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Magnetic field production after inflation. Andrés Diaz-Gill

1. Introduction

There is a large amount of indirect observations of the pEsef large scale cosmological
magnetic fields (LSMF) with scales that go from the size ofgials to the size of superclusters,
with a relatively big strength [1]. It is believed that thesagnetic fields were present in the form
of a magnetic seed before the epoch of structure formatiahtlaat they were amplified to its
present magnitude. Although there are several attempteptaie these magnetic field seeds, their
origin is still a mystery [1]. It is tempting to speculate vither they could be generated within the
inflationary paradigm [2]. Our present work is along thesedi Taking the end of inflation at the
electroweak scale, we propose to place the origin of LSMménvery out of equilibrium epoch
called the preheating era. Our first aim is to throw some ligtat the process of electromagnetic
field production during this period.

1.1 The model and the method
We consider a hybrid inflation model which has the field contéithe Standard Model (SM)
gauge-scalar sector plus a singlet scalar field, the inflatmupled to the SM Higgs:

1 1 1
£ = ~3GL,GE — SRR+ TH[(D,0)DHO) + ()2 - V(®x), (LD

with ® = 3 (@ 1+ i¢?1,) the Higgs field,x the inflaton ands%, = 9,A3 — 9,A% + g, e2°ALAS
and FJV = d,By — 9,B, the field strengths of the SU(2) and U(1) gauge fields respdyti The
covariant derivative isD,, = d;, — 50,,A% Ta — 50, By, with g,, the SU(2) gauge coupling argj
the hypercharge U(1) coupling. The scalar potential inetua coupling to a massive inflaton:

1 A 1
V(®,X) =Vo+ 5(@°x* — ) |9* + Zlol* + Sux?, (1.2)

where|<p|2 =2Trd'®d, u is the inflaton mass in the false vacuum ane: VAV, v=246 GeV.
During the period of hybrid inflation the inflaton field is damated by its homogeneous mogle
Inflation ends at =t; when this mode slow-rolls below. =m/g where the Higgs becomes mass-
less. Around this timeo= xc(1—Vm(t —t¢)), with V the inflaton dimensionless velocity. After
tc a negative time-dependent mass-squared of the Higgs isedduDuring the subsequent evolu-
tion, the low momentum modes of the Higgs grow exponentially process known as “tachyonic
preheating” [3]. Preheating in this model has been proposRéfs. [4, 5] as a mechanism for elec-
troweak baryogenesis, an appealing possibility that has bamerically investigated in [4, 6, 7].

To compute the time evolution of the system after inflatiodserwe have used the classical
approximation (details can be found in [6] - see also [8]). $totable parameter choices, the growth
of the Higgs field low momentum modes takes place before imaadities in the Higgs potential
and the coupling to the gauge fields have become relevants, Tme can exactly compute the
guantum evolution of the Higgs field. Itis such that, aftertaley the tachyonic modes of the Higgs
evolve like classical modes. This initial stage is very fastl therefore the remaining degrees of
freedom can be assumed to remain in their initial quanturmwac(ground) state. Once sufficient
number of Higgs modes have become classical we substitatexiict quantum evolution by the
classical one. For consistency, this substitution shoalddne before non-linearities have become
relevant. The advantage of this approximation is that dvedl to treat the full non-linear evolution
of the system by lattice techniques.
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2. Results

The results presented here correspond to the particulamechbparameters denoted as Model
Al in Ref. [6]. For this model the inflaton velocity=0.024,g° =24, g,, = 0.05, and the Higgs to
W boson mass ratio is given g, /m, =4.65. Here we also introduce the U(1) hypercharge field,
fixing g, to reproduce the experimentally determined Weinberg arigies choice of parameters,
although far from the physical value of,,, allows an optimal control of lattice and finite volume
artefacts for the lattices sizes reachable with our presamiputer resources [6]. Results for phys-
ically relevant parameters will be presented elsewherel[Bé chosen values of the lattice cut-off
arema=1.31 (NS=32) ma=0.87 (NS=48) anana=0.655 (NS=64). The time-like lattice spacing
& must be smaller than the spatial one for the stability of tiserdtized equations of motion. We
have chosel/a; = 40 and 80 and checked stability of the results under thisggan

2.1 Means and Spectra

In Fig. 1 (Left), the time evolution of¢|/v) and(X/x.) illustrates the process of symmetry
breaking: the Higgs starts in the false vacuunt att. and quickly evolves into the symmetry
broken phase. Fig. 1 (Right) shows the late time behaviouhefdifferent components of the
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Figure 1: Left: The time evolution of|¢[/V), (X/Xc). Right: Late time behaviour of the different compo-
nents of the energy, normalized to the total energy, for N&5=4

energy, normalized to the total energy, fioa=0.87. The evolution is such that kinetic and potential
energies virialize as for harmonic oscillatof&itetic) = (potentia}).

We are interested in the behaviour of electromagnetic fielag after symmetry breaking. It
is not obvious that our approximations remain under cofiorouch late times. The validity of the
classical approximation rests on the fact that the taclyiofiiared modes dominate the dynamics.
This cannot happen if ultraviolet modes are strongly egaitéen the physically relevant processes
take place. A way to expose the range of relevant momentaaisatyze the Fourier spectra of the
(gauge invariant) energy densities. Fig. 2 shows, as astridition, the time evolution of the spectra
of the inflaton+Higgs contribution to the kinetic energy aridhe electric component of the SU(2)
gauge field energy. To enhance the effect of lattice arefactiarge momenta, we pldé€|E (K)|.
Note that the presence of the lattice cut-off truncatesdhge of allowed momenta. The number,
N(k), of lattice momenta of norrk should be proportional tk? in the range of relevant momenta
for the cut-off not to distort the physical spectrum. Deigias ofN (k) from thek? behaviour appear
for k/m> 2.5, 3.5, 4.5 for NS= 32, 48, 64 respectively. It is clear fritra figure that the NS=32

242 /3



Magnetic field production after inflation. Andrés Diaz-Gill

lattice is off. NS=48 starts showing deviations, for phgélic relevant momenta, for times above
mt~ 100. These deviations, however, seem to remain small up th fanger times. Full checks
of cut-off independence by going to larger lattices will end in the near future. Nevertheless,
given these results, our approach to study the evolutioo vgatively large timeant~ 250, seems

viable. The time ranges in this study are four times largentfnose in Ref. [6].
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Figure 2: Spectra of the inflaton+Higgs kinetic energy and SU(2) eleenergy.
2.2 Electromagnetic field production

In order to analyze the production of electromagnetic fiald$ave, first, to extract the Ugk)
content of the SU(23U(1) fields in the Lagrangian. Details of the lattice implearation will be
given elsewhere [9]. In terms of the SU(2) link, (x), and the hypercharge Iinllé,l(x), one can
express the field associated to thboson as:

ES T 35 a—
Zy(n) = —Tr(irg % Uyu(n) % B“(n)) a9 au9z7Zy, (2.1)

with a0 = @, 8y = & andgz the Z boson coupling. The field strength of the U{l)field is
~ 2 ~ ~ ~ ~
obtained from:Fg(n)? = 1— cos( = Fi,(n) — FJV(n)) , with Ff,(n) =2, (n)—Zy(n+ 1) —

%+
Zy(n+v)—2Zy(n) andF,(n) = é“(r:) —WBV(n+ p)—By(n+v)—By(n). In the continuum limit
Fov' — agaveRR, with 7 the continuum electromagnetic field strength.

In computing the field strength of ttifeboson,lfﬁv, from Eq. (2.1) there is a complication that
arises due to the possible discontinuous behaviodr'éf) /|(n)| at points where the Higgs field
is zero. At such points th& boson and the electromagnetic field strengths can showtiaéladelta-
function behaviour. This gives rise to the appearance ofsuating spikes in the corresponding
energy densities which affect also spatially averaged tifies1 Although configuration averaging
smears out the effect of the spikes, they give rise to a veigyrgignal. One way to improve
the signal is to eliminate from the spatial averages thetpaitere the Higgs norm gets closer to
zero than a certain valuex|. Taking|g| = 0.08 considerably reduces the noise and gives results
compatible within errors with those obtained from largetistics sets. The appearance of these
spikes is rather common in the first stages of the evolutioare/the Higgs field gets rather often
close to zero. It becomes more rare as time evolves, althoagasionally they can also occur
at times at large asit = 200. It is attractive to speculate that these zeroes coulikbeciated to

sphaleron-like configurations, a point that deserves éurithvestigation [9].
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Figure 3: Left: Late time behaviour of the electric and magnetic congs of the U(1y energy, normal-
ized to the total energy. Right: Longitudinal and transegarts of the electric component.

Figure 3 shows our final result for the late time behaviourhef ¢lectric and magnetic com-
ponents of the U(L), energy, normalized to the total energy. Results are showtwiw different
lattice spacings, agreeing well within errors. A detailedlgsis of the properties of the electromag-
netic field will be deferred to a future paper [9]. Here we onlgnt to point out that a separation
between the longitudinal and transverse components ofl¢iutrie field can be easily performed
by going to Fourier space. The result is shown in Fig. 3 (Rigfthe longitudinal component
decreases with time. This is the expected behaviour at targss since the system evolves into a

plasma with charge density going to zero.
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Figure 4: Left: The late time behaviour of the variance of the Higgs anfiditon fields. Right: Spectra of
the SU(2) electric part of the energy showing a self-sinstaling according to Eq. (2.2).

2.3 Kinetic turbulence

According to Ref. [10], systems like the one we study evolweards thermalization via a
period of kinetic turbulence. This regime is characteribgda specific behaviour of the variance
of the scalar fields together with a particular scaling of ¢hergy spectra. To be concrete, one
expects for the scalar field$p?) — ()2 ~ t~V with v = 2/(2m— 1) in three spatial dimensions
and form-particle interactions. At the same time the energy spesttoav a self-similar behaviour:

E(k,t)
k

whereq= 3.5p and p = 1/(2m—1). Ref. [10] analyzes models containing only scalar fields.
The characteristic times for the kinetic turbulence regaremt > 3000 after inflation ends. We

n(k,t) =t~ 9ng(kt™P), with  n(k,t) = (2.2)
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also find that our data enter a regime of kinetic turbulenaéttis happens at much earlier times
mt > 50, presumably due to the larger number of degrees of freedtm variances of the Higgs
and inflaton fields are shown in Fig. 4 (Left). They follow thgected behaviour witm=4 for the
Higgs andm= 3 for the inflaton. Fig. 4 (Right) shows the spectra of thetelepart of the SU(2)
energy for several times fromt = 55 up tomt = 250. The data remarkably follow the self-similar
behaviour of Eq. (2.2) witlp = 1.1/7, very close to the value expected foe=4. The early onset
of kinetic turbulence is good news since it allows extrapolaof the time evolution beyond the
limitations set by our numerical approach.

3. Conclusions

Making use of the classical approximation, we have studiegptoduction of electromagnetic
fields during preheating after a period of low-scale hybnitiation. We present here a feasibility
study showing how our approach reliably describes the @eolwip to rather large timegjt~ 250.

We have extracted the total electric and magnéf(t)en energies. Concerning electric fields
we observe a damping of the longitudinal component of the #rlength, corresponding to the
gradual neutralization of charged particles in the prirradrglasma. The total magnetic field adds
up the contribution of radiation and the primordial magneteed. The separation of the latter
will be deferred to a future publication [9]. It is particdlainteresting the fact that, very soon after
inflation endsint > 50), the SU(2) energy spectra show a self-similar behagre Fig. (4)). This
is a signature of kinetic turbulence. We still have to chdwit this seed gives rise to a magnetic
field correlated over large scales (comparable to the hoyjznd that it remains correlated for a
sufficiently long time.
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