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Weak reaction freeze-out constraints on primordial magnetic fields
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We explore constraints on the strength of the primordial magnetic field based upon the weak reaction
freeze-out in the early universe. We find that limits on the strength of the magnetic field found in other works
are recovered simply by examining the temperature at which the rate of weak reactions drops below the rate of
universal expansionI{,< H). The temperature for which the/p ratio at freeze-out leads to acceptable
helium production implies limits on the magnetic field. This simplifies the application of magnetic fields to
other cosmological variants of the standard big bang. As an illustration we also consider effects of neutrino
degeneracy on the allowed limits to the primordial magnetic fi&556-282199)01512-X]

PACS numbds): 98.62.En, 95.30.Cq, 98.80.Cq

I. INTRODUCTION Faraday rotation in the polarization of the cosmic microwave
background radiation. According to their results, it should be
It is by now widely recognized that cosmological mag- possible to detect the presence of a magnetic field at photon
netic fields could be a significant factor on almost everydecoupling which would corresponds to a present day mag-
scale relevant to the structure and evolution of the universenetic field as small aB=10"° G.
Recent measurement$,2] of intergalactic magnetic fields  General effects of magnetic fields in astrophysical and
have provided evidence that magnetic fields on the order of aosmological processes have been investigated by several
few 107° G are ubiquitous, e.g. in numerous galaxies, galacauthors[13—1§. In particular, the effect of a primordial
tic halos, and clusters of galaxies. Similar large magnetiGgnagnetic field on big-bang nucleosynthesis was first studied
field strengths have also been found in protogalactic cloudgy Greensteir{14] and Matese and O’ConnéllL5]. They
[3]. However, the origin of these fields and the existence Ofargued that if primordial magnetic fields of sufficient
galactic and inter-cluster magnetic fields are still issues okt engih existed in the early universe, then these could have
debate[4-6]. For a long time, it has been suppc_)sed Fhat %had direct influences on both the expansion rate of the uni-
turbulent dynamo mechanisi#,8] may be at work in which Yerse and the nuclear reaction rates during the epoch of pri-

the “??‘9”.3“0 fields might haye arisen from the ex.ponemia\nordial nucleosynthesig14—-18. These influences also
amplification of small seed fields by hydrodynamic turbu'Could affect weak-reaction freeze-out and hence the abun-

lence. However, recent detailed mod show that this .
£ g_ances of the light elements produced.

dynamo model is inadequate. The fields that can be gene Th K ; h | Iso be af
ated in this process are an order of magnitude weaker than 1€ Weak Interaction rates themselves can also be af-
what is actually observed. Goldschmidt and Rephp] fected by magnetic fields. This can influence significantly the

also showed that Faraday rotation measurements could nEite of production of'He and other light elements. Recently,
be explained by a turbulent dynamo model. Also, Faraday-heng et al[16] have considered the effects of a primordial
rotation measurements of damped &yabsorption systems Magnetic field on big-bang nucleosynthesis. In that work
(though not yet confirmefB]) suggest the possibility that the they used weak interaction rates modified by the presence of
present galactic fields could have a primordial origin. magnetic fields. They obtained constraints on the maximum
Faraday rotation measu(BM) is defined by the rotation strength of the primordial magnetic field in the framework of
angle of polarized light in a magnetic field. It depends notstandard big-bang nucleosynthesis. According to their re-
only upon the strength and spatial extent of the magnetisults, the allowed primordial magnetic field intensity at the
field, but also upon the density of the associated plasma, arghd of nucleosynthesisT&10° K) is about B<2x10°
the wavelength of the observed radiatiaf. Therefore, the —10' G on scales greater than“.6m but smaller than the
observation of Faraday rotation in radio sources both insidevent horizon during the nucleosynthesis epoch. Subse-
and behind clusters gives information on the strength of theuently, Grasso and Rubinstdih7] obtained an upper limit
inter-galactic magnetic fielfi2]. For example, the detected of B<10'G if the coherence length, of the magnetic field
magnetic field in clusters of galaxies has a typical magnitudat the end of primordial nucleosynthesis is in the range of
of a few 10 ® G and a coherence length scale of1100  10<L,<10" cm. In another work, Kernan et dl18] ob-
kpc [11]. Another important estimate of the cosmological tained an upper limit oB<1x 10! G atT=10° K.
magnetic field has been established by Kosowsky and Loeb The main purpose of the present work is to point out that
[12]. They argue that the existence of primordial magneticdhe essential results of those papers can be understood from
fields at the last scattering surface may induce a measurabikee condition of weak reaction freeze-out alone and not on
the later nucleosynthesis epoch. This is important for two
reason: one is that the magnetic field strength is constrained
*Email address: isuh@cygnus.phys.nd.edu at an earlier time1 sec rather than 100 sethe other is that
TEmail address: gmathews@bootes.phys.nd.edu the constraint can be easily obtained without the necessity to
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run a full nucleosynthesis computation. This will allow easywhereng=n+ 1/2-s,, (ng=0,1,...), nis the principal
parameter studies of effects of magnetic fields on a widguantum number of the Landau levs)= + 1/2 are the elec-
variety of cosmological models. As an illustration we con-tron spinsgis the electron charge, is the electron momen-
sider a neutrino degenerate model here. tum along thez-axis, m, is the rest mass of the electron, and
During early epochs, particle species and fundamental inx is the anomalous magnetic moment for an electron in the
teractions depart from equilibrium as the temperature of thgjround staterf=0,s,=1/2). For relatively weak fieldf.e.,
universe decreas¢49,20. One of the typical departures is B<7.575x 10 G), k= —(ae/47r)(eB/m§), while for stron-
that of weak interaction decoupling which occurred when theyer fields, k= (a/27) (IN(2eBME))? [22]. However, the
temperature of the universe was about 1 MeV. Weakanalyses available in the literatuf1] indicate that these
interaction freeze-out has important direct effects on the evonigher order corrections have a very small effect at the mag-
lution of the universe. The synthesis of light elements denetic field strengths and temperatures of interest. Thus, we
pends sensitively upon the neutron to proton rafip at the  can ignore the anomalous magnetic moment term. Strictly
start of the nuclear reaction epochi£ 10° K). However, the  speaking, all states of the neutron and proton are affected in
n/p ratio is determined by the competition between the weakhe presence of a magnetic field. However, the effect is also
interaction rates and the expansion rate of the universe. Amaller by afactor,(ne/Mp)Z_ Hence, the modification of the
higher equilibriumn/p ratio at weak-interaction freeze-out proton and neutron states by a magnetic field can also be
will lead to a higher*He abundance during big-bang nucleo- neglected.
synthesis. The main modification of the electrons in a magnetic field
In this work we constrain the strength of magnetic fieldscomes from the available density of states for the electrons

at the weak reaction freeze-out epoch, without considering4]. The electron state density in the absence of a magnetic
how such fields could have formed. Our purpose is, therefield is

fore, to estimate the maximum allowed strength of the pri-
mordial magnetic field which is still consistent with weak- d3p
interaction freeze-out at around 1 MeV. In order to determine f 3

the maximum allowed strength of the magnetic field at this (27)

epoch, we here estimate the change in weak interaction ratcﬁ,? a magnetic field this is replaced with
in the presence of a magnetic field as well as the change in
the Hubble expansion rate from the presence of magnetic o eB

energy Qensny. In addition, we c_0n5|d§r the poss_|bl_e effects E [2—6, O]f ——dp,. ®)
of neutrino degeneracy on the primordial magnetic field. Al- ns=0 s (2m)

though we calculate the main effects on weak reactions, Wj

@

have neglected the much smaller effects from some highe his modification will affect the thermodynamic variables

order interactions, e.g., radiative corrections, and other m or the electrons as well as the fundamental interaction rates.

dium effects on the weak interactions. The electron mass will Now'let us consider th‘? effegts of a ma'gne.tic figld on the

also be changed in strong magnetic fields, ine,(B) expansion rate. If the primordial magnetic field is spread

—my(B=0)[1+O(arg)+---], With ag=1/137 being the over sufficiently small distances compared with the event
e (&) 1 e

horizon, the geometry of the universe is not affedtid,25.
Thus, a Robertson-Walker metric is still appropriate and the
expansion rate of the universe can be simply described by
the usual Friedmann equation

electron fine structure constaitl]. For the magnetic fields
of interest, however, terms higher thé{a,) are negligible.

We employ a system of units in whidh=kg=c=1, except

when specific units must be attached to a result.

1dR (81T
Il. EXPANSION RATE AND WEAK REACTION RATES H= ﬁ a: ?G ) 4
IN THE PRESENCE OF A MAGNETIC FIELD

The properties of an electron in an external magnetic field"h€r€G is the gravitational constant apis the total mass-

have been extensively studied in a number of papats-  €nergy density
24]. In brief, the energy states of the electron in a magnetic 4ot p tont
field are quantized and the properties of an electron are P=PyTPeT Py T PoTPB- ©

modified accordingly. In order to investigate the propertiestpe subscripty, e, v,b, andB denote the mass energy due to
of an electron in a magnetic field, we must first solve thephotons, electrons, neutrinos, baryons, and the magnetic
Dirac equation in an external static and homogeneous magreld, respectively. Thus, the presence of a magnetic field

netic field. We make the convenient choice of gauge for theshanges the expansion rate in two ways. One is by the asso-
vector potential in which a uniform magnetic fieldl lies  cjated magnetic energy density

along thez-axis. We then obtain the electron wavefunctions
in a magnetic field as was calculated by Johnson and Lipp- Bg )
mann in detail23]. The dispersion relation for an electron PB=g Y (6)
propagating through a magnetic field[ 6]
. " wherey=B/B, andB,=m?/e=4.414< 10" G is the critical
E=[pz+mg+2eBn]~"+mex, (1 magnetic field at which quantized cyclotron states begin to
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exist. The other is the modification of the electron mass- 10° . : .
energy density. Since the phase space of electrons in a mag-
netic field is modified, the electron energy density is given

by

10
4 (e ]
mg foc
B)=2 2— 9,

pe(B) (277)2 )’nszzo[ nSO] [T
0
2 L 10

Xde ) (7)

1+e@tde \Je—(1+2yny)

where e=E/m,, a=mMg/Te, ¢de=pu/Te, and T, is the 10"

temperature of the electrons. Since the electron chemical po-
tential is small in the early universe, i.@h,<10"° [20], we
can ignore it in the calculations.

The weak reaction rates in a magnetic field have been 10

derived by several authof45-18. In thermal equilibrium, 10 10 1% 10 10
the inter-conversion between neutrons and protons is pos-
sible through the weak reaction processes: FIG. 1. The total weak interaction rate for converting neutrons
B to protonsI',_, and the expansion rateds as a function ofy
n+vepte ) =B/B, are plotted for the values of freeze-out temperaturgs

o =0.6,0.8,1.0, and 1.2 MeV ang,=0 as noted.
n+et—p+v 9)
o Egs.(11) and(12), increase as the field strengghincreases
n—p+e +v. (10)  for fixed temperaturéRef. [17] and see Fig. 1
From the above we see that magnetic fields affect nucleo-

These weak processes set tHp ratio in various astrophysi- synthesis in two competing ways, through the expansion rate
cal processes such as big-bang nucleosyntti#8i20, neu-  of the universe H and the weak reaction rafgs The mag-
tron star COOIin§[26], etc. The reaction rate for each processnetic energy densith in the total energy density acceler-
can be calculated using the well-knowh-A theory. The  ates the expansion of the universe and therefore increases the
total weak reaction rates for the conversion of neutrons int¢rimordial “He abundance. At the same time, however, the
protons in an external magnetic field is written as weak reaction rates increase in a magnetic field. This extends
weak-reaction equilibrium to lower temperature which re-
duces the*He abundance.

o

’y e]
I'_,(B)=—= 2—96 f d
nenlB)= 7 2 (270000 de

IIl. WEAK-REACTION FREEZE-OUT IN THE ABSENCE

. € 1 (e+q)2ePlerdrée OF THE NEUTRINO DEGENERACY
a [2_ b(e+a)+¢ . :
1+e® Ve'—(1+2yng| 1+e”° ¢ As long as the reaction rates exceed the expansion rate,
(e—q)2e@ chemical equilibrium is obtained. The equilibrium ratigp
temare” ’ (11  in the absence of the neutrino degeneracy is then given by
1+ eble—a)—¢&e [19,20

where 1h=g2(1+3a?)m2/4m3=3.26x10"* sec’?, gy n

=1.4146<10 % ergcnt, and a=ga/gy=—1.262. The p &A= Q/T). (13)
parameters used in Eqll) are defined ag=Q/m,, b

=m./T,, and §e=,uve/TV. The quantity Q=M,—M,  This ratio is maintained only as long as the reaction rate per

~1.293 MeV is the neutron-proton mass differenggis the ~ baryonI’ remains greater than the cosmic expansion Irate
electron neutrino degeneracy parameter which remains corlhen, at some temperatufg , the weak reactions decouple.
stant in the expanding universe,_is the chemical potential The neutron to proton ratio/p subsequently remains nearly

of electron neutrino, and’, is the neutrino temperature. frozen at its equilibrium value exp(Q/Tp). The _n/p ratio
Here, we neglect the polarization of the neutron so{it&a. does, however, slowly decrease due to occasional weak re-

The inverse total reaction rate for the conversion of pro—aCtionS' Eventually the ratio is predomingntly affected by thg
tons to neutrons can be obtained from detailed balance beta decay of free neutrons which continue to decrease this

ratio until all of the neutrons are bound into nuclei. The
Fpﬂn(B):e*qaffel“nﬁp(B). (12 freeze-out temperaturB, of the weak interactions is essen-
tially determined by the conditiofi(Tp)=H(Tp) for which
In the limit of vanishing magnetic fieldy—0), I',_,(B) one obtainsTp~0.75 MeV in the absence of magnetic fields
reduces tol',,_,(B=0) [18]. The weak interaction rates, [19,20.

123002-3



IN-SAENG SUH AND G. J. MATHEWS PHYSICAL REVIEW 69 123002

In big-bang nucleosynthesis, the abundancéHé can be  density of neutrinos increases, the expansion rate of the uni-
easily estimated by assuming that almost all neutrons areerse thus increase&) weak reaction rates are modified by
incorporated into*He. The resulting mass fraction dHe  the change in the electron-neutrino distribution functions.
will be approximately Therefore the non-vanishing electron-neutrino degeneracy

can directly effect the equilibrium/p ratio at weak reaction
_ 2(n/p)sen (14 freeze-out.
P 1+(n/p)gan’ With such a nonzero chemical potential for the electron
. . ) __neutrinos, the neutrino energy density is given[B§]
where (/p)ggy IS approximately determined by the equilib-
rium value of the neutron to proton ratidp and the neutron
decay factor prior to deuterium formation. However, in the Py Zl(T”HlJr 10(§e>2 5 ( ge) 4}
8\ T

- 7 7

presence of strong magnetic fields., y~1), the neutron 0.
Y

(16)
decays more rapidljabout 15% fasterthan in the field-free T
case[27]. The neutron decay factor will thus decrease, and
the allowed freeze-out temperatufg from the primordial  The equilibriumn/p ratio is also related to thé, by
“He constraint will increase. Using this we can approxi-
mately estimate the allowed values af/ p)gg\ in the pres-
ence of primordial magnetic fields during big-bang nucleo- n
synthesis. For example, adopting,=0.25, we find Tp B=exr{—Q/T—§e]. (17)
=0.77 MeV.

Now if the weak reaction freeze-out temperatdrg is
fixed by the value of primordiai’p, we can obtain a limit on Eventually, increasing, leads to a smaller value af/p
the primordial magnetic field strength at that epoch. In ordewhen the weak reaction rates freeze out and hence a smaller
to constrain the strength of the magnetic field we again us@roduction of primordial helium.
the condition There have been various estimates for the constraint on

I'(By)=H(By) (15) the neutrino _ degeneracy fr_om _big-bang nucleosynthesis
D D/ [28,30,31. With the constraints imposed by large scale

for a given weak reaction freeze-out temperaftge In Eq. structure formation, Kang and Steigman obtained the limits

(15), By, denotes the magnetic field strength when the weal®n the electron neutrino degeneracy ©10.06<£.=0.15
reactions decouple. Therefosg =By, /B . [28]. Recently Ref[30] has suggested that big-bang nucleo-

Figure 1 shows the weak interaction rates from neutronSYNthesis calculations agree best with the primordial abun-
converting to protong’ and the expansion ratés as a dances of light elements inferred from the observational data
n—p

function of y=B/B. for the given temperaturesT if the electron neutrino has a small chemical potential due to
~06.0.81.0 and 1_5 MeV respectively agg=0. For a lepton asymmetry. They obtain the possible constraints of

given temperature, the expansion rates are seriously affect utrino (iegeneorlaocy, .00@50083 for 3.k 77.10$5'5’
by magnetic fields fory=1. On the other hand, large mag- Wnerenio=7x107, nis the baryon-to-photon ratio, /n, .
netic fields (> 10) significantly affect the weak reaction Similarly, Kim et al.[31] have obtained a value as large as

rates. FoiT,=0.75 MeV, we can find the intersection points |e[=1 with recent updated constraints on primordial light

of H andI'. These are the magnetic field strengths at elements.

which the weak reactions freeze-out. As a result the freeze- In_ this work,_t\)/}/e V¥f'|| cor;5|der§?= 0d15 to illustrate :}he .
out temperature increases fsncreases. maximum possible effect of neutrino degeneracy on the pri-

mordial magnetic-field constraint. We calculate E#j5) in
both cases of.=0 andé.=0.15. Figure 2 shows the freeze-
out temperaturé versusyp at the weak reaction freeze-
out. We can see thag, goes to zero a3 approaches to
As an illustration of how the above analysis is easily ap-0.75 MeV and there is ng for T;<0.75 MeV. In the case
plied to other cosmological paradigms, we now consider thef ¢,=0, we can estimate the freeze-out temperaflisge
effect of a possible chemical potential for the electron neu=0.76 MeV which satisfies the primordi&4He constraint,
trino, u, . In this case the distribution functions of the neu-Y,=<0.245 [32]. Therefore, we obtainy;=<0.14 for Tp

trinos are different from those of the anti-neutrinos. Here, we<0.76 MeV. In the case of.=0.15, the neutrino degen-
choose to ignore the muon and tam( andm,> 1 MeV) eracy raises the freeze-out temperaturé\iy, ~0.025 MeV
chemical potentials because at the nucleosynthesis epoé y=1. However, then/p ratio for the positive¢, is sup-
they have already disappeared through annihilation and déessed, henc&, is reduced. Therefore we can allow a
cay. higher weak freeze-out temperatufg=<0.82 MeV (corre-

There is little experimental or direct theoretical constraintsponding toyp=<0.8) and still satisfy the constrainy,
on the magnitude or sign of neutrino asymmetries. Howevers0.245. For the more stringent constraifii<0.083, we
there do exist indirect constraints on the neutrino degenerdiave Tp<0.78 MeV. Thus, we obtainy,=<0.2 for Tp
cies obtained from primordial nucleosynthe§28,29. In- =<0.78 MeV and it is possible to have,=<0.8 for Tp
cluding neutrino degeneracy has two effe¢ts:the energy =<0.82 MeV.

IV. WEAK-REACTION FREEZE-OUT
WITH NEUTRINO DEGENERACY
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(18

10? . . B<6.2x 102G

for the weak reaction freeze-out temperatlipge=0.76 MeV
(é.=0) and

B=<3.5x10%G (19
Yo" b for the weak reaction freeze-out temperatlipe=0.82 MeV
/4 (é€.=0.15).
Since the universe can be treated as a good conductor
through most of its evolution, the cosmic magnetic field
E should conserve magnetic flux as it evoly@§]. We there-
fore can utilize the simple relation

B R 2 T2, (20

0.9 1.0 1.1
If we assume that the cosmic magnetic field has continued to
rescale according to Eq20), our results imply that the
present cosmic magnetic field is less than>61® ' G (&,

=0) and 2.&10 % G (£,=0.15). The latter is larger than
the limit determined in Ref17] (310"’ G) by a factor 10

but the former is nearly the same. In slightly anisotropic
universe model$6], if we use the relation of=T~? at the

In this work, we have shown that weak-interaction freezeradiation dominate era, then we also can obtain similar re-
out in the early universe is sufficient to provide a constraintsults[33].
on the strength of the primordial magnetic field. If magnetic In this work we have shown that a constraint on the
fields existed in the early universe, in particular during thestrength of the primordial magnetic field can be inferred
weak reaction freeze-out, they could have influenced botfrom weak-interaction freeze-out in the early universe with-
the expansion rate of the universe and the weak reactioput a full calculations of big-bang nucleosynthesis. Similarly,
rates. Therefore, the weak reaction freeze-out temperatuggnother important decoupling phenomenon in the early uni-
would be changed relative to the field-free case. Subseserse is the neutrino decoupling which occurred abbut
quently, these influences affect the abundances of light ele~1.4 MeV. Neutrino decoupling is also very significant to
ments which are produced in this magnetized environmenthe evolution of the early universe in that it affects not only
A chemical potential in electron neutrinos can change theéhe weak reaction freeze-out but also the universal cosmic
equilibrium n/p ratio [Eq. (17)] as well as increase the ex- neutrino density. This neutrino decoupling could also pro-
pansion rate of the universe. We also consider the possiblide a constraint on the strength of the primordial magnetic
effects of neutrino degeneracy on the primordial magneticfield before big-bang nucleosynthesis. This will be the sub-
field limits. ject of a forthcoming papdi34].

In order to determine the maximum allowed strength of
any primordial magnetic field, we use the simple condition,
I'(Bp) =H(Bp) for the given freeze-out temperaturég .
Since the observational requirement for the primordide
abundance is that,=0.245[32], the weak freeze-out tem-
peratureT, should be less than about 0.76 MeV & =0 or
0.82 MeV for £,=0.15. We therefore find upper limits from

our results of

FIG. 2. Freeze-out temperatuii®, versus the magnetic field
strengthyp at the weak interaction freeze-out. The solid line cor-
responds t&.=0 and the dashed line represesis-0.15.

V. CONCLUSIONS
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