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We calculate the electrical conductivity in the early universe at temperatures below as well as above the
electroweak vacuum scal&.=100 GeV. Debye and dynamical screening of electric and magnetic interac-
tions leads to a finite conductivity;~ T/« In(1/e), at temperatures well beloW, . At temperatures above,

W= charge-exchange processes—analogous to color exchange through gluons in QCD—effectively stop left-
handed charged leptons. However, right-handed leptons can carry current, resuléiggTirbeing only a
factor ~co¢' 6, smaller than at temperatures bel@w. [S0556-282(97)06620-4

PACS numbeps): 12.38.Mh, 12.38.Bx, 52.25.Dg

I. INTRODUCTION erated earlier than the electroweak transitidib] and have
survived until today. More generally, we find that the elec-
The strong magnetic fields measured in many spiral galtrical conductivity is sufficiently large that it does not lead to
axies, B~2x10"% G [1], are conjectured to be produced destruction of large-scale magnetic flux over time scales of
primordially; proposed mechanisms include fluctuations durthe expansion of the universe.
ing an inflationary universg2] or at the grand unified theory ~ In Sec. Il we calculate the electrical conductivity for
(GUT) scale [3]’ and p|asma turbulence during the e|eC_T< MW- In this regime the dominant momentum transfer
troweak transitio4—6] or in the quark-gluon hadronization Processes in electrical transport are electrodynamic, and one
transition[7,8]. The production and later diffusion of mag- can ignore weak interactions. We turn then in Sec. Ill to the
netic fields depends crucially on the electrical conductivityvery early universeT>T., where theW= are effectively
o Of the matter in the universe; typically, over the age ofmassless and their effects on electrical conduction must be
the universe,t, fields on length scales smaller than taken into account.
L~ (t/4mo)Y? are damped. In this paper we calculatgin
detail below and above the electroweak transition scale.
The electrical conductivity was estimated [i] in the Il ELECTRICAL CONDUCTIVITIES IN HIGH
relaxation time approximation ase~nare/m with m~T TEMPERATURE QED

o 2 o2 _ _ o
and relaxation timere~ 1/(a“T), wherea=e/4m. In Refs. We first calculate the electrical conductivity in the elec-

[9] and[10] the relaxation time was corrected with the Cou-yrqweak symmetry-broken phase at temperatures well below

lomb logarithm. A deeper understanding of the screeningne electroweak boson mass scales My. As we argue
properties in QED and QCD plasmas in recent years h"’}ﬁelow, charged leptons’=e ,u~,7~ and anti-leptons
made it possible to calculate a number of transport coeffi-;—_

cients including viscosities, diffusion coefficients momen-/ e’,u”, 7" dominate the currents in the regime in which
uding ’ ; o m,<T. In the broken-symmetry phase weak interactions be-
tum stopping times, etc., exactly in the weak coupling limit

! . tween charged particles, which are generally smaller by a
[11-13; also[14]. However, calculation of processes tha.tfactor ~(T/My)* compared with photon-exchange pro-

a:gblseemnzlttilgel:(t)? gg% Slglgtw:rcgfgmgtrg d i%?gregﬂ?ussigin:r‘:%esses, can be ignored. The primary effect of strong interac-
P ' p'e, ions is to limit the drift of strongly interacting particles, and

fg;i?:ti'x;ggg]’ dilveernevx![tzgeyrt]grzgslr Z(;(rceheanrllng Iigcflgg,sgr, Jve need consider only electromagnetic interactions between
9 9 charged leptons and quarks.

scatterings. Also the quark and gluon damping rates at non- Transport processes are most simply described by the

Zero momenta _calculated by resumming ring d'agra”.”s ®XBoltzmann kinetic equation for the distribution functions,
hibit infrared divergence$16] whose resolution requires X . )
n;(p,r,t), of particle species, of chargee:

more careful analysis including higher order diagrams as,
e.g., in the Bloch-Nordseick calculation of REL7]. Charge

exchanges througV* exchange, processes similar to gluon 9

color exchange in QCD, are important in forward scatterings 5 +vq-V,+eE-V Ny

at temperatures above thi¢ massM,, . While, as we show,

such processes lead negligible transport by left-handed 5

charged leptons, they do not prevent transport by right- :—27“’22234 IM 15 54" [N1na(1£n5)(1£ny)
handed charged leptons. As a consequence, electrical con-

duction at temperatures above the electroweak transition is —N3N,(1*ny)(1%ny)]

large, and does not inhibit generation of magnetic fi¢lds;

thegobserved magnetic fie?ds in galaxies cguld then be gen- X Op, +py gt O €1+ €2~ €3~ €4), @)

0556-2821/97/5@)/52546)/$10.00 56 5254 © 1997 The American Physical Society



56 ELECTRICAL CONDUCTIVITY IN THE EARLY UNIVERSE 5255

whereE is the external electric field driving the charges, and I8

the right side describes the two-particle collisions—124 < L

slowing them down. Thet signs refer to bosons and fermi- . r

ons. The sums are over momemg, p;, andp,, and the

statistical factorv, accounts for the number of leptons and

spin projections that scatter with particle 1. We suppress a < I

factor inverse volume squared on the right side. Massless O

lepton-lepton or antilepton-antilepton scattering conserves t

the electrical current, and affects the conductivity only in i

higher order. In lowest order we need to take into account +— Wiq-

only lepton-antilepton scattering. The square of the matrix —> Wi+

element for scattering of a charged lepton from initial mo-  _____ Z,v0

mentump; to final momentunp; with an antilepton fronp,

topyis FIG. 1. The particle currents generated by an electric field in the

early universe aff>T.. Right-handed charged leptoriss e, u,
2et s2+ 42 interact only throughy andZ® exchanges while left-handed leptons
|M12—»34|2:16€ 2 2 also interact byWw* exchanges, which drag neutrinos along and

1€2€3€ t

decrease the current. The vector and Higgs boserg], W=, 4,
cannot flow due toV* exchanges, andqg are stopped by strong

wheres,t,u are the usual Mandelstam variables formed fromimeractions_

the incoming and outgoing momenta.

To soIveO theoklnen((:) equation foréa weak driving field, we gives the total electric current from lepton-antilepton pairs
write n;=n?+nP(1£n)®;, wheren’=[exp(/M+1]""is  with N, effectively massless species present at temperature
the global equilibrium distributioichemical potentials are T-
taken to vanish in the early univejsand linearize Eq(l) in

the deviationsDb; of the distribution functions from equilib- o 3Z(3) 3
rium (see Refs[18], [19], and[13] for detaily; thus Eq.(1) J/7=e€Neuy=eu;—5—N,T7 (6)
reduces to

wheren, is the number density of electrically charged lep-
ng 5 0.0 0 0 tons plus antileptons. Note that since photon exchange does
eE-vi o= —27TV2§4 IM12.34“n1N3(1£N3)(1£ny) not transfer chargéas doW™), particle 3 in Eq.(1) has the
! same charge as particle 1, and particle 4 the same as 2, and
Uz=u; andugs=U,= —Uj.
To calculateo, we multiply Eqg. (3) by vqv4; and sum
X O(€1+ €2~ €3~ €4). (3)  overp,, to find an equation of the form

X(Py+ Dy Dy—Dy) S

P11t P2.P3t Py

We set the stage by considering the simple situation of con- —€EN,T?/18=—¢u; (7)
duction by massless charged leptdasmponent Land an- where ¢ results from the right side of Eq3). Since QED

tlleptons(.component Plimited by their scatterlng t'ogether; interactions are dominated by very singular forward scatter-
later we include effects of quarks. The electric field drives.

the charged leptons and antileptons into flow with steady puf’d ansing from massless pho“’f‘ exchange, the sum on the
; . R X right side in¢ diverges unless we include Debye screening of
opposite fluid velocitiesl; = —u, in the center-of-mass sys-

tem (see Fig. 1 Assuming that collisions keep the driftin longitudinal interactions and dynamical screening of trans-
9. 9 . eep 9 yerse interactions due to Landau damping. This is done by
components in local thermodynamic equilibrium, we ap-

proximate the quasiparticle distribution functions by those O'gncludlng (in the Coulomb gaugethe Coulomb self-energy,

S X ! o ' .~ “1I, and the transverse photon self-enery,, in the lon-
relativistic particles in equilibrium with a local flow velocity .-’ . . .
u gitudinal and transverse electromagnetic propagators. The in-

verse of the longitudinal propagator becong@s-11, (,q),
1 and the inverse of the transverse propagaterp?—q? be-
ni(pp) = __. 4) comesw?—q°—IIt(w,q), wherew and q are the energy
exd (&—u;-p)/T]+1 and momentum transferred by the electromagnetic field in
the scattering. The quantity can be calculated to leading
the deviation®; is thus logarithmic order in the coupling constant by expanding for
small momentum transfesee Ref[13] for detailg. Small
®;=u;-p;/T. (55 momentum transfer processes are screened by
T, ~q3=4maN, T3, and I1;~imqdw/4q. (Large mo-
The ansatz4) for the distribution function is an excellent mentum transfersg=(p)~3T, are cut off by the distribu-
approximation; a more elaborate variational calculationtion functions) The resulting integralg q2d®qg/|q®+ 11, 1|?
which we have carried ousee[13] for analogous calcula- give characteristic logarithms [f{gp) and we find
tions for the viscosity gives almost the same distribution
function, and a corresponding electrical conductivity only _2 In 2N2/a2 In(C/aN,)T*. ®)

1.5% smaller than our result, E¢Q) below. Equation(5) 97
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The constan€~ 1 in the logarithm gives the next to leading 10 - - - - - - - - -
order termgseg[13] for the calculation of second-order con-
tributions to the viscosiy The electrical conductivity for 10" QGP Ew 7
charged leptons is thyd2,19 10°

— 3¢(3 T
/Ny —E=
o =i/ 1E In2 «a In(l/aN))’

o me< T< TQCD .

9

Conductivity (GeV)

Note that the number of lepton species drops out except in
the logarithm. The above calculation taking only electrons as 10° |
massless leptondN{=1) gives a first approximation to the
electrical conductivity in the temperature range,<T . . . . . .
<Tqep below the hadronization transitiofiggp~ 150 GeV, 07 107 107 10 10 100 10 10 1o
at which hadronic matter undergoes a transition to a quark- Temperature (GeV)
gluon plasma. Thermal pions and muons in fact also reduce
the conductivity by scattering electrons, but they do not be- FIG. 2. Electrical conductivity vs temperature. The tempera-
come significant current carriers because their masses af@es, where the transitions from hadronic to quark-gluon plasma
close toTaep. and electroweak symmetry breaking occur, are indicated by QGP
QGP : ST

For temperature¥>Tqgp, the matter consists of leptons and EW, respectively. The conductivity is given by Egs(9),

and deconfined quarks. The quarks themselves contribu 0), (20) in the three regions and are extrapolated into the regions

very little to the current, since strong interactions limit © the phase transitions. The quark and lepton masses in the figure

: . . . . . indicate the temperatures at which they are thermally produced and
tmh:![re(;irg; \rlgpl)cl)gtlzt?;gjg?/ ?hu:r:trg::g i\rg(talec;ggio(r:\agnle)est?jg: thus affect the conductivitjsee Eq(10) and discussion in tekt
ture constant,ag, in & Egs. (7) and (8), which yields
ug~u,(a? In o Hi(dIn a7 ).

We will not attempt to calculate the electrical conductiv-

Even though quarks do not contribute significantly to theity in the rangeM=T=T, below the critical temperature.

currents they are effective scatterers, and thus modify thgece.n.t lattice calculationg21] predict a relatively sharp
conductivity(an effect ignored in the recent numerical analy-tranSItIon at a temperatuf,~ 100 GeV from the symmetry

sis of Ref.[20]). To calculate the quark contribution to the Proken phase at low temperatur@ss T, to the symmetric

lepton conductivity, we note that the collision term betweenP@S€ all>Tc. The transition is sensitive, however, to the
leptons (1), (3) and quarks(2), (4) includes the following unknown Higgs mass, with a first order transition predicted

additional factors compared with lepton-lepton scattering: £nY for Higgs masses below 90 GeV. The calculations of
factor 1/2, because the quark velocity, is essentially zero, the conductivity are technically more involved when masses

a factor 3 from colors, and a factor 2 because the charge@l® comparable to the temperature. Furthermore one must
begin to include contributions of th&/~ to currents and

leptons collide on botly andq; finally we must sum over X ) : .

flavors with a weigth, whereQqe is the charge of quark scatterings, as the the.r_mal suppression of their density de-
flavor g=u,d,s,c,b,t. We must also divide by the number creases near the transition.
of leptons,N,, to take into account the number of quark

scatterings relative to lepton scatterings. Includifig and ll. THE SYMMETRY-RESTORED PHASE
/q collisions on the right side of Eq9) we find the total o
electrical conductivity of the early univer§&2,19: To calculate the conductivity well above the electroweak
transition, T>T., where the electroweak symmetries are
N _ fully restored, we describe the electroweak interactions by
gelz—'Ng// the standard model Weinberg-Salam Lagrangian with a mini-
aQ2 " © . )
Ni+32,9Qq mal Higgs boson:
M%) T Tocr<T<M 1 1
= Ng~2 ) QGpPs I <M. Y o Tl g
N|+32quq In2 « In(1/aN)) Lasm=— ZWW'W” _ ZBMVBM + Ly“(léﬂ— ST W,
(10 , ,
g — .- g
-5 YB,|L+Ry*id,—5YB,|R
The charged lepton and quark numbBlisand N, count 2 2
only the species present in the plasma at a given temperature, , 2
i.e., those with masse®s;<T. Figure 2 illustrates the con- +lig. — gr-W - g—YB )¢ —u2pte
ductivities (9), (10). For simplicity this figure assumes that ko2 o2 F

the quarks and leptons make their appearance abruptly when
T becomes>m; ; in reality they are gradually produced ther-

mally asT approaches their masses. Since a range of particle
energies in the neighborhood of the temperature is includedjereL denotes left-handed doublet aRdright-handed sin-
possible resonance effects in scatterings are smeared out. glet leptons or quarke=g sin 4,=9g’ cosé, and electrical

~NM¢T$)2—GiLpR+iG,Lmdp*R+H.c. (11
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chargeQ=T;+Y/2. The last terms provide masses for lep- Equation(16) with the equations of motion in a gauge with
tons and quarks in the low temperature phdse;T., where ﬁ“AZzO yields the weak field flux diffusion equation for the
the Higgs field has a nonvanishing vacuum expectation valugansverse component of the fields, as in QED,
(¢py=(0p)/V2Z; at zero temperature v2=—u?/\
=1/(Gpv2) =4M3/g%= (246 GeVY. (32— V) A= 0 apdAp 17

At temperatures belowl,, where u?<0, the Higgs
mechanism naturally selects the representafibn Z°, and  describing the decay of weak fields in terms of the the con-
v of the four intermediate vector bosons. At temperaturesiuctivity.
above the transition—whergb) vanishes for a sharp transi-  The electroweak (1)XSU(2) symmetry implies that the
tion, or tends to zero for a crossover—we consider drivingconductivity tensoro,,, in the high temperature phase is
the system with external vector potentigdé=B,W*,W3,  diagonal in the representatianb=B,W* W? W?, as can be
which give rise to corresponding “electric” fields,, where  seen directly from théweak field Kubo formula

a_r-a __ a a a_
Ei=Fio=difo—doAA7, A'=B (12 oap=— lim lim 1 IM(JIadp)irr » (18)
0—0 k-0 @
=F{o= diA§— oA — g€anATAS,
which relates the conductivity tgone-boson irreducibje
A=W W2 W3, (13) current-current correlation functioRsThe construction of
the conductivity in terms of the Kubo formula assures that

One can equivalently drive the system with the electromaglhe conductivity and hence the related entropy production in

netic and weak fields derived from, Z°, andW=, as when electrical conduction are positive. Then
T<T., or any other rotated combination of these. We con-

sider here only the weak field limit and ignore the nonlinear ogg 0 0 0

driving terms in Eq(13). The self-couplings between gauge 0O oww O

bosons are important, however, in the scattering processes in = o 0 o o | 19
the plasma determining the conductivity, as we discuss ww

below? 0 0 0  oww

The electroweak field&P act on the matter to generate
currentsJ, of the various particles present in the plasma,Due to isospin symmetry of the/ interactions the conduc-
such as left and right-handed leptons and their antiparticlegivities oyiyi are the same=aoyw, but differ from the
and quarks, vector bosons, and Higgs bosons. The Higgs artfield conductivity,ogg.
vector boson contributions are, as we shall see, negligible. The calculation of the conductivitiesgg and oy in the

Therefore the significant terms in the currents are weak field limit parallels that done foF<T.. The main
difference is that weak interactions are no longer suppressed
g — _ by a factor [/M,)* and the exchange of electroweak vector
3527(L7“Y L+RY*YR), (14 bosons must be included. The conductivityzg, for the

Abelian gauge field8 can be calculated similarly to the elec-
trical conductivity atT<T.. Taking into account the fact
9— that both left-handed neutrinos and charged leptons couple to

T
Jwi= 2 Ly#riL. (15 the B field with the same sign, and that they scatter the same
way, their flow velocities are equal. Consequently, in the
We define the conductivity tenser,, in general by scatterings 12,34, u;=uz andu,=u,, whether or not the
interaction is by charge exchange. The situation is thus simi-
Jo= 0P (16) lar to electrodynamic case.

Although the quarks anW* are charged, their drifts in
the presence of an electric field do not significantly contrib-
L . S ute to the electrical conductivity. Charge flow of the quarks
Pure SU2) gauge fields undergo a confining first order phasejg stopped by strong interactions, while similarly flows of the
transition[22] at a critical temperaturel,, where the fields are W= are effectively stopped bW++W‘HZ°, via the triple
intrinsically strongly interacting. In an academic universe Withou_tboson coupling. Charged Higgs bosons are likewise stopped

Higgs fields the electroweak phase transition is nonexistent. If, Nia W* ¢‘r¢ couplings. These particles do, however, affect
this case, we run the temperature from far abMsg to low tem- the conductivity b scétterin leptons ’ ’
oA y by glep .

peratures the electroweak running coupling constants diverge at
very small temperature- 1022 GeV, signalling that the interac-
tions of the fields have become strong, and that one is in the neigh-

borhood of the S(P) phase transition. For our purposes we are 2Since the linearized currents are proportional to the Pauli spin
therefore safe in ignoring such nonlinear effects and thé2BU matrices7® for the W (a=1,2,3) fields and the identity matrix
phase transition. However, the nature of electrical conduction in the,=1 for the B field, one finds explicitly in one-loop order that
confined state by charged “mesons” formed, e.g..eby, or ud, Oap® TH{ 73Ty} =284, (a=0,1,2,3). Including the dominant interac-
remains an interesting problem in principle. We thank Eduardaions in the current-current loop is basically equivalent to solving
Fradkin for calling this issue to our attention. the Boltzmann equation, which produces no off-diagonal elements.
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The lepton and quark mass terms in the Weinberg-Salargignificantly to the conductivity(ii) a net factor of co®
Lagrangian provide masses only when the Higgs field has Because, on the left side of the kinetic equation, Bhield
nonzero expectation value. FoB- T the quarks and leptons couples to right-handed leptons with a factgr=e/cos 6,
have thermal masses, which, for the longituditelectrio  and the square of the matrix element, entering the right side
degrees of freedom, are of order the plasma frequencyf the kinetic equation, contains a facgt*, while the cur-
my~gT, and of likely ordermys~g°T [23] for the trans-  rentJ is proportional tog’ times the deviation of the dis-
verse(magneti¢ mass. These small masses give rise to spintripution function; andiii) a factor (Y3+2Y2)/8=3/4 in the
flip interactions changing the helicity; such interactions areégcatterings of the right-handed charged leptons with right

however, suppressed by factorsnafT, and can therefore be and left-handed leptons. ariy) a factorsNa(y2 +Y2 )/8
neglected here. The mass terms also provide a small cou- ) P o /) i q ( dr qL)
pling, G=v2m, /v, between the Higgs and leptons, propor- =11/12 in the scatterings of the right-handed charged lep-

tional to the ratio of the lepton mass to the vacuum expecta{‘—ons with right and left-handed quarks. The factor 9/19 holds

tion value, which leads to a negligibly small contribution to " the limit that the temperature is much greater than the top
the conductivity. Even the coupling of mesons with the duark massm; excluding the top quark foff.<T<my
Higgs is a factoG2/e?~ 10~3 smaller than their coupling to  91ves 108/211 n;s?ead. ,

the B field. Charge transfer scatterings via Higgs exchange Applying aW" field to the_ electrowe_ak pla_sma drives the
are more singular than scatterings Baexchange, and are charged leptons and neutrinos oppositely since they couple

enhanced by a factor €%, nonetheless such processes arethrough.gr3W3. In this case, exchange; or dqmmate the
negligible. interactions as charge is transferred in the singular forward

These considerations imply that i current consists SCAiterings, so thaty=u,=—u,. The collision term is then
primarily of right-handece™, ™, and 7=, interacting only weighted by a factorr(1+p2) ms’gead of 621 fagtorgl_gzg
through exchange of uncharged vector bosBnsr equiva- =q2an2d one ends up with an integrap°dq®/(q°+dp)
lently y and Z°. Because the left-handed leptons interact™1 /dp~« ~ for the longitudinal part of the interaction.
throughW as well as througlB, they give only a minor FOr the transverse part of the interaction one encounters a
contribution to the current. They are, however, effective scatlog9arithmic singularity; while Landau damping is not suffi-

terers of right-handed leptons. The resulting conductivity isC/eNt to screen the interaction, a QCD magnetiuon
mMass, My~ g“T, will provide an infrared cutoff. Besides

1 N, cog Oy 7 the logarithms, the factar ! remains and we expect that
OBe=>5 N I
2 [H(YR+2YDN+ 52 (Y5 +Y3)] ° W~ AT g (21)
9 - i * i
- = co2 chrg,//), T>T,, (20 This effect of W= exchange is analogous to the way gluon

exchange in QCD gives strong stopping and reduces the
“color conductivity” significantly [15]; similar effects are
where thquR,L are the right and left-handed quark hyper- seen in spin diffusion in Fermi liquids.8].

charges, and th&g  are the right and left-handed charged The electrical conductivity is found fromrgg and oww
lepton hypercharges. The terms entering the prefactofijare by rotating theB andW? fields and currents by the Weinberg

a factor 1/2 because only the right-handed leptons contributangle; using Eq(16) we obtain

(JA) R R (A) (UBB CO§ Hw+(TWWs|n2 0\/\/ (UBB_wa)COSGW sin 0\/\/ (A) 29
=R(6 -0 = . . .
‘]ZO ( W)U ( W) ZO (O-WW_ (TBB)COS aw Sin HW OBB S|n2 ew‘l‘ oww C0§ aw ZO ( )
I
Thus the electrical conductivity is given by IV. SUMMARY AND OUTLOOK
Oap= 05 COL Oy+ Ty SIP Oy (23) We have calculated the electrical and electroweak con-

ductivities in the early universe over a wide range of tem-

o/ T above the electroweak transition differs from that be-Peratures. Typicallyge=T/a In(1/e), where the logarith-
low mainly by a factor~cog' 6,~0.6. mic dependence on the coupling constant arises from Debye
In the wide temperature range we are considering the coland dynamical screening of small momentum-transfer inter-
pling constants in fact run a&;(Q)=a;(u)+b; IN(Q/w)  actions. In the quark-gluon plasma, B Togp~ 150 MeV,
where the coefficientl; are found by renormalization group the additional stopping on quarks reduces the electrical con-
calculations[24,25. In a high temperature plasma typical ductivity from that in the hadronic phase. In the electroweak
momentum transfer® are of ordergp~eT. The exact val- symmetry-restored phas&€>T,, interactions between lep-
ues employed foR is not important as the couplings only tons andW= andZ° bosons reduce the conductivity further.
increase logarithmically with temperature. In the temperaturdhe electrical conductivity does not vanighs one might
range 1 to 10 GeV, o~ ! varies from 130 to 123 and M,  have imagined to result from singular unscreenéd ex-
from 0.21 to 0.28. changel and is larger than previous estimates, within an
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order of magnitude. The current is carried mainly by right-present in this period does not diffuse significantly over

handed leptons since they interact only through exchange dimescales of the expansion of the universe. The time for

y andZ°. magnetic flux to diffuse on a distance schlés 74~ oL
From the above analysis we can infer the qualitative beSince the expansion time scdlg is ~ 1/(tpjanckl 2), where

havior of other transport coefficients. The characteristic electp,,~ 10 *® s is the Planck time, one readily finds that

trical relaxation time,ro~[a? In(1/a)T] "%, defined from

o=e’n7y /T, is a typical “transport time” which deter- Tiff )

mines relaxation of transport processes when charges are in- pr~ax tplanck

volved. Right-handed leptons interact througfhexchanges

only, whereas left-handed leptons may change into neutrinofgherex= L/ct, is the diffusion length scale in units of the

by W= exchanges as well. Sin@ exchange is similar to  distance to the horizon. As described in R¢f0] and[5],

photon exchange whefi>T,, the characteristic relaxation sufficiently large domains with magnetic fields in the early

time is similar to that for electrical conduction, universe would survive to produce the primordial magnetic

r,~[a? In(L/a)T]™! (except for the dependence on the fields observed today.

Weinberg angle Thus the viscosity is

n~1,~T3[? In(1/a)]. For T<M,, the neutrino interac- ACKNOWLEDGMENTS

tion is suppressed by a factoF/(My)*; in this regime neu-

trinos have longest mean free paths and dominate the viscos- We are grateful to L. McLerran, C. J. Pethick, J. Popp,

ity [19]. and B. Svetitsky for discussion. This work was supported in
The electrical conductivity of the plasma in the early uni- part by U.S. DOE Grant No. DE-AC03-76SF00098 and NSF

verse is sufficiently large that large-scale magnetic fluxGrant No. PHY 94-21309.

>1, (24)

[1] Y. Sofue, M. Fujimoto, and R. Wielebinski, Annu. Rev. As- H. Heiselberg, Phys. Rev. Leff2, 3013(1994.
tron. Astrophys24, 459(1986. [16] C. P. Burgess and A. L. Marini, Phys. Rev.45, R17(1992;
[2] M. S. Turner and L. M. Widrow, Phys. Rev. B7, 2743 A. Rebhanjbid. 48, 482(1992; R. D. Pisarskijbid. 47, 5589
(1988. (1993; H. Heiselberg and C. J. Pethidkjd. 47, R769(1993.
[3] K. Enqgvist and P. Olesen, Phys. Lett.329, 178 (1994. [17] J. P. Blaizot and E. lancu, Phys. Rev. Lét6, 3080 (1996,
[4] C. Hogan, Phys. Rev. Leth1, 1488(1983. Phys. Rev. D65, 973(1997).
[5] G. Baym, D. Bodeker, and L. McLerran, Phys. Rev58) 662 [18] G. Baym and C. J. Pethick.andau Fermi-Liquid Theory:
(1996. Concepts and Application@iley, New York, 199).

[6] G. Sigl, A. Olinto, and K. Jedamzik, Phys. Rev.5, 4582  [19] G. Baym, H. Heiselberg, C. J. Pethick, and J. Pépppub-
(1997. lished.

[20] J. Ahonen and K. Engvist, Phys. Lett. 382 40 (1996.
7] ;4ZALS;?1SQQSCK A. Loeb, and D. N. Spergel, Astrophys. J'[21] K. Farakos, K. Kajantie, K. Rummukainen, and M. Shaposh-

. nikov, Nucl. PhysB425 67 (1994; K. Kajantie, M. Laine, K.
[8] B. Cheng and A. QOlinto, Phys. Rev. BD, 2421(1994. . .
R k ,and M. Sh hnikov, Phys. Rev. [76tt288
[9] A. Hosoya and K. Kajantie, Nucl. PhyB250, 666 (1985. vmmukainen, an aposhnikov, Phys. Rev. st

: d (1996.
[10] K. Enquist, A. . Rez, and V. B. Semikoz, Nucl. PNY8436, 551 5 Engels, F. Karsch, I. Montvay, and H. Satz, Phys. Lett.
49 (1995. 101B, 89 (1981); Nucl. Phys.B205 [FS5], 545 (1982: P. H.
[11] G. Baym, H. Monien, C. J. Pethick, and D. G. Ravenhall, Damg°ad and U. Heller,bid. B294, 253 (1987).
Phys. Rev. Lett64, 1867 (1990; Nucl. Phys.A525, 415¢  [23] See, e.g., G. W. Anderson and L. J. Hall, Phys. Rewv®
(1991. 2685(1992; M. Dine, R. G. Leigh, P. Huet, A. Linde, and D.
[12] G. Baym, H. Heiselberg, C. J. Pethick, and J. Popp, Nucl. Linde, ibid. 46, 550(1992.
Phys.A544, 569c(1992. [24] See, e.g., F. Halzen and A. D. MartiQuarks and Leptons
[13] H. Heiselberg, Phys. Rev. B9, 4739(1994). (Wiley, New York, 1984.
[14] M. Gyulassy and M. Thoma, Nucl. PhyB351, 491(1991); E. [25] F. Wilczek, inDark Matter, Proceedings of the Annual Octo-
Braaten and M. Thoma, Phys. Rev. 43, 1298 (199)); 44, ber Astrophysics Conference, College Park, Maryland, 1994,
R2625(199)). edited by S. Holt and C. Bennett, AIP Conf. Proc. No. 336

[15] A. Selikhov and M. Gyulassy, Phys. Lett. 86 316 (1993; (AIP, New York, 1995, hep-ph/9501343.



