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The author analyzes the spectrum, amplitude, and evolution of a tangled primeval
magnetic field generated by macroscopic dynamo activity arising during a first-order
phase transition in the early universe. The effects of the field on the matter distribution
at late times could be much larger than that of the adiabatic or isothermal density fluc-
tuations generated by the transition. With optimistic assumptions, magnetic fields
generated during a transition at 7'~ 0.2 GeV could lead to the collapse of gas clouds of
~101-5p1 ® after recombination, and to the formation of pregalactic stars or quasars.,

PACS numbers: 98.80.Bp, 52.30.+r, 98.50.Eb

Recent work in the theory of fundamental inter-
actions has shown that hot expanding matter prob-
ably undergoes various instabilities during one or
more first-order phase transitions at tempera-
tures of order AT ~0.2-100 GeV.! In a cosmo-
logical context these instabilities lead to macro-
scopic structure, and it is tempting to speculate
that they are ultimately responsible for the large-
scale inhomogeneity of matter that we observe.
Thus it is interesting to explore the various ways
in which these instabilities could affect the mo-
tion and distribution of matter on larger scales
than the domains formed in the transition (which
will be called “bubbles”), and at temperatures
much lower than the transition temperature.

Here I estimate the possible effect of a tangled
macroscopic magnetic field which may be gener-
ated during such a transition. I find that in prin-
ciple these magnetic fields could have nonnegligi-
ble consequences at late times; with optimistic
assumptions, they could trigger the gravitational
collapse of matter after recombination.

The role of primordial magnetic fields in cos-
mology has been studied previously, particularly
in relation to the origin of galactic spin and mag-
netic field, and in relation to the formation of
galaxies themselves.? In most of this work, the
existence of the primordial field on galactic
scales was either postulated ad hoc or attributed
to large-scale primordial helical perturbations
or turbulence, which are themselves implausible
for other reasons.® Here, I calculate the proper-
ties the field would have if it were produced by
an astrophysical dynamo powered by the ordered
release of free energy during a phase transition
at high temperature. Since the dynamos which
generate and amplify astrophysical magnetic
fields are not well understood even in more ac-
cessible environments, this paper deals primari-
ly with the separable problem of large-scale
properties of the field and its behavior at late
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times. The statistical spatial distribution and
amplitude of the field on scales much larger than
the maximum bubble size is derived from scaling
and equipartition arguments without reference to
the precise dynamo mechanism which creates the
field. A simplified description is then given of
the evolution of the field in the standard “big
band” model up to recombination and its effect

on the matter distribution. As it turns out the
residual field at the present epoch is insignificant
on galactic scales compared with the observed
fields. Nevertheless, the field at recombination
may be strong enough to have significant dynami-
cal effects. The field stores some of the free en-
ergy released by the transition and converts it
later into ordered macroscopic motion on very
much larger scales than the original bubbles,
with an amplitude which may be sufficient to trig-
ger the formation of population III stars or other
“seeds” for galaxy formation.*

Several different types of dynamo mechanism?®
could operate during the period when the kinetic
energy of bubble walls is being dissipated. The
most direct way to channel energy into the field
would be to exploit macroscopically correlated
forces which act differently on positive and nega-
tive charge carriers in an environment where the
resulting motion of the current-carrying particles
serves to amplify an existing field. (A “seed”
field is probably provided because bubbles nucle-
ate on a microscopic scale.) A laboratory prece-
dent for this type of field amplification occurs in
laser-irradiated plasmas,® and a similar process
may occur in the crusts of neutron stars at the in-
terface between two phases associated with a
large heat flux.” An analogous thermoelectric ef-
fect could occur in cosmological bubble walls sep-
arating two phases, in which the steep gradients
in radiation temperature and Higgs field expecta-
tion value (or other order parameter) could pow-
er currents in electrons and quarks (and possibly
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charged bosons) to amplify an existing seed field.
In what follows we simply assume that bubbles
act as independent dynamos.

The maximum amount of power which can be
injected initially into large-I magnetic field struc-
ture may be estimated as follows. For simplicity
suppose that each bubble’s magnetic field lines
form loops confined to the bubble walls. When
bubble walls collide the fields from each bubble
are “stitched” to those of its neighbors by local
magnetic reconnection. Because the dynamo ac-
tivity is uncorrelated on scales larger than the
bubble radius 7,, the loop structure in different
bubbles is uncorrelated, and an individual field
line, instead of turning back in a closed loop on
the scale /,, soon loses any memory of where it
started and executes an infinite Brownian walk in
space with a step length /,. These lines traverse
regions of space even on scales where no causal
connection has yet occurred. Define B, to be the
flux of B field lines remaining after tangles be-
low a scale ! are smoothed out by viewing the
system with spatial resolution ; therefore B,?
is the kinetic energy density ultimately available
from straightening tangles on scale /. To esti-
mate the flux B, we need to calculate the rms net
flux through “smeared” surfaces of radius / and
effective half-widths of order [ (it is necessary
to use such smeared window functions because
sharp surfaces would sample high-wave-number,
small-] tangles.) Because the orientation of the
lines is random the rms net magnetic flux through
such a fuzzy surface is B,~Vn/I?, where 7 is the
total number of lines which traverse the surface
in any direction (as seen with resolution 7). If
the lines were smooth on scale [ or if the surfac-
es were sharp we would have n« 2, but for Brown-
ian walks the total effective length of each of the
lines decreases with coarser resolution, like [7%,
so that the total number intersecting a fuzzy sur-
face must only increase like nol. (As the sur-
face gets less fuzzy we pick up more flux because
some of the lines which turn back on themselves
get resolved.) Therefore this model leads to a
spectrum B ocl™ %2,

It is interesting that this acausal propagation is
capable of producing large-scale fields as strong
as the causal superposition of dipole fields in a
vacuum. An easy way to derive this scaling is to
imagine space filled with randomly placed, ran-
domly oriented current loops of radius /, and lo-
cal field strength B, ; the magnetic dipole mo-
ments of these loops add linearly and so the mean
field strength at a distance ! due to N=(/1,)® ran-

domly oriented loops is about
B, =Y NxB, (1,/1)°= B, (/1,)"*?, (1)

where B, (1,/1)° is the field strength contributed
by each loop at a distance /. It would be mislead-
ing to derive the scaling this way for the cosmo-
logical model because field lines do not propa-
gate freely through the plasma; however, this
example is instructive because it demonstrates
that one does not need to generate currents with
correlations extending to infinity in order to
create a field of infinite random walks. Note that
the available kinetic energy density B,?«l”® and
is not the same as the dispersion in total magnet-
ic energy density between regions of size [,
which goes like N" 2 c]”%%, Most of this disper-
sion is contained in small-scale tangles.

The amplitude of B,,, if it is not entirely negli-
gible, may be estimated from conventional “equi-
partition” arguments. For the turbulent dynamo,
this would suggest that B, ?~v%, where € ~gT*
is the total energy density of matter and radia-
tion, 2¢ is the number of effective degrees of
freedom, and v is the characteristic velocity of
the motion. For a relativistic phase transition,
the total free energy available is often of order
€, so that v may not be much less than unity—in
other words, a significant fraction f of € may be
shared with the magnetic field, at least for a
short time, on the scale /,, and we may write
B,bz = fe regardless of the specific dynamo at
work. At the time the field is generated we then
have B,*=(l/1,)"3fe. Also, the scale of the bub-
bles I, is characteristically of the order of the
Hubble length scale t = €™ %G~ Y%, which we pa-
rametrize by writing 7,=xt (for typical transi-
tions,® x lies in the range 107*<x < 107%). 1t is
convenient to write in terms of the comoving rest
mass M of baryons in a volume 73:

B2=(/M,) Ve, )
where

My=x*S""g" V¥ T gy °M (T 21 GeV) (3)

(cT™2% for T < 1 GeV) is the rest mass of baryons
in a typical bubble, which depends on the entropy
per baryon S (observed to be of the order of 10%~
1011).

If the field lines were frozen to the comoving
frame, the total flux through a comoving fuzzy
surface would remain constant and therefore B*
would scale like @™, just as density € does in
relativistic matter. Thus B,*/€ is conserved on
scales which have not yet unwound. However, as
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soon as the forces driving the dynamos have
stopped the field starts to unwind and reconnect,
from small scales upwards, introducing an or-
dered force density on matter of order B,?/I on
each scale. On scales which are optically thin,
the radiation may be thought of as a uniform
“stiff” background, and the two main forces
which oppose the straightening of the field lines
are (1) the inertia of the matter being dragged by
the field, and (2) the viscosity of the radiation
dragging on free electrons. Effect (1) gives us
the Alfvén velocity on scale I, v ,=(B,*/€,)"?,
where €, is the mean matter density. Effect (2)
gives the “drag-limited” velocity v,, obtained by
balancing the magnetic force and the viscous
drag force F,~€,0rv,n,/c, where oy is the
Thomson cross section and 7, is the electron
density: v,=(B,*/€,)(In,07)"". At any given time,
the velocity on each scale is given by vz= min(v ,,
v4). The smallest scale which still has any tan-
gles left at time ¢ is that for which vz= vy, where
vy=1/ct is the Hubble velocity.

After the field has straightened out, it leaves
the matter on each scale lumpy, producing plas-
ma oscillations sustained by gas and magnetic
pressure which eventually damp out by various
dissipative mechanisms. On scales exceeding
the Jeans mass, however, lumps are stabilized
by their own gravity and will collapse after de-
coupling from the radiation. For gas at the back-
ground radiation temperature the Jeans mass is
independent of red shift:

My mkT/€,)¥*(1+0p/p) Y°My
~S”2(1+6p/p)'1’2Mo, 4)

where My~ ¢€,,t* is the mass of gas in a Hubble
volume. Fluctuations of order unity will appear
on the Jeans scale if @5/vy)y,~ 1. If this is the
case then the relation

UA/‘UH:('Ud/UA)(éy/gm)TH, (5)

where Ty =n,07 ct, shows that when the universe
becomes optically thin at recombination, we have
v A <v,, and hence vy ~v,. Therefore 6p/p=1 if
v/vy=1. With use of (2)-(4), collapse on the
Jeans scale occurs if

W p 0 1)y = f V28T VA2 VAT (TR 2 1
(T >1GeV) (6)

(T 'for T<1GeV). [One may verify that for a
field this strong, the streaming velocity v, 4

=~ (B,*/In, nym,0,11)"* between ionized and neutral
particles is less than v, even for the recombined
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plasma with »,/ny =~ 10"*, and so the magnetohy-
drodynamics approximation is still valid.]

This may be compared with the amplitude of
density perturbation caused by entropy fluctua-
tions from the same transition,

(5P/P)Jm,sgfs(MJm/Mb)- 1z
gfs S 3/4)k3/2g- 1/4T GeV- 3/2’ (7)

where fg < 1 is the fractional entropy perturba-
tion of a single bubble. If the initial fraction of
energy shared with the magnetic field f= f%5™?,
then the magnetic effects of the transition domi-
nate over these “isothermal” fluctuations in mat-
ter density at late times.

It is more likely that the nonlinear effects of
the field are of predominant importance. Re-
gions where reconnection is occurring would be
expected to undergo high compression, with a
corresponding reduction in the local Jeans mass®
to as little as M _. The condition for this to oc-
cur at the epoch when €, ~ ¢, is weaker than (6),

@ /v H)w@gfl/zsl/sx 32gisap  -3/2
(T>1GeV), (8)

and so star formation could be triggered even if
fields were too weak to cause immediate collapse
on the background Jeans scale S**M .

If the relevant transition occurs at ~ 0.2 GeV
(quark confinement?), and if f and x are not
much less than (say) 0.1, then the density per-
turbations at recombination due to these magnetic
effects would lead directly to the immediate col-
lapse of ~10"°M  clouds and the formation of
stars or quasars. As a result, the post-recom-
bination universe, instead of being quite simple
and homogeneous, would probably resemble the
interstellar medium of our galaxy. Since the
magnetically generated fluctuations on larger
scales go like 6p/p occv ,/vy M ™%®, the direct
effects of the magnetic fields on galaxy forma-
tion would be negligible. It is also easy to show
that the remnant fields now are several orders of
magnitude weaker than observed galactic fields,
and that the expected intergalactic fields would
be less than about 10™** G, well below currently
detectable levels. (Our fields at recombination
are at most ~10"* G on ~ 10°M _ scales, whereas
Wasserman® and others require ~ 1072 G on ga-
lactic scales.) On the other hand there are sev-
eral ways in which pregalactic sources of energy
could lead to the formation of galaxies and clus-
ters,* so that the field may have important indi-
rect consequences. The observed large-scale
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matter distribution could have formed in this way
even if negligible fluctuations were introduced in
the very early universe. The magnetic field in
this case allows a microscopic instability to prop-
agate to large enough scale to trigger an astro-
physical one, so that the effect of the transitions
are not confined to the epoch and scale where
they occur, but lead to a long-lived residual com-
plexity. Although I have not demonstrated that
such effects necessarily occur, it is clear that
one is not necessarily justified in ignoring them,
given the ubiquity of magnetic effects in observed
high-energy astrophysical environments,'®
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0The above calculation treats only the coarsest effects
of the field; that is, its direct effect on the motion and
distribution of the bulk of the matter, In reality it
could introduce qualitatively new phenomena into the
big bang; for example, if a small fraction of particles
were accelerated by the field to relativistic energies
(as in the acceleration of cosmic rays in the galaxy)
they might significantly affect the abundances of the
rarer light elements. (The production of helium would
be essentially unchanged because neither the expansion
rate nor the mean square matter density at nucleosyn-
thesis is significantly affected.) However, such phe-
nomena lie outside the scope of this Letter.
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