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Primordial magnetic fields induced by cosmological particle creation
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We study the primordial magnetic field generated by stochastic currents produced by scalar charged particles
created at the beginning of the radiation dominated epoch. We find that, for the mass rafgéd@<m
<10 GeV, a field of sufficient intensity to seed different mechanisms of galactic magnetic field generation,
while still consistent with observational and theoretical constraints, is created coherently over a galactic scale.
[S0556-282(98)03412-3

PACS numbd(s): 98.80.Cq, 98.62.En

I. INTRODUCTION give rise to a non-vanishing current. We compute the rms
amplitude of these fluctuations and use it as the source term
At present there exists huge observational evidence aboin the equation for the magnetic field. We must stress the fact
the presence of magnetic fields throughout the Universe: odhat the field must be a scalar minimally coupled one: it is
own galaxy is endowed with a homogeneous magnetic fiel@traightforward to check that with a massive conformally
B=3x10"% Ga and similar field intensity is detected in coupled scalar field very few particles are created and there-
high redshift galaxiefl] and in damped Lyman alpha clouds fore a very weak magnetic field is created. For spinorial
[2]. fields we show in the Appendix that, due to the conformal
The origin of these fields is still unclear. Research is perinvariance of massless fermions, the number of particles cre-
formed mainly along the idea of a cosmological mechanismated is very small and consequently the magnetic field pro-
a seed primordial field that would be further amplified by duced is extremely weak.
protogalactic collapse and differential rotation or a nonlinear
dynamo[3]. Several mechanisms have been proposed to ex-
plain the origin of the seed field. It has been suggested that a
primordial field may be produced during the inflationary pe-  As the process of magnetic field generation that we are
riod if conformal invariance is broken4,5]. In string-  studying takes place after inflation, there is no loss of gener-
inspired models, the coupling between the electromagnetiglity if we work in a spatially flat Universe. In conformal
field and the dilaton breaks conformal invariance and mayime, dr=dt/a(t), we havegw,:az(r) N, M Deing the
produce the seed fielf6]. Gauge invariant couplings be- Minkowskian metric tensor. The canonical scalar field,
tween the electromagnetic field and the space-time curvatuighich we assume to be massive and minimally coupled, is
also break conformal invariance but produce, in general, aritten asp= ¢/a.
uninterestingly small seed field]. Other mechanisms are  Part of this process takes place before the electroweak
based on a first order cosmological phase transit8jrand  transition. Then part of the created photons are a combina-
on the existence of topological defe¢e. tion of the isospin and hypercharge bosons, where the coef-
In this paper we propose a new mechanism for primordiaficients are respectively the sine and cosine of the Weinberg
field generation in the early Universe, based on stochastigngle 6, [6,12]. We will consider the magnetic field gener-
currents generated by particle creation of scalar charged spated by only the hypercharge sector and in this sense the
cies [10]. We assume the presence during inflation of afigures obtained constitute a lower bound to the effective
charged, minimally coupled, scalar field in its invariantintensity of the field. The amplitude of the electromagnetic
vacuum Statéll]. When the transition to a radiation domi- field would be smaller than the pute(_‘]_) boson by a factor
nated Universe takes place, quantum creation of charged pasf cos,,, but recalling that the electroweak coupling con-
ticles occurs. We assume that the field mass is smaller thagiant isg=q/coss,,, we obtain the same amplitude for the
the vacuum energy density during inflatidth, and therefore  created electromagnetic field. The magnetic field is then de-
can consider the transition from that period to radiationfined from the spatial components of the field tens®r,
dominance as instantaneous. =(1/2)e;jFjx, where F,,=d,A,—d,A,, A, being the
As the number of positive charged species is the same agctor potential in the Lorentz gauge’, = 0.
the number of negative charged onglsere is no physical T
reason why it should not be sdhe mean electric current is
zero. Nevertheless, quantum fluctuations around the mean

Il. CALCULATION OF THE MAGNETIC FIELD

The equation foB reads

7, al. - .

_Z_V +0’(7‘)—T B:VX] (1)
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andf represents the spacelike components of the electric 1 inflation

current which for the scalar field ig,=iq(¢*d,¢ H(7o—7) '

= $3,6*)+29°A,.0* ¢. a(r)= R
The basic point in our analysis is that while the expecta- 1 I

tion value of the current vanishes, there are quantum and H_TO 1+ T_o radiation,

statistical fluctuations which build up a non-vanishing root

mean square value. The source in these equations can be

phenomenologically substituted by a stochastic, Gaussiand normalize the scale factor by takiHg,=1. In terms of

current[13]. Our goal is to estimate the magnetic field pro- the dimensionless variablgg=H7 andk= «x/H the modes

duced by this stochastic source. Under the assumption th#t the inflationary epoch read

the source is Gaussian, its statistics are fixed once the two

point source-source correlation function is given. Since the Jr 3 4 m?

radiated field will be weak in any case, as a first approxima-¢,(y,) = > 1-yoHM[k(1-yg)], »= 5 1- 90z

tion we can compute this correlation function in the absence H

of a macroscopic electromagnetie.m) field. (8)
As (j)=0, the only contribution to the electric current o _ _

will be due to the quantum fluctuations of the fields. In orderFor the radiation dominated era we write

to study if the quantum fluctuations of the massive fields

prqduce a non-zero glectric current we calculate the two WKB(yo) = aycf O+ Bifo* 9
point correlation function

N LD (7 ) =T X P (T X D) (7 T, wheref is the WKB solution,
(2

)
. . . : efiQk(YO)
The scalar field can be written in terms of two real fields f2(yo) ~ ——
according tog(7,r)={p,(7.r) +id,(7.r)}/ 2 so that the V2w (Yo)
spacelike part of the currenf,, at vanishing e.m. field reads
=i,V ¢1— b1V ¢} and where wi(Yo) = VK*+ (m*/H%a(yo)?, Qi(Yo)
o R ) = [Yodygpwi(Yg). @k and By are the Bogolubov coefficients
VX|j=2q(Vey) X (V). 3 connecting the mode@®) with the WKB basis(9) aty,=0.

In the limit k<m/H<1 they are given by
If we consider thatp, and ¢, commute, we can write

Ni [(7.0).(7',F")]=40%ey €/ :{05, G 3 G+ LR fmH 1

B a1 =\ (10)

+d5,G95,G7} (4)

where we have introduced positive and negative frequency € non-zero value o reflects particle creation from the
i -, ;> _ gravitational field, rather than from the decay of the inflaton
propagators G ={(¢(7,r)di(7',r")) and G

> - - . field. Indeed the occupation number for long wavelength
=(i(7'.r") ¢i(7,r)). Writing the propagators in terms of modes diverges ds 2, much in excess of the™ * Rayleigh-

their Fourier components we get Jeans tail of the thermal spectrum produced by the reheating
process. This excess noise results in an enhancement of the

> 2N a2 dede’ - . =0 . magnetic field over and above the equilibrium fluctuations.
Nii (7). (7.1 ]=4q f (2m)3 (X kDX )i Wh%n the given scale enters the horizqon, particle-antiparticle
S annihilation becomes efficient, and the extra noise disap-
Xtk (=G (7 G (7,7) pears. It is worth mentioning that the logarithmic divergence
R R in the total number of particles created up kg,, can be
+(r,re=7"r'"). (5) removed with a suitable infrared cutoff, say the mode corre-

. sponding to the horizor- 10~ 5. The energy density associ-
Expanding the fields ag=(2m) ¥?[d3k¢ (r)e“"+H.c.  ated with these particlep=mH? [ mad®| 8,2, after a cutoff
the Fourier transform of the propagators is given byis imposed is~10 ¢ smaller than the one of the cosmic
Gi(r,m)=¢ (1) dx(7)=G (7 ,7). microwave background radiatid€©MBR).
Our next task is the evaluation of the scalar field modes. To give a quantitative estimate of the magnetic field am-

In the absence of electromagnetic fields, the scalar field saplitude, let us come back to the evaluation of the t\NOO point

isfies the Klein-Gordon equation correlation function(2), which can be written al;;» =N;;,
) A7) + Nili,+ Nﬁ The first term is the noise that would be present
K2+ mlal(r) — ( b.(7)=0. @ N the absence of particle creation during reheatlng and does
972 a(r) not concern us here. The other terms are the contribution due

to the particles created at the beginning of the radiation era
We assume instantaneous reheating=ab0, and are given by
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R . dkdk’ . _ . . oL .
Nﬁf[(T:rMT'ar’)]—>4q2H8f (2 )3(k><k')i(k><k’)i’e'(k+k " UYIGL(Y0,Y0) G (Yo, Yo) 11
ar
2 > 2 2148 dkdk' = oo i(k+k)(y=y") / '
N [(7,r),(7",r")]—q°H W(ka )i(kXK")ie YY6G1k(Y0:Y0) 0G 1k (Yo.Yo) (12

where .,
L. dy,dy dy.d
iy (BHBK) ~H! | oo (20 ;;
CO , T T
Gf{kze,j%e;o:k—yoyo, (13) o o
Vo (Yo) wk(Yo) ><Gre‘(yo,y;xo,x)Gfe‘(y(’),y’ X0, X')
Wt €Yo Ye) = elyo) = ul¥a). <N (Yo .9),(Y5,5)]
Iy 0 0 ' N N
G 1k(Y0.Y0) = 2ayBx fi(Yo) f(Yo) FN2L(YouY)s (YY) T} 15
+2ai BifRr (Yo T2 (yo)
+2|8.12G Y. 14)  WhereG'™" are the causal propagators for the Maxwell field,
| Bl 2GL(Yo.Y0) (14) hereG'! are th I for th Il field

obtained from the homogeneous solutions to EQ. By
The energy density of the magnetic field can be calculatedourier transforming the causal propagators, the spatial inte-
from the two point correlation function generated by the sto-grals can be readily performed by virtue of the simple spatial
chastic current: dependence of the propagators. We have

. dkdk’ . . _ _ _
<B(X)B(X’)>=H4f dyodyéf 2 )3|k><k’|2{4q25?k(yo,y6)561kf(yo,yé)+qzﬁle(yo,yé)ﬁlef(yo,yé)}

v

X ei(k+k’)'(X*X')G[Ejrm(YO ,XO)G\rEik’I(yé Xo)- "

The energy density of the magnetic field coherent over @f the microwave backgroundThe comoving wavelength is
given dimensionless spatial scale is given by E,  A,=10" GeV !, taking H=10'' GeV, the dimensionless
=(1/a4vf)fd>?fd>?’(B(>?)B()?’)) which amounts to insert- scale \=H\.=10"* and the corresponding dimensionless
ing the window function Wy (\)=V; 1fy dxel(<tk)-x  momentumk=10 2 _

The energy density reade=a‘4<Bz) wherg The retarde_d propagators are constructed Wlth t_he homo-
Ao geneous solutions of E@L). If we take the conductivitycf.

didic Refs. [4,8) o=Te ?=Te ?(1+yy) ‘=09 (1+Yo) 7,
(Bf)zH“f dyodyg,f —3Wﬁk,(>\)||2><|2'|2 go=e T, =e 2JyHmp=He 2/my/H, go=0g/H
(2m) =e 2mp/H being the dimensionless conductivity, the ho-
mogeneous equatiofl) reads(for scales larger than the ho-

t t '
XG\r|5+kr|(y01Xo)G|rke+kr\(YO,Xo) rizon)

X {462G (Yo Yo) 8G (Yo Yo)

+628G (Yo, ¥6) G (Yo.¥6)}- an 7 o d . _
. . o Lo ay3 Bt (1+Yo) Yo B0 18
As the window function satisfie®V,,(A\)~1 for |kK+k’|\
<1 and W (\)~0 for |[K+k’|[N=1, we can take as the
upper limit in the momentum integralg,,,=1/\ and W,
=1 in the interval (ka9 All the cosmological interesting
scales are such thkt1: For example for a galaxy we have
that its physical scale today i§f it had not collapsed

where we have usech(yo)=fd3ye“'z'9B(§,y0). The
causal propagator for this equation is given by

Ng=1 Mpc=10% GeV '=\ T/ /Tioday=107N; (Tyn= Liyo|  (1+yp|7
10"GeV is the temperature of the Universe at the end of G =—= Yol [21¥o } (19)
reheating and,q,,~10"'3 GeV is the present temperature ek =1l 1+X%o
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If Xo>Yyo, the final expression for the propagatorG%fik,l thesis[16] and (marginally suffices to seed the galactic dy-
=(1+Yyo) ot namo|[3,8,17. Stronger fields are obtained by diminishing
o & (the value of the field mass. We can estimate the lower bound

In spite of the fact that the scalar field is not in thermal ; 9
equilibrium with the background radiation, the electromag-f[0 the mass by_demandmg that tody,~ 10. Glsaccord-
to the mentioned constraints. We obtaige 10°° GeV.

netic interaction with it causes a correction to the value ofgg ider h | f th d1th h h
the field mass, proportional to the temperature of the bath-Onsidering the value of the mass used throughout the paper

. _ _ - the upper bound we find the range 0Gev=m
i.e., we havem?=m2+eT2=m2+eT3/(1+yo)2. We will S . . . . .
consider this correction in the frequencieg(yo) but not in <10’ GeV. Fields outside of this range will contradict ob-

the Bogolubov coefficients because we assume instantameoﬁ(grvaltlonal and/or theoretical constraints.
particle creation. In fact, when the transition from inflation to
radiation dominance occurs, large numbers of of particles are
created very quickly by parametric resonance. Thermaliza-
tion is a process that takes place afterwards and during
longer period of timg14]. As for the ratiom/H, if we con-
sider, for example, the Higgs boson mass=10* GeV),
we havem/H=10°. We can therefore neglect the terkfs

IIl. CONCLUSIONS

To conclude, we have presented a new mechanism for the
Generation of a primordial magnetic field, based on the
breaking of conformal invariance. In previous wofkis-6],
conformal invariance was broken in order to amplify quan-

in front of thosem?H2. When we perform the products tum fluctuations oB. The ar_npllflcauon was in genera_l very
small. Here scalar, massive charged particles minimally

G(Yo.Y0) 5G1(Yo.Yo) @nd G 1i(Yo,Yo) Gue (Yo.Yo) N coypled to gravity and coupled to the electromagnetic field
Eq. (17) we will have terms where the exponentials cancelyraqyuce stochastic fluctuations in the source of Maxwell
and terms where this does not occur. Th_e Ia_ltter oscillate a”Qquations which in turn generate an astrophysically relevant
hence can be neglected because they will give a smaller copyimordial field. For conformally coupled massive scalar

tribution than the first ones when the time integrations argjg|q the Bogolubov coefficient scale with the momenta as
performed. These integrations are performed between 0 ang-12 \yhich means that the number of created particles is

Y, whereY is the dimensionless time when a sc&le®

very small and consequently the magnetic field generated

reenters the horizon; after this time, the current quickly reyij be too weak to be astrophysically interesting {0~
laxes to its equilibrium value through particle-antiparticle an-tjmes smaller than in the minimally coupled case, for the
nihilation. From the expression of the Bogolubov coeffi- physical parameters used in this papdie fact that spinor

cients, Eq.(10), we can see that the contribution from the fiajqs are conformal invariant if massless manifests itself in
term quartic inBy overwhelms the quadratic one. The lead-nat the proposed mechanism does not generate strong

ing contribution to Eq(17) reads

4 [H\® 1\/m§(1+y0)2
2\ _ _~2| 41,4 _
<B)\> 3q (mo) H I<max( ;O H2 +

Y\ 2
2
eTy,

H2

0
(20)
For the scale considere#,,,,=10"2% for the electroweak

mass scalemy=1C* GeV, oy=e 210%, T,,~10" GeV,
q’=e2=1/137 and recallingY ~ 7/(2kna) We first note
that, by simply replacing these figures in E80), the term

proportional to m§(1+y0)2 overwhelms the one propor-

tional to T2, in the square root by a factor ef 10°°. There-
fore we can take

6 22 4
<BZ>~fq2 i 4,4 imoY :iqz i H4k2 i
A 3 mg maX;S H2 3 mg max;g
(2D
(B2)~10% Ge\/4—>rEpF; Bk~1o-36 22
c

where py = Tfh is the energy density of the CMBR. These

values correspond to a comoving field of strenddq
~10% G. The physical fieldB,,=a 2B, , such thatpg=
th, gives a present value of

Boh~10# G. (23

enough magnetic fields, as is shown in the Appendix. Finally
we must say that the value of the field quoted in E9) is

to be considered as a rough estimate; a more precise evalu-
ation will require a more detailed consideration of the whole
electroweak gauge theory and of the non-equilibrium evolu-
tion of current and field.

ACKNOWLEDGMENTS

We are indebted to F. M. Spedalieri and F. H. Gaioli for
enlightening discussions. This work was partially supported
by Universidad de Buenos Aires, CONICET, Fundachn-
torchas, and by the Comission of the European Communities
under Contract No. C11*-CJ94-0004.

APPENDIX

Here we show that the magnetic field generated by an
electric current originated by the creation of fermionic par-
ticles is indeed negligible. The Dirac equation for spinors in
a Friedman-Robertson-WalkeiFRW) universe reads(in
conformal time [18,19

[i y*d,—ma(yo)Ix(Yo,y) =0 (A1)
where x(Yo.Y) =a¥%yo) ¥(Yo.Y). Yo andy are the dimen-
sionless time and space coordinates defined in the paper and

in this Appendixm is to be understood as a dimensionless
mass, i.em—m/H. The electric current reads

This value satisfies the constraints imposed by the anisotropy

in the microwave background5] and big bang nucleosyn-

i“=ex(yo,¥) ¥*x(Yo.y)
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where x(¥o,¥)=x"(Yo,¥) 7",
positive and negative energy spinarg andv, read

o k( mayo) + k<yo>> N
Us= o (Yo) fi(yo)e®
Cs
(A2)
Cs
_).IZ '.f* f* e*ilz-);
Uks _O'_Z(m - i(yO))Cs k(Yo
k fi (o)
(A3)
wheref,(yo) is a solution to the equation
& da(Yo)
— +k%2+m2a?(yg)—im fi=0. A4
&yg (Yo) o k (Ad)

The spinors are normalized according to ttieme indepen-

dend productfsd3 xyy°y, S being a spacelike hypersurface.

The noise kerne(2) due to this field read&fter a rather
long calculation

(o) To(Yo) Tk (Yo 1 (Vo)
NNN N,

Nu(vo.yi) =47 [ ok [ dp

XM (Yo.Y0) + MZ(yo.Y5) + K+ pl?}

(A5)
where
|k+p|2 F(yd)
(1) Iy — ’ ’
Mip(Yo.Yo) —k2p2 [ma(yo)""fk(yé) ma(yo)
fo(yo) f¥ (yo)
+i ma(yq) —i ma(yo)
Lol )T
f (yo)
- (AB)
f »(Yo)
K-(k+p)][(kK+p)-p
Mﬁ%(yo,yé):[ ( Dki[(2 p)-p]
p
(Yo)
x[ ma(yy)+i -2 | ma(y,
fr(yo)
To(yo) k (Yo)
+i ma(y,) —i ma(yo)
f.(v0) ARTTONY | R
f o (Yo)
(A7)
f (YO) ]

i.e. the Dirac adjoint. The

7143
1/214(1) 1
fk(yo):(l_yo) HV [k(l—yo)]' V:§+|m
(A8)
and therefore
2 1
Ne=Ne= 7 (A9)

For the radiation dominated period and fdm<1 we write
the mode functions g0]

)
e S/ZdS

(A10)

f = akeim(1+y0)2/2+Bkeim(l+yo)2/2f
z(yo)

where z(yo)=(1+i)ym(1+y,) and «, and B, are the
Bogolubov coefficients obtained by matching the modes and
their time derivatives af,=0. In the limitk/m<1 they read

1/2+im
1 (2
a=— —F >+im e'm’z(E) (A11)
1 1/2+im
- __ im/2| — 2
B I‘( 2+|m e (k) k<.
(A12)

We see that in this case there is no divergence in the number
of quanta created and therefore the expected electric current
will be very small. We replace the modés10) in Egs.(A6)

and (A7) and with the obtained expressions we evaluate

dy, dyp
2y _ g4
(B=H J(277)2 (2m)?

X G"®'(yo,X0) Gy, X0)Nii (Yo, Y0 Wip(N)
(A13)

with the same considerations that were made for the scalar
field. The main contribution comes from the first two terms
and they are respectively

8e2iM(1+Tmay?

<BZ>(1):q2H4 - k#o
m2o2 4+m2 cost[ wm]
(Al14)
64
(B?)P=g?H* Kinax-
m2o2 4+m cosH[ wm]

(A15)

For example, we have that for a mass=10" ! (i.e. physi-
cal mass~1 GeV in units ofH=10'" GeV), k.« and o

Ny, are the normalization factors which we calculate forthe same as the ones used in the papgs?) )

inflation. The solution to the field equatiqA4) for the in-

~107 % GeV* and (B%)®~10" 1 GeV*, values com-

flationary period that corresponds to positive frequency fompletely negligible in comparison with the one quoted in Eg.

yo— —© reads

(22).
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