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In this paper, we reexamine in detail the effects of primordial magnetic fields on big bang nucleosynthesis
(BBN) including a discussion of the magnetic field geometry and the anomalous magnetic moment. The
presence of magnetic fields affects BBN {y increasing the weak reaction rat€®) increasing the electron
density due to changes to the electron phase spacg3ainttreasing the expansion rate of the universe, due
both to the magnetic field energy density and to the modified electron energy density. Of the effects considered,
the increase in the expansion rate due to the magnetic field energy is the most significant for the interests of
BBN. The allowed magnetic field intensity at the end of nucleosynti@sid Me\) is about %10° G and
corresponds to an upper limit on the magnetic field energy density of about 28% of the neutrino energy density
(pg=<0.28,). [S0556-282(096)04820-5

PACS numbes): 98.80.Cq, 98.62.En

[. INTRODUCTION taken as constant within these scales.
The magnetic field spatial distribution needs to be taken

Big bang nucleosynthes{8BN) provides a unigue guan- into account ifl 4 is smaller than the length scales over which
titative window for processes occurring in the early universereactions and mixing occur during BBN. The relevant scale
[1] between temperatures of 1-0.01 MeV. The agreemertp be compared tf, here is the largest mixing length, which
between the light element abundances predicted by BBN ancborresponds to the neutron diffusion length Jedamzik and
observations constrains strongly the dynamics of the uniFuller [7] showed thaid,(1 MeV)<1 m while the horizon
verse at this epoch including the presence of strong magnetid %(1 MeV)=10® m. Sincel >d,, the magnetic field is
fields. A primeval magnetic field existing during nucleosyn- constant within correlated volumes and will be taken as con-
thesis would have three major effects on BBN:it would stant below! We also assume that the field is randomly ori-
alter the weak interaction rate@,) it would modify the elec- ented within each volume of radidg such that the expan-
tron densities in phase space, diid) it would increase the sion rate is not anisotropic and that Robertson-Walker metric
cosmological expansion rate. Some of these effects were ejs valid.
amined by a number of authofg] and most recently by In a uniform magnetic field with magnitud® chosen to
Cheng, Schramm, and TrurfBy], Grasso and Rubinstejd]|, lie along az axis, the dispersion relation for an electron
and Kernanet al. [5]. In this paper, we revisit our earlier propagating through the field is
analysis[3] and find reasonable agreement between subse-
guent work by different authof},5] and our present results. E= [pf+ m§+ 2eBn]Y?+ mgk, (2.1
Although some slight differences remain, the basic conclu-
sions seem unambiguous. Here we also show that the effeatthereng=n+3—s,, (ng=0,1,..), n is the principal quan-
of the spatial distribution of the magnetic fields and thetum number of the Landau level asg==*1/2 are spinse is
anomalous magnetic moment do not affect significantly thehe electron chargey, the electron momentunm,, the rest
results. mass of the electron, arlis the anomalous magnetic mo-
ment term[9] for an electron in the ground state=0,
s,=1/2). For relatively weak fieldsgi.e., B<7.575x10'° G),
Il. THREE MAJOR EFFECTS OF B FIELDS ON BBN K=—(ae/477)(eB/mé), while  for stronger fields,

Jedamziket al. [6] have shown that neutrino decoupling
effectively damps all magnetohydrodynamic modes up to the
scales around a tenth of the Hubble radius at neutrino decou-irecently, Grasso and Rubinstd#i] assumed that the magnetic

pling. If 14 is the largest scale over which the magnetic fieldfield during BBN had fluctuations on the scale of the horizon at the
becomes spatially homogeneous due to neutrino dampingjectroweak transition, which is of the order of the diffusion length
thenl4=~0.1 H ! at T=1 MeV. This implies that if there are at the end of BBN. If damping due to neutrino decoupling were not
magnetic fields present during BBN their spatial distributionas effective as found in Ref7], the spatial variations of the mag-
is very smooth on scales smaller thgrand the field can be netic field could affect BBN outcome.
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k=(a/2m[In(2eB/M2) %, where a,=1%. The number den- T,\2 T,\2
sity of states in the intervalp, for any given value oh in B= Bc%(?) or y= J’i(?) : 2.3
the presence of magnetic field is described b§] : :

eB With this notation, the rate for the reactiont e —p+ v,
(2= 6no) (27)2 dp,. (2.2 js given by

We now discuss how Egg2.1) and (2.2) affect BBN in g\2,(1+3a2)m27iT2 %
detail. Na= 2 [2-6,0]
a 47T, =0 ns

A. Weak reaction rates

o de(e—k

The weak interaction rates in a constant magnetic field Xf 2( )
without QED correction have been derived by Cheng, T2yt x (€= 1)% = (1+2yny)
Schramm, and Trurafl1]. In an expanding universe, tlig 1 (e+q)2e(eTDZiT oy
field evolves a2 whereR is the scale factor of the uni-
verse. During BBNRochl, whereT, is the neutrino tem-
perature. LetB; represent the magnetic field at an initial
temperatureT;=1 MeV, y,=B,/B,, and y=B/B,, where where g(1+3a®)m3/27°=6.515<10"* sec!, gy
B.=m2/e=4.4<10" G is the critical field at which quan- =1.4146<10*° ergcn?, and a=g,/gy=—1.262 (Ref.
tized cyclotron states begin to exist. The magnetic field af12]).

X(1+eeze+¢e) [l+e(e+q)zv+¢v] s (24)

any temperaturd then can be written as Similarly, for the reactiom+v—p+e™, the rate is
\ _g\2,(1+3a2)mgyiT3 i (2-5 ]fw de(e—«) 1 (e—q)%eZet e
b 473T? im0 ) mrmmge (e—1)2— (1t 2yng) (1+eet o) [14elm T d]
9%(1+3a®)mgy T2 “§ax[2 s ]fq de(e—«) 1 (e—q)2e“e’de
47°T? g0 ") rmms e (e— 12— (1+2yng) (1+ee"Pe) [14el 0t
(2.9
|
and for the reactiom—p+e~ + v,, we have neutron and proton, respectivell, is the temperature of the
X s 5 —an electrons,u; (i=e, v) is the chemical potential of the elec-
gy(1+3a ) mey T, & tron or neutrino, andp;(i=e,v) is the degeneracy param-
c” 47372 nE:o [2= Shl eter.
' ° For B-decay processes to occur in the presence of a mag-
Jq de(e— k) netic field, the quantum numbeg, has to satisfy
X
TF2mgtx \J(e— k)2— (1+2yny) (q—x)2—1

V1+2yngt+k=q, Or Ng=<nNgqpa=Int

1 (q—e€)2e%e™ e 2y '
X1t e e e [1+e@ 92,707 (2.6 (2.9
The total weak reaction rates for the conversion of neutron¥/N€réNs max is the largest integer if(q—x)"—1}/2y. [Note
to protons is simply the sum of the above rates: that our expressions for the total ra®7) here is different
from that given in Ref[4].]
02(1+3a)miy T2 & w The inverse total reaction rate of the conversion of pro-
nop= = LYY [2-6, O]f de tons to neutrons is computed as
AT, Ne=0 s T+ 2yng+ x
(e— k) 1 Npn=€ %N, .
X Z7 4 7 m . !
1+e“e P [(e—k)"—(1+2yng)] In order to better elucidate the effects of the field on the

rates, we calculate analytically the variations of the reaction

2a0leta)Z,+ ¢, ) 2a€Zet &
(etq)®e (e—q)e e % . (2.7  rates with respect to changes in the field, and we obtain

11 @ az,76, T 11 aZ,-4,

The parameters used above are definedea&/m,, lim dra

q:(mn_mp)/mev Ze=MTe, Z,=MIT,, be=pelTe, y—0
and ¢,=u,/T,, wherem, andm, are the rest masses of the

xS [2- 501 |kt (U (3,020,
he=0 0 2.9



4716

d\y, =
lim W“ 2 [2—5, o]fo dkf_(e)u_(y,e)

'y~>0

Ns max
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B. Electron density phase space

In a magnetic field, the phase space and energy density of
electrons are modified. The number density and energy den-
sity of electrongn, andp,) over phase space as a function of
magnetic field strength are given by

- > [2-6, O]Jqdkf_<e>u_(y.e>>o
ng=0 s Jo

(2.10 e')’| v f
™ (277)2T2 2 ( nSO) \/l+?'yns+KdE
d)\ Ns max q
lim — o E [2-6, o]f dkf_(e)u_(y,e)>0, % €K (2.13
y—0 _ 2_ + :I_-|—eéze”L [ )
and
and
(B)=2 mev T, Z P )f de
- Pe 2 >2T2 " | e«
d E [2- 4, o]f dK[f (). (7€)
y—0 27 0 o e(e— k) 2.14
+f_(e)u_(vy,e)]>0, (2.12 \/(E— K)z_(1+27ns) 1+ eZet be .
where Correspondingly, the pressure of electrons is
7| “
2 P.= MeYi v 2—-96 de
e=(k2+1+2yns)1’2+ Kk, k= %, (2 )2-|-2 2 ( n 0 [TF Ty«
e
(e K) V(e=K)?=(1+2yn) 01
(exq)? 3¢ Leterte 23
fi(e): *(e — *e ’
[1+e=(Zer P 1+e @270 These expressions will reduce [tb0]
27”3 _‘ynsze et(eze+¢e) f € 6 -
V(v =1+ T Tr el =—2 | de ez ﬂ,)e (2.163
N ynsZ,
T 1te [@F9Z,F4,1 _ZJ 1+efz +¢e (2.16b
We also computed Egsi2.9—(2.12 numerically, for and
variousy; and T. Both calculations show that, independent
of the temperature, the presence of a magnetic field does mi (= (—1)%2
increase all the weak reaction rates, including the total neu- Pe:ﬁ 1 de 1+ eZet e (2.169

tron depletion rate. This result is consistent with the findings

in our previous works and with Grasso and Rubinstein’s reif the magnetic field is absent.

cent calculationg4], but inconsistent with Kernan's recent

The dependences ot, p., andP, on the magnetic field

statement5] that the rates of 2-2 processes decrease as theyn pe seen analytically to be

field increases. At very high temperatufes 2.5 MeV, such
effects are insignificant because the inverse reaction rates
also increase with the field and are not much suppressed by
the factor exp—qZ,). When the temperature drops to a point
where the reactions+e" —p+v andn+v—p+e~ begin

to freeze out and the neutrgBdecay process dominates,
then the total rate increases with the magnetic field. How-
ever, if the primeval field is not strong enough to begin with,
then as the universe expands, it becomes too weak to affect
the reaction rates at low temperatures. Our numerical calcu-
lations reveal that for the magnetic field to have significant
impact on the reaction rateg,=10° or B;=4.4x10° G at 1
MeV. As we discuss below, the effect due to the change in
expansion rate is already significant fgy=10 and domi-
nates over the change on the reaction rates.

li dn E 2—5 dek !
— -
yITO y ( n O) 0 1+ eeZe+ be
YNsZe
X — .
1 €[1+e(eze+¢e)]> >0, (217

lim 2P Z 2-6 de <
—M e
ylino y ( no) o (1+ %" %e)
YNs YNsZe
e qire @
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and p(Ty!TV):pv(TV)+pe(T7vB(TV))+p7(Ty)+pB(TV)
im 4Pe i 25 )fwdk k2 +pp(T,). (2.29
im —« - _
y—0 dy o "9 Jo T e(1+eet Pe) If we define
YNs YNsZe . _ Ope _ PB
X|1-—= E[1+e—(eze+¢e)])>0, po=p(B=0), =0 Xy (2.26

(2.19

where we assumed nondegenerate neutriggs-0). These
expressions indicate that, in the presence of magnetic fields, (2.27)
due to the large Landau excitation energy and the decreased

cross-sectional area of each Landau level, all of the electrofi=4.7 for three types of neutrinos. If there is no magnetic
thermodynamic quantities, such mas, p., andP,, increase field, Eq. (2.27) reduces to the formula in standard BBN
with increasing field strengths. This, in turn, causes a def12]:
crease in all of the weak interaction rates and changes the
temperature-time relationship in BBN calculations. Further-
more, it results in an increase in the final neutron to proton . , ,
ratio and the abundances of the light elements. Such an effect The modified time-temperature relationshi.27) sug-
becomes significant foy=10° and is subdominant to the gests that the contributions of the primordial magnetic field

we can estimate the effect 6fand y on the time-temperature
relation away frome*e™ annihilation:

T,~10°K&(1+ 0+ x) 422

~ —-12
T,~10°Két 12

effect discussed below. from both the field energy density and the electron energy
density, accelerate the expansion rate of the universe and
decrease the time scale over which BBN can occur. In par-
ticular, the neutrons will have less time to decay to protons
than in the field-free case, which leads to an enhanced final
n/p ratio and ultimately elevates the abundancétté.
Comparing the energy density from the electrons to that
directly from magnetic fields, we find that foy <10, the
contribution from electrons is somewhat greater than that
from the field, but it is still too small to be interesting with
respect to the total energy density in the field free case.
When theB field is stronger,y>10, the contribution from
the magnetic field exceeds that of the electron phase space
and dominates the total energy density.

C. Effects on the expansion rate

The expansion rate of our universe is given by

1dR
R dt

87G

H P

(2.20

whereG is the gravitational constant apds the total energy
density. This can be expressed @sp,+pe+p,+pp+ps,
Where pe=pe-+pet, pu=py t Py, F P TPy T 00 0y
and the subscripty, e, v, v,, v,, b, andB stand for pho-
tons, electronse neutrinos,u neutrinos, = neutrinos, bary-
ons, and magnetic fields.

The presence of magnetic fields alters the expansion rate lll. LIMITS ON THE FIELD STRENGTH FROM BBN

by the added energy density of the magnetic field

B

T 4
pe=g_ Y|+ (2.2
B gx "\ T,/

We considered all three effects discussed above in our
numerical calculations to set a limit on the field strength
allowed by BBN considerations. As expected, our calcula-
tions reveal that the abundances of the light elements are
manifestly affected by strong magnetic fiel(® =10" G).

and the change in the electron energy density which we cag|ihough the three effects are important for fields in excess

write as

pe=pe(B=0)+ Jpe. (2.22

During nucleosynthesig™e™ annihilation transfers en-
tropy to the photons, but not to the decoupled neutrinos. Thﬁe

neutrino temperature then follows, <R, i.e.,

a7, _ HT 2.2
dt - v ( . 3
while the photon temperature satisfies
dT +p,+P+P
v gy PPy ey (2.24)
dt dpe/dT,+dp,/dT,

These equations are solved simultaneously sihéga func-
tion of bothT, andT,: i.e.,

of B, the dominant process for setting an upper limit on the
magnetic field during BBN is the change in the time-
temperature relation discussed in Sec. Il C in agreement with
the results of Refd4] and[5].

Our numerical calculations show that for an initial mag-
tic fieldB (1 MeV)<10'® G, the impact on the neutron to
proton ratio from the magnetic field energy density, which
increases the neutron population, is more significant than the
other effects. By using the observed abundancéHzf, D,
and®He, we find a constraint on the strength of a primordial
magnetic field, which is equivalent to an increase in the num-
ber of neutrino families. To calculate explicitly these effects,
we set the neutron lifetime;,, =887 st2 s (Ref. [13]), the
number of neutrino speciéé,=3, and compute numerically
the primordial abundances. Similarly to the bound\yn the
constraint on the magnetic field energy relies on the lower
limit to # and the upper limit td'He. We use the B°He
lower bound on the baryon-to-photon ratig=2.5x10" 19
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and an upper limit to théHe abundancéYp<0.245 [14] tained a revised upper limit on the allowed strength of a
and find thaty;<85. This implies that the allowed magnetic primordial magnetic field on scales smaller tHgn Our re-
field at the end of BBNT,=0.01 MeV) is less than about sults show that, in the framework of standard big bang nu-
2x10° G, which corresponds to a limit on the energy densitycleosynthesis, the maximum strength of a primordial mag-
of magnetic fields during BBNz=<0.2&,,. netic field is such thapg=<0.28p,.

IV. CONCLUSION

. . . . . ACKNOWLEDGMENTS
In previous sections, we have provided a detailed analysis

of the three major effects of a primordial magnetic field on B.C. would like to thank Gordon Baym for very helpful
the final abundances of the elements formed in big bangliscussions and the Director’'s Fund at Los Alamos National
nucleosynthesis. We have found that of the three majotaboratory for financial support. D.N.S. would like to ex-
effects—a) increased weak interaction ratés) enhanced press his thanks for the useful interactions with Hector Ru-
electron densities in phase space, &dn increased expan- binstein. This research also has been supported by grants
sion rate of the universe by the energy densities of magnetifrom NASA through grant No. NAGW 1321, DOE through
field and electrons—the latter effect dominates over thegrant No. DE FG0291 ER40606, and NSF through grants
modifications arising from the first two effects when No. AST-93-96039 and No. AST-92-17969 at the University
B;<10" G even when the electron magnetic moment is in-of Chicago, and by the DOE and by NASA through grant
cluded. We have computed numerically these effects and otNo. NAGW 2381 at Fermilab.

[1] D. N. Schramm and R. V. Wagoner, Annu. Rev. Nucl. Part. [8] D. Grasso and H. Rubinstein, Report No. astro-ph/9602055
Sci. 27, 37 (1979; T. P. Walker, G. Steigman, D. N. (unpublished
Schramm, K. A. Olive, and H-S Kang, Astrophys.376, 51 [9] J. SchwingerParticles, Sources and Fieldé&ddison-Wesley,
(199)); G. Steigman, D. N. Schramm, and J. Gunn, Phys. Lett. Redwood City, CA, 1988 Vol. 3, Chap. 5.6.
66B, 202(1977; J. Yang, M. S. Turner, G. Steigman, D. N. [10] L. D. Landau and E. M. LifshitzStatistical Mechanic¢Clar-

Schramm, and K. A. Olive, Astrophys.281, 493(1984; P. J. endon, Oxford, 1938
E. Peeblesjbid. 146 542 (1966; R. V. Wagoner, W. A.  [17] B, Cheng, D. N. Schramm, and J. W. Truran, Phys. Lett. B
Fowler, and F. Hoyleibid. 148 3 (1966. 316, 521 (1993.

[2] J. D. Barrow, Mon. Not. R. Astron. Sott75 379(1976; R. F.
O’Connell and J. J. Matese, Natulleondon 222 649(1969.

[3] B. Cheng, D. N. Schramm, and J. W. Truran, Phys. Re9D
5006 (1993.

[4] D. Grasso and H. R. Rubinstein, Astropart. PI8;95 (1995.

[5] P. J. Kernan, G. D. Starkman, and T. Vachaspati, Report No. A NY) Acad. Sci.688 (199
astro-ph/950912€unpublishegl [Ann. (N.Y.) Acad. Sci. (1993].

[6] K. Jedamzik, V. Katalinic, and A. V. Olintéin preparation [14] C. J. Copi, D. N. Schramm, and M. S. Turner, Phys. Rev. Lett.
[7] K. Jedamzik and G. M. Fuller, Astrophys.4R3 33 (1994). 75, 3981(1999.

[12] R. Wagoner, Astrophys. J. Suppl. S&8, 247 (1969.

[13] E. Skillman et al, Astrophys. J.(to be publishel also in
Relativistic Astrophysics and Particle Cosmology: Texas/
PASCOS92, Proceedings of the SymposiuBerkeley, Cali-
fornia, 1992, edited by C. W. Akerlof and M. A. Srednicki



