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Primordial magnetic fields in false vacuum inflation
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We show that, during false vacuum inflation, a primordial magnetic field can be created sufficiently strong
to seed the galactic dynamo and generate the observed galactic magnetic fields. Considering the inflaton-
dominated regime, our field is produced by the Higgs-field gradients, resulting from a grand unified phase
transition. The evolution of the field is followed from its creation through to the epoch of structure formation,
subject to the relevant constraints. We find that it is possible to create a magnetic field of sufficient magnitude,
provided the phase transition occurs during the final figdoldings of the inflationary period.
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[. INTRODUCTION e-folding time is no more than the galactic rotation period
~10° yr, then, considering the galactic age10® yr, the
One of the most exciting astrophysical consequences dfeed field needed to produce a field of the observed value is
phase transitions in the early universe is the possible creaticabout~ 10 1° G [3,5] on a comoving scale of a protogalaxy.
of primordial magnetic fields. Although, it has been argued by many authors that the
The existence of a primordial magnetic field could haveseed field could be produced from stars via stellar winds or
significant effect on various astrophysical processes. Indeegupernovae and other explosidi#, there is evidence that
large scale magnetic fields are important in intercluster gasuggests that the seed field is more likely to be truly primor-
or rich clusters of galaxies, in quasistellar obje@@SO’s), dial. For example, the observed field of the Milky Way does
and in active galactic nuclei. The existence of a primordialnot change sign witlz (z being the galactic altitudeas it
field could influence the galaxy formation process and play avould if it was produced by the stars of the galactic di8k
very important role in the resulting galactic spirig. A pri- Various attempts have been made to produce a primordial
mordial field would also have an important effect on thefield in the early universe. A thorough investigation of the
fragmentation process of large scale structure and of the prassue was attempted by Turner and Widrpf§, who incor-
togalaxies(by modifying the Jeans masand on the forma- porated inflation and created the field by explicitly breaking
tion of populationi stars[2]. But the most important con- the conformal invariance of electromagnetism. This was
sequence of the existence of a primordial magnetic field iglone in a number of ways, such as coupling the photon to
that it can seed the observed galactic magnetic field. gravity throughRA? andRF? terms R being the curvature,
The galactic field is also very important to the astrophys-A being the photon field, ang being the electromagnetic
ics of the galaxy. It influences the dynamics of the galaxyfield strength, or with a scalar field$, such as the axion,
the star formation procegby transferring angular momen- through a term of the formpF?2. It was, thus, shown that
tum away from protostellar cloud8,4] and by affecting the satisfactory results could be obtained only at the expense of
initial mass function of the star formation procd&d), the  gauge invariance. Garretsat al. [8] have generalized the
dynamics of compact stafsvhite dwarfs, neutron stars, and effort of [7] by coupling the photon to an arbitrary pseudo
black hole$, and the confining of cosmic rays, to name butGoldstone boson, rather than the QCD axion. They have
some. showed, however, that, in all cases considered it was impos-
It is widely accepted that the galactic magnetic fields aresible to generate a primordial magnetic field of any astro-
generated through a dynamo mechanism usually referred fshysical importance. Breaking the electromagnetic confor-
asthe galactic dynamofor which, though, there is no con- mal invariance during inflation was a mechanism used also
sistent mathematical model as y&6]. The basic idea of the by a number of other authors, such as Ré#and Dolgov
dynamo mechanism is that a weak seed field could be anj10]. Ratrahasbeen successful in generating an adequately
plified by the turbulent motion of ionized gas, which follows intense magnetic field. The field was generated by coupling
the differential rotation of the galax}3,6]. The growth of the field strength with a scalar fiefdl (the dilator) through a
the field is exponential and, thus, its strength can be interm of the forme®F2. Dolgov, however, did not introduce
creased several orders of magnitude in only a fewany extra coupling but considered photon production by ex-
e-foldings of amplification. ternal gravity by the quantum conformal anomaly. He pro-
The currently observed magnetic field of the Milky Way duced a field of enough strength, but only in the case of a
and of nearby galaxies is of the order ofudsauss. If the large numberfover 30 of light charged bosons.
Another, more successful direction was using a phase
transition for the creation of a primordial field. An early
*Electronic address: A.C.Davis@damtp.cam.ac.uk effort was made by Hoga2], who considered the possibil-
Electronic address: K.Dimopoulos@damtp.cam.ac.uk ity of turbulence arising during the QCD transition. His treat-
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ment, though, was based on a number of assumptions comacuum expectation valuéveEV) of the Higgs field ¢
cerning equipartition of energy, which are of questionablewould have been uncorrelated on superhorizon séades)
validity. Much later, Vachaspafil1] proposed a mechanism hence, could not be “aligned” throughout all space with a
to produce a marginally sufficient magnetic field during thegauge transformation. Therefore, the gradients of the Higgs
electroweak transition. This has also been addressed, a Hiteld would, in general, be nonzero. Because of the coupling
more successfully, by Enqvist and Olesgi®]. The later through the covariant derivative,
have also considered a phase transition to a new, ferromag-
netic ground state of the vacuum, which could also produce D,{(#)=(,—ig™Y2)(y), ()]
an adequately strong magnetic fi¢l3]. Finally, the litera- _
ture contains a number of other, more exotic mechanismyhere 7" are the generators of the residual symmetry gnd
(such as, for example, the creation of a primordial magnetiéS the gauge coupling, the corresponding field strer@fh
field by the turbulent motion of infalling matter into wakes in iS nonzero. This can be seen explicitly by using the gauge-
the wiggly string scenarifil4]). In most of the cases, though, invariant generalization of 't Hooft16]:
the achieved field appeared to be too weak to seed the galac-
tic dynamo_ PP J G,Zv: uab[wa_ gilﬂizfngMlpchlpd]

In thi_s paper we examine the pr_oduc_tion of a primordial :&#Yb_abe —g PR gy ud,  (4)
magnetic field during false vacuum inflation. In false vacuum g # ’
inflation a phase transition can occur during the inflationaryyhere . is the scale of the symmetry breaking. So, even if

period. As shown by Vachaspfil], the existence of a ho- e gauge fieldy”, can be gauged away, the field strength is
rizon could result in the production of a magnetic field at thegijii nonzero:

phase transition. Although our model incorporates the ben-

efits of inflation, it does not require the breaking of the gauge b abea e

or even the conformal invariance of electromagnetism. Nei- GL,=-— g2 feadu V"0, 4" )

ther does it involve the addition of any extra couplings be-

tween fields through the inclusion of peculiar, “by hand” Vachaspati app“ed the above in the case of the elec-
terms in the Lagrangian. Our magnetic field is produced byroweak phase transition, takir@,, to be the field strength
the dynamic features of the grand unified thed@UT)  of electromagnetism.

Higgs field, independently of specific GUT models. No ad- |n this paper we will follow a similar reasoning but for a
ditional fields are introduced in the problem and the resultssyT phase transitionG is now the GUT symmetry group
cover the most general case. By considering a GUT phasgnd the residual symmetry is the electroweak. In order to get
transition we find that, for some parameter space, the magp electromagnetism we need to consider also the final elec-

netic field produced is of enough strength to seed a galactigoweak phase transition. In analogy with the above, the elec-
dynamo mechanism at the epoch of structure and galaxy folromagnetic gauge potential is given by

mation.

Our results take into account any constraints imposed on AM=uszzsin0WnaW2+ coshyBY, (6)
the field during its evolution until the epoch of structure and
galaxy formation. Before examining the behavior of thewhereuv® is a unit vector specifying the direction of the un-
magnetic field, we give a detailed description of the modebroken symmetry U(1g), generatorn® are the S(2) gen-
and of the mechanism, through which the original primordialerators of the electroweak group SUERY(1)y, WfL are the
magnetic field is created. SU(2) gauge fieIdsBZ is the U(1), gauge field, andy is

the Weinberg angle. Frort®) it is easy to see that

Il. CREATION OF THE PRIMORDIAL MAGNETIC FIELD b
v=(sindyn?,cody,), W)
Vachaspat[11] suggested that the existence of a horizon
would result in the creation of a primordial magnetic field at YZE(WZ BY), (8)
a phase transition in the early Universe.
Consider a non-Abelian group. The field strength of the with b=1,...,4 anda=1,...,3.
gauge fields is The contribution to the electromagnetic field strength
F ., from the GUT transition is, therefore,

H3, = 0,0 3,X5,— Gof BX0 XS, (D)
1 M © bc™u F,u,VEvbGE)LV’ (9)
where f§ are the structure constants 6f and g, is the
gauge coupling. If the symmetry of the gauge graapis  Wherev®G) s
broken, leaving a residual symmetry corresponding to a sub- bb ) ama v
groupH of G, then the gauge fields of the residual symmetry v°G,,=sINOwnG ,,+ oG, , (10
are given by with b=1, .. 4,a=1,... 3, andsY,=G* .
Yb=yabxa 2) The magnetic field produced by the GUT phase transition

is, therefore,
whereu?® is a unitary matrix specifying the directions of the
generators of the unbroken symmetry. Vachaspati argued—
that if the symmetry was spontaneously broken then the *More precisely, on scales larger than the correlation length.
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1 2
B,uE ES,U«V}\FV)\- (11 luizaffE/'LZ( 1- 70 : (17)
Thus, for an order of magnitude estimate, E@3, (9), Without loss of generality, we assume thatis initially
and(11) suggest positive and rolls down the potential in such a way that

$<0. If there is sufficient inflation before the phase transi-
1 tion andA>\’, the Higgs field will have rolled to the mini-
|BM|~|FMV|N|GMV|NW(‘M@)Z' 12 mum of its potentialyy=0 before the inflaton falls to its
critical value ¢g. So, wheng> ¢,
sincev?, ud®, and 2, are of unit magnitude. As far as the 1 1
Higgs-field gradients are concerned, on dimensional V($,0)= - Ap*+ —m2e2. (18)
grounds, we have 4 2

In the slow-roll approximation the dynamics of inflation

)72 .
9, ()~ E (13 are governed by the equations
, 8w
where¢ is the correlation length of the Higgs-field configu- H :m\/’ (19

ration (see also Append)x
Also, at the GUT scale, #g 2=40=g '~ 1. Therefore, 3Hp=— V' (20)
a dimensional estimate for the magnetic field is '

where the prime and the overdot denote derivatives with re-

B=[B,|~¢ g (14) spect to¢ and time, respectivelyH=a/a is the Hubble
parametera is the scale factor of the Universe, ang, is
lll. FALSE VACUUM INFLATION the Planck massnfp=1.22x 10'° GeV).
In this section we review false vacuum inflation, a popular Thus,
model of inflation corresponding to extensive literatt&— 87 V.
24)]. H=— m_ﬁ,,vd)' (21)

In this model the inflaton fieldb rolls down its potential
towards the minimum, which does not correspond to the true  From Eq. (21) the number ofe-foldings of expansion,
vacuum, but is instead a false vacuum state. There are tWghich occur between the values, and ¢, of the inflaton
distinct and quite different kinds of false vacuum inflation, fie|d, is given by
depending on whether the energy density is dominated by the

false vacuum energy density or by the potential energy den- a, 8w (¢2V

sity of the inflaton field. Full details are given by Copeland N(¢bs, do)=In_—=— Wj V2 (22)

et al. in [24]. Unlike them, we concentrate on the inflaton- ! PI< $1

dominated case, as [18-23. In this case, the phase tran- ) _ _

sition does not lead to the end of inflation as it does in the B. The inflaton-dominated regime

vacuum-dominated case. This is the case we are going to be interested in, sihee
back reaction of the Higgs fielgs to the inflaton fielde is

A. The model negligibleand sothe phase transition does not cause the end

of inflation [24]. If the opposite is true and inflation ends at
the phase transition, then the effects of the transition are not

t!al with two scala_r fields; th? inflaton fielé and the I.-|.|ggs too different from the usual, thermal phase transitions stud-
field 4. The latter is responsible for the phase transition. We&.q in the literature.

should emphasize here that the Higgs field considered does In the inflaton-dominated case the energy density of the

not correspond to a specific GUT model and can have Severfﬂflaton field in Eq. (18 is much larger than the false
components without this affecting the following analySisvacuum energy density. Therefore

[24].

In this model the energy density is dominated by a poten

We take the form of the potential to be 1, .,
V()= 5m?¢?, (23
V()= 1>\(l/f2—M2)2+ £m2<;/>2+ Ek'qbzl/fz- (15
' 4 2 2 which is identical with chaotic inflation. Inflation ends at
o~ ¢, where
The phase transition takes placedat ¢y, where
\ L (24)
bo= 171 (16 Vam

To ensure inflaton domination until the end of inflation
This gives the effective scale of the symmetry breaking: then
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FIG. 1. Evolution of the correlation length
of the Higgs-field configuration near the phase
transition. The linear growth of starts atry .
& is the correlation length at the time of the tran-
sition, ¢ is the correlation length at the time the
Higgs-field configuration freezes, when this oc-
curs during linear growth, ang? is the correla-
tion length at freezing when this occurs after the
end of the linear regime.

1 1 27 aut PN ( ¢, )
T2 A2 T\ 4 Z > 2 _ — 2 v 2
2m ¢8>4)\,u :mél - <1. (25 mg P ANYTHEN PT— A u”. (29

.. .. . . . . . . it _ 2 __ 2
This is the condition for inflaton domination. At this point it Before the phase transitioy=0 and thus,m{=X|ugq|-
should be mentioned thiftthe inflaton domination condition Therefore, the physical correlation length is
is strongly valid, the dynamics of inflation are not seriously

affected by the phase transition, provided thiefialls rapidly £ = 1 $o (30
to its VEV. Thus, Eqs(19)—(21) can be used throughout the \/X “ /4,2_ ¢§

duration of inflation.
Thus, for the number oé-foldings between the phase  However, this is not valid as we approach the phase tran-
transition and the end of inflation, in the mflaton—domlnatedsition’ b— bo. As £=1, the correlation length grows lin-

case, we obtain early with time as shown in Fig. 1.
Define
N=N(do.0) =~ 2 (26)
=N(¢0,00= mg, 70" T=t—1,, (32)

where we have used,> ¢, . wheret, is the time the transition occurs.

Finally, for the roll down of the inflaton field, using Eqs. ' & 7= 7>
(19), (20), and(23), we obtain d/ 1
— || = (32
dT( |my| H
. mMp M
¢=- : (27) _ .
127 Then, from 7y until the transition7=0, dé/d7=1 and,
therefore, the correlation lengtfy at the time of the transi-
IV. THE CORRELATION LENGTH tion is
A. Evolution of the correlation length Eo=E&H—TH, (33

Through the use of the uncertainty principle, we can estiyyhere ¢, is the correlation length at,, and, in the linear
mate the range of any interaction. Therefore, the physmq]egime

correlation length for the Higgs fielg is

1 E(r)=¢pt T (34)

=l @8

3

The linear growth o continues until it hits the declining
slope of [my|~! (Fig. 1). From then on, the correlation
wheremy=my(t) is the mass of the Higgs particle: length is given again by Eq28).
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The phase transition we are considering is not triggered = —\37(12m\ mpme,) ~ 3 (39)
by temperature fall, but by the roll down of the inflaton field.
In that sensét is not a thermal phase transitio\lso, since  and thus,

it occurs during inflation, the Universe is in a supercooled U3

state with temperatur&~0 and sothere are no Ginzburg 1 | mpmeg ) oy
phenomenaHowever, the configuration of the Higgs field §H:\/T J12an =2\3m(12m\ MpiMdo) .
¢ does not freeze at the moment of the phase transition be- (40)
cause of long-wave quantum fluctuations that dominate the
Higgs-field evolution immediately after the transition. Using Eq.(33) and the above equatiqd0), we obtain

The long-wave fluctuations ofy are determined by the
behavior of the Higgs-field mag89). Immediately after the £0=3\3m(12m\' mpmepg) M3, (41)
phase transition, the Higgs field is stit=0 [20]. Then, _ _
since< ¢y, it follows from Eq.(29) thatm? <0, and quan- Let us compute, now, the correlation length at the time

tum fluctuations grow until the evolution af becomes po- When the field configuration freezes, i.e., whient;|=H?.
tential dominated and the field starts falling to its newFrom Egs.(19), (23), and(29), we obtain
minima. At this stage the fluctuations of the Higgs field be-

come impotent and the field configuration topology freezes. P2 p2= 4_77 m’ g (42

The fall of ¢ is very rapid[20]. After = uqi/+\3, the mass 0 YFT 3 N mg’

of the field becomes positive again, Eg9). When the field

reaches its minimuny= g, then,mﬁzzxﬂeﬁ. wherg ¢E is the magnitud_e of the inflaton at the time of
The magnetic field is formed at the freezing of the Higgs-r€€zing7e, for which we find

field configuration. This occurs whepm?|=H? [18,19.2 2 2 =

The correlation lengtlgr at the time of freezingr, is either Te= \/ﬁ(% ¢¢) ~/ m¢g , (43)

given by Eq.(28) or by Eq.(34), depending on whether or MpiM¢y 3 N'mp,

not we are still in the linear regime. .
where we have used ER7) and the assumptio(85).

Using Egs.(22), (23), and(42), we find that the number
of e-foldings of inflation between the phase transition and
We assume thay, is very close tog, or, equivalently, the freezing of the field configuration is given by
that the timer,,, when the growth of reaches the speed of

B. Computation of &, and &

light, is very close to the time=0 of the phase transition. _ 872 m?;
Therefore, ANg= 3 Nmie (44)
PI
2 2
A dn— ¢0<1 (35) Only during this time are the quantum fluctuations of the
Oz ’ Higgs field importantfor more details on quantum fluctua-

tions, see also Appendix
This will be verified when we introduce specific values If ANg<1, then the transition proceeds rapidihg].

for the parameters. If we are still in the regime of linear growth of the corre-
Using Eqgs.(27) and (30), we find lation length, the value of it at the time of freezing is simply
given by Eq.(34),
d/ 1 _mpm 1 bo "
arl Tl |*~ V2w W (05— O &= b+ 7e. @9

If, however, the linear growth of has ended before.,

Using Eq.(32), we obtain then it is given by Eq(28):

2/3
MpMdg 3 m
bh— bo= (37) @ /> TP
HTO V12an 3t 87’ (46)
From Eq.(27) we have where we have used that=\'(¢2— ¢2) and Eq.(42).
Therefore, the initial correlation length of the Higgs-field
Mpm configuration is given b
b= o~ J%TH . (38) 9 gven by
" ge=min(&? &7, (47)

Thus, solving forr,, we obtain
V. EVOLUTION OF THE MAGNETIC FIELD
’Nagasawa and Yokoyanj22] suggest that the freezing of the A. During inflation
field occurs a bit later. However, with the set of parameters used From Eqs.(47) and(14), we estimate the initial value of
(see Sec. VIII A, the corresponding difference in the correlation the magnetic field produced just after the phase transition to
length is less than an order of magnitude. be
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Bo~ 552. (48) is required for the computation of the primordial field. How-
ever, the nonlinearity of the dynamo process as well as the
Of course, after the GUT phase transition we still haverather poor knowledge we have for galaxy formation make
electroweak unification. Therefore, E¢8) represents, in Such an assumption nontrivial. In any case, apart from the
fact, an “electroweak” magnetic field. However, since the above, there seem to be no other argument in favor of a
residual, electromagnetic symmetry generator is just a proParticular averaging procedure. Therefore, using line averag-
jection of the electroweak generatdthrough the Weinberg ing could be the safest choice. Here it is important to point
angle, the residual “electromagnetic” magnetic field will be 0ut thatline averaging just gives an estimate of the rms field
of the same order of magnitude as the one given by&®).  and does not correspond to any physical process
Therefore, from now on, we will ignore the electroweak tran-  Suppose that we are interested in calculating the rms field
sition and treat the above magnetic field as “electromagat a timet over a physical length scale=L(t). Then,
netic.”
During inflation the magnetic field inot frozen into the n(t)= E
supercooled plasmfr7] but still it scales asa™?, since it ¢’
remains coupled to the Higgs field and, thus, Eq(14) is ) ) _ )
still valid. The configuration of the Higgs-field remains co- Where¢ is the correlation length. This scale is equal to the
movingly frozen during inflation because the initially corre- correlation lengtt, at the time of the phase transition.
lated volumes expand exponentially, faster than causal cor- !N this paper we are mainly interested in the value of the
relations. This is not the case after inflation ends. The scalB'agnetic field ateq, the time of equal matter and radiation
factor, then, grows slower than the causal correlations anglensities, when structure formation begins. The scale of in-
the comoving picture of the Higgs-field configuration startsterest is the typical intergalactic distance, sitggs preced-
changing as the field becomes correlated over larger anld the gravitational collapse of the galaxiesee also Sec.
larger comoving volumes. However, after the end of infla-VIl B). At teq, the corresponding scale is found to be
tion, the magnetic field gets frozen into the reheated pldsma

2/3
and decouples from the Higgs field. LeqN(ttﬂ]I) L,~10 pc, (51)
P

(50

B. The rms magnetic field wheret,~ 10" sec is the present time arid,~1 Mpc is

In order to estimate the magnetic field on scales largetaken as the typical intergalactic scale at present.
than the typical dimensions of the correlated volumes, we From Eq.(50) the number of correlated domainstgtis,
have to introduce a statistical method to do so.

A thorough treatment by Enqvist and Olesgl®] sug- Leq
gests that, in all cases that the Higgs-field gradients are a ”E”eng_v (52)
diminishing function ofn (number of correlated domaips &
the root-mean-square value of the field would behave as whereé,, is the correlation length dt,.

Therefore, the rms value of the magnetic field over the

o L scale of a protogalaxy is
Bims= <Bz> =—=Bcp, (49 P g y
Jn
1
. o . . Bid~ —Bg&} (53
whereBp is the field inside a correlated domain amds the ™ n co»

number of correlation length scales, over which the field is

averaged. In their treatment Enqvist and Olesen choose thghereBEY, is the value of the field inside a correlated domain
Higgs-field gradients as the stochastic variables and also agz ¢
sume that their distribution is Gaussian and isotropic. Choos-
ing the magnetic field itself as the stochastic variable, En-
gvist and Olesen reached the same refdtdf. (49)].

At this point it should be mentioned that in the above It is clear that, in order to calculate the rms field over the
treatment the rms value of the field has been computed asgalactic scale at.;, we need to estimate the correlation
line average, that is an average over all the possible curves langth £, i.e., the size of the correlated domains at that
space between the points that fix the length scale, over whictime. Therefore, we have to follow carefully the evolution of
the field is averaged. The above result may be sensitive tthe correlated domains throughout the whole radiatiorf era.
the averaging procedure. One argument in favor of line av- During inflation, as explained already, scales as the
eraging is that the current galactic magnetic field has beescale factora. However, after the end of inflation, it grows
measured using the Faraday rotation of light spectra, whicfaster. This is because, when two initially uncorrelated
is also a line(line of sigh) computation. If we assume that neighboring domains come into causal contact, the magnetic
the ratio of the seed field for the galactic dynamo and the
currently observed galactic field is independent of the aver————
aging procedure then this would suggest that line averaging*The correlated domains should not be pictured as attached

bubbles of coherent magnetic field, but as regions around any given
point in space in which the orientation of the field is influenced by
3See also Sec. VIIE. its orientation at this point.

eq-

C. Growth of the correlated domains
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field around the interface is expected to untangle andvhereuv, is the Alfven velocity, n, is the electron number
smooth, in order to avoid the creation of energetically unfa-density, ando is the Thomson cross section.

vored magnetic domain walls. In time the field inside both  Hence, for a nonopaque plasma the peculiar velocity of
domains “aligns” itself and becomes coherent over the totakthe plasma reorientation is given bg]

volume. The velocity, with which such a reorientation oc- )

curs, is determined by the plasma, which carries the field and v=miN(va,vT). (57)

has to reorientate its motion for that purpdse.

Thus, the evolution of the correlation length is given by In order to explore the behavior of the opagueness of the

plasma, we need to compare the mean free path of the pho-
dé ton |+~ (neor) ! to the scalet of the correlated domains.
gr_Héto, (54)  For realistic models, the correlated domains remain opaque
at least until the epocty,~0.1 sec of electron-positron an-
nihilation (T~1 MeV). The reason for this can be easily
understood by calculating; before and after pair annihila-
tion.

For T>1 MeV, instead of the usual Thomson cross sec-
ytion o1, we have the Klein-Nishina cross secti#b]

wherev is the peculiar, bulk velocity, determined, in prin-
ciple, by the state of the plasma.

From Eq.(54) it is apparent that the correlated domains
could grow faster than the Hubble expansion. Therefibre,
magnetic field configuration is not necessarily comoving|

frozenand the domains could expand much faster than the 3 m 2T 1 Ge T
Universe, resulting in large correlations of the field and high g = —UT(?e In— + > 22,7(%) In Gov GeV 2,
coherency. 8 Me Ge

In order to describe the evolution of the correlated do-
mains one has to determine the peculiar velogityThis  \where m,~0.5 GeV is the electron mass and
primarily depends on the opacity of the plasma. 01=6.65< 10 25 cm?=1707.8 GeV 2. The electron num-
If the plasma is opaque on the scale of a correlated doper density is given by26]
main, then radiation cannot penetrate this scale and is
blocked inside the plasma volume. Consequently, the plasma 3 (3) 3
is subject to the total magnetic pressure of the magnetic field Ne=7 —=2 el (59
gradient energy. Therefore, this energy dissipates through
coherent magnetohydrodynamic oscillations, i.e., Alfve where((3)=1.20206 andy,=4 are the internal degrees of
waves. In this case, the peculiar velocity of the magnetidreedom of electrons and positrons.

field reorientation is the well-known Alfwevelocity [2]°: From Egs.(58) and(59), we find
Beo 0.1 GeV
VA= —, (55) ITNT for T>1 MeV, (60
Jp

which at annihilation givedr(t,,)~10° GeV 1.

whereB¢p is the magnitude of the magnetic field inside a  After annihilation the electron number density is given by
correlated domain ang is the total energy density of the [2¢]

Universe, since, beforg,, matter and radiation are strongly

coupled’ Ne=6x10"'n, ~1.44x10 1°T3, (61)
If the plasma is not opaque over the scélef a correlated ) o

domain, then radiation can penetrate this scale and cari¥yheren, is the photon number density given by

away momentum, extracted from the plasma through Thom- 3

son scattering of the photons. This subtraction of momentum ~ & 3

) . : n, 9,1, (62)

is equivalent to an effective drag forcE,~porvtne [2].

2
a
Balancing this force with the magnetic force determines the .
“Thomson” velocity over the scalg: whereg, =2 are internal degrees of freedom of the photon.

With the usual value forr;, we obtain

2
. va 10° Ge\?
0T (56) li~—=3— for T<1 MeV. (63)

At annihilation the above give$;(t,,)~10"° GeV L.
Note that the plasma does not have to be carried from one do- Hence, the mean free path of the photon at the time of
main to another or get somehow mixed. Also, conservation of fluxpair annihilation is enlarged by a factor of'£0As a result,

is not violated with the field's rearrangements, sittce field al- | is very likely to become larger thafaftert,,,. If this is
ways remains frozen into the plaspwahich is carried along. so, the Thomson dragging effect has to be taken into account

SUnless explicitly specified, natural units are being usedand the peculiar velocity of the plasma reorientation is given
(h=c=1). In natural unitsG=m,? by Eq.(57).

"This coupling implies that any reorientation of the momentum of  In order to calculate the peculiar velocity it is necessary to
matter has to drag radiation along with it. This increases the inerti;sompute the Alfva velocity, which requires the knowledge
of the plasma, that balances the magnetic pressure. of the magnetic field valuB.p inside a correlated domain.
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To estimate this we assume that the magnetic flux, on scalelocitiesv , andvy. Using the above, we can calculate the
larger than the sizes of the correlated domains, is conservedcaleé of the correlated domains &f; and, thus, calculate
as implied by the frozen-in condition. the rms magnetic field from E¢53).

Consider a closed curv€ in space, of length scale
L>¢, encircling an areaA. Conservation of flux suggests
that the flux-averaged mean magnetic field ind\dgcales as
a~ 2. This implies that for the field inside a correlated domain
we havé Bcp(L/£) "tca 2. SinceC follows the Universe
expansiorL«a, with axt2 Thus, for the radiation era, we
obtain

D. Diffusion

An important issue, which should be considered, is the
diffusion length of the freezing of the field. Indeed, the as-
sumption that the field is frozen into the plasma corresponds
to neglecting the diffusion term of the magnetohydrodynami-
cal induction equatiofi27]

K
124 —
Beol 6= K= Beo=mzg (64 2 v (vxB) o 197, (70
whereK is a constant to be evaluated at any convenient time.
Since, the correlation length grows at least as fast as th&herev is the plasma velocity and is the conductivity. In
Universe expands, the magnetic field inside a correlated dghe limit of infinite conductivity the diffusion term of Eq.
main dilutes at least as rapidly as 2 for the radiation era. (70 vanishes and the field is frozen into the plasma on all

Substituting the above into E¢5), we find scales. However, itr is finite then spatial variations of the

magnetic field of length scalewill decay in a diffusion time

K t12 =012 [27]. Thus, the field at a given timecan be consid-
A~ 1Omp| & (65 ered frozen into the plasma only over the diffusion scale
Solving the evolution equatiof54) with axt'? in the

case thab=v,, gives (72)

£ +4ua(t) f(t)t(l— \[t;) (66)

|\ﬁ
d O"

If 14>¢, the magnetic field configuration is expected, in
less than a Hubble time, to become smooth on scales smaller
thanly(t). Thus, in this case, it is more realistic to consider

where; is the correlation length of the field at the time &4 confiquration with coherence lendthand maanitude
The first term of Eq.(66) is because of the Hubble expan- of Ithe coheI?;nt rlnagvr\:letic fiela—co Whergg'—w: BCDQ/’nIduis

sioln, whereas the second term is because of the peculi%e flux-averaged initial magnetic field oveg=l,/£ num-
velocity. : '
_ . ber of domains.
anént:]heelf;f; ?/f;LgTdfforEN(agg) usI:/r;% Eqs(61) and(62) An estimate of the plasma conductivity is necessary to
T =9 g ’ determine the diffusion length. The current density in the

t
§(t)2:<a

£5/2 plasma is given by=nev, wheren is the number density of
vr=D—, (67)  the charged particles. The velocity acquired by the par-
3 ticles because of the electric fieH can be estimated as
where v=eEr./m, wherem is the particle mass ant,=1,/v is
the time scale of collisions. Since the mean free path of the
D~10"5K2 GeVv 32 (68) particles is given byl ¢,=1/no., the current density is
J=e?E/mv o, whereo is the collision cross section of the
Using Eq.(67), the evolution equatiokb4) gives plasma particles. Comparing with Ohm’s law gives, for the
(2 8 (|92 conductivity[27,2§,
5“)4:(5 gl +zor(t) £ 1—(;) . (89 o2
o= . (72
Mu o,

The evolution of the correlation length of the magnetic
field configuration is described initially by the Alfaeexpan- - S 5
sion equatior(66) until the moment wheg~I+. From then mu‘:'g[ezg]olhsmn cross section is given by the Coulomb for
on, the growth of continues according either to E@6) or
to Eq. (69), depending on the relative magnitudes of the o

.= T—z InA, (73)
8Note that the flux averaging of the field on scales larger than the

correlation lengthcorresponds to a physical proceshat of the ~ Where IM\=In(e”*\T%/n) is the Coulomb logarithm. Thus,

field untangling, and is so in order to preserve flux conservation ohe behavior of the conductivity depends crucially on the

scales that the magnetic field is frozen into the plasma. This shoultemperature.

not be confused with the line-averaging procedure which we use to For low temperaturesT<me=1 MeV (i.e., aftert,y),

estimate the rms field, and doast correspond to a physical pro- the velocity of the electrons is~+T/m,. Thus, from Eqgs.

cess. (72) and(73), the conductivity is given by
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1 [Ts 1 Treh - Hend w2
- o ~0.78 1/4—1/4] , 78
eZ me InA (74) Mpy a” g, Mp ( )

For high temperature§>m,, Eq. (59) suggests that WhereHeqqis the Hubble parameter at the end of inflation
INA~1. Also, the mass of the plasma particles is dominatedd « is the reheating efficiency, which determines how
by thermal corrections, i.em~T, andv~1. Consequently, much of the inflaton’s energy is going to be thermalized.
in this case, Eqs(72) and(73) give, for the conductivity, Using Eqs.(19) and(24), we obtain

T m
o~ 2 (75 Hend™ ﬁ (79

Using the above results we can estimate the diffusiorSubstituting to Eqs(77) and(78), we find

length. Indeed, from Eq471), (74), and(75), we obtain T2, ~0.35 a %V m my. 80
10° GeWW T~ %2, T=1 MeV, - o -
[ (76) In most_ inflationary models reheating is prompt, |.t is com-
d 16 GeVB4T- % T<1 MeV pleted quickly, anda~1. In case of a quadratic inflaton
' ' potential, however, as in false vacuum inflation, the reheat-

ing process could be incomplete and extremely inefficient
[31]. However, the magnitude of the reheating inefficiency is
still an open question. Kofmast al. [31] suggest that the
reheating temperature would be of the order
Trer~ 10~ 2mmp, which, compared to Eq80), implies that
a~10"*. Shtanov, Traschen and Brandenbef@&] make a
ower estimater o~ m.

An important point to stress is that the diffusion length is
also increasing with timdf | ;> &, then the size of the cor-
related domains is actually determined by the diffusion
length and it is the growth of the latter that drives the evo-
lution of the magnetic field configuration

At this point we could briefly discuss the behavior of any
electric field, produced by the phase transition. As can b
seen by Eqgs(5) and(12), the electric fieldE#=F*° is de-
termined by the time derivative of the Higgs field VEV. B. Thermal fluctuations
Thus, strong currents are expected to arise at the time of the The Higgs field, through the Higgs mechanism, provides
transition, when the VEV of the Higgs field falls rapidly the masses of the particles after the GUT phase transition.
from zero tou. These are the currents that accompany therhys, it is in that way coupled to the thermal bath of the
creation of the magnetic fiel29]. However, after the tran- particles. Therefore, at reheating, this coupling introduces
sition and during inflation, the VEV of the Higgs field, at any thermal corrections to the effective potential of the Higgs
point in space, is more or less fixed and constant in timefield. Consequently, if the reheating temperature is high
since the field configuration is comovingly frozen. Therefore,enough, the configuration of the Higgs field may be de-
there should not be any significant electric field surviving thestroyed because of excessive thermal fluctuations. This will
transition After inflation this comoving picture begins to erase any magnetic field if the later has not been frozen into
change but the magnetic field decouples from the Higgs fielghe plasma already. The above will occur if the temperature
and, thus, any electric field produced, by shifting of the magexceeds the well-known Ginzburg temperatilig. More-
netic field lines, is related to plasma motion phenomenagyer, if the temperature exceeds a critical valye there is
Since such reorientations occur, we expect small electrig danger of thermal restoration of the GUT symmetry itself.

fields to be present in the form of electromagnetic waves, The Ginzburg and the critical temperatures are simply re-
which will diffuse and thermalize the gradient energy of the|ated[33]:

magnetic field, that is reduced by its reorientation and align-
ment. Te—Tg~\T;. (81

<
VI. AT THE END OF INFLATION Thus, fora<1,

A. The reheating temperature Teg~Te~ \/K,u (82

The timetegwhen inflation ends could be determined by Therefore, it is very important to see if the temperatures

the reheating temperaturg, with the use of the well-  §ring the reheating process could exc@igd At this point it

known relation should be noted thathe reheating temperature is not the
highest temperature achieved during the reheating process

), (77 Indeed, as soon as the field begins its coherent oscillations,
the temperature rises rapidly and assumes its maximum
value[7,26]:

where g, is the number of particle degrees of freedom

which, in most models, is of order 1@e.g., in the standard T (VERT e Y2, (83

model it is 106.75 whereas in the minimal supersymmetric

standard model it is 229 whereV,,qis the energy density of the inflaton at the end of

The reheating temperature is usually estimated3o} inflation. From Eqs(23) and(24), we obtain
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Veng~0.1m?m3,. (84)  magnetic field, it should be stronger than 10G at the time
of galaxy formation, on a comoving scale of a protogalaxy
Thus, (~100 kpo.
Since the gravitational collapse of the protogalaxies en-
Tma~ (VMMp Trep) 2 (85  hances their frozen-in magnetic field by a factor of

_ . . (p!pe)?®~10° (where pg~10"2* gcm™2 is the typical
Therefore, in order to avoid symmetry restoration and anyyass density of a galaxy ang=2x10 2°Qh2? gcm 3 is
Ginzburg phenomena, we should have the current cosmic mass dengjtshe above seed field corre-
, sponds to an field of the order 6f10™ %2 G over the comov-
Ap 86) ing scale of~1 Mpc. With the assumption that the rms field
Jmmp, scales as~ 2 with the expansion of the Universa«t? for
the matter era we find that the required magnitude of the
If the reheating temperature exceeds the above value thezeed field ateqis ~10 2 GX (tgc/teg *~10"2° G, where
the magnetic field is thermally unstable and we are in dangeticc~ 10" sec is the time of the gravitational collapse of the
of restoring the GUT symmetry. However, if the field sur- galaxies.
vives then its stability is ensurd@9]. The above justify our choice to calculate the magnetic
After reaching its highest valug& ., the temperature field att.q, over the comoving scale of 1 Mpc and consider
slowly decreases during the matter-dominated era of the cdhe constraint
herent inflaton oscillations, until it falls to the valuge et 1 1-20
when the Universe becomes radiation domindted. B*=10"7 G. (97)

Tmax< Tc:Treh<

From recombination onwards, the nonlinear nature of
: structure formation is very difficult to follow. Indeed, there
VIl. CONSTRAINTS tructure format y difficult to follow. Indeed, th
A. Constraints on the parameters exists a numerous collection of different models. A strong

primordial magnetic field could influence in various ways

If we assume that the observed density perturbations arg,me of these models, possibly with a positive rather than a
because of inflation, then we have, from the Cosmic BaCk'negative effect.

ground Explore{COBE) [24],

\/g ] C. The nucleosynthesis constraint
Mp| m=25.5xX10"", (87) One upper bound to be placed on the magnetic field at
teqis coming from nucleosynthesis. This has been studied in
which yields detail by Chenget al. [34]. They conclude that, at,,-~1
sec, the magnetic field should not be stronger than
m~ 10" GeV. (89)
B™<10" G (92
Other restrictions of the model imposed pn X\, and\’
are[24] on a scale larger than 10* cm. A more recent treatment by
Kernanet al. [35] relaxes the bound by about an order of
Mp| magnitude B"’<e1(T""9%~10'2 G, whereT, is the neu-
O<AN'=1, pus ~10'® GevV. (89  trino temperature and is the electric charge. This bound is

8w valid over all scales. Similar results are also reached by

Additional constraints for the. are established by the Grasso and Rubinste[36].

inflaton domination condition(25). Also the ratio of the

\’s can be determined by Eq&l6) and (26) with the rea- D. Energy density constraints
sonable assumption that the numbeedbldings of inflation Constraints are also induced by ensuring that the energy
after the phase transition is of ordsr- 10, density of the magnetic field is less than the energy density
5 of the Universe. During the inflationary period, because of
£~(% (90) inflaton domination, the energy density of the Universe is
N o mainly in the inflaton field. However, after reheating and

until tey, the energy density of the Universe is just the radia-
tion energy density.

B. Th lactic d traint . . . .
© gaiactic dynamo constrain Thus, for the inflationary period we should verify that

From the present understanding of the galactic dynamo

process 3], it follows that, in order for a primordial mag- PB

netic field to be the seed for the currently observed galactic a<1’ (93
WheI’EpBEB(Z:Dlg'ﬂ andp;+=V(¢) are the energy densities

SWe should mention that this small period of matter domination isof the magnetic and inflaton fields, respectively.

not taken into account in our treatment because of the fact that its The highest value of the above ratio corresponds to the

duration is very small compared to the time scales considered anidme of the phase transition since the magnetic field is rap-

so we choose to ignore it for the sake of simplicity. idly diluted during inflation, whereas the inflaton’s potential
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energy remains almost unchanged. Using E48). and(23),  nate the energy density of the Universe, we require that the

we find the first energy density constraint: the fractionQ,, of the critical density, contributed by the
. monopoles, to be less than unity, thaf 28],
VMo=> &g . (94)

n
Qy h?= 1024(?M

M
After reheating, the expansion of the Universe dilutes the (m) <1, (97)
energy densitypg of the magnetic field, inside a correlated
domain more effectively than the radiation density, whichwhereM =47 ug~*~10 x is the monopole mass,, is the
scales asa™*. Therefore, it is sufficient to ensure that monopole number densitg is the entropy density of the
pg(t) is less than the energy densjift) of radiation at the  Universe, andh is the Hubble constant in units of 100
time t; of the formation of the magnetic field configuration. km/sec/Mpc. The rationy, /s is a constarif and can be

That is, evaluated at the end of inflatioh,,y. Taking ny~ &,
whereéenqis the correlation length at that time, we have
i \/§ Mp
pe(t)=<p(t)=Bcp=—5 -, (95 3
2 Ny 10°( Tren o8
s lmp) 8

which is the second energy density constraint.

_ _ where (= ¢.,Heng gives the correlation length as a fraction
E. The non-Abelian constraint of the Hubble radius. From Eq$97) and (98) we find the

During the electroweak era, the freezing of the magnetidirst monopole constrairf24]:
field into the electroweak plasma is not at all trivial to as- - 3
reh )

sume. Indeed, before the electroweak transition, since the =10

electroweak symmetry group SU(2J(1)y is still unbro- 10" GeV,

ken, there are four apparent “magnetic” fields, three of

which are non-Abelian. Apart from the above, mass density constraint, another
It would be more precise, then, to refer only to the Abe-constraint is the well-known “Parker bound[39], which

lian (hypercharggpart of the magnetic field, which satisfies considers the effect of galactic magnetic fields onto the mag-

the same magnetohydrodynamical equations as the Maxweetic monopole motion. The flux of the monopoleg2§]

field of electromagnetism. The non-Abelian part of the field

10" Ge

M
V) . (99

may not influence the motion of the plasma because of the =in 1010 v\ Um em2 sr!sec?
existence of a temperature-dependent magnetic mass, M 47 MUM s /\1073 ’
mg~0.285°T (see, for example[37,39), which could (100

screen the field over the relevant length scales.

The condition for this screening to be effective can bewherev), is the monopole velocity. The monopoles are ac-
obtained by comparing the screening lenggh- mB‘l of the celerated by the galactic magnetic fi6g~10*6 G to ve-
non-Abelian magnetic fields with the Larmor radius of thelocity:
plasma motiorr, ~mv/gB, wherem~ \Ja T (a=g%/4x) is

the temperature-induced physical mass of the plasma par- ~ 2hMBQI)l/2~ 10_3<1016 Gev) 1z (101)
ticles, g=0.3 is the gauge couplingcharge, andv is the N M M ’
plasma particle velocity. If we assume thermal velocity dis-
tribution, i.e.,mv?~T, we find wherel ~1 kpc is the coherence length of the magnetic field
) andhy,,~e "1 is the magnetic charge of the monopole.
R= r_L~10_2 T_ (96) The magnetic field ejects the monopoles from the galaxy,
rs Bep' while providing them with kinetic energfy,=hByl ~10"

GeV. Demanding that the monopoles do not drain the field
If R=1, then our restriction to the Abelighypercharge  energy in shorter times than the dynamo time scale, i.e., the
part of the magnetic field is well justified. This restriction galactic rotation period~10° yr, we find the constraint
will not cause any significant change to our results since, at
the electroweak transition, the hypercharge field projects 53/2
onto the photon through the Weinberg angik®), DoE.d
cosh,~0.88. If, howeverR<1 then the non-Abelian fields M=K

do affec? the p'a_S[“a motion, and should be ta_ken i_nzto aChere d=30 kpc is the size of the galactic magnetic field
count. SincelT«a™ * andB¢p, falls at least as rapid as <,

ion. i Eq/ f Eqgs.(1 1
R is, in general, an increasing function of time. Thus, thereglon Using Eq(98) and from Eqs.(100 and (102, we

. , find the second monopole constraint,
constraint has to be evaluated at reheating.

2srlsec?, (102

=r=>by<10 " cm”

Ten |3(10" Gew\ '
= v) ( ) . (103

. 3 2
F. The monopole constraints =10 (1014 Ge i
Unfortunately, the mechanism, which we use to generate
the primordial magnetic field, could also produce stable mag-—
netic monopoles. Since these monopoles should not domi-1%e can ignore monopole annihilatiofsee[26]).
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G. Additional constraints and considerations With the use of Eqs(16) and(37), the assumptiof35) is

Finally, we have to make sure that at the time the mag€@sily verified:

netic field is formed the correlation length given by E4j7) A~10"2<1 (111)
is still inside the horizon, that is '

Now, for the correlation length, from E¢41) we find

He'= ¢, (104
_ , &~10" 1 Gev L. (112
whereHg is the Hubble parameter at the time of the forma-
tion of the magnetic field. With great accura¢y-=H,, From Egs.(16) and(43), we obtain
whereH, is the Hubble parameter at the time of the phase 16 1
transition.H, can be easily computed using E436), (20), Tr~10 7 GeV "<§p. (113

and (27) for the potential(23). Thus, from Eq.(45)

VIIl. EVALUATING EN~10"1 Gev . (114

In order to be consistent with our assumptides., infla-
ton domination, we will consider the phase transition to take
place at the latest &i=1. We first choose a set of typical £29~1071 Gev L (115
model parameters.

Using Eq.(46), we also find,

Therefore, from Eq(47) and the above, we have

A. Choosing the values of the parameters e~ Eo~10"1 GeV 1~10"28 cm~10"47 pc.
As already mentioned, the mass of the inflaton fimlds (116
determined by COBE:
Now, from Eq.(44), we find that

m~ 10" GeV. (105
ANg~103<1 (117
For the self-coupling of the Higgs field we choose the
usual value and, therefore, the phase transition is very rapid.
We can, now, check on the horizon constrdit®4). The
A~1. (106 value ofHg is found to be
Inserting the above values into the inflaton domination He=H,~10" GeV. (118

condition (25), we find that the maximum value @f is
Comparing with Eq(116), we see that the constraint is sat-
pu~10" GeV. (107)  isfied. By using Eq(116) into Eq.(94), we find that the first
) . ] . energy density constraint is also satisfied.
Finally, the coupling\" between the Higgs field and the  The initial magnetic field is found from Eq$48) and

inflaton can be determined with the use of E2): (116) to be
A'~108, (108 Bo~10" G. (119
B. For all N Let us now evaluate thN-dependent quantities.

The correlation length at the end of inflation is
Now that the parameters of the model are chosen, the only

parameter still to be determined is the numbker of end AN 2
e-foldings of inflation, which remain after the phase transi- Send=— —¢r 10 e GeV o, (120
tion. We will treat this as a free parameter, link it with the 0
resulting magnetic field, and then try, with the use of thewhere we have used Eqe2), (26), and(116).
constraints, to establish its extreme values. In that way we From the above and considering also the fact that, during
will be able to fully examine the corresponding behavior ofinflation, the magnetic field configuration is comovingly fro-
the field atte. zen, we find that the magnitude of the magnetic field inside a
We begin by extracting some diredti-independent re- correlated domain is given by
sults from the, previously chosen, values of the model pa-
rameters. From E(86) we find that the upper bound for the BS-10"e 2N G. (121
reheating temperature is estimated to be
Evaluating Eq.(96) at the end of inflation, we find
Trer~ 10t Gev, (109
R~0.1e®N=1 for N=1 (122
which is in agreement with the estimates of Kofmetral.
[31] and higher than the estimates of Shtamwal. [32]. and the non-Abelian constraint is satisfied for Ml
Using Eq.(77), this gives the time when inflation ends: Using Eqgs.(110 and (121) we can show from Eq(95)
that the second energy density constraint is also satisfied for
teng~ 103 sec. (110 all N.
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From Eq.(64), we find CASE 2:For N=28.

For high values oN the magnetic field is so much diluted
by inflation that the Alfv@ or Thomson expansions are in-
significant. The growth of the correlated domains is driven
%olely by the Hubble expansion and, thus,

K~1Ce N GeV2 (123

We evaluated the above also at the end of inflation, usin
Egs.(14), (110, and(120.

At early times the correlated domains are opaque to radia- i,
tion and, thus, their growth is determined by E§6) with o™ \/t—q§anh~ 10%eN Gev'!, N
ti—teng- The domains remain opaque at least until the time anh

=28. (128

of the electron pair annihilation. . In total, Egs.(127 and (128 suggest the following be-
At annihilation, t,ny~0.1 sec, Eq(66) gives havior for the correlation length ag,:
10%eN Gev'l, N>15, 10°eN Gev'l, N=19,
Eani™ (124 Eeq™ (129
108 M2 Gevl, 1<N=<15, | 107e V2 Gevl, 1=N<19.

Comparing with the photon mean free path, it is evident _From Eq.(76), we find that at., the diffusion length is,
that £,,> 17~ 10° GeV~* for all N. 159~ 10" GeV 1. Comparing with the above we see that

However, after annihilation|; increases drastically in |§q>§_eq for N=<32. Thus, the dimensions of the correlated
size, | (t,n) ~10'° GeV 1. Comparing this value with Eq. domains at., are actually given by
(124), we find that, atT~1 MeV, the correlated domains N 1
become transparent to radiation foM<<28. Thus, for [1096 GeV's, N>32,
eq

N=28, the Alfven expansion continues after pair annihila- eq 3 1 (130
tion, whereas folN<28, the Thomson scattering effect has I§-10 Gev'!,  1=N=32
to be taken into account.
C. The magnetic field’'s range of values
CASE 1:For 1=N<28. We are now in the position to calculate the magnetic field
If N<28 then, aftert,,, the Thomson effect has to be strength at.,. From Eqgs.(64) and(130), we have
taken into account. _9N
The Alfven velocity v, at ty,, is found by Eq.(65) with Bed 10e G, N>32, (131)
. ed
the use of Eq(123: 10% N G 1=N=32,
—2N
(tar) 0.1e"°%, N>15, (125 Also, from Egs.(52) and(130), we get
Ua t -~
107 %%eV2 1<N=15, 1% N, N>32,
~ (132
Similarly, the Thomson velocity; att,,is found by Eq. 100 1<N=<32.

(67) with the use of Eqs(64) and (69): i o
With the use of the above, in view also of E®3), we

10% 5N N>15, can immediately find the rms value of the fieldtgy for a
o1(ta) ~ (126) given N:
10 e N2 1<N<15. 107 % 3N2 g N>32,
- . B ~ (133
From the above it is straightforward that, fdf<<28, rms 108N G, 1<N<32.

v1(tann <va(tann - Therefore, aftet,,,, the evolution of the
correlated domains is determined by the Thomson effect. If As can be seen from E¢133), the maximum rms value
we assume that the Alfveexpansion does not take over of the field atteq corresponds tiN=1:

again untilte, then the correlation length at that time can be . 18
obtained by Eq(69), (Biddmax—10"1° G. (134
10%N Gev-! 19<N<28 For the minimum value of the field we just employ the
¢ N[ ' ' (127 galactic dynamo constraiti®1). This gives
eq _
10?%e N2 Gev'l, 1<N<109. N mas=5. (135

Using this value we can verify that the Thomson velocity ~ Thus, the range of values of the magnetic field is
remains always smaller than the Alfvevelocity until teg- 5=N=1
Physically, Eq.(127) implies that, ifN=19, the damping of -
the growth of the correlat_ed domain_s aftgr;, !s so effective 1020 G=B®<10" 18 G. (136)
that the Hubble term dominates their evolution. However, for
1=<N<19, the Thomson velocity, although small, is still ca- The above results, however, are still subject to the nucleo-
pable of outshining the Hubble term. synthesis and monopole constraints.
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D. Nucleosynthesis and monopole constraints oN pansion of the Universe. More importantly, though, if the
Since nucleosynthesis occurs very near the electron paffNeating temperature is of the order of the critical tempera-
annihilation we will assume, for simplicity, that the correla- tu_re or the Ginzburg tempera?ure, then the magnetic field
tion length &, att,,~1 sec is approximately equal to the will be erased. Fortunately, this does not appear to be the
one at annihilatiod! i.e., &~ &ann-
The diffusion length at,,, is found by Eq.(76) to be,
12" 103 GeV 1. Thus, from Eq(124) we have

Finally, the strength of the magnetic field produced by our
mechanism relies on the value Nf i.e., on the moment that
the phase transition occurs. In turn, this depends on the exact

10%N Gev'l, N>23, values of the model parameters. Observational data on the
Enuc~ Eanr~ (137) primordial magnetic field could determine, or constraint,
uc Sanh janh_ 1013 Gev-l, 1=N=23. these parameters. Experiments to detect such a field have

occasionally been suggestéske, for exampld40 or 41).
Inserting the above into E¢64) and with the use of Eq. Not merely would the observation of a primordial field yield

(123, we find information on false vacuum inflation, but it would also im-
prove our understanding of the galactic dynamo and of non-
108~ 2N G, N>23, linear astrophysical processes in general.
Bto~ (138
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Let us consider the monopole constraints. Given the valCERN for the hospitality.
ues of the model parameters and the assumed reheating tem-

perature, both of the monopole constraif®9) and (103 APPENDIX: QUANTUM FLUCTUATIONS

reduce to/=10*. Using Egs.(79) and(120), we find that ) i . .
In this appendix we treat in some detail the quantum fluc-

{=EendHeng~0.1€N (139  tuations of the Higgs and the inflaton fields at the time of the
phase transition. We show that, although the amplitude of the
and the constraints are satisfied onl\Ni=11. Thus, a mag- generated density perturbations is larger than the usual scale-
netic field strong enough to seed the galactic dynamo, wouléhvariant perturbations of the inflaton, their scale is so small
violate the monopole constraints. that they do not contradict with observations since their an-
One way to overcome the monopole problem is to congular size is unobservable on the microwave sky and, also,
sider GUT models which do not admit monopole solutions,because they are heavily damped after reentering the hori-
such as “flipped” SU5), i.e., the semisimple group zon.
SU(5)XU(1). By studying the quantum fluctuations of the above fields
we also justify the Higgs-field configuration picture, de-
IX. CONCLUSIONS scribed in Sec. 1V, as well as the estimate of the Higgs-field

. , , gradients given in Eq13).
We have analyzed the creation and evolution of a primor-

dial magnetic field in false vacuum inflation. We have shown
that, in GUT theories that do not produce monopoles, a suf-
ficiently strong primordial magnetic field can be generated, One can calculate the isocurvature fluctuations of the
provided that the phase transition takes place no earlier thariggs field as follows. The fluctuations peak whemp~H
five e-foldings before the end of inflation. Although the mag- [18,19. According to Sec. IVB this corresponds to
netic field produced is strong enough to seed the dyname@= ¢r, where ¢¢ is the the inflaton at the time the Higgs
process in galaxies, it does not violate any of the numeroufield reaches the minima manifold. From E@2) with
constraints imposecapart from the monopole constraint, if ¢o=mp|, We obtaimn:?
applicable. 5

Our results are sensitive to the reheating efficiency. In- (¢2—¢2)z4—wm— (A1)
deed, if reheating is efficient, then the time of the end of o 3 N

inflation is earlier and the resulting field diluted by the ex-
At that moment, the above and Ed.6) suggest that the

1. Scale and amplitude of density perturbations

Higgs field is
The magnitude ofé,,. does not affect the results when the , 5
Hubble term in the evolution equations is subdominant. In the op- 2_ 2 _ 2 )‘_ 2__ 4_77 1 A2
. . V= per( Pr) = 1 Pp= . (A2)
posite case, our assumption perturbs the results by an order of mag- A 3 A

nitude in the values of.,andn but less than an order of magnitude
in the value of the rms magnetic field, since the later depends on
1\n. 2E.g., forN=5, Eq.(26) gives ¢;=0.89 mp,.



7412 ANNE-CHRISTINE DAVIS AND KONSTANTINOS DIMOPOULOS 55

Thus, the perturbation of the energy density of the Higgswvhere k is the comoving wave number of the fluctuation
field corresponding to the comoving scadethat exits the scale,a is the scale factor normalized at the present day, and

horizon wheng= ¢, is H is the Hubble parameter, for which, during inflation,
H=const=m. Thus, the wavelength of the peak of the spec-
5P(//(k)~ Yrode N1 (A3) trum mountain corresponds to the scale of the horizon at the
Py i ’ phase transition. The width of the mountain can be estimated

by (see alsd18])
where  p,~Nuer(¢pe)*  and  Sp,=(dVIay) S

~\uei( D) e S . We have also used that, during infla- Aa
tion, H=/(47/3)(¢/mp)m, as suggested by Eq&l9) and Alnk= ?=ANF, (A9)

(23), and thaf 18]

Se=HI\2 . (A4)  whereANg is the e-folding interval whenm?<0 given by
_ o o _ Eq. (44). In the model considered we have shown that
The inflaton scale-invariant adiabatic perturbations are\N-~ 1072 and, therefore, the mountain is very sharp. As a

similarly found to be consequence, if we move towards larger than the horfabn
the transition scales, the amplitude of the perturbations in
(d_V5¢) expected to be falling rapidly. Thusye do not expect sig-
op \do o¢p m 6 nificant perturbations on comoving scales a lot larger than
FEY NXNm_lelo : (AS) " the scale that leaves the horizon at the time of the phase
transition
wherep=p ,~ m?m3,. A more thorough investigation of the issue by Nagasawa

Thus, the Higgs-field density perturbations are muchand Yokoyama[22] does not change the picture signifi-
larger than the inflaton’s scale-invariant adiabatic perturbacantly. Following their treatmertpplied to our modgl we
tions. However, since the energy density of the Universdound that the exponential growth of the perturbations lasts a
during inflation is dominated by the inflaton field, the isocur-little longer andANg is given by,
vature perturbations cannot dominate the inflaton ones:

47 mo
Spy 5Py Py - ANp=—— —2~0.1 Al10
—(k)=—"""~10"12 A6 F T mz O (A10)
p (k) y P (AB) J2hT mg,

. 73 -
Note that both fields decay as mattgrda°) during  \yhich is again fairly small. Numerical simulations attempted
reheating, in contrast with the quartic chaotic inflation casg,y salopelet al.[21] relax the above number even more and
. N . . _4 N
when the inflaton field decays faster, as radiatiprd ™). gyggest, in their example, that the mass squared of the field
In that way the ratio of their perturbations is conserved.  ~5n remain negative for almost foerfoldings. Their moun-

However, the growth of the Higgs-field perturbations re-i4in peaks very near the scale of the horizon at the transition.
§u|ts in a similar growth of the aq|abqt|c perturba_tIOHS of theyy their paper they stress the crucial role of the timing of the
inflaton [20,21. Since these adiabatic perturbations of theyansition not only with respect to the scales where the

inflaton are caused by the isocurvature perturbations, W&,quntain occurs but also to its other characteristigisith

should have, for the scale and height
s s Our phase transition has to occur at the very late stages of
P10y~ 2Py <1, (A7) the inflationary period, no earlier than fieefoldings before
Py Py its end. The corresponding scales are so small that in order

for the mountain to have any effect on observable scales it

The above perturbations are not scale invariant. Instead, 14 have to be extremely wideAN-=30). The narrow
they form a mountain on the spectrqm of the scale-invarian\tmndOW of the observable scales is well described 2]
perturbation$20,21]. These perturbations are of much Iarger(see Fig. 4 where it is pointed out that these scales corre-

amplitude than the usual, scale-invariant, inflaton perturbaépond to inflaton values for whick=60. for standard cha-
tions, given by Eq(A5), and would produce unacceptably . inflation (as in our modal ’

h|g_h dens't.y inhomogeneities and CMB temperature g comoving scale of the mountain peak for our model
anisotropiesif they corresponded to observable scales is given by Eq.(A8):
However, the scale corresponding to the peak of the
mountain is set by the horizon scale at the time of the tran- 1 5N 1
sition. Indeed, i20,21] it is clearly shown that the peak of k™*~10"%" Gev'?, (A11)
the mountain of the adiabatic fluctuations corresponds to the
scale with Hy~ 10" GeV. Thus, the largest peak-scale peak would
) bek Y(N=5)~1m.
=(Ha)exr{ B 27T¢o} The fluctuations freeze after they exit the horizon. When
mzPI they reenter the horizon they begin oscillatifgince the
1 Nu-1 Jeans length is about the horizon size betgge The reentry
= aend Kpea=€ Ho *» (A8)  of the above fluctuations occurs tatwhere

A p?

k=(Ha)exp{ — W
pl




55 PRIMORDIAL MAGNETIC FIELDS IN FALSE VACUUM . .. 7413

2/3 1/2]
t t Prlt . . . . . .
cd X pr its radial fluctuations Also, in this case, the typicalhase
, K \2 fluctuation is given by[19], Sxy=H/2mmer( bg) ~ N2
=(tprteq)1’3( Hl) =t,~10 %e®N sec, (A12) ~0.1<1 at freeze-out. The inequality is again strengthened
pr with time and, therefore, we can safely consider that, after
wheret,,~10'® sec is the present timéy,~ 10" sec is the ']Elhettopiplogy of tthe fleld”c;onflglt,lragltt)g f;geze:’g, qu]:':ltnr;[urfrj I
time of equal matter and radiation densities, and(iﬁcitl;airz?lgsr zg‘;co)agtsgnni/ g?vgﬁrpuorint ir? sg:gelo\r;v?]at fealﬁy
-1_10%7 em—10¢L -1 i ) :
Hpr 10°7 cm~10" GeV " is the present size of the ho happens is that the time of freeze-out is st momenthat

rizon. ForN=5, we find that these fluctuations can reenter, ; :
the horizon at the latest af~ 10" sec<te. the quantum fluctuations could be important. The strength

Density perturbations of a comoving seale which reenterening of the inequalityA << in the radial and the azi-
the hori;gnpthal: earll will. most r\gbgbl bev(\;r;sed b thjnuthal component of the field signifies just that. As a result,

. : Y, ' probably, . Yy ey freeze-out, the importance of the quantum fluctuations is
various damping processeg.g., Silk damping, free-

streaming damping, elc.But even if they survived, their terminated and the correlation length in later times is deter-

imprint on the microwave background would be too small tommed only by causality as shown in Sec. IV B.

L The reason for having, then, nonzero Higgs-field gradi-
Fe ]observable. Indeed, the relevant angular scale is given bé'nts is only the fact that, at two points in space, we would
26 L L

expect the field inner space orientatigphase to be differ-
ent, if the distance between the points is larger than the cor-
arcsec, (A13) relation length of the configuration. Thuthe existence of
nonzero gradients is an entirely geometrical effect, based on
which, in our model, corresponds to a maximum of the fact that over some dis_tance scale_the field’s phas_es are
#~10"2! arcsec, i.e., entirely unobservable. unqorre]atedand has nothing to do with any fluctuations,
which, in any case, after freeze-out, do not have any effect
on the field configuration.
The stochastic distribution of the phase of the field sug-
As shown in Sec. IV, the freezing of the Higgs-field con- gests that, over distances larger than the correlation length,
figuration occurs whei= ¢ and the field has rolled down the phase of the field may vary between 0 anénd, con-
to the vacuum manifold. The Higgs-fietddial fluctuation at sequently A s would be between 0 andi2 Thus, a reason-

since y— u>m~H~ §¢. Consequently, after freeze-out,
=1y the field evolves classically arit VEV is much larger than

k
0= 34.4(Qoh)( M_pC

2. The Higgs-field gradients

that time can be found by EqéA2) and (A4): able estimate id s/~ u over length scales of the order of the
correlation length. Therefore, the gradients of the field would
5‘/’ \/X be
~ 2 o1 (A14) '
l// F 2 T Alﬂ-
M
I~~~ (A15)

Thus, the magnitude of the Higgs-field radial fluctuations
at freeze-out is smaller than its expectation value,
Al <|#]~ perr- This inequality is strengthened with time as suggested also in E@.3).
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