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Nearly minimal magnetogenesis
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We propose a new mechanism for magnetic field generation from inflation, by which strong magnetic fields
can be generated on cosmological scales. These fields may be observable by cosmic microwave background
radiation measurements, and may have a dynamical impact on structure formation. The mechanism is based on
the observation that a light nearly minimally coupled charged scalar may be responsible for the creation of a
negative photon mass squarg@dovided the scalar field coupling to the curvature scalar is small but nepative
which in turn results in abundant photon production—and thus in growing magnetic fields—during inflation.
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|. COSMOLOGICAL MAGNETIC FIELDS ence on large scale structure and galaxy formation. The cur-
rent upper bounds from the CMBR are of the order 10
There is growing evidence that magnetic fields permeatgauss, while the bounds from structure formation are some-
intergalactic medium[1-4]. The galactic «-Q} dynamo what weaker. Fields stronger than about 1@auss at the
mechanisn{5] represents the standard explanation, accordtime of galaxy formationwhich correspond to about 18
ing to which small seed fields in protogalaxies are magnifiedyauss comoving field strengtare dynamically relevant.
to a microgauss strength correlated on kiloparsec scales ob- In this article we propose a novel mechanism for genera-
served today in many galaxies. Yet the dynamo does poorl§ion of large scale magnetic fields during cosmological infla-
as regards explaining the observed cluster fields, which aréon. Our mechanism is based on a model with a rather mini-
typically correlated over several kiloparsecs and can reach 1mal set of assumptions: We study the dynamicéoi-loop
microgauss strength. On larger scales the field strength droggiantum scalar electrodynami¢$2—1¢ in cosmological
quite dramatically, and it is characterized by a negative specpace-times, which can be naturally embedded into the stan-
tral index between—1.6 and—2 [4], consistent with the dard model(where the role of the scalars is played by the
Kolmogorov spectrum of turbulence. charged components of the Higgs figldr into supersym-
The seed field that fuels the dynamo, which amplifies themetric extensions of the standard modele charged scalars
galactic (and possibly clusterfields, has either primordial are the sypersymmetric partners of the standard model fer-
origin or it was created by the Biermann battery mechanismimions.
operative at the time of structure and galaxy formation, when
the Universe was about one billion years ¢&-8]. The
Biermann battery mechanism is operative in the presence of
obliqgue shocks, which generate nonideal fluid that violates We assume a standard model of the Universe, in which a
proportionality between the gradients of pressure and energyeriod of inflation is followed by radiation and matter eras.
density. Such a fluid can produce the vorticity required forThe background space-time during inflation can be accu-
the generation of seed fields, whose strength is typically ofately approximated by the de Sitter metrgm:aznw
the order 102° gauss. While in the protogalactic environ- (n,,=diad —1,1,1,1) with the scale factom=—1/(H7)
ments these seed fields may be sufficiently strong to fuel theor < — 5,=—1/H), where » denotes conformal time,
galactic dynamo mechanism, whether they can be used tgndH the inflationary Hubble parameter. After inflation the
explain the observed cluster fields is a highly controversialniverse undergoes a sudden transition to radiation domina-
question. Moreover, these fields may be insufficiently strongion, in whicha=H# (for > 7). When inflation lasts a
to explain the galactic fields observed in a couple of galaxiesufficiently long time, such that a de Sitter invariant solution
at higher redshift$1,2]. is established, the dynamics of photons that coupligtut
The quest for the fields correlated on much larger scalescalar particles, which in turn coupleearly minimallyto
has so far been unsuccessful. A notable exception is the rgravity, can be described by the Proca Lagrangi)
sult of Ref.[9], where a local field of about 1§ gauss
correlated on megaparsec scale is quoted. If established, the
existence of extragalactic fields would point at a primordial £, .=—~ P n"°F ,F
origin. Perhaps the most promising method for detecting pri- 4
mordial fields correlated over supragalactic scales is through @
their impact on the cosmic microwave background radiation
(CMBR) [10,11], and possibly through their dynamical influ- whereF ,,=d,A,—d,A, . The photon mass is given by
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where a=e?/4 is the fine structure constar®=12H? is  leads to the radiation era soluti¢ef. Ref.[17]). By match-
the curvature scalar of de Sitter spags, is the scalar mass, ing Eq. (5) to a linear combination of these solutions, one
and ¢ describes the coupling of the scalar fieldRo When  finds

0<mj<H? and - 1/12<£<0, boths andm’, can be nega-

. _
tive. We emphasize that there is nothing pathological about o= Ay [— 5, + BKAL L=, (7
this limit. Indeed, the de Sitter invariaitEeynman scalar . -
propagatoli Ag(x,x")=Gg(y) in D=4 readg12] Ao=a(d,A; )|77:11H+:8:(‘97/A12)|n:77..|’ (8)
21 1 1 where A;=Ag|,- _, andAy=(9,AQ)|,-_, . Solving for
= {__—_ R + : =1y 0 7K =~y
GeY) =y |y~ g+ =1+ @09,
3 Ao+ (i1k) A g Ao—(i1k) A ©
ak:—, K e —
wherey(x;x')=aa’H2Ax3(x;x') denotes the de Sitter in- 28 |-, 2A; | =,

variant length, and Ax3(x;x')=—(|n—7'|—i€)?+|x
—x'||2, e—0", such that a negative smadl introduces
negative, but finite, correlations, which are at the heart of the Al
mechanism discussed in this article. Ai(n)=Aq cosk(n—ny)+ Tsin K(n—nu) (5> 7).

The Lagrangeaiil) was derived in Ref[12] by expand- (10)
ing in powers of|s|<1 the one-loop(order a) nonlocal
effective action written in the Schwinger-Keldysh formalism. For modes that are superhorizon at the end of inflation (
In Ref.[12] we proved that, when written in the generalized <H) one can use the small-argument expansion of the Han-
Lorentz gauge, (a®»*"A,)=0 at the ordeO(a,s ™), the kel functionH M (k/H) to get(for »>>0)
effective action reduces to the Proca the@ty

such that the gauge field evolves in the radiation era as

Due to spatial homogeneity, the general solution for the T(v) o it
photon field of the Proca equation can be conveniently writ- Ag=—i T\/—(ZH)V k™"+O(k" k™", (11
ten as a superposition of spatial plane wavlg(x) ™
=& ,(k, 7)€", wheree,=(g¢,£). Thene, is nondynami- 1
cal and just traces the spatial components. The spatial com- Aj= ( v— 5) HAg, (12

ponents correspond to the three physical degrees of freedom,

and can be decomposed into longitudimali=Kk(k-£)/k’  This result is used below to calculate the magnetic field spec-
and transverse padt; ;=¢—¢, ;. From Eq.(1), one finds trum in the radiation era. Since matter era is a conformal
the following equation of motion for the transverse polariza-space-time, the field&as well as their spectran the matter
tion &1 ¢ during inflation: era are inherited from the radiation era field$).

(P2+K2+ m2a)sr i 7)=0, (4) IV. LARGE CONDUCTIVITY

e ) . . . An opposite extreme is a sudden increase of conductivity
wherek=||k|. Demanding that the solution of this equation j, radiation era, which occurs, for example, in the case of a

corresponds '_[0 i(icjrcularly polarizgld Y%g““m state fOEWT rapid thermalization after inflation, resulting in a largleer-
— —, one findser g(7)=Ag( 77)(6,;+|e,g)/\/§, wheree,  mal) conductivity. To leading logarithrtsquaredin the cou-

(7=1,2) are the transverse polarization vectors and pling constant, the evolution of the photon field is then gov-
erned by the Bdeker-Langevin equatiofi9]
1 /1 m?
= (— 1/2p(1) N B 4 2y T N — 23470
Ak_2( mn) " H(—ky), v= PR (5 (agd,+k)e(n)=a°¢'(k,n), (13

wheree| is defined byst;=3e €. . The stochastic force

&7 satisfies the following Markowian fluctuation-dissipation
relation:

where HY is the Hankel function. The second solution is
simply &7 «(7), such that the WronskiaW[ et ;&5 ;]=i.

I1l. VANISHING CONDUCTIVITY T Teir 20T 3 oIT ,
N - . - (E (k& =K'\ n"))=—(2m) 6" 8(n—7")
When conductivity in the radiation era is negligibly small, a
a smooth matching of the inflationary epoch solut{éi to

the radiation era modes x 83 (k—k"), (14)
1 whereT denotes the equivalent temperat(@@erage energy
AZ ()= —e k7 (6)  of the plasma excitationsThe factora®, which multiplies¢”
K \/ﬂ in Eq. (13), can be inferred from the fact that the transverse
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components of the current density are given jdy ¢cE” 100 F
+ &7, and from the transformation properties of the conduc-
tivity and the electric field. Equatiofl3) can be easily inte- 10l
grated,
2T m 1F .
T, K K "2 a ’ o
Sﬁ(ﬂ):f exp( —f dn"k?/(ac) | ——d7y =
7H 7' o 04 b
7 k? N oT
vexd Lﬁdn eXmm). (15) ol
Using this and Eq(14) one can derive the equal time cor- 0.001 . .
relator 0.1 1 10
k
T Tx FIG. 1. Magnetic field spectrum in radiation €f2l) for van-
(eg(meg,” (1) ishing conductivity on a log-log scale for=1 andv=3/2. (Nor-
” ” K2\ 2T malization is arbitrary.
=| dy ex —2f d7'— 7(277)3
H K The creation and annihilation operatmg anda£ obey the
x 8T 53 (k—K") commutation relation,[ég ,éZj,T] =(2m)38T s (k—K"),
n K2k - and aKZ| 0)=0. When(18) is squared and averaged over the
+ex;{ —f dn’ e )Sg( n)eg (mw).  (16)  vacuum state, one arrives at
7
A i Tocl/ hich is justified i d cl h 32( . X dk\ 2 1K 2
ssuminga, a (which is justifie in and close to ther- (B2(9,x))= ?|W| Ps, 7’52—4—2|A|2(77)| ,
mal equilibrium, one can perform the integrations to obtain am
(20)
T Vel * , L
(e(meg,” () where Pg="Pg(7,k) defines themagnetic field spectrum
aT and W(¢,k) = [d32W(z, ) exp(k-2) is the momentum space
2 ' > > 2
=F[1— e (KTanNAm(27)357T 5()(k—Kk') window function[ W= exp(—k?¢%2) for the coordinate space

window functionWmentioned abovie
2.4 1,12 When conductivity is vanishingly small, the spectrum in
+ex;{ ~ 2 An)gg(’r]H)gE:*(nH), radiation era can be calculated by inserting Hd9)—(12)
o into (20). The result iswhena>1)

17
1 1’*2( V) (ZH)Zv+1

1\?
where A = — 5y, such that the spectrum is neatly split PB:; (2m)3 K23 v E) Sire k(9= 7)1,

into the thermal and primoridial contribution. 21)
V. MAGNETIC FIELD SPECTRUM such that on superhorizon scaleg<1 the spectrum2l)
. . Pgx k®~2¥ and on subhorizon scales the spectrum is oscil-
When suitably averaged over a physical scalg=al,  |atory, with the envelope scaling &gxk®~2". This spec-
the magnetic field operator can be defined as trum is shown in Fig. 1 on a log-log plot. Note that scale

invariance is reached fow;,=5/2 (superhorizon scalgs
> - TN via= 3/2 (subhorizon scales
B‘(”’X)zf dPyW(x—y,)B(7.y), (18) In the limit of a large conductivityr, the magnetic field
spectrum can be split into the contribution from thermal ex-
where W denotes a coordinate space window function,citations and the primordial contribution. A new scale arises
which, e.g. can be chosen asw=[2m(2] %2 in Eqg. (17), associated with the momentum

x exf —||x—V|[%(2¢?)], and
A~ X yl(2¢7)] = JTT, o
R | d%k . ST R hich fer t theonductivit le The th |
B(n.y)= — K A T0Ky3T el which we refer to as theonductivity scaleThe therma
(7.Y) azf (277)3I 27 (A e ay ¢ spectrum can be inferred froifi7): In the ultraviolet P

(19 «k3 (k>k,), while in the infraredPg‘oc k> (k<k,), imply-
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FIG. 2. Magnetic field spectrum in radiati¢g@83) when a large
conductivity sets in rapidly after inflation on a log-log scale for
=1 andv=>5/2. (Normalization is arbitrary.
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FIG. 3. Spectral index for subhorizon modes in the low con-
ductivity case[cf. Eqg.(21)] as a function of the scalar coupling to
gravity ¢ (with @=1/137 and the scalar mass, =10 3H?).

ing that thermal excitations give rise to fields of negligible conversion is efficient provided the radiation era is charac-

strength on cosmological scalesee Ref[17]).

terized by a low conductivity. This mechanism was used in

The primordial contribution to the spectrum can be ob-Refs.[12—-18 to argue that a spectru,>=¢ ! can be ob-

tained from Eqs(11), (17), and(20),

o

such that the spectrum is exponentially cut off whien
>k, . The flat spectrum is reached foj,=5/2 for k<k, .

i 1‘*2( V) (2H)2V*l

,Pgrim:
a4 2 773 k2vf 5

(23

~ho(-ath

This spectrum is shown in Fig. 2 on a log-log plot. Since

typically in radiation erac~T>H/a (a>1), k, =k, /a
>H(t)=H/a?, implying that a rapid growth in conductivity

tained from inflation, which could be sufficient to seed the
galactic dynamo mechanism.

Whenée (—«, &), however, gauge fields exhibit insta-
bility and are enhanced during inflation, such that the spec-
tral index of subhorizon modes drops fram=2 whené—

—oo, to flat spectrumtf=0), when

2
a  mg

Effar= — 87 197’ (24)

to n<0, whenée (&har,éarit)- A negative spectral inder

after inflation freezes out large scales magnetic fields anek —2 would imply a growth in magnetic field energy during

destroys the small scales fieldslectric field spectrum is

inflation, resulting in a divergent magnetiand electrig field

completely destroygd such that no oscillations are presentenergy, as it can be inferred from Edg1), (23), and(20),

on subhorizon scales. Thus, the absence or presence of sufith YW=1. A proper study of this case would require an
horizon oscillations, and observation of a conductivity scaleinclusion of backreaction of the electromagnetic field on the
can be testing grounds for the conductivity history duringbackground space-time, which is beyond the scope of this
radiation era. article. A spectral index1>—2 on subhorizon scale®r n

>0 on superhorizon scalgsesults in an acceptable mag-

VI. DISCUSSION

The spectrun{21) can be thought of as a function of the
scalar coupling to gravit¥ and its massng, which are

netic field spectrum on cosmological scales, whose dynami-
cal impact on CMBR and large scale structure formation
should be considered.

fundamental parameters characterizing a scalar field. To il- Speqtrum normalization today can be determined f“?m
lustrate this point more precisely, we show in Fig. 3 theMagnetic field strength at a co-moving scale corresponding

spectral indexn=3—2» characterizing the spectrum enve- [© the Hubble scale at the end of |nf|?§g)h4H). At the
lope of Pa=k" in Eq. (21) on subhorizon scalesk/a co-moving |nflat|on7scale€H;3 m~10 _parsec(corre-_

S H(t) [or By=(B2)V2c(~"2 (n£0), B, ~In(f) (n=0) sponding toH~10%" Hz~10' GeV) the field strength is

: e N P aboutBy~ 10" 2— 10" ! gausg20]. Therefore, if the spec-
in Eq. (20)]-2 Bethen §=Eoi=—my/(12H%) and §=&3  yrym js(almos flat, the magnetic field is potentially observ-
=(al/m)—mg/(12H%), n=3, equal to that of thermal spec- gple py the next generation of CMBR experiments
trum. Above¢>¢£5, n drops, reaching an asymptotic value (PLANCK satellit, as well as of importance for the dynam-
n—n.=2 when{—o=. The spectral index on superhorizon ics of large scale structures of the Universe.

scales is obtained simply by replacimg-2—n=5—2v.
When compared with the vacuum spectrumg®ck?® (k
<H), a spectrum witin € (2,3) exhibits an enhancement of
magnetic fields on subhorizon scales, which is due to a con- We would like to thank Richard P. Woodard for discus-
version of the electric energyvhich is enhanced during in- sions. E.P. would like to thank Michael G. Schmidt for guid-
flation) into the magnetic energy during radiation era. Theance in his diploma thesis, which inspired this work.
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