimated(in non-resonant
case)as [5] ~

sin42OoIzlm2! ~ 5 x 10—6eV2, 1~a=

sin42OoIzim2I ~ 3 x 106eV2, ~‘a= (1.1)

In this paperwe reconsiderthe active-sterileneutrinooscillationparametersassuming
a newphysicalstateof thehot ultrarelativisticplasmabeforenucleosynthesis(T>> me)
with the inclusionof the randommagneticfield hypothesisproposedin Ref. [81. This
randommagneticfield could be generatedat the electroweakphasetransitionnear the
temperatureT “-‘ TEW andcould provide the seedfor the galactic field in the dynamo
enhancementmechanism[9]. In Refs. [10,111 this hypothesiswas usedin order to
placestringentconstraintson the Dirac neutrinomagneticmoments.

In this paperwe neglectneutrinomagneticmoments,both diagonalas well as tran-
sition moments,andconsiderthe magnetizationasymmetryof the primordialearly uni-
versehotplasmaproducedby hugerandommagneticfields.This influencestheneutrino
spectrumin the mediumandmodifies the neutrinoconversions~a ~ Vs.

We confine ourselvesto a small random magnetic field domain size Lo, obeying
the inequality L

0 <<
1H. Within such a domain the magneticfield may be taken as

uniform andconstant,so that the magnetizationof the plasmacanbe easily calculated.
Here l~ Mpi/T2 is the horizon length, M~

1is the Planckmass andT is the plasma
temperature.

Although the magnetic field in different domains is randomly aligned relative to
the neutrino propagationdirection, we show how the observableneutrino conversion
probabilities dependon the mean-squaredrandomfield via a squaredmagnetization
value, thereforeleading to nonvanishingaveragesover the magneticfield distribution.
We apply this to the active-sterileneutrinoconversionsin order to obtain morestringent
limits than those that apply in the absenceof magneticfield.

~The discrepancybetweentheseestimatesandthoseRefs. [6.7] stemsmainly from differentestimatesfor
thecollision ratewhich the authorsof Ref. [51haveevaluatedin detail.
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2. Dirac neutrino spectrumin a hot plasma with magneticfield

In order to derive the Dirac equationfor neutrinopropagationin a uniform locally
anisotropicmediumcharacterizedby a constant(within a domain) magneticfield B =

(0,0,B) we start from the effective four-fermioninteractionLagrangianof thestandard
electroweaktheory

tint = GF\ VbY~(1 ~ ~1/vb ~ — C~Y~Y5]V/a)0.

wheretheindicesa, b = e,~,r correspondto the leptongenerations,and thedotsdenote
the extra terms including hadrons.Here c~’7= 2 sin2O~+ 0.5 is the vector coupling
constant (upper sign for a = b), sin20w is the electroweakmixing parameterand
~ = +0.5 is thecorrespondingaxial couplingconstant(upper signfor b = a). Finally,
the symbol (...)o denotesthe statisticalaveragingof vectorand axial vector currents,
usingequilibriumFermi distributionsf~= (b~+ b~)o f~(Pz , n).Explicitly, these
are given as

f(a) = SAA’ (2 1)

~K exp[(~flA(pz)— ~a)/T1 + 1’

wherethe lepton spectrumis of the form

enA(pz) = ~Jp~+m~+~eIB(2n+1— A). (2.2)

For the caseof antileptons,onehasf~= (d~0)+d~)o= f~~~(pZ,n),or explic-
itly,

f(ã) = —A,—A’ , (2.3)
K~K exp[(sflA(pz) +~a)/TI + I

wherethe antileptonspectrumis of theform

enA(pz) = ~ (2.4)

Here ~a is the chemical potential and the full set of thequantumnumbers K includes

{Pz , n, A}, wherePz is the conservedmomentumcomponentfor the chosenmagnetic
field geometry;n 0, 1,2,... is the Landaunumberand A = ±1is twice the eigenvalue
of the conservedlepton spin projection on the magnetic field, (U

5)A’A = ASA’A. The
changeof sign A in Eq. (2.3) arisesfrom the conjugationpropertyCu,C’ = —of.

The resultingequationdescribingthe neutrinomotion takesthe form

— m~ ~vec)~~ (1 —y~)— ~ (1 Y5)] (co) = 0, (2.5)

wherethe vectorinteractionpotential [121 of an active (left) neutrino~b (b = e,~u,7),
x~vec)= GF’/~>aC~/°”~ (~‘ay~’,~’a)~is given by the known formula [5]:

~Note that spatial componentsof themeanvectorcurrentarezero, (i~y~ifr)= 0, i = 1,2,3.
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v~,(vec)= GF\/~n~[L~vb — Ab~T-]. (2.6)

The first termin the vectorpotentialEq. (2.6) that is proportionalto the small particle-
antiparticleasymmetriesLa = (fla — na) /n7, normalizedon the photon density n-,, =

0.244T
3,is given by [51

L~ = x La + (1— 4 sin29w)L~/2— L~/2+ 2L~,,+

This term is changeda little dueto theeffect of thestrongmagneticfield on thecharged
lepton (antilepton)densities.However this change remainsnegligible comparedwith
the non-local secondterm in Eq. (2.6) which, for the case of electron neutrinos,is
given by

3.4 x l0~°(_i_) MeV. (2.7)

MeV

We haveneglectedthe influence of the magneticfield on the nucleondensities,due to
thevery small magneticmomentsof the nucleonsand the small temperaturesbelow the
QCD phasetransition (T ~ 200 MeV).

Now we turn to the new axial term in theDirac equation.This term is obtainedfrom
the basic underlying SU(2) ® U(1) electroweakgaugetheory Lagrangeandescribing
neutrinointeractionsin the medium,by just taking theaveragedmatrix elementof the
relevant axial currentin the medium,namely

%,(axlal) = ~ (2c~)(~

0yzy~ç1i0)o. (2.8)

a=e,/L,T

Althoughthis definition is sufficientfor our purposes,it is useful to give an alternative
interpretationof the effect of the magneticfield in terms of the relevant macroscopic
concept,namelythe magnetizationasymmetryof each component(a = e,~t, T) of the
hot plasmain the external magneticfield, we call it M~°~— M~a),

— = ~LB(1fJa~i~IJa)0 /.LB(~/JaYiY51/1a)0, (2.9)

where 1UB = e /2ma is the Bohr magneton.Note that for our chosenmagnetic field

geometryonly the z -componentof the axial currentis nonvanishing.
While thefirst definition is closerto particlephysics notionsand,to this extentmore

basic,we will find it useful to usebothdefinitionsinterchangeablyin what follows.
The new macroscopicaxial term V,~51al)changesthe activeneutrinospectrumin the

plasma.In the ultrarelativisticlimit mPb —~ 0 such spectrumcan be obtained,from
Eq. (2.5), as

E = ~vec) + + (q~+ ~~ial))2 (2.10)

This differs from the isotropicone, E = ~rb(vec) + q, due to theshift of the z-component
of the total neutrino momentumq = (qj + q~/2~In the hot plasma the neutrino
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momentum~q) 3T is larger than both t~vec)and %~~~a1),so that we can use for
neutrinooscillationproblem the ultrarelativisticapproximation,

2
E q + V(vec) + ~,,(axial)~ + ~ b ~ (2.11)

q 2q3

3. Magnetization asymmetry of hot plasma in an external magneticfield

In order to show the importanceof the axial term contributionEq. (2.8) in the
neutrinospectrum,let us considerthemain featuresof thehot lepton-antileptonplasma
in a uniform constantmagneticfield B = (0,0,B).

Onecaneasily checkthat the lepton-antileptondensityasymmetry(~/.ayoc1’a)o=
equalsto

flaflä~1I (2~~.)2fdpzTr[f~(pz,n) _f(a)(pz,fl)I, (3.1)

wheretraceis calculatedover spin variablesA and the (—) sign insideEq. (3.1) arises
from the N-orderingof operatorsin thecurrentN(~fr

0y,.~i/i0).
In order to checkthe normalizationof theFermi distribution Eq. (2.1), let usconsider

the WKB approximationn >> 1 in the weak magneticfield limit eIB << T~changing
2~e~Bninto pj. Using e~Bdn= piclp±oneobtainsthestandardisotropic result

fd
3p ______________

flafla2I 3
j (2~) exp((~p~+pI+m~—C)/T+I)

for the lepton-antileptonasymmetryEq. (3.1). The factor “2” is producedby the spin
sum. Notethat thecontributionof our generalasymmetryEq. (3.1) to theneutrinovector
potential Eq. (2.6) is negligible comparingwith the mainnon-localterm Eq. (2.7).

Now we calculate with help of Eq. (2.1) the magnetizationasymmetryin the hot
plasma.In analogywith Eq. (3.1) we canwrite the lepton contributionto the magneti-
zationasymmetryas

M)~) ~ (2~)2f dpzTr[~jf~(pz,n)1. (3.2)

00

Using the trace Tr[o-~f(°~]= ~ = ~ ~,~Af~(p~,n) with
(crZ)AA~= ASAA~and 8AA = 1 for A = +1, one can easily show that, due to the
degeneracyof theLandaulevels n = 1,2 n~+i,i 6n,_i) all termsin the sum

1 1

~exp((sn,i —~)/T)+1— exp((s~,_i_~)/T)+1
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cancel ~ except for contributionof the main (non-degenerate)Landaulevel (n = 0)

1 — 1

exp((sol—fl/T)+lexp((\/p2+m2~)/T)+1

Finally, the lepton part becomes

M(a) — 2IeIB 1 3 3
z _ILB(2~)2j Pz exp((~~+m~_~)/T)+l . ( . )

Now we turn to the antileptonpart. Using theC-conjugationof therelevantoperators
we must add to the trace in the integrandof Eq. (3.2) the trace over negativespin
Projections

— ~(O~)_A’;_Af~_A’(Pz, n), (3.4)

where the (—) sign before the sum arises from the N-ordering of the operators in
the axial current N(~fr

0y,.~y5ifr0),and the secondone comes from the C-conjugation
propertyCu~C’= —o-~. Nowone can easily show, by using the change A —‘ —A, that
theantileptonpart may be rewritten as

— ~I( o~)A’;Af,~(Pz,n)

— ,ç~ (A)öA’AÔAA’ 35

~ —A)+~)/T)+1’

wherewe used the conserved spin z-component eigenvalue (o~)A’A = +ASA’A. Similarly
as obtained above for the lepton part, all of the Landau-level contributions n = 1,2...
canceldue to thedegeneracyproperty ~,t+ i,i = e,~,— ~. Thus themagnetizationasymmetry
is obtained by summinglepton and antileptoncontributions,in contrastto the density
asymmetry,

M(a) — M~ — 2IeIB
Td 1z z ~/LB(

2~.)2 j Pz exp((~/p~+m~— ~)/T) + 1

~exp((~+m~+fl/T)+1 . (3.6)

One can easilycheck that in the weakmagnetic field limit eIB << T
2, due to the subtractionof the

Fermi distribution functionswith different spin projections,from the relativisticmagnetizationEq. (3.2) one
recoversthe known result correspondingto the spin paramagnetismof the non-relativistic free electrongas
in a metal [13]: M~= —24B f D(E) ~dE. Note that herewe usedtheisotropic phasevolume with the

energy E = p2/2me,D( E) = (2me)3/2~/E/(217)2 andthat the Fermi distribution in non-relativisticcaseis
given by f(E) = [exp( (E — ~‘)/T) + 1] ‘ wherethe chemicalpotential is ~‘ = — me.
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Substitutingthis result into theaxial potentialin Eq. (2.8) and Eq. (2.9) onecanfinally

rewrite the ultrarelativistic(ma = = 0) neutrino spectrum Eq. (2.11) as
E=q+V~’~+f(q,B), (3.7)

wherethemagneticfield contributionf( q, B) = i~axial)q~/q+ (%,b(ax1a~) 2q2~/2q3 is given
by

f(q,B) =~eff~+ (B2_ (qB)2) (3.8)

and the quantity /1eff is definedby6

eGF(—2cA)T1n2 —13 T
ILeff= .,/~.2 ~6x10 /LB(~-~). (3.9)

For a hot plasma (T>> I MeV) this is huge, in contrastto the small lepton-antilepton
densityasymmetryEq. (3.1). This arisesfrom the fact that the magnetizationasymmetry
is producedby the meanaxial currentso that the lepton andantilepton contributions
add insteadof subtract.In a stronguniform magneticfield the first term in Eq. (3.8)
may exceedthe non-local term Eq. (2.7) consideredby Notzold and Raffelt. As we
will show below, for largerandommagneticfields, such termcan drasticallychangethe
active-sterile neutrino conversion rates.

4. Active-sterile neutrino conversionsin a hot plasma with random magnetic field

Let us now considerthe wave equationdescribingthe propagationof a systemof
active (doublet) and light sterile (singlet) neutrinos,with massesm

1 andm2, mixing
angle 0, and no transitionmagnetic moments,in the presenceof a randommagnetic
field. We postulatethe following evolutionequation ~:

.d (~
‘~

= (c
2m~+s2m~)/2q+Vd+f(q,B) csi (41)

sczl (s2m~+ c2m~)/2q ~

where we use the standarddefinitionszl = ~m2/2q; urn2 = m~— m~c = cos0, and
s = sin0. In addition we have denotedby Vd the vector part of the active neutrino
potentialof Eq. (2.6).

6 Notethat this effectivemagneticmomenthasno relationwith thereal anomalousneutrinomagneticmoment

which we neglect.
Strictly speaking,in order to describethe active to sterile neutrinoconversionsone has to start from a

systemof two majorananeutrinosand not from the Dirac equationas we did in Section 2 Eq. (2.5). This
can bedone andone finds [14] that our ansatzis obtainedin the ultrarelativistic small mixing anglelimit.
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In the phaseof the early universehot plasmaof interestto us we haveonly active
neutrinosin thermal equilibrium. From Eq. (4.1) one can easily obtain a nonlinear
integro-differential equationfor the conversionprobability ~ (t) from active to
sterileneutrinos,~d —p r’~~. It obeys theunitarity condition

PJ,d....v(t)= (~~‘~
5)= 1 — Pvd_..,pd(t) = (~~~d)

Defining ~PdPs P(t) and averaging over the ensemble of random magnetic fields
oneobtains:

+ 4P + (4)fdtiK(t — ~1)~(t1) = usm2O (4.2)

wherethe initial conditionsare given by

P(0) = P(0) = 0. (4.3)

The factor beforethe secondterm,

4 = (Vd — Acos2O)
2+u2sin220 (4.4)

is the well known oscillationsquaredfrequencyin an isotropichot plasma [5]. Due to
the property of randomness (BZ) = 0 the factorbeforeintegral term in Eq. (4.2), (4) =

2(Vd — zlcos2o)(f(q,B)) + (f2(q,B)), with the function f(q,B) from Eq. (3.8), is
determinedmainly by the secondterm (4) (f~(q,B)). For collisionlessneutrino
propagationalong z-axis q = (0,0,q), the factor (4) takesof the form

(4) ~ /~eff(B)/~, (4.5)

after averagingover randommagneticfields.
Here the effective neutrinomagneticmomentis given by Eq. (3.9) with the mean

squaredfirst term of Eq. (3.8) given by (B~(t))= (B2)/3. Note that the secondterm
contributioncanbeneglectedin theultrarelativisticlimit. Finally thekernelin Eq. (4.2)
K(t

1 — t2) = (B~(ti)B~(t2))/(B~(t))dependson the model of randomfields. If we
choosethe simple model with uncorrelatedmagneticfield domainsof the same small
size~ 8, K(t1 — t2) = L05(t1 — t2), the integro-differentialequationEq. (4.2) reduces
to a secondorder differential equation with the boundaryconditionsEq. (4.3). The
solution of this equationis of the form

For neutrinoscrossingmanydomains t = L >> Lo the size L0 correspondsto the width of the narrow
resonanceL~/( L~+ t

2) for our assumed8-correlatedrandomfields

K(t) . L
0 i~

hm = —8(t).
L0 L0—.ot

2+L~ 2
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u2 sin220 t~

2~
11—exp(—[’t)

x [cosh(~F2 — u
2t) + 2 sinh(~f2— u2t)]}, (4.6)

where

~= ~‘~° (4.7)

is thedampingparameterof neutrinooscillationsin a randomfield. In theweak magnetic
field limit F .~ ~ wherethe neutrinooscillationfrequencyin matterurn is given by
Eq. (4.4),such solution,

u2 sin220
P(t) 24 (1 —exp(—Ft)cosz.lmt), (4.8)

reproducesthe known caseof ~d v,~oscillationsin an isotropic hot plasmaif F = 0.
For strong randommagneticfields generatedat theelectroweakphasetransition[8] the
oppositecondition F>> urn is fulfilled. The correspondingasymptoticsof the solution
Eq. (4.6),

P(t) ~~220(l _exp(_4t/2F)), (4.9)

is mostly aperiodic,in contrastto Eq. (4.8). From Eq. (4.9) onedefinethe relaxation
time trelax 2F/z.l~= (4)L

0/4. The condition that the neutrinocrossesmany do-
mains, leadsto the requirement(4) >~4. In the next section we verify that this
conditionis indeedfulfilled.

5. Random magneticfields before nucleosynthesis

In orderto show the validity of Eq. (4.9) let us estimatethefactor (4) in Eq. (4.5)
in formulaEq. (4.7) substitutingto Eq. (4.5) themeansquaredrandommagneticfield

~ 1024 G(~_) < (Lo)P (5.1)

with the scale dependence obeyingthe index p = 1/2 [15].
Requiringthat theprimordialmagneticfield survivesbeyondtherecombinationepoch

leadsto a minimal domainsize [16],

L0 ~ i0
4 cm (TBBN/T) ‘-.~ lO3cm (MeV/T). (5.2)

With this assumptionlet us now estimatea lower limit for Eq. (4.5). In order to do this
we use the collisionlessneutrino propagationapproximation,i.e. t = L s~~ =

andsubstituteEq. (5.2) into Eq. (5.1) leadingto
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(u2)’!2 = ILeff(B) ~ 6 x 107(d~)MeV. (5.3)

Note that this is significantly larger than the nonlocal vectorpotential term given in
Eq. (2.7). Therefore,we haveobtaineda self-consistentrequirement(4) >~4 which
justifies our useof the 6-correlatedrandommagneticfields.

If insteadweput into Eq. (5.1) themaximumscaleL = lH(T), wherelH is thehorizon
lengthat temperatureT weobtainanotherestimate(4)1/2 ~ 2x 10’6(T/MeV)35MeV,
which also exceedsEq. (2.7). However, in suchcaseoneshouldinclude the effect of
collisionson the neutrinoconversions.

Substitutingthe limit Eq. (5.2) rewritten as L
0 ~ (10

14/1.9)(MeV/T)MeV~and
the estimatein Eq. (5.3) into Eq. (4.7) we seethat randommagneticfield Eq. (5.1)
obeystheconditionF>> urn “~ IVuL This demonstratesthevalidity of our main approx-
imation to theconversionprobability Eq. (4.9).

6. Nucleosynthesisbounds on the sterile neutrino conversions

Comparingthe relaxationtime in the probability Eq. (4.9) estimatedwith help of
Eq. (2.7),Eq. (4.4), Eq. (5.2) andEq. (5.3) as

trelax 2F/4 ~ 2 X 1020T’ (6,1)

with the collision time,

t~
0n‘-~ 2 x 1021(MeV)

4T5, (6.2)

one finds a critical temperaturewhich separatestwo regimesT~‘-~ iO’~~MeV above
which it should he important to take into account collisions. For times less than the
neutrinocollision time ~ = F~1we candirectly estimatethesterileneutrinoconversion
probability of Eq. (4.9) in the collisionless approximation.It is also very simple to
considerthealternativelimit whereonecanaverageovermany collisions.In both cases
oneobtainsessentiallythesameresult.Finally, for the caseof intermediatetemperatures
close to T~ 2 MeV one needsa moreaccuratekinetic approachas in Ref. [5].

For definiteness,we considerhere the regime the derivation of the nucleosynthesis
boundsfor active-sterileneutrinooscillations in the case whereone can averageover

many collisions.Averaging ç~)JØ~’~’~dtP(t) from Eq. (4.9) oneobtainsthe result

n2 ‘ ~,r’r’ ‘~r’r’~ sin ~ ~ j W L~ 1 W I 1’~rn
= 24 L1 — + u2 exp~

2FF . (6.3)

The factor in bracketsabove, f(x) = 1 — x
1 + exp(—x)/x, where x = 4/2FFw, is

a monotonicfunction which attains its minimumvaluef(0) = 0 as F —* oo and tends
asymptoticallyto f(x = oo) = 1 when oneneglectsthemagneticfield, i.e. F —~ 0. In
a strongrandommagneticfield this factor is restrictedby f(Xm~),whenwe substitute
the estimatesEq. (5.2) andEq. (5.3) into the dampingfactor I’ in Eq. (4.7),

F> Fmjn 10’9(T/MeV)9 MeV (6.4)
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or

/ T \4
X~1Xmay, ~l0(~_-__—) (6.5)

2F~Fmin MeV

and f(x) ~5 f(Xmas).In Eq. (6.5) we haveusedthe neutrinonon-resonantoscillation
frequencyestimateurn ‘—‘ Vd, whereVd is given by the Nötzold-RaffeltresultEq. (2.7)
and the usual weak interactionrate Fw = 4.0G~T5 5.4 x 1022(T/MeV)5 MeV.

Onecan easily seefrom Eq. (6.5) that for temperaturesT ~ 3MeV the argumentx
is very small, x << 1, so we canrewrite the probability Eq. (6.3) as

= ~0B (6.6)

wherethe mixing anglein thethe hotplasmawith magneticfield is given by sin220B =

u2 sin2 20/(4) and is restricteddue to Eq. (5.3) ((q) “.~ 3T) by

sin220B ~ sin220(um2)2 ~ 107(~~-)(~~)sin220. (6.7)

Taking into accountEq. (5.2), we find that the sterileneutrinoproductionrateF~~(ts~

t~
011)= PFw obtainedfrom Eq. (6.6), ~ = sin

220
8/4L0, obeysthe inequality

F~~ x lO_7(~~-)sin22O(~~) MeV. (6.8)

Sterile neutrinoswould be thermalizedif this rate Eq. (6.8) exceedstheHubbleexpan-
sion rateH = 4.5 x l0

22(T/MeV)2MeV,

F~~/H>1.

UsingtheinequalityEq. (6.8) we obtaina new constrainton the I urn2,sin20 oscillation
parameters,

Izlm2I Isin2OI < io7 x (~~)‘372eV2. (6.9)

Note that the sign of urn2 for us here is irrelevant, in contrastto the isotropic case.
Self-consistencyof our approximations(see Eq. (6.5)) requiresus to assumein

Eq. (6.9) a minimal temperatureT ~ ~ ~ 3 MeV which then allows us to rewrite
Eq. (6.9) as

um21 sin2OI ~ l04eV2. (6.10)

We see that this bound can be significantly strongerthan the nonresonantestimate
Eq. (1.1) obtainedfor thecaseof an isotropichot plasma(seeFig. 1). This is especially
so for thecaseof small mixing angle (sin20 0.1), wherewe obtain from Eq. (6.10)
an excludedregion of the squaredmass difference urn2 ~ 10—3eV2 insteadof the
result of Eq. (1.1), jum2~~ 5 x l02eV2.
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102

10° ., a

I~m2I 102 b
eV2 ~

io~

108

io~ io~ i0~ i0~ 100

sin220

Fig. 1. Regionsof 0e ~ v~oscillation parametersexcludedby nucleosynthesis:(a) the region above the
dottedline is excludedby therequirementthat N~< 3.4 for the non-resonantisotropic hot plasmaestimate
of Ref. [5]; (b) the region abovethe solid line is excludedin presentwork for thethe casea hot plasma
with primordial random magnetic field, seed for the galactic field, by the requirementthat N~< 4 for
T ~ Tmin 3MeV, Eq. (6.10).

Note also that, in the caseof the MSW resonance,(4 = ~ sin~20, seeEq. (4.4),
the argumentx = 4/2FFw in the probability Eq. (6.3) is less than

X Xmax = 3 x 1014( )sin220(~~V) . (6.11)

If the upperlimit hereis muchless than unity, weautomaticallyobtain from Eq. (6.3)
the sameprobabilityEq. (6.6) thatdoes notdependon thefrequency urn at all. There-
fore, theconstraintEq. (6.9) would be a generaloneandsubstitutingacceptablevalues
of theproduct(urn2/eV2)2sin220 ~ 10’4(T/MeV)’3 into Eq. (6.11) weconfirm the
validity of the ultrarelativisticapproximationx Xmax ~ 3 x (T/MeV)~ << 1 for this
resonantregime of ~e 44 ~

1 oscillationstoo.

7. Discussionand conclusions

The existenceof hugemagneticfields generatedat the electroweakphasetransition
modifies theneutrinospectrumin the earlyuniversehot plasma.This happensdueto the
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magnetizationof eachcomponentof the plasma.Within a small randommagneticfield
domain the local uniform constantmagneticfield approximationallows us to calculate
the magnetization,which is proportionalto the randommagneticfield.

In contrastto the small lepton antileptondensityasymmetryproducedby the mean
vectorcurrentthemagnetizationasymmetryproducedby the meanaxial current is large,
dueto their oppositechargeconjugationproperties.As aresultthe lepton andanti lepton
magnetizationsadd insteadof subtract.

Averagingthedifferential equationdescribingtheevolutionof the ~d —~ i’S conversion
probabilitiesover the randommagneticfield distributionwe find a nonvanishingmean
squaredfield contributionwhich drasticallychangestheconversionrateswith respectto
thoseof the isotropic case.

Assuming that the primordial magnetic fields generatedat the electroweakphase
transitionare the origin of theobservedgalactic fields and requiringthat thereshouldbe
no more thanoneextraneutrinospeciesin equilibriumbeforenucleosynthesiswederive
new and morestringentconstraintson the active-sterileneutrinooscillationparameters
than in the isotropic casewithoutrandommagneticfield. In contrastto whathappensin
the isotropiccase,our constraintsdo notdependon theactive-sterileneutrinoconversion
channelbeyondthe obviousdependencecontainedin zim2.

The fact that the constraintscan be strongerin our case than in the isotropic case,
despitethe fact that the conversionratesis smaller, follows from the different way
in which theseconversionrates dependon the oscillationparameters.In particular, in
the randomfield casethereis a more sensitivedependenceof the averageconversion
ratesupon the neutrinosquaredmassdifference.While in the isotropic casethere is a
saturationof this probability as a function of the neutrinosquaredmassdifference, in
our casewe havea linear dependenceupon urn2.
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