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1. Introduction.

There have been many theoretical attempts to explain tiggnasf large scale cosmological
magnetic fields (LSMF) [1]. The main difficulty resides in @nstanding their correlation scale
which ranges from the size of galaxies to clusters and stipsters with an amplitude of the order
of micro-gauss, pointing to a primordial origin. Followitlte work initiated in [2], we address this
issue in the context of a cold electroweak transition takilege after a period of hybrid inflation.
The EW transition has been in the heart of many proposalsdeead magnetogenesis, linking it
in many cases with the generation of the baryon asymmetrg.ré&$ults presented here resemble
the mechanism proposed by Vachaspati connecting the ameaof magnetic fields to that of
sphalerons and Z-strings [3].

The model we have considered is a hybrid inflation model vhightosonic field content of the
Standard Model coupled, via the Higgs field, to a singlet infia
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The couplings are fixed to the standard model values for akraios of the Higgs to W masses.
For concreteness, we have fixed the inflaton to Higgs coupljntie relation:g? = 2A. To solve
the time evolution of the system, starting at the end of iiffgtwe have performed a numerical
evolution based on a suitable classical approximation éndetails can be found in Refs. [4, 2, 5]).
In this work we discuss the results fty = 4.65 Myy. Results for more realistic values will be
presented in [5].

2. Simulation results.

The evolution of the scalars shows two regimes that deteritia behaviour of the system.
The first one is the spontaneous symmetry breaking (SSB) sthigh proceeds via the generation,
expansion and collision of bubble-like structures in thgddifield [4]. It is in this regime where a
rich phenomenology can arise, including the generatiom@tiaryon asymmetry of the Universe
and a stochastic background of gravitational waves, seg. Ref6, 7, 8], and where we place the
origin of the LSMF. In our simulations this regime startshtigfter the end of inflatiomn(t~5—10
for My = 4.65 My ) and lasts until times of ordent~ 35—40. After this relatively short stage, a
period of slow approach to equilibrium follows where two iongant phenomena appear: turbulence
and thermalisation of high momentum photons.

2.1 First regime: Generation of magnetic fields.

The simulations show that magnetic fields are predomingaherated in the SSB regime. We
have already mentioned that bubble collisions are resplenfr SSB. Bubbles originate at peaks
of the initial Higgs Gaussian random field and expand frommetlen [4]. As exhibited in Fig. 1
(Left), the regions between bubbles remain for a longer iimine false vacuum, giving rise to
string-like structures of local minima of the Higgs-fieldiré@gly correlated with them, magnetic
fields appear dominantly in the form of magnetic strings, Bige 1 (Right). We conjecture that
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Figure 1: Top: (Left) Locus of points where the value of the Higgs nosnbélow 053. (Right) Locus of
points where the U(1)-magnetic energy is abose Bottom: (Left) Smeared density of the U(1)-magnetic
energy. (Right) Smeared density of the magnetic comporfehed field. Both above 0.1. All ant = 15.

these magnetic strings originate from sphaleron-like gométions which are copiously produced
during SSB at the location of Higgs-field zeroes [4, 8]. Fan4zero Weinberg angle the magnetic
field generated by the sphaleron looks like a magnetic dijddle12]. Then, as in a ferromagnetic
material, these dipoles would tend to align along the stoihigiggs-zeroes generating a magnetic
string. One remark has to be done concerning Fig. 1. The pistahlower cutoff giving the
impression that magnetic lines are open. This is just a ptioje effect, and places where the
magnetic strings seem to end are just places where the n@afingtspreads.

The picture that we extract resembles the mechanism prdpo$ef. [3], in which magnetic
strings also appear at the electroweak phase transiti@haemrelated to Z-strings. The bottom
half of Fig. 1 shows the smeared Z-magnetic field togethen thieé smeared U(1)-magnetic field
atmt= 15. The correlation is manifest. In this plot the string stawe has been enhanced by
performing smearing (averaging the fields over the neididimat of a point). This helps in two
ways: first, it smooths the central singularities of thengfsiand secondly, it clears up the radiation
background of non-coherent fields. The procedure resgeetetjions where the scales are roughly
constant and does not disturb the whole picture as far asigblvorhood involved in the averaging
is smaller than the width of the string-(1/M).

Having a mechanism for generating magnetic fields, two itgmbrquestions arise, and the
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Figure 2: Left: AveragedBy (rp), Eq. (2.1), amt= 10. The center of the box is chosen to be the maximum
value in the center of a string. The plateau length providesstimate of the minimal length of a representa-
tive string. Right: Dependence BE = (é%) on the time-interval lengtfi, see Eq. (2.2)B2 is normalized

to the total energy density.

viability of this mechanism as LSMF generator depends om #mswer. These questions are:

e Are the scales of the generated magnetic fields large enauggthe seed of LSMF?
e Do they persist in time long enough to be used as seeds of LSMF?

A qualitative answer to the first question can be extractedhfFig. 1. Individual strings
merge due to magnetic reconnection forming a cluster of thermf the box size. This merging
of individual strings is essential to enhance the largeessilicture of the fields. In order to give a
guantitative measure of the nature of the magnetic fieldobbpes actual strings, we have analysed
the following quantity:

BL (o) = é /L . OB, @.1)
where the integration is on a box of lendthcentered at a poimg belonging to one of the strings.
Figure 2 (Left) shows thé& dependence df?By (ro), averaged over several configurations. The
expected behaviour @, (ro) if ro is in the central core of a string-like object is clear. Iresttie
string the magnetic intensity is roughly constant, so thegral goes like the volume of the box and
BL(rp) is constant. Once the size of the box gets larger than theedéarof the string, the integral
only grows along the direction of the string aBd(rg) ~ L~2. This gives the plateau seen in the
figure. The small errors indicate that the string objectsaarige configuration independent.The
length of the plateau provides an estimate of the minimajtlenf the string as an isolated object.
It indicates a mean minimal string length of orddy, L ~ 4 — 5, which is a significant part of the
total length. For larger values tfthe merging of strings and the fact that more strings areiegte
the box, change the behaviour to a volume like one, Bit{ro) roughly constant.

The time persistence analysis is quite more subtle. A d@etahalysis of the behaviour in
time of the low momentum magnetic field spectra is on the walvaiil be presented in [5]. Some
preliminary conclusions can already be presented herend éiverage can be defined as follows:

Br(to) — % /T o, 4B, 2.2)
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Figure 3: Scalar variances, Eq. (2.4), plotted in logarithmic scataffferent lattice spacings and volumes.

this is, the integral over a time interval of lengththat starts aty. This time-averaging can be
seen as a way to eliminate short scale magnetic fields, asdietion fields. For instance, for a
monochromatic wave,

= 1/ 5 sin(|k|T/2)
2 - 2\\/2 _
(Br?) ~ 7 [ AKB? WA T), W = 2 ™,

(2.3)
where the average is both over space and configurationsafgeT, momenta withk| >> (T)?

are suppressed. We can use that to estimate the length dafmihénterval for which all momenta
but our minimal momentani, = 277/L are suppressed. This gives a window of possible intensities
of the magnetic seeds coherent at scales larger or equat scthe given by the size of the box.
Fig. 2 (Right) shows the dependence(kﬁﬂ2>, normalized to the total energy densipy), on the
length of the time intervarl , for pmin = 0.15m. Note that the average turns out to be quite indepen-
dent of the starting point of the averagityg indicating that the sub-leading large scales are quite
independent of time. From the values abové ~ 6 we obtain a windowB2) ~ [10-2,10 %] po.
Assuming the magnetic field expands as radiation, this wgiviel magnetic fields today of order
[1,0.3]uG, which are in the range of the observed ones in galaxies,\srdie clusters of galaxies,
where no-extra amplification through a dynamo mechanisreggected.

2.2 Second regime: Turbulence and photon thermalisation.

Once the SSB takes place, the system starts a slow approaghilibrium. This proceeds via
a period in which the scalars and also some of the gauge degfdéeeedom undergo a turbulent
regime. Turbulence in the scalar fields manifests throughtithe evolution of their variances
shown in Fig. 3. As predicted by [10] and also shown in [2, @}iances follow the law:

2
()= (02~ v s (2.4)
for m-particle interactions and denoting each of the scalars. The change in model parameters
with respect to [2], wherdy = 6 GeV, results in a modification of the turbulent behavioune T



Primordial magnetic fields at preheating.

A. Diaz-Gil

20

18| Mt=85
Radiation
161 it
141
212f
=
510 s
g 8}
6l
| |
2 N >
0 .."'/'
0 1 2 3 4 5 6 7 0 0.04 0.08 0.12 0.16

k/m B2/m*

Figure 4: Left: Iog(ng1+ 1) and Right: logD(B)/B?), Eq. (2.5), for the spectrum of photon radiation at
timesmt = 85 andmt = 225 respectively.

parametem, now turns out to ben= 5(4) for the Higgs (inflaton), which differs from the former
m = 4(3) obtained in [2], but is in agreement with [9].

In Ref. [2] we showed the self-similarity of the momentum cpe of the SU(2) degrees of
freedom long after SSB. This additional sign of turbulenodidated a departure from thermal
equilibrium. High momentum photons, however, thermalisg/\early in the evolution. In thermal
equilibrium the radiation occupation number is expecteleioave according to the Bose-Einstein
distribution: n, = (exp(Bk) — 1)~1, from where the thermalisation temperature can be exttacte
Fig. 4 (Left) represents A+ nlzl) for photon radiation. Photons with momenta abavéollow
the Bose-Einstein law. The temperature extracted is of tHeraf My, from timesmt ~ 40 on.
Thermalisation is corroborated by analysing the distidsubf norms of the magnetic field. In
thermal equilibrium this distribution is given by [5]:

2T
15

Fig. 4 right showsD(B). From timemt ~ 40 on the equilibrium distribution is reached, with
a temperature in agreement with the one extracted from teetrsp In both plots a systematic

deviation from the thermal behaviour is observed at the lommnta, large norm, part of the fits.

It is there where the interesting magnetic string strustueside. An analysis of the possible, late
time, turbulent and helical behaviour of the low momentum pathe magnetic field spectrum is

on the way and will be reported elsewhere.

D(B) = B2 e 3®/(2F)). (B2 = (2.5)

3. Conclusions.

We have analysed numerically the proposal that long rangmeti fields could be generated
during a cold electroweak transition after a period of lowlscybrid inflation. The generation
mechanism is mainly based on two facts:

e Atthe SSB stage bubble-like structures, associated td toagima in the Higgs-field norm,
appear. Points outside the bubble front, remaining clofleetéalse vacuum, form string like
structures.
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¢ Bubble collisions give rise to sphaleron-like configurati@ttached to the location of zeroes
of the Higgs field. FoBy # 0 these sphalerons behave as magnetic dipoles.

These two ingredients together lead to an allignment of phalgrons’ dipoles forming mag-
netic string networks as we have observed in our simulatiSasne results concerning the coher-
ence and intensity of the generated magnetic fields havegresented. A further analysis of the
time evolution of the magnetic field, as well as the study efdependence of thdy to My ratio
will be presented in [5].

We have also discussed some features of the late time behafithe system, among them,
thermalisation of photon radiation and turbulence in traeadields.
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