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We study the amplification of large-scale magnetic fields during preheating and inflation in several different
models. Preheating can resonantly amplify seed fields on cosmological scales. In the presence of conductivity,
however, the effect of resonance is typically weakened and the amplitude of produced magnetic fields depends
sensitively on the evolution of conductivity during the preheating and thermalization phases. In addition we
discuss geometric magnetization, where amplification of magnetic fields occurs through coupling to curvature
invariants. This can be efficient during inflation due to a negative coupling instability. Finally we discuss the
breaking of the conformal flatness of the background metric whereby magnetic fields can be stimulated through
the growth of scalar metric perturbations during metric preheating.
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I. INTRODUCTION (FLRW) models are conformally fl&tthe cosmic expansion
doesnot create photons or magnetic fields. The origin of
With the current dominance of the inflationary paradigmthese large amplitude fields, correlated on such large scales,
and the gravitational instability picture of structure formationis still generally regarded as an unsolved mystery, despite the
seeded by quantum fluctuations it is easy to forget earliemproliferation of putative explanatiori9,10].
competing, models. In particular, models of structure forma- The observed magnetic fields today have an energy den-
tion based on turbulence had the advantage that they wegity comparable to that in the cosmic microwave back-
able to make strong connections between galaxy formatiorground:rzBZ/(Swp7)~1 [11]. If we run the cosmic clock
galactic angular momentum and galactic magnetic figldls backwards past a redshift af>100 where structure forma-
Inflation, by contrast, predicts essentially zero vorticity tion is strongly in the linear regime,may have decreased to
and in its purest form§,rather small magnetic fields. The around 103 through the combined effects of the galactic
end of inflation may be very violent, with rapid particle dynamo[9,10] and collapse of structure, which amplifies the
production—a process known as preheating. During preheatnagnetic field as §p/p)?® due to flux conservation. The
ing, fluctuations of scalar and gauge fields exhibit exponengalactic dynamo efficiently converts differential rotation of
tial growth by parametric resonan¢2—4]. It has a host of spiral galaxies into magnetic field energy and without it
potentially radical side effects: grand unified scale baryogen~ 108 is required to seed the observed fiefd4].
esis[5], non-thermal symmetry restoratip@l], and topologi- The limit on a homogeneous magnetic field on horizon
cal defect formatiorj7]. Here we will discuss a side effect scales today iss10 ° G [12]. In contrast, at decoupling a
which may have persisted until the present day—the amplimagnetic field at smaller scales would lead to dissipation of
fication and sculpting of primordial magnetic fields to the energy into the photon fluid and lead to spectral distortions.
amplitudes seen today on cosmic scales. To avoid conflict with Cosmic Background Explorer
Magnetic fields are known, partly via the Faraday rotation(COBE) Far Infrared Absolute Spectrophotome(&iRAS)
of light they induce, to permeate many astro-physical sys¥esults requires the field to be less tharl0™® G today at
tems including intra-cluster gas, quasars, pulsars and spiratales 0.4—-600 kpc.
galaxies. The fields are large, with magnitude3x 10 ° G The time evolution of is typically believed to be rather
on scales greater than 10 K&. Such amplitudes present an trivial: r~const. This is due to the high conductivity of the
“inverse” fine-tuning problem as compared with the stan-universe through the matter and radiation dominated phases
dard one in inflatiorf: Since Maxwell’s equations are confor- which conserves magnetic flux and leads to the behaior
mally invariant and Friedmann-Lentee-Robertson-Walker ~a 2 and 82/p7~const. However, during preheating and
inflation, the low conductivity of the universe, due to the
paucity of charged particles, creates an environment in which
r can change freely.

1 . . . . . .
With no explicit terms or interactions which break conformal The production of magnetic fields during inflation has

invariance.
For example, for the potential/:%)\¢4, cosmic microwave
background(CMB) anisotropies in the absence of preheating de-

mand\ ~10"13, a rather severe fine-tuning. 3.e., the Weyl tensorC vanishes.
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been studied by Turner and WidroM 1] and Daviset al. Placing ahomogeneoumagnetic field in a FLRW back-

[13] and during phase transitions by several authibs-16. ground is not consistent since the magnetic field picks out a

In reheating their production via stochastic currents was inpreferred direction which is not consistent with the maximal

vestigated by Calzettat al.[17]. symmetry spatial subsections of the FLRW models. Instead,
In this paper we consider the mechanisms discussed kiyie (anisotropi¢ Bianchi models provide an appropriate

Turner and Widrow 11] and show how preheating may lead background for the study of this probl€r28].

to resonant amplification of magnetic fielfi8]. We also Instead we will assume that the magnetic field produced

discuss a mechanisfl9,2Q based on the breaking of con- will not be coherent on very large scales. Such a possibility

formal flatness of the background geometry due to metrigs already strongly constrained by the CMB. Rather we will

preheating rather than breaking of the conformal invarianceassume that the power spectrutk), of the magnetic field

of the Maxwell equations. Although they also lead to reso-is statistically isotropic and homogeneous, hence consistent

nance, we do not consider the axion-like coupliggs; F*”  with the symmetries of the background FLRW model. One

since they have been considered in depth by a number dhen finds, e.g[1],

authors[21,22. We will also not describe resonant produc-

tion of magnetic fields in low-energy string actions where (Bi(k)B} (k")) =4m8%(k—k")P;;(k)[B(K)[?, (2.9

conformal invariance is broken by the existence of the dila-

ton . Such models have been discussefi28—26. where, due to_the_ dB=0 constraint,P;;(k) must be the
transverse projection tensor:

II. MAGNETIC FIELDS IN CURVED SPACETIME

kik;
Maxwell's equations arise from the Lagrangian density Pij(k):@j_F- (2.9

—%F’”Fw, whereF =2V A, is the Maxwell tensor,

A, is the four-potentialV,, is the curved space, covariant Assuming the spectrurB(k) is known, then constraints at
derivative, and square brackets on indices denote antsmall scales can be used to normalize the spectrum and lead
Symmetr|zat|0n on those IndICGS. to predictions on |arge Sca|esl

The Maxwell equations that arise are then The energy in the magnetic field in a logarithnkispace

DAM+ R,uVAV_V,uVVAV:Ou (21) intervald Ink is

where 0=V V#=(1/y-9g)d,(9""V—gd,) and (g
=det(g,,). The Ricci tensor term arises through the non-

commutativity of covariant derivatives and application of the.l_he evolution of magnetic fields is usually described as

contracted Ricci identities %2, A"=R,, A" [27]. z . ) ) .
{uv] v 2 )
The four-potential suffers from a gauge freedom WhichB(k)oca » which means thapg behaves as isotropic radia

must be eliminated. One may use either the covariant Lor-
entz gauge conditioN#A,=0 or the combined Coloumb—

PB=dInk 8~ (2.6

" A
tri-dimensional-radiation gauge conditioAg=0, ¢'A;=0. lil. SIMPLE BUT EFFECTIVE ANALYTICAL MODEL
In both cases the last term in E@.1) vanishes. As we shall see, a most efficient and elegant amplification
~ Except for the last section we ywl_l use a flat FLRW space-mechanism is to assume a complex scalar fieldcharged
time as a background. The metric is then underU(1), in addition to the inflaton. We will assume that
ds2=a2(y)(—dp2+ 5, dxidxi) 2.2 its potential,V(oo*), is such that during inflation it is dis-
ij ) .

placed from its global minimum. This is relatively easy to
wheren=fa~1dt is conformal timea( 7) is the scale factor arrange and occurs rather naturally in hybrid models of in-

H 5
of the universe and; is the Kronecker delta. The traceless flation [29]. , _ ,
part of the Riemann tensor—the Weyl tensor One way to achieve the desired displacement from the

Cpu,—defined by[27] _glob_al m_inimum is to_giva_r a negative effective mass dur-
ing inflation which drives it to a non-zero vacuum expecta-
1 tion value(VEV). At the end of inflation the effective mass
Copur=Rapur=9aluRiipt Ip1uRiiat 3R%arnrip becomes positive and the field begins coherent oscillations.

(2.3

vanI:shﬂes ir_1”|]:LRW l_aatz:kzgr_ounlds Whi(;h are”theref_ore confor- SFor example, consider the archetypal poteriGa]
mally flat. The metriq2.2) is also conformally static. V=2 o?+|aoo* — 2P,

where a,u are constants. Inflation occurs ét> ¢, = ul/« where
the minimum of the potential ig= x* =0 and hence the effective
“4If one explicitly breaks theJ(1)gy gauge invariance and con- mass of the photon is zero and thi1) of electromagnetism is
formal invariance by introducing a photon mass ter?A A’ into unbroken. ForA,=0 and ¢<d¢,, the minimum of the potential
the Lagrangian, then one recovers the Proca equation, and the gaugiew corresponds to the globally supersymmet8t/SY) vacuum at
conditionV#A,=0 becomes a true constraint equation. 6=0, y=x*=pulJa.
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This is a typical scenario for Affleck-Dine baryogendsl4é] = where a prime denotes the derivative with respect to the con-

where the coherent oscillations lead to the baryogefiesis. formal time, 7, and(A2> is the expectation value &, A*.
Giving o a nonzero VEV during inflation spontaneously The electromagnetic field vanishes in the background, and

breaks theU(1) of electromagnetism and causes anyhence it is automatically gauge invariant in the perturbed

monopole—anti-monopole pairs to be connected by magnetigpacetime. Neglecting the last term in E§.2) for the mo-

flux tubes. These confining flux tubes facilitate the annihila-ment and introducing the dimensionless quantities

tion of monopoles. This, the Langacker-Pi solution to the=/\ 7(t,)» andf=o(t)/o(t;), we find

monopole problem, is an independent benefit of breaking

conformal invariance in this manner. Such an additional d?f

weapon may be required to deal with monopoles produced — +f3=0. (3.9

by non-thermal symmetry restoration in preheafi6or in

models of inflation Wh'Ch do not solve 'ghe monppole prOb'The solution for this equation can be written as an elliptic

lem, such as canonic8lU(5) where the inflaton is a gauge cosine.f=cn(x,1/\2), which yields[35,36

singlet[33].

We will not, however, proceed any further in building a 1
detailed phenomenology fer but will assume for pedagogi- }:}(ti)cn( x,—) ) (3.9
cal reasons, to become clear later on, that around the global V2

minimum the potential is quartic and the field is conformally

coupled to the curvature. The Lagrangian for this scalar QED he Fourier modes ofr fluctuations satisfy the following
is equation:

d2

@5}k+ 50=0, (3.5

K2+3CFF<X,%>

L= D, (Do) — 1 F FR— S (ot
G A U R
1 ) where k?=k?/[\ ,02(t;)].
—1—2R|O'| + Linfiaton- (3.2
A. Parametric amplification of magnetic fields

Variations of the Lagrangia(8.1) with respect toA , lead

The conformal coupling will simplify the evolution equation to the following equation:

for o and reduce it to a form independent af The gauge

covariant derivativeDMEVf—ieAﬂ leads to an effective V Frr=—j"+ ZezAV|0'|2' (3.6)

mass for the photom";: 2e?| o|? which oscillates in time as

o oscillates. This leads to parametric resonant amplificationvhere the currentj” is defined by j"=ie(aV"c*

of A, analogous to studies in Minkowski spacetime. —o*V"0), and vanishes whear=¢*. Adopting the Cou-
We work in the so-called unitarity gauge in which  lomb or radiation gauge conditiond,=0,5'A;=0, Fourier

=¢*, and decompose into a homogeneous part and a modes ofA; satisfy[11,18

fluctuation: o(t,x) — o (t) + do(t,x). Now let o(t;) be the "

initial amplitude ofo oscillations. We assume that the oscil- (2 + 2e%a%0%) A =0. 3.7

lations are independent of the inflato#, and follow the

Substituting th lutiofi3.4) for Eq. (3.7), find
notation of[34] in denoting variables rescaled by the scale ubstituting the solution3.4) for Eq. (3.7), we fin

factora with a tilde; e.g.oc=ac. Then the equation far(t) d? , 26 1
is — A+ | K2+ —cr?| x,—| |A=0. (3.9
dX2 )\0' \/E
"N o %+ e2aX(A2) =0 3.2 The whole system reduces to a problem in Minkowski space-

time and hence can be solved exactly using the Floquet
theory. In fact Eqs(3.5) and(3.8) are the Lameand gener-

. 3 o _ o alized Lameequationgsee Fig. 1 respectively. This elegant

A specific model is given by the following potential in the super- exact solution is unstable to perturbations which introduce a

symmetric standard modésSM) along a flat direction: length scale into the probleiisuch as givings a mas$ but
o1 1o, | MAMg—aH)o" [N|?| o206 the existence of the parametric resonance is stable.
V=(m—cH?)|of*+ VI R VP The solutions of these equations behave-a* where

wherem, is of order the weak scal@y,, is the gravitino mass and  #k IS the.Floquet index, which cont'rols the strength of the
n is proportional to the number of chiral superfields defining the ﬂatexponentlal growth. AS for the S(_)Iutlons of tider fluctua-
direction. During inflation thecH? term dominates and drives 10N, EQ. (3.5, t_he_re is only a single resonance bard,
away from the origin. After inflatior oscillates around the time- Constrained to lie in the narrow, sub-Hubble rafgs—37,
dependent minimum of the potential. The terms proportional to

are soft-supersymme@ry-breaking corrections responsible for violat- §< Ko< \/§ (3.9

ing B—L and giving rise to baryogenedi32]. 2
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N . 2
0.5
\ FIG. 2. Three-dimensional plot of the Floquet chart for the gen-
' eralized Lamesquation(3.8) for 0<2e?/\ ;<25 andx?<3.
0 .
0 5 10 15 20

2 about 18 times by parametric resonance, in which case the
2e/ N resultant cosmological magnetic field is large. However, as
we discuss in the next subsection, the growth of conductivity

FIG. 1. Density plot of the Floquet chart for the generalizeddurin reheating and thermalization counteracts this reso-
Lame equation(3.8) for 0<2e?/\ ,<22 and«?<3. The shaded gp 9 .
ant growth, and can overwhelm it completely.

regions correspond to parameter ranges where parametric am Ihril . . . .
9 P P g P P For large 2%/\,(>1), the inflationary suppression is

cation of magnetic fields can be expectgg>0. The Floquet in- - s
dex, u., takes larger values in the darker shaded regions, andtrong[46], which makes the large-scale magnetic fields neg-

reaches its maxima fore/\ .=2n2 at x2=0. ligibly small even if they are amplified by parametric reso-
7 nance. This is actually preferable since the development of a
with a small maximum growth ratey,c~0.03598 at«?>  strong, coherent magnetic field on cosmological scales
~1.615. In the absence of thedecay to the magnetic field, would destroy the isotropy of the background geometry
resonance ends before the energy of the homogenedss Setup during inflation. The magnetic spectrum is blue and
sufficiently transferred to the fluctuation, in which case the Steep ¢k°) so that the variance is dominated by sub-Hubble
final variance is estimated d02)~0.052. modes. o _
In contrast the magnetic fluctuations can exhibit strong Since the magnetic field modes are growing exponen-
amplifications, whose strength depends on the rag/®2,.  tially, backreaction effects become important after the fluc-
According to the analytic investigation in Reff35], the tuations are sufficiently amplified. Taking this into account

strongest resonance occurs @f=0 With .= 0.2377

[y

when the parametered/\ , equals 10! .
10° No conductivity
2€?/\ ,=2n?, (3.10 , Ta i
10 1
where n is an integer. Fluctuations with low momenta 10° i
(k—0) are enhanced in the parameter range,  10° ]
< 1
n(2n—1)<2e?/x,<n(2n+1), (3.11) 10 7
0.10
in which caseu is typically large and strong resonance can 0016
be expected. This is found in Fig. 2 where we show a density
chart of the Floquet index ve? and 2?/\ .

When 22/\ ,~O(1) the magnetic field is not suppressed 107
on super-Hubble scales during inflatip84,41—-43. Since
the resonance bandwhere i, >0) stretch down to include
arbitrarily smallk/aH in the parameter regions given by Eq. £, 3 The growth of, in the case of 82/ =2 for the mode
(3.11), this allows the resonant production of large-scale, 05— 10725 |n the absence of conductivity{=0) the large-scale
herent, magnetic fields during preheating without violationmagnetic field fluctuations are strongly amplified due to the oscil-
of causality[44,45 for the case of ¥£2e°/\,<3 and 6 |ating o field. As the rapidity of the growth of the conductivity
<2€2/)\g< 10. increasegincreasingc) the resonant growth ol is increasingly

In Fig. 3 we plot the evolution of, for 2e?/\,=2 and a  stalled. For large conductivitgnot shown o.— the electric field

super-Hubble mode =10 25 We find thatA, is amplified  vanishes and the magnetic field becomes froBgma 2.
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FIG. 5. The maximum variancgA?) as a function of the con-

FIG. 4. The evolution of the variand@?) =(A,A*) and(60?)  quctivity parameters and&; appearing in Eq(3.14. As ¢ and o

for 2e2/)\(_,: 5000 in_the Hartree approximation at zero _cor_lductiv-increase the period and degree to which preheating can amplify
ity; cf., Fig. 3. In this case fluctuations of the magnetic field are a2y gecreases rapidly.

dominated by sub-Hubble modes, and the growtkiA#) stops by

backreaction effects. Note théfa?) is also amplified with smaller (2) to estimate the growth of conductivity. requires
growth rate relative to that ofA?). non-perturbative, non-equilibrium quantum field theory tech-
nigues; hence it is extremely difficult.

(3) Accurate estimates of the final magnetic field requires
the conductivity in three phases—during inflation, during the
initial resonance phase and during thermalization, each of
which is dominated by different physics.

The growth ofo. in the QED case has been studied in

e d detail[39]. Since this is not appropriate for energies near the
the growth rate ofy, is typically larger than that of théoyx  grand unified theorfGUT) scale, we can only draw broad

. 7 . . .
fluctuation: This stops the growth of the magnetic field |gggons: the conductivity grows exponentially but is also spa-
modes earlier by backreaction effects when the terrqia"y inhomogeneous.

via the one-loop Hartree approximation, E8.2) is modified
to

0"+ N, (02 +3(80%))o+e*a¥(A?o=0. (3.12

As long as the ratio €/\, lies in the range of Eq(3.11),

e’a’(A?) o in Eq. (3.12 is comparable to the.,o> term, This is related to the fact that while the plasma is on

which yields average charge neutral, there will be fluctuations in the
) - charge density which act as stochastic sources of magnetic

(A%)~0c°l(eI\,). (3.13  fields; sed17]. Given the problems described above we take

) L i . . a phenomenological approach to the growth of conductivity.
This relation indicates that the final variance is suppressed "gjnce we are interested in large scales, we neglect the
with 2e?/\ , being increased, which is similar to the standardspatia| variation ofr, and model its growth e{s

picture of preheating. In actual numerical simulations based

on the Hartree approximation, the final variance typically o.=otani c(Xx—Xo) ], (3.19
takes larger values than estimated by E313. The back-

reaction effect due to the growth of magnetic fluctuationswhereo; is the final value of conductivity, anticontrols the
does not completely violate the oscillations[34], which  growth rate ofo; x is the dimensionless conformal time and
can lead to amplification of ther fluctuations even after X is the onset of preheating. We therefore assume dhat
magnetic fluctuations are sufficiently amplified. This behav-=0 during inflation. As noted i138] if o.>e?0? at the
ior is found in Fig. 4 where we plot the evolution of fluctua- onset of preheating, then the resonancéjnnever begins

tions for the case of &/\ ,=5000. (Fig. 9.
ot andc determine the strength of conductivity. Figure 3
B. Growth of the conductivity o, shows the evolution of a cosmological mode for three

pairs (of,c). The valueoy=o/[ A, 0o(t;)]=1 is used,
¥vherea(ti) is the value of ther field at the beginning of its
oscillations.

The four-potential in the finiter, case obeys the equation

The above analysis assumed that the conductivityof
the universe vanished during inflation and preheating. This i
almost certainly incorredt38] but accurate modeling of the
growth of conductivity is difficult for two reasons:

(1) such calculations depend sensitively on the underlying

” 2 2,2 2 — ’
theory in which the inflaton is embedded, and At (K4 2e7a%0 ) A= — ok, (3.19

which shows how the conductivity acts to damp the reso-
nance when we neglect the spatial dependenee, ofFigure
"Note that in the limit of 22/\ ,—, the maximalu, asymptoti- 3 shows how the preheating resonance competes with the
cally approaches the value 0.2377 for arbitras?/a , [35]. damping due to conductivity. If the growth of; is too rapid
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(largec), the resonant growth o4, is stalled. However, for R 1 B y
relatively slow growth ofo; (roughly more than 1@ oscil- ~ £= 755 =~ 7FuwF"" = S RAA = SR, APA™F Ligtaion,
lationg Ay can grow almost to iter,=0 maximum. (4.2)

Once backreaction causes the resonance to end there is
nothing to compensate the damping effects of the finite conwhere B8,y are real constants. These terms were found to
ductivity andA, begins to decay exponentially. In the limit give rise, for apparently reasonable values of the constants,
o.— the solution of Eq.(3.15 is obviously A,=const,  during inflation, to fields corresponding to the required value
which corresponds t®,xa"2, the ratio of magnetic field f~10° today[11]. Variations of the actior4.1) with re-
energy density to incoherent radiation energy density i$Pect toA* andF*” yield the following equations of motion:
fixed.

To estimate at the start of the radiation dominated phase VEF .= BRA, = YRUA,=0, (4.2
is therefore a subtle issue because one must know not only _
the growth of conductivity during the initial preheating IuFnt \Fu+d,F\,=0. 4.3

pha;e, but also how the conductivity grows during therlT]"’“'\/Vriting these equations in terms of magnetic and electric
ization and howo decays by the Born process to ComplBtefields and eliminating the electric field, we obtafl]
reheating. If the conductivity is high during the preheating, '

the magnetic fields will exhibit exponential suppression dur- (a®B)"—V?3(a?B)+ 6(5)a?B=0, (4.4

ing which o increases from zero to the final value;,

which means that the gains of preheating will be washed ouith
and lost.

When the conductivity term is much smaller than the
2e”a’c?A, term in Eq.(3.15 during preheating, the evolu-
tion of magnetic fields is the same as the case of the non-
conductivity in preheating phase. However when the rightExpanding the magnetic field in Fourier components as
hand side (RHS) of Eq. (3.19 becomes of order the azB:.fef'k'kadgk, each mode satisfies the following
2e?a’0?A, term after preheating, the magnetic field begins€quation:
to be exponentially suppressed.

Although theA, freeze when the LHS of Ed3.15 be-
comes negligible relative to the conductivity term, the gainsHereafter we set=0 and leaveg as a free parameter, in
obtained in preheating are not generally preserved due to thﬁhich cased reduces tod=6pa’"/a=6Ba2R. When th’e
rapid decay of magnetic fields before the freezé\pf How- system is dominated by the inflaton field thé scalar cur-
ever, the Born decay af before thermalization can alter the '

”n

0(n)=68—+7

”n !

a

2
]. 4.5

—+
a

Bi+[k2+ 6(7)]B=0. (4.9

; vature is
strength of the 8%a?0?A, term, which may alter the above
estimates. In addition to this, we need to know the evolution 87 N
of conductivity during thermalization for a complete study, R=—4V(¢)— —21 4.7
although it is difficult and few studies of thermalization after M1 a

preheating exist; see, e.§40]. . . . N .
In conclusion, in the absence of conductivity, either theWhere V(¢) is the inflaton potential. During inflatiomR

magnetic field is resonantly amplified on super-HubbleSIOWy decreases. Wheg is negative, the magnetic field
scales or it has &® spectrum and is too small on cosmologi- fluctuations exh'b't supe_r—atﬁabatl_c. amphﬂcatl_on .due o the
cal scales. sq—galled negative coupll.ng instability, as ;tudled in the non-
When conductivity is included one introduces severalim'mg]sa:"élzc\)/l;ﬂteguﬁ]sei;?lzgr?hla' This enhancement
model-dependent parameters into the problem which impac? 9 '
on the viability of preheating as a significant source of mag-
netic fields. The effect of resonance is typically washed out
by the growth of conductivity, while the final size of mag-  Let us study the evolution of magnetic fluctuations during
netic fields depends on details of the Born decay process aridflation. Wheny=0, the solutions for Eq(4.6) are ex-
the evolution of conductivity after preheating. To answerpressed as combinations of the Hankel functidr§’

which case applies is model dependent and beyond the scopé=1,2) [47]:
of the current paper.
PP Be=co THP (k) + el P k), (48

A. Magnetic amplification during inflation

V. GEOMETRIC MAGNETIZATION Whergcl a_ndc_z are constants, and the ordepf the Hankel
functions is given by
Turner and Widrow11] found that the most efficient way
to produce magnetic fields is to bred1) gauge invariance , 1
. . . . ve=——120. 4.9
as well as conformal invariance, via the Lagrangian 4
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The choice ofc;=7/2 and c,=0 corresponds to the 10° F ' ' ' '

Bunch-Davies vacuum. In the long wavelength linkty :3:

—0, HY(k7) approaches the values 10%
102
i k77 -V 1.0
H D (k) —=—T'(») 7) , (410 Low
10
-8
whereI'(v) is the gamma function. In inflation, conformal 110?10
time can approximately be written ag~—1/(aH), and 107
long waveB, modes exhibit exponential growth, :g.,s
101§
Bk:xav—l/zz a( \““1—48[3—1)/2' (41]) 1020 L ! I I I
0 20 40 60 80 100
for negative values of3. In this case the energy density in mt

the kth mode of the magnetic field evolves as FIG. 6. The evolution of a super-Hubbi& mode during infla-

tion and preheating foB=0,—0.01,10 in the massive chaotic in-
flationary model. We choose the initial value of inflaton @és

. . . L =3m,,, which corresponds to 66 foldings before the end of in-
— - pl
which means that the ratio; pB/pV’ increasesduring in flation. The inflationary period continues untilt~ 20, after which

flatlon,‘é"hen’8.<g' This Tn'.akeﬁ I p(_)SSIbIE tofreaCh the \Talu.ethe system enters the reheating stage. WHhileis exponentially
r~10"" required to explain the existence of current ga aCt'csuppressed during inflation for positiy® negativegB leads to su-

magnetic fields{_ll]. peradiabatic amplification.
Large negative values @8 lead to extremely strong am-

plification of magnetic fields. WheB=—1/6, B,<a and

ps>a 2, which corresponds to the minimally coupled scalar ; .
field case. Compared with the standard adiabatic regylt, also stimulate the enhancement of super-Hubble metric per-

«a~* with B=0, the energy density decreases more slowly_turba_t'ortls|_'| which 216% Ie_acrl] to dela'Ell_(r)]nS_from thte dstcals-
due to superadiabatic amplification. invariant Harrison-Zel'dovich spectra. This is expected to be

For B<1, super-Hubble magnetic fluctuations exhibit strong forﬁs—l in analogy with non-'m?nimal.ly coupled
enormous amplification during inflation, i.e.=pg/p,>a° SC@"’” field casé_48]. A complete _analy5|_s including backre-
with ¢=6, which conflicts with observations unless their action and metric perturbations is now in progress.
initial values at the start of inflation were extraordinarily
small.

Wheng is positive, magnetic fields are exponentially sup-

pressed during inflation. For08<1/48, which corresponds _ | ne inflationary period corresponds te<tnt=20 in Fig.
to 0<»<1/2, B, andpg evolve as 6, after which time the system enters the reheating stage.

During reheating, the scale factor evolvesaast?®« 22 in
Bkoca*(v“mfl)lz, pBoca*“fm*?’. (4.13 the massive inflaton potentig#.15). From Egs.(4.8) and
(410, we have that Beocat™V1=48)4  and pg
When g>1/48 (i.e., complexv), we find a(V1-48-7)12 for negative 8 in the long-wave limitkz
—0. Similarly B xa'* andpg>a™ "?when > 1/48. How-
ever, this corresponds to an estimate of the frequeficy
in which case the evolution of magnetic fields is independent® 7 Poct 2/33 which only provides information about the av-
of the strength of3. erage amplitude of the scalar curvature. _
We plot in Fig. 6 the evolution of a super-Hubblg Ir_1 a_ctua_l fact the scalar curvatqre oscillates due t_o_the
mode for3=0,—0.01,10 for the inflaton potential, oscillating inflaton condensate, which can lead to efficient
enhancement of field fluctuatiofp49-51. We find in Fig. 6
1 that B, begins to grow formt=20 in the case of3=10 in
V(g)= §m2¢2. (4.19  spite of the inflationary suppression. This is the geometric
preheating stage wher8, grows quasi-exponentially, in
When 8=0, B, is constanti.e., Bxa 2) from Eq.(4.13,  Which case the above naive estimate neglecting the oscilla-
as is confirmed in Fig. 6. For negatiy@, 5, exhibits an tions of the scalar curvature cannot be applied. In the non-
exponential increase as estimated by Egl1). An impor- mlnlma!ly couplgd mult|-f|elo! case, the growth of scalar field
tant point to note is that the rapid growth of magnetic fieldsfluctuations during preheating is only relevant fi@f=1

may affect the evolution of background quantities, an effect49.50. ) ) o
we do not include. Let us analytically study the evolution of magnetic field

In Ref.[48], it was found that exponential growth of sca- fluctuations during preheating. Making use of the time aver-
lar field fluctuations makes the inflationary period terminateaged relation{3 ¢?);=(V(¢))r, with the potential(4.15),
earlier, in the context of a non-minimally coupled scalarthe evolution of the inflaton condensate is described by

ppx|By[Hat=a T4 -5, (4.12

field. Exponential growth of large scale magnetic fields will

B. Preheating phase

Bxa Y2 pgra S, (4.14
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My
¢:
J3mmt

where we choose the time when the oscillation starts as
mty=1/4 [3]. Then the scalar curvatur@.?) is, approxi-
mately,

sinmt, (4.16

4
Rw—2(1—3 COS 2nt). (4.1
3t

Although R oscillates, its amplitude decreasesta$ due to

the cosmic expansion which means that parametric reso
nance soon becomes ineffective | is small. Substituting
Eqg. (4.17 into Eq. (4.6) and introducing a new scalar field

B=a'?B,, By satisfies the well-known Mathieu equatfon

FIG. 7. The time-averaged Floquet chart for the geometric mag-
ng o netization mechanism during preheating. Since the problenotis
+(Ac—2qcos Z)B,=0, (4.18 scalar-factor independent, exact Floquet theory cannot be used—the
z expansion causes the weakening of the resonance bands but also
removes the stability bands so that all modes are amplified for suf-
where, forg>0, ficiently large. Itis clear that ag is increased, the super-Hubble
modesk<<1 are the ones that grow first. The negative coupling case

2 k? 38 B<0, which is much stronger, is not shown.
Ak:_q+ » 9= 5 1 (419
37 m?a? w2

pression of53; is weak relative to super-Hubble modes and
magnetic fields are excited during preheating. Hence the final

and, for <0, magnetic variancéA?) is dominated by sub-Hubble modes.
) For negative values g8 with 3= —1, the growth off3, can
A 2 N k _ 3|8 be strong but is typically dominated by the growth during
=34 m2a2’ a w2’ inflation. When —1=<pB<0, the production of magnetic

(4.20 fields is weak during preheating, while they are amplified in
the preceding inflationary phase as found in Fig. 6.

Here z=mt, and t=mt/(2#) naively corresponds to the
number of oscillations executed by the inflaton at time

In the context of standard preheating with the effective Now let us consider the ratio=pg/p, on some comov-
potential, V(¢,x) = sm?¢?+ 1g°p?x?, the relation of A, ing sc_ale in the presence of the preheating phase. As _the
andq for the  field is written asA, = 2q+k?/(m?a?) [3]. In reheatmg process procegds, the effect_ of the conducting
this casey particle production is inefficient unless the initial P'@Sma is expected to be importdad]. This effect appears

qis much larger than unity. In contrast, the resonance band &S @ friction-like term in the equation & :

broader in the present mode0]. Bl +[K2+ 6(7)1Bc= — o.aB, (4.2
Therefore parametric resonance takes place for smaller
initial values ofq. In spite of this, since the resonance bandwhereo, is the conductivity of the plasma. If the conductiv-

C. Effects of the growth of conductivity

is narrow forg=1, we typically require the couplings| ity is very high, we find5,~constant, which implies that the
=1, for relevant growth of3, (see Fig. 7 where we show energy density of magnetic fields decreasepg@sa™".
Floquet indices for positive).° When|B|=1, fluctuations We assume that the effect of the conductivity begins to

dominate at some temperaturg,(<T,), whereT, is the
reheating temperature. At the first Hubble crossing during
inflation, the ratio ofpg to the total energy densitysy, is

grow as§k~e“km‘, whose growth rate gets gradually larger
with |B]. For|B|>1, however, the final variance of mag-

netic fields \_/viII be_guppressed as studied in, e.g., Fa]. approximately estimated %/PT“(M/mpO‘" whereM? is
. When 3 is posmve, ang-waveBk modgs' are exponen- hq energy scale of inflation. For negatige one obtains the
tially suppressed during inflation. Hence it is rather d|ff|cultf0”owing ratio on the comoving length scale neglecting

to produce sufficient large scale magnetic fields even wheg,o parametric amplification of magnetic fields during pre-
B>1. On sub-Hubble scales, however, the inflationary supheating[11]:

4al3 (1+3a)/3
,%10%@—5)(&) (T_)
8We neglect the 4/2a)>—a/2a term which appears in the paren- Mo Mpi
theses of Eq(4.18), which can be justified fofg|=1. Te —4(1+a)f3) ) \a-5
®When |8|=1, the initial value ofq is estimated to bej~4.9 —) (— : (4.22
T my, Mpc
with t;=1/4. P
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where a=\/1—48B. For example, wheB=—1/2, r|; ),  Of photons is very suppressed. Once the metric perturbations
reaches~10 8 for M=10' GeV, T,=10' GeV, andT, at a certain scale become large, however, this is no longer
=10 GeV, in which case seed magnetic fields can be protrue and the production of magnetic fields can be expected.
duced without the need for the galactic dynamo mechanismlhis was discussed by Calzetta and Kanfh® in the con-
When —1=<8<0, since parametric excitation of magnetic text of structure formation and suggested in the context of
fields is irrelevant, the estimation ofin Eq. (4.22 is hardly ~ preheating in[19]. Here we follow the recent analysis of
modified due to the existence of the preheating phase. Maroto [20].

In contrast, for8=<—1, it is expected that preheating will The line element for a flat FLRW model with scalar met-
lead to the increase af. In this case, however|;y,. is  ric perturbations in the conformal Newtonian or longitudinal
typically much greater than unity even in the absence ofjauge ig53,54
preheating because %1 in Eq.(4.22.1° Althoughr ) ) .
is further increased corresponding to the amplificatiorSof ds’=a’(y)[—(1+2®)dy +(1-2®)5;dx'dx'].
during preheating, this case will be ruled out by observa- 5.1
tions. . . We consider the following two-field model in the presence of

Let us consider the cas@=1 where the excitation of magnetic fields:
magnetic fields by resonance is expected. In this case, an

analytic estimate of neglecting the contribution during pre- R 1 1 , 1,1 ,
. _ R 1 o 1 1,1
heating is 6nc _atwF" = 5(Ve) = 70" =5(Vx)
M T.\ Y3/ T.\~-48 A\ 7°
~10 839 — ||| == — 1
=10 D(mpl) ( mp.> mpl) (Mpc) - 423 5P, (5.2

As a result of the strong inflationary suppressions re-

stricted to be very small. For example, fot=10'° GeV,

T,=10" GeV, andT.=10" GeV, r|; ypc=10"?. During

preheating, the3, fluctuation exhibits exponential increase, =~

which makesr larger than estimated in E¢4.23. For ex- 9

ample, When,leC_), l_Sk is amplified about 1Dtimes (see —[,/-gg#agvﬁ(aaAB—aBAa)]:o_ (5.3

Fig. 6), and the ratio increases td; .~ 10" 2% However, axH

the amplification during preheating in the positigecase is ) ) B

typically insufficient to explain the large-scale seed magnetidsing  the relations y—g=a’(1-2®),g%=—-a"*(1

fields even forg>1. —2®d),g"=a"?(1+2®) in the perturbed metri¢5.1), Eq.
We conclude that with regard to the geometric magneti{5.3 yields, for v=i,

zation mechanism, the ratio= pg/pt is mainly determined

by the inflationary phase, despite the fact that magnetic fields ¢ . A pan1a O NN

can be amplified during preheating. While we have studied an[(l 2®)(diAo 0oA|)]+an [(A+2) (A = diA))]

this in the massive inflaton model, we expect similar results

in other inflationary models. For example, in the quartic in-  =0. (5.9

flaton potential the frequency depends explicitly on the ) N :

scale factor and we cannot reduce the problem to one ifdopting the Coulomb gauge conditidk,=0,0'A;=0, one

where y is a scalar field coupled to inflato. Then the
magnetic field satisfies the Maxwell equatidn,F**=0,

Minkowski space, as we did in Sec. Ill. finds that
db [ 0A; A,
V. MAGNETIC FIELD AMPLIFICATION DUE TO LARGE AT —V2A =20 A+ 4DV2A + 20— | T - T
METRIC PERTURBATIONS axi\ax!  ox
(5.9

Since the FLRW metric is conformally flat—i.e., the

Weyl tensor vanishes—magnetic fields are not produced dughe effect of metric perturbations appears at second order on
to the cosmic expansion. During preheating, however, scalghe RHS of Eq.(5.5). In Fourier space this leads to convo-
metric perturbations can grow exponentially on both supery tions of the form fd3k’'®/,A’ .., which lead to mode-
Hubble and sub-Hubble scalg34,45. mode coupling Kok

This growth of metric perturbations means that the space- However. if \'Ne assume that is only dependent on time
time may no longer be well described by a conformally flatOn scales Iélrger than some cosmological soale 27/k,

bgckgrour)d metric. If the metrlc.pertur.batlons remain Sma"[ZO], each Fourier component &f satisfies the simple equa-
this breaking of conformal invariance is smédls measured tion

by the curvature invariarﬁ:aﬁWC“[””V) and the production

v HK2A =20 AL — 4K2DA,, (5.6)

0For example, forB=—1, M=10'° GeV, T,=10'° GeV, and  Where the coupling between the metric potential on smaller
T.=10" GeV, we findr|; y,c~10%, which is clearly excessive.  scales k>k;) and the magnetic fields is ignored. Note that
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one cannot simply assunie=®(t) on all scales since then
the Weyl tensor vanishes identically and no photons are pro- |Bul=

xt[dd) 2
JX¢JX_ (W) dx. (5.14
duced. '

Treating the full problem is complicated due to the facta¢ the decoupling epoch where the coherence scale corre-
that the last term on the RHS of E(h.5) does not vanish; sponds to k/a) gee~ 10~ 3 GeV, the amplitude of magnetic
hence the various componentsAf are coupled. While the  fioids can be estimated by

precise analysis including these fully nonlinear effects is

very complicated, we can still estimate the amplitude of o Lo (x[dd 2

magnetic fields produced during preheating by using Eq. |BL*1/(1 G)=10 —J (d_) dx,  (5.19
(5.6 Bdec/x | OX

Introducing a new fieldA,=(1—-®)A, to eliminate the  where we used the valué\ ¢;~ 102 GeV. The ratiog; /agec
A term in Eq.(5.6), one finds depends on the reheating temperatrg, If the energy of
_ - ~ inflaton at the end of inflation were instantaneously trans-
AL+ KA = DA, (5.7 ferred to radiation, the reheating temperature wouldThe
_ o ~10' GeV, which yieldsa;/agec Tged/ Tr~102°. Note
where we have neglected the last term in E6) whichis  that the ratica; /age.becomes larger for lower reheating tem-
not important on large scales. Before the start of preheatlngberature_
the ®”A, term is negligible andd, is described by the fol- Primordial seed magnetic fields for the galactic dynamo
lowing positive-frequency solution mechanism are in the regions |&*]=10"2°G ~10 1°G.
In the single field case in which large-scale metric perturba-

k
a

g
a

() 1 “iky tions are hardly amplified during preheating, it was found
Al Nﬁe : (58 that magnetic fields estimated by E®.15 are below the
values required for the galactic dynamo in the realistic values
One finds the solution for Ed5.7) in integral form[55]: of & /agec[20].

In the two-field case with a self-coupling inflaton, we can
~ ey 17 ) expect the growth of metric perturbations due to the en-
A ) =A0+ Ef O"A(n")sink(n—n")dn". (5.9  hancement of field perturbations, which stimulates the

K growth of magnetic fluctuations through gravitational scat-

The energy density in the magnetic field can be expressed 4&"ng. Decomposing the scalar fields as(t,x)—e,(t)
+ 8¢;(t,x), the Fourier transformed, perturbed Einstein

pa=(Kla)*| By/?, (5.10  equations are
where the Bogolyubov coefficient®,, are approximately . _ k2
[20] S+ 3H 8P+ §+3)\(¢2+<5¢2>)
Nee [ ~
=—i| APD"A(n)dy. 5.1
Bk Li k k(mdn (5.11 +g2(x2+(5x2) | 56

Substituting Eq.(5.9) for Eq. (5.11) with Eq. (5.8 and as- s - . 2

suming that®’ vanishes before and after preheating., =44t 2(H+3HP) D =297 dx X, (5.1
®'(t;)=0 and®’(t;) =0 where the subscriptandf denote

the values at the beginning and end of preheating, respec-
tively], one easily finds that the next order term in Eg9)
gives an important contribution t8, , yielding [20]

2

Sxi+ 3HSxi+ ¥+gz<¢2+<5¢z>> SXk

, =4x D +2(x+3Hx) P —2g%hx 5y,
I (7
Be=—5 | (@")2dn, (5.12 (5.17)

7

where we considered the super-Hubble mo#iesz1. Com- Pt HP=4mC(Pobi+ x X0 (5.18

bining Eqs.(2.6), (5.10, and(5.12, we obtain the amplitude A |ong assy, fluctuations in low momentum modes are not
of magnetic fields as strongly suppressed during inflatigie., g?/\ <10) and are
excited during preheating, this leads to the growtldgfand
IBy|~ L m(‘b’)zdﬂ- (5.13 8¢, on large scales, as is found in numerical simulations of
2) Egs. (5.18 and (5.16. Neglecting metric perturbations on
the RHS of Eq.(5.17) which are small during inflation, we
In order to analyze the evolution of the magnetic fields, it isfind the following analytic solution:
convenient to rewrite Eq(5.13 using the dimensionless

conformal timex= \Xa¢; 7, as Sx=a"cyVpHP(kn) +conHP(kn)], (5.19
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.00 g’/\=8 due to the suppressed fluctuation at the end of
’ inflation [43], which means that magnetic field fluctuations
0.0100 are hardly enhanced by large-scale metric perturbations.
However, since sub-Hubbl&y, fluctuations are free from
10 strong inflationary suppression and exhibit parametric ampli-
fication during preheating, metric preheating is typically vital
10°¢ on sub-Hubble scales6]. Then the mode-mode coupling
1078 between small-scale metric and large-scale magnetic field in
Eq. (5.5 may lead to the production of magnetic fluctua-
10°1° tions. In this case analytic estimations by E§.13 can no
longer be applied, and we have to solve the complicated
101 nonlinear equatior(5.5) directly. Whether magnetic fields
0 10 20 30 40 50 60 70 can be sufficiently amplified by the growth of small-scale

X metric perturbations is uncertain at present. We leave to fu-
_ . ture work for the precise analysis of this issue.

_ E'G' 8. T2he t'mezevglu“on.o@k’ X, 9, and M(x) We should also note that parametric excitation of sub-
= [} (d®/dx)“dx for g°/\ =2 during inflation and preheating for a . .

i ) . i Hubble 6y, modes will stimulate the growth of large-scale
cos_mololglcal mo‘:]e‘ In this case, fthe enha_ncfgnlwent of metrr:c pertukr5¢k and ®, modes. The Hartree approximation misses this
_batlons eads to the production of magnetic fie ds_ due to the breal fescattering effedt57,58, which is expected to be important
ing of conformal flatness of the background metric. : . oo o

once fluctuations begin to be amplified significantly. In fact
it was recently found that rescattering can lead to the ampli-
fication of super-Hubble metric perturbations even gé
9 g2 9 3g7(m,\? =8 in one-dimensional lattice simulatiori89]. It is un-
=" g _2_ i( pl> , (5.20  known whether this holds true fa?/\>1, which will be
clarified by fully nonlinear three-dimensional calculations.

It is certainly of interest to find parameter regions which
since H2=~2m\ ¢%/3. In the center of the first resonance satisfy both the CMB constraints and produce sufficient
band, g?/A=2, v»? is negative only when¢<2/\37  large-scale seed magnetic fields. Although we have restricted
~0.7my,, which means that the exponential suppression cagurselves in the chaotic inflationary scenario, the ratio
be avoided during most of inflation. In this case large-scaledj/age. and the energy scale of inflation are model-
metric perturbations are significantly amplified during thedependent. It is encouraging that we can test inflationary
preheating phase. models by the magnetic fields produced, together with CMB

In Fig. 8 we plot the evolution ofb,, Syx, dxx, and and primordial black hole over-production constraints during
M (x) =[5 (d®/dx)?dx for g?/A=2 during inflation and preheating 60,56

preheating for a cosmological mode. We include second or-

der field and metric backreaction effects as spatial averages VI. CONCLUSIONS

for background equationsee Refs[43,46,54 for details, _ _ o

and choose initial values for the scalar fields at the start of In this paper we have considered the amplification of
inflation to be¢(0)=4my, andx(0)=10‘3mp|. Metric per-  (hyperymagnetic fields during inflation and preheating. The
turbations begin to grow during preheating af&(rk grows conformal invariance of the standard Maxwell equations and
to or orderd¢, , which results in the final amplitude of order the conformal flatness of the FLRW background leave the

®~0.1, clearly in conflict with observations of the CMB. ~Observed cosmic magnetic fields as a major mystery. In order
In spite of this, it is worth investigating this case in order {0 overcome such obstacles, we have considered three spe-

to understand how the growth of metric perturbations affect§ific mechanisms: o o

the evolution of magnetic fields. The M(x;) (1) Couple the magnetic field to a coherently oscillating

= [X(dd/dx)2dx term on the RHS of Eq5.15 becomes of scalar field which induces resonant growth of the magnetic
%i ' field. In the presence of plasma effects, parametric amplifi-

order 0.01(see Fig. 8 and the resulting magnetic field at cation of magnetic fields is typically counteracted by the
decoupling is then estimated to bdB{*}/(1 G)  growth of conductivity. This competition is model dependent
~10 *aj/age. Whena; /age= 10" >* which corresponds to and the final outcome depends sensitively on the conductiv-
the reheating temperatur@z=10'"" GeV, magnetic fields ity during inflation, the resonance and thermalization phases
exceed the valudBg®j~10 2° G, which is required to seed (see Figs. 3 and)5
the galactic dynamo. (2) Break conformal invariance of Maxwell's equations
With the increase o§?/\, the inflationary suppression for through non-renormalizable couplings to the curvature such
long wave sy, modes begin to be significant. For example,asRA,A*. When the corresponding coupling constagiitis
in the center of the second resonance bayfd\ =8, the negative, strong amplification of the magnetic field occurs
suppression is relevant fop=1.3m,. In the Hartree ap- during inflation. As a result it is a promising mechanism,
proximation, the enhancement of super-Hubble metric perthough some fine-tuning may be required not to over-
turbations during preheating was found to be weak forproduce the magnetic fields by the end of preheating. For

with [34]
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positive 8 the produced field is too weak to be relevant evenR,, andR,,, 5. These are more complex to treat as reso-
with the resonance from preheating. nance systems because of periodic divergences. To illustrate

(3) Break the conformal flatness of the background metthis we consider the Lagrangian
ric. During metric preheating super-Hubble metric perturba-
tions grow exponentially. The resulting growth of the Weyl R 1
tensor leads to amplification of the magnetic field, which Lf=—
while it is generic, is a complex, mode-mode, coupling prob- 167G 4
lem.

It is certainly of interest to consider issues such as th
non-equilibrium aspects of the problem and a detailed mode
of, e.g., the GUT gauge group and couplings between the
relevant gauge fields and the curvature/other fields, which we
leave to future work.

FMVFILV+ ﬁinﬂatona (Al)

1+b R
m2

e

hereb is a constant!
The equation of motion for the Fourier modesAf are

b
KA+ ———R'A)=0. A2
ik ik m§+bR ik ( )
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APPENDIX: MAGNETIC FIELDS WITH RF F"”

INTERACTIONS » N _ _ _
The coefficientb was calculated in[61] using perturbation

The 1-loop QED result in curved space includes terms otheory inR/m2. However, as pointed out ifi1], this result is not
the form RF,, F#” together with similar terms involving applicable in the early universe abds left as an arbitrary constant.

[1] I. Wasserman, Astrophys. 224, 337 (1978. [9] E. N. Parker,Cosmical Magnetic Field¢Clarendon, Oxford,

[2] J. Traschen and R. H. Brandenberger, Phys. Re#2[2491 1979.
(1990; Y. Shtanov, J. Trashen, and R. H. Brandenberigpéd, [10] Ya. B. Zeldovich, A. A. Ruzmaiki, and D. D. Sokolofflag-
51, 5438(1995; A. D. Dolgov and D. P. Kirilova, Yad. Fiz. netic Fields in Astrophysic6Gordon and Breach, New York,
51, 273(1990 [Sov. J. Nucl. Phys51, 172(1990]. 1983.

[3] L. Kofman, A. Linde, and A. A. Starobinsky, Phys. Rev. Lett. [11] M. S. Turner and L. M. Widrow, Phys. Rev. B7, 2743
73, 3195(1994); Phys. Rev. D66, 3258(1997). (1988.

[4] D. Boyanovsky, H. J. de Vega, R. Holman, and J. F. J. Sal{12] J. D. Barrow, P. Ferreira, and J. Silk, Phys. Rev. L##.3610
gado, Phys. Rev. B4, 7570(1996. (1997).

[5] E. W. Kolb, A. D. Linde, and A. Riotto, Phys. Rev. Lelt7, [13] A. Davis, K. Dimopoulos, T. Prokopec, and O. Tornkvist,
4290(1996; G. Anderson, A. D. Linde, and A. Riottabid. astro-ph/0007214.
77, 3716 (1996; G. Dvali and A. Riotto, Phys. Lett. B88§, [14] T. Vachaspati, Phys. Lett. B65 258(1991).
247 (1996. [15] K. Enqvist and P. Olesen, Phys. Lett.389 178(1993; 329,

[6] L. Kofman, A. Linde, and A. A. Starobinsky, Phys. Rev. Lett. 195 (19949.
76, 1011(1996; I. I. Tkachev, Phys. Lett. B76, 35(1996); [16] A. Davis and K. Dimopoulos, Phys. Rev. &5, 7398(1997.
A. Riotto and I. I. Tkachevibid. 385, 57 (1996; E. W. Kolb [17] E. A. Calzetta, A. Kandus, and F. D. Mazzitelli, Phys. Rev. D
and A. Riotto, Phys. Rev. B5, 3313(1997. 57, 7139(1998.
[7] S. Khlebnikov, L. Kofman, A. Linde, and I. Tkachev, Phys. [18] F. Finelli and A. Gruppuso, hep-ph/0001231.
Rev. Lett.81, 2012(1998; I. Tkachev, S. Khlebnikov, L. Kof-  [19] B. A. Bassett, C. Gordon, R. Maartens, and D. I. Kaiser, Phys.

man, and A. Linde, Phys. Lett. B40, 262(1998; S. Kasuya Rev. D61, 061302R) (2000.
and M. Kawasaki, Phys. Rev. B8, 083516(1998. [20] A. L. Maroto, hep-ph/0008288.

[8] Y. Sofue, M. Fujimoto, and R. Wielebinski, Annu. Rev. As- [21] S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev.4D,
tron. Astrophys24, 459 (1986. 1231(1990; S. M. Carroll and G. B. Field, astro-ph/9807159;

103515-12



PREHEATING—COSMIC MAGNETIC DYNAMO? PHYSICAL REVIEW D63 103515

G. B. Field and S. M. Carroll, Phys. Rev. B2, 103008 [43] Z. P. Zibin, R. H. Brandenberger, and D. Scott, Phys. Rev. D

(2000. 63, 043511(2007).
[22] R. Brustein and D. H. Oaknin, Phys. Rev. @, 023508 [44] B. A. Bassett, D. |. Kaiser, and R. Maartens, Phys. Le#5B,
(1999. 84 (1999.
[23] B. Ratra, Astrophys. J. Let891, L1 (1992. [45] B. A. Bassett, F. Tamburini, D. I. Kaiser, and R. Maartens,
[24] A. D. Dolgov, Phys. Rev. Di8, 2499(1993. Nucl. Phys.B561, 188(1999.

[25] D. Lemoine and M. Lemoine, Phys. Rev.&2, 1955(1995.  [46] K. Jedamzik and G. Sigl, Phys. Rev.&1, 023519(2000; P.
[26] M. Gasperini, M. Giovannini, and G. Veneziano, Phys. Rev. Ivanov, ibid. 61, 023505(2000; A. R. Liddle et al., ibid. 61,

Lett. 75, 3796(1995. 10350h9(_2000. o
[27] G. F. R. Ellis, Varenna Lectures, 1973; G. F. R. Ellis and H. v. [47) V- Sahni and S. Habib, Phys. Rev. Let, 1766 (1998.
Elst, Cargee Lectures, 1998, gr-qc/9812046. [48] S. Tsujikawa and H. Yajima, Phys. Rev.@2, 123512(2000.

[49] B. A. Bassett and S. Liberati, Phys. Rev5B, 021302(1998.
[28] (C;.O'(I)'gagas and R. Maartens, Class. Quantum Gt#yv2215 [50] S. Tsujikawa, K. Maeda, and T. Torii, Phys. Rev. D,

063515(1999; see als®0, 123505(1999.
[29] D. H. Lyth and A. Riotto, Phys. Ref814, 1 (1999. (1999 (1999

! : [51] S. Tsujikawa, K. Maeda, and T. Torii, Phys. Rev. @1,
[30] G. Dvali, Q. Shafi, and R. Schaefer, Phys. Rev. L&3.1886 103501 (2000: S. Tsujikawa and B. A. Bassettbid. 62,

(1994. _ 043510(2000.

[31] 1. Affleck and M. Dine, Nucl. PhysB249, 361 (1985. [52] E. A. Calzetta and A. Kandus, astro-ph/9901009.

[32] M. Dine, L. Randall, and S. Thomas, Nucl. Ph##58 291  [53] H. Kodama and M. Sasaki, Prog. Theor. Phys. Su@g).1
(1996. (1984); V. F. Mukhanov, H. A. Feldman, and R. H. Branden-

[33] G. Dvali, L. M. Krauss, and H. Liu, hep-ph/9707456. berger, Phys. Re215 293(1992.

[34] B. A. Bassett and F. Viniegra, Phys. Rev. &, 043507 [54] H. Kodama and T. Hamazaki, Prog. Theor. Ph9s, 949
(2000. (1996; Y. Nambu and A. Taruyajbid. 97, 83 (1997); T.

[35] P. B. Greene, L. Kofman, A. Linde, and A. A. Starobinsky, Hamazaki and H. Kodamabid. 96, 1123(1996; A. Taruya
Phys. Rev. D56, 6175(1997. and Y. Nambu, Phys. Lett. B28 37(1998; F. Finelli and R.

[36] D. I. Kaiser, Phys. Rev. 36, 706 (1997; 57, 702 (1998. Brandenberger, Phys. Rev. Le2, 1362(1999.

[37] F. Finkel, A. Gonzalez-Lopez, A. L. Maroto, and M. A. Rod- [55] Ya. B. Zeldovich and A. A. Starobinsky, ZhkEp. Teor. Fiz.
riguez, Phys. Rev. 2, 103515(2000. 61, 2161(1971 [Sov. Phys. JETR4, 1159(1972].

[38] M. Giovannini and M. Shaposhnikov, Phys. Rev. &2, [56] B. A. Bassett and S. Tsujikawa, Phys. Rev.(d be pub-
103512(2000; hep-ph/0011105. lished, hep-ph/0008328.

[39] D. Boyanovsky, H. J. de Vega, and M. Simionato, Phys. Rev[57] S. Khlebnikov and I. I. Tkachev, Phys. Rev. Left7, 219
D 61, 085007(2000. (1996; 79, 1607(1997.

[40] D. T. Son, Phys. Rev. B4, 3745(1996. [58] R. Easther and M. Parry, Phys. Rev.6R2, 103503(2000.

[41] F. Finelli and R. Brandenberger, Phys. Rev.6R, 083502 [59] F. Finelli and S. Khlebnikov, hep-ph/0009093.
(2000. [60] A. M. Green and K. A. Malik, hep-ph/0008113.

[42] S. Tsujikawa, B. A. Bassett, and F. Viniegra, J. High Energy[61] I. T. Drummond and S. J. Hathrell, Phys. Rev. 22, 343
Phys.08, 019(2000. (1980.

103515-13



