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Primordial Magnetic Fields, Anomalous Matter-Antimatter Fluctuations,
and Big Bang Nucleosynthesis
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We show that the presence of primordial stochastic (hypercharge) magnetic fields before the
electroweak phase transition (EWPT) induces baryon-antibaryon inhomogeneities. Depending on the
magnetic field spectrum and on the particle physics parameters (such as the strength of the EWPT and
electron Yukawa couplings), these fluctuations may survive until the big bang nucleosynthesis (BBN).
Their length scale and magnitude can be so large that sizable antimatter domains are present. This
provides the possibility of a new type of initial conditions for nonhomogeneous BBN or stringent
bounds on primordial magnetic fields. [S0031-9007(97)04920-X]

PACS numbers: 98.80.Cq, 98.62.En

Large scale magnetic fields in diffuse astrophysical plasfi.e., small temperatures and small densities of the different
mas represent a well established observational fact for #ermionic charges) the S®) X U(1)y symmetry is “bro-
few decades. It has been realized through the years thken” down to Ul)gy, the massless field corresponding
magnetic fields coherent over diverse length scales at dito U(1)gy is the ordinary photon, and the only long-lived
ferent epochs may have a variety of quite interesting phefield in the plasma is the ordinary magnetic one. At suf-
nomenological consequences. Magnetic fields coherefficiently high temperature§ > T,, the SU2) X U(1)y
today over scales of the order of 30 kpc are measured [lJymmetry is “restored,” and nonscreened vector modes
and have an important role in the dynamics of the galaxyY, correspond to the U)y hypercharge group. Hence,
for example, in confining cosmic rays [2]. Magnetic fieldsif primordial fields existed atl" > T., they did corre-
at the nucleosynthesis epoch, even if not directly observspond to hypercharge rather thatilty. There are essen-
able, could change the reaction and the expansion rate #al differences between the interactions of magnetic fields
that time. and the ones of hypermagnetic fields with matter. The

There are neither compelling theoretical arguments noordinary electromagnetic field has a vectorlike coupling
motivated phenomenological constraints which could exto the fermions, while the coupling of the hypercharge
clude the existence of magnetic fields prior to the nufields is chiral. Thus, if hyperelectriCEy) and hyper-
cleosynthesis epoch. Moreover, to explain the origin Ofmagnetic(jfy) fields are present simultaneously, they

the galactic magnetic fields some authors often invoke thg, se a variation of the fermionic number according to

dynamo mechanism which might amplify the primordial the anomaly equatiort,j, ~ (g/2/47T2)5:[y ] ffy (here

“seed” magnetic field. It is a challenge to produce large, is the hypercharge gauge coupling constant). Now, the
scale seeds, and different ideas were aimed at this purpos% . ’

The energy scales involved vary from100 MeV for the presence oﬁonhomogeneodsyper_m_agnetic fieIds in. the
QCD phase transition [4] te-100 GeV in the case of EW plasma with (hyper-) conductivity always implies

the electroweak (EW) physics [5,6] and even closer to thd1€ existence of a related electric fielly ~ (1/0)V X
Planck energy scale for inflation or string cosmology [7,8]. Hy. Since for a general stochastic magnetic background
The purpose of this Letter is the study of the implica-((Hy - V X Hy)?) # 0, the nonuniform hypermagnetic
tions of the primordial magnetic fields which existed evenfield must produce baryon and lepton density perturbations
before the EW scale (i.e., for temperature$00 GeV).  because of the anomaly equation. In what follows we com-
The origin of these seeds is not essential for us, and corpute the amplitude of isocurvature fluctuations induced by

sequently we simply assume that they were generated ltftis mechanism and discuss their physical relevance.
some mechanism before the EW phase transition. Our The starting point of our discussion will be the gener-
main point is that these fields produce baryon and lepalization of the magnetohydrodynamics (MHD) equations
ton number inhomogeneities (isocurvature fluctuations)(valid for ordinary electromagnetic plasmas) to the case
which could have an impact on the standard BBN. of hypermagnetic fields with anomalous coupling to the
Let us start from some qualitative considerations. Afermionic degrees of freedom (see also [6]). These equa-
unique property of “unbroken” U(1) gauge interaction istions have to be used faf > T.. We are interested in
the absence of mass of its corresponding vector particla slow dynamics, and we then assume that most of the
Static “magnetic” fields are never screened (in the absenggarticle reactions are in thermal equilibrium in the ex-
of monopoles) and thus homogeneous fields can surviveanding Universe (the list of those include all perturba-
in the plasma for infinite time. Under normal conditions tive strong and weak processes, strong and EW sphalerons,
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Yukawa interactions oft, 7, ands, c, b, t quarks). The perature of the EW phase transitieni00 GeV, I't > 1.
particle physics processes crucial for our purposes ar€hen, since reactions with right electron chirality flip are
those related to the W)y anomaly and to the slowest per- in the thermal equilibrium, the adiabatic approximation
turbative reactions with right electron chirality flip (e.g., can be used, and from Eq. (4) we have

egr + Higgs— ¢, + W). Thus, our variables are the R 183 o _,]j[y Yo% jj[y
space-dependent hypermagnetic and electric fidifis, T T 88 pp—— . (6)

I' + Ty
Ey, anI(_JI ”(?r'\'/lt elec'hron cr:_emlc_al pl(:)t?r:jt'a]’*(x)'R Ehet Clearly, a nonuniform distribution of the right electron
generalized Maxwell équalions In a Friedmann-RoDertSonzy, o e potential induces baryon and lepton number
Walker metric with scale factar(7) are

perturbations of the same order of magnitude. We are

Hy _ V% By not going to write the explicit formulas since there is an
T ’ important “storage” effect which amplifies the estimates
9Ey - . . . of Eq. (6) by many orders of magnitude. Equations (3),
i Jy = 4paHy +V X Hy, (4), and (6) imply that
1)
> > > > > N T 1 > N >
V- Hy =0, V-Ey =0, .’]‘[y'fyz j‘[y'VXj'[y?ﬁo. (7)

> - I' + Ty o,
) L Ir = '{EYL a(z)dT - di Now, the change of Abelian Chern-Simons (CS) num-
(Ey = a*Ey;Hy = a*Hy;Jy = a’jy;0 = o0.a). A ber is given by the time integral of (7). At the EW

new term, proportional to the right electron chemicalphase transition the hypermagnetic fields are converted
potential, comes from the anomaly contribution to theinto ordinary magnetic fields. The latter do not have cou-
effective Lagrangian of hypercharge gauge fields [9], pling to the anomaly. Thus the CS number has to be

_— g” transformed into fermions according to Eq. (4). In or-

0Ly, = mepYY", M= g MR der to estimate the produced baryon inhomogeneities at
(2) T =T, the full coupled system given by Egs. (1) and (4)

Yop = 0a¥p]- has to be solved for every specific hypermagnetic field

Since the EW plasma conductivity is large, ~ ooT configuration_[13]. Howe_ver, i_f thg typical scale of the
with oy = 70—100 [10], the time derivatives of the electric hypermagnetic field configuration is larger than the hy-
fields in Eq. (1) can be neglected (in the MHD contextpermagnetic diffusivity scaleL, = (1/T)+/My/o. ] the
this is known as “resistive” approximation [11]). This hypermagnetic field evolves glued to the EW plasma ele-
observation allows one to express the induced electric fielghent as|Hy| ~ 1/4% (i.e., |Hy| ~ const). So, the

in terms of ﬂje magnetic one, ) R chemical potential of Eq. (65 approximately constant in
o FEy = ]Y = @duHy + VX Hy), (3) time (but not in space). Thus, from Eq. (7) keeping track

. : Y _ _ of the numerical factor we obtain our main result,
and derive an equation fat{y only. It is interesting to

note that the presence of the fermionic chemical potentialg(n_B)(} L) = a' ny Hy -V X Hy TM, (8)
induces an electric field parallel to the magnetic one. s e 2wo. S I' + Ty T?

Thg set of Eq. (_1) has to be supple_mented by.the kin_etiT:nB and s are the baryon and entropy densitias=
equation for the right electron chemical potential, WhICh(2/45)7T2NeffT3 Nt is the effective number of massless

accounts for anomalous and perturbative nonconservatiqmegrees of freedom (106.75 for minimal standard model)

of the right electron number, Mo = My /1.66(/Ner = 7.1 X 1017 GeV]. Notice that
i(ﬂ) _ 7183 g” o Y X in Eq. (8) there is an enhancement by a faetdtM,/T?
o\ T 88 4mlg. T3 " 4 arising from the time integration of the anomaly term.

Some comments are now in order.
— (T +Ty) &, 4 (i) For the correctness of Eq. (8) the EW phase transi-
whereT is the chirality changingTrate and tion s_hould be strongly first or_der. Moreover, a necessary
;" j_»[ 5 n condition for EW baryogenesis [14] must be satisfied. In
T = 783 a” |Hyl o = 8- (5) the opposite case all baryon number fluctuations will be
22 o.m? T? 47 erased by SU(2) sphalerons as it happens in the minimal
(the numberg§83/88 and783/22 come from the relation- standard model (MSM) [15], while this is not necessarily
ship betweeregr number density and chemical potential the case for the supersymmetric and other extensions of
[6]). An interesting consequence of Egs. (4) and (5) ishe standard model [16].
that in the presence of nonzero uniform magnetic field the (ii) Besides the primordial hypermagnetic field, an es-
right electron number is nonconserved [if= 0), even  sential quantity which fixes the amplitude of the isocurva-
for an Abeliananomaly (cf. Ref. [12]). ture fluctuations is the rate of perturbative right electron
Now we are ready to compute baryon number fluctuachirality flip I'. For I'y = I' the amplitude of baryon
tions produced in our scenario. We notice that at the temAumber fluctuationsloes not depend on the magnitude of
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the magnetic field fluctuationand it is determined just by Eq. (10) at the EW phase transition temperature is
their spectral slope. Fdry < T the rate of right electron 45npa’ My E47¢C(e)

chirality flip cancels out, and the isocurvature fluctuations Alr.ze) = T2Negroo T (rT.)1+e [+ 0W]
are fixed both by the magnitude and by the spectral slope

of the primordial magnetic fields. In the MSM the rdte 267GT(5) |me(e + 2)

depends crucially upon the electron Yukawa coupling and Cle) = r(s—e) G-e¢ ° (13)
is known to bel' = T(Tx/M,), whereTg = 80 TeV is )

the freezing temperature [17] of the right electrons. This A~ <L> (kyr) %€

number appears to be too small to allow any interestin Ty

fluctuations. However, in the extensions of the standardwherel'(z) is the Euler gamma function ard= ,/T.].
model the ratd’ is naturally larger than in MSM. For ex- For a flat spectrum of magnetic fielde < 1) baryon
ample, in the MSSM the right electrons Yukawa couplinghumber fluctuations may be rather large. For example,
is larger by a factorl/cos 3, which may increase the if the energy sitting in the background magnetic
value of T; by 3 orders of magnitude for experimentally field is comparable with the energy density of the
allowed tari8) ~ 50. Cosmologically interesting fluctua- photons, (Hy?) ~ T* then for the smallest possible
tions arise afy > T* = 10° TeV [13]. scale r ~ 1/k, ~ 107° X (EW horizon= 3 cm) we
We will assume now thal' = T'y, but similar conclu-  get, from Eq. (13)5(np/s) ~ (a'/Nets)\/Mo/oe ~ 10,
sions hold true for the casE < I'y andTx > T* (for ~ This number exceeds considerably the measure of the
details see [13]). In order to compute the amplitude andaryon asymmetry of the Universes/s ~ 10710, thus
the spectrum of the baryon number fluctuations we willsmall size matter-antimatter domains are possible at the
also suppose that the Fourier modes of the magnetic fieldswW scale. At the same time, for even larger scales (pos-
are stochastically distributed, leading to a rotationally andsibly relevant for structure formation), the fluctuations of
parity invariant two-point function Eq. (13) are quite minute (since their amplitude decreases
_ > >, > with the distance a$/r'€) and may be safely neglected.
Gij(r) = (Hi(OH;(x + 7)), (9) We consider now the q)uestion v>\l/hether thye flugctuations
where(...) denotes an ensemble average. In this caswe found are able to affect the standard BBN. This de-
(8(np/s) (x,1)y = 0[18], butA(r,z.) # 0, where pends upon the scale of fluctuationg'at T.. Shortscale
fluctuations (well inside the EW horizon) have dissipated
np\ - ng\ - , - by the nucleosynthesis time [19] through the combined ac-
Alr,1e) = \/<5<T>(X’ ZC)CS(T) O+ r’t“)>' (10) tign of neutring inflation and[ nt]eutron%iffusion. Baryon
number fluctuations affect BBN provided they are sizable
enough over the neutron diffusion scafex 103 cm) at
Gij(k) = K2 f(k) (8 — kik;/K?). (11) the onset of nucleosynthegiBxs = 100 kev) [19]. The
neutron diffusion scale, blueshiftedTo = 100 GeV, be-
comesLgie(T,) = 0.3 cm. Taking again the flat spec-

The two-point function of Eq. (9) in Fourier space is:

For f(k) a power spectrum [modified by the typical

exponential decay of small scale magnetic fields given iQrum for magnetic fields and assuming that their energy

Eq. (1)] s assumed is ~T* we obtain for the baryon number fluctuations at

F@) = 1 <£>‘4+5 XF{—2<£>2} that scales(nz/s) ~ 1075 > 1071°. If magnetic fields

k \k ’ are large enough, domains of matter and antimatter may

5 (12)  exist at the scales 5 orders of magnitude larger than the
= neutron diffusion length. To our best knowledge, there
Mo were no studies of nonhomogeneous BBN with this type
where k; characterizes the strength of magnetic fieldsof initial conditions. It would be very interesting to see
and e is the slope of the spectrum. A physically re- whether this may change BBN bounds on the baryon to
alistic situation corresponds to the case in which thephoton ratio by changing the related predictions of the light
Green functions of the magnetic hypercharge fields deelement abundances. This possible analysis will not be
cay at large distance [i.e¢ >0 in Eq. (12)]. Ink  attempted here.
space the magnetic energy density per logarithmic inter- A more conservative attitude is to derive bounds on the
val of frequency is defined [7,8] gs(k) = dpu/dInk  magnetic fields from the requirement that homogeneous
[where py = TrG;;(k)]. Therefore in our case (k) ~ BBN is not spoiled, i.e. A(Lgitt, 2.) < np/s which be-
k*(k/ky)~**€ which implies that Green’s functions decay- comes in terms of the parametets énd €) defining the
ing at large distances correspond to either “blate’™= 0)  hypermagnetic background
or “violet” (e > 1) logarithmic energy spectra. The case|og ¢
of “red” logarithmic energy spectrée < 0) will then be o 1 2
left out of our discussion. The case of flat logarithmic < 097, ~ 626 + ;loge + 14.88¢ + IOg[QBthO].
energy spectrunfe << 1) may quite naturally appear in 4 - €
string cosmological models [8]. The explicit result for (14)
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