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Early (and not so early) universe is
assumed to be smooth with low pecu-
liar velocities and weak laminar flows.
Vector perturbations are absent or neg-
ligible. Well agree with observations
at large scales.

Can there be significant vorticity per-
turbations, turbulence?

Do we need them?

May explain existence of large scale
magnetic fields and predict primor-
dial gravitational waves.
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Natural system of units.
c=h/2r=k=1

mp = 10" %% g = 0.94GeV

1°K ~ 10 %eV

1/mp=2-10"1em =6.6-10"?°sec
1Gauss = 10% cm ™2



COSMIC MAGNETIC FIELDS

OBSERVATIONS:

Galactic magnetic fields,

B ~ (a few) uGauss,
coherent at several kpc.
Intergalactic magnetic fields:
no strong evidence. Possibly

-3
Bint.gal ~ 10 Bgala

scale: ~ Mpc.

Much larger fields in filaments (?):
B ~ 1G, scale ~ 10? kpc.



Adiabatic compression: B ~ 1/12:

lggl])/lgal ™~ 1027

(in)

Expect , if common ori-

gin and no galactic dynamo amplifi-
cation.

Possible galactic dynamo amplifies by
(according to different sources):

1015i5

(probably weaker than 1019).
Still uncertain.



POSSIBLE SCENARIOS OF MAG-
NETIC FIELD GENERATION

1. “OLD UNIVERSE”: Conventional

astrophysical: ejecta from stars and
field line reconnection.

2. “YOUNG UNIVERSE”: Recombi-
nation and/or structure formation

epochs, t=100000 years or later.

3.“EARLY UNIVERSE”: From infla-
tion down to neutrino decoupling, t=1
sec or earlier.



STELLAR EJECTA

Total energy of magnetic field in a spi-
ral galaxy:

2
gga] — g WR alhgalpB ™ M@

where

pp = B?/87 ~ pcmp ~ 5 - 10 %4 g/cm”

For comparison: piot ~ 10~ 29g/cm
and pm ~ 0.3 -10%%g/cm?.
Dark energy: pm ~ 0.7 - 107%%g/cm3.



Neutron stars:
B

B —11

White dwarfs:

g8 ~10710M, (

)




Sun (or normal stars:

B \*/ Re \°
B —17 ©
‘o ~ 10 Mo (103(}) (10110m>

Power loss 1n reconnection should be

large, ~ (Rstar/Rgal)?)'
More stars than exist in galaxy are
needed.
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INFLATIONARY GENERATION

Production of photons by external grav-
itational field and inflating their wave
length by > exp(60) creates classical
(quasi)stationary electromagnetic field.

INFLATION: period of exponential ex-
pansion, a ~ exp|Ht|, - experimental fact..

Mostly, a ~ t1/2 or tz/?’;
now again we expand exponentially.
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For production of particles by grav-
itational field breaking of conformal
invariance is necessary.

In conformally invariant case gravity
can be switched off by rescaling. FRW
metrics are conformally flat:

ds? = a?(n, r)(dn? — dr?)

and can be formally transformed into
flat space-time by g, — g,/ a2,
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Equation of motion of massless fields
in gravitational field can take the free

form if the fields are rescaled as
® — [a(t,x)|“® (the exponent k depends
upon the spin of ®):

(07 — A)® =0

Particles are not produced (Bogolyubov
coefficients are trivial).
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No mass - no scale!
Photons and massless fermions are con-
formally invariant.

But, surprise: scalars and gravitons
are not.

Quanta of scalar field are known to
be created at inflation and generate
density perturbations with observed
almost flat spectrum. We are here be-
cause of that.
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However, Classical Electrodynamics is
conformally invariant.
Small masses of fermions can be ne-
glected, or they even vanished prior
to Higgs condensation.

The invariance may be broken either
by new hypothetical interaction or by
quantum effects.
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1. New coupling of e.m. field to grav-
ity:
—|—CgRuyaﬁF’uyFaﬁ + ...
Gauge invariance is broken by the
first term. The others may be gener-
ated by radiative corrections. How-

ever, radiative corrections should nor-
mally give too small coefficients.
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2. New interaction with dilaton, 6:
L=—(1/4)e"F,, FH

Renormalizability may be broken.

Should we care?
Probably should.
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3. Quantum conformal anomaly:

a (11N  2Ng
™= —_— _—"_1)\F, FW
i ( 3 3 ) o
Classically:
1 2
Ho_
and TM = (.

Quantum effects break classical con-
servation laws or symmetries. Exam-
ples: chiral and conformal anomalies.
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In all the cases galactic dynamo is
needed, about 1019 or more.

Wave lengths are OK: \ > e%0)\. |
but amplitudes are not large enough.

On the other hand, the mechanisms
are quite exotic and demands new
physics, except possibly for quantum
anomaly:.
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PERTURBATIONS PRODUCING
VORTICITY and electric currents

1. During (re/pre)-heating at the end
of inflation. Explosion of vacuum-like
state governed by inflaton: “let there
be light”. Particle production is a
chaotic process and chaotic inhomo-
geneities could be created. Scales are
very short.
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2. First order phase transitions.
Breaking GUT symmetry, T ~ 1016 GeV
- may never existed.

Electroweak p.t. T ~ TeV - 1II order.
QCD p.t. T ~ 100 MeV - most prob-
ably 2nd order(?)

At high T (in the early universe) gauge
symmetries are restored, while now
they are broken. Similar to symme-

try restoration in ferromagnet at high
T.
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If 1st order p.t. boiling primeval plasma,
bubbles of one phase inside another.
Large perturbations and magnetic fields,
but very short wave lengths.

Horizon: t/sec ~ 1/(T/MeV)Z2.

E.g. tpw ~ 1012 sec;

red-shift z ~ Tpw/TovmB &~ 1016

Mow ~ 10% sec.

Killed by diffusion, dissipation.,...
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3. Spatial luctuations of leptonic charge
by neutrino oscillations. Took place
at neutrino decoupling. Scale about
100 years.

If T~1MeV, thent ~ 1 sec and this
epoch has red-shift z ~ 1019, i.e. the
horizon is about 100 years in the present
day scale.
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4. Hydrogen recombination epoch.
Rather large scales but second order
effect in density perturbations.

Could dissipation effects enhance vor-
ticity generation? Not yet, because
velocities are still too small.
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Essential parameters.

27 kpc
-1 p
H = 3/2

T [Tey +0.76]1/2
where T,y = (T/1 eV), today it is:

110 T,/ 2Ty + 0.76]~1/2 Mpc.
Hydrogen recombination at

T ~ 3000 K° ~ 0.25 eV,
number of free electrons drops by 10°.
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Photon mean free path:

I 1 30 pc

UV —= — o~ ;

! oTNeXe Xe(T)Tg’V

or = 87a?/3m2 = 6.65 x 10 2° cm?

is the Thomson cross-section, Xg is
fraction of free electrons, and
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5. Onset of structure formation. Ris-
ing perturbations, they are of poten-
tial type but: vorticity perturbations
by dissipation.

Smaller number of charge carriers be-
cause of recombination.

Maybe re-ionization period at z ~ 10
is favorable?
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NECESSITY OF VORTICITY
and basic equations

Magnetic hydrodynamics:

1
OB=Vx(vxB)+-V xJ

K

valid for large conductivity k.
Since J = env vortex motion,

V xv#0

1S necessary.
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In fact: J +# <E,

because the current is induced by
external force, by light pressure.
Equations to be used:

04B+V xXE =0,
(9tE—V><B: —47J

Thus B ~ V x J. (It follows from par-
ity conservation.)
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Comment about current.
atE—VXB:—47TJ

Here J = Joxternal + ~E. This leads to
vanishing of E for large conductivity.
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Vorticity.
Hydrodynamic approximation:

v+ (vV)v —vAv = _Vp
p

where v ~ lg.qe 1S Viscosity and approx-
imately homogeneous liquid is assumed.

(More accurately, Navier-Stokes equa-
tion should be used.)
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Vorticity, {2 =V x v, satisfies:

atQ—VAQ:SE—VX (@>
4]

If p=wp with w = w(t), then
S=0.
Maybe not true in multicomponent
plasma.
What if the medium is inhomogeneous,

e.g. v =v(x)? An additional term ap-
pears:

€ijk(057) AV,

source of vorticity but also in the sec-
ond order.
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Local thermal equilibrium:
E
f = ——
eXp[ T +€(X)]

Vorticity source:

oip Oip~ Oi0 py,
Sk — —€jjk 83 <l—> = €jjk Sl
p 3ptot I Prot

where {(x) = In 3(x) + const, 8 = np/n.,
and pp, is baryonic energy density.

Vectors Vp, and V[ should not be
collinear, i.e. photons and baryons
must have different spatial distribu-
tions - possible at acoustic oscillation
epoch.
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Non-stationarity effects.

Kinetic equation:

(%+V-V — Hp% — F%) f(t,x, K, p)
= Lon[fas fpr -]
Perturbative solution
f~fy+ £
where
fo = exp [_T(i £ + £(x, t)]
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If collision integral is taken
in effective time approximation:

ICOH — _F<f - feq)
then:
(K+T)f; = —Kfj

where K = 0; + (V V) and:

t

fq (t,X, E,V) — / dm Kfj (t —71,X — V7'1>
0

e fgl drI'(t—79,x—V13)
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Macroscopic velocity:
[ dpVifi(t,x, E, V)
i) = T foltx, B)
and vorticity, (; = €;,,0;v:

Q. ~ 6€ijn Q]T OnoOt T
T rz (T T

0t T can be taken either from diffusion

equation T = DAT, or from cosmo-
logical expansion, T = —HT, depend-
ing upon wave length.
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Non-vortical motion,
possible in first order in dp/p.

Solve hydrodynamic equation:

v+ (vV)v —vAv = _Vp

0
in the limit of small v

1k
3k%v
and find Reynolds number.

0 |1 — exp(—vk?t)

Vk:—
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Reynolds number at eV temperatures:

t T
(Re)y ~ 4 <—> o ~ 10% T
Iy ) p T

for t ~1/H.
For turbulence we need

ST /T ~ 10 2 — 102
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From the angular spectrum of CMBR

ST /T <104

Is it possible that 0T /T is much larger
at small scales, 1 ~ 1557

No observational bounds,
maybe(?) unnatural theoretically,
but not excluded.
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Comments about current generation
The current is induced by pressure of
photons diffusing from hotter regions
to colder ones:

V4~ F~Torn/m ~ m ™3

orh = 8ma? /3m?; F is the photon flux.
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Drift velocity V4 = threea

lfree B m
Vthermal o n”V

V4 1s mass independent.

If only Thomson scattering is taken
into account, no current can be in-
duced by this mechanism - the same
force and resistance.

tfree —
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Coulomb resistance is larger for p than
for e. Allows generation of electronic
current.

1 m 107 (m)3/2

t — —_—

where op ~ a?/q? ~ 1/mT - Ruther-
ford cross-section; np ~ 10_9107 - much
smaller number density of scatterers
but much larger probability of inter-
action.

For protons: tcg, < t1, and protons
do not make current.
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But remember about current conser-
vation:

divJ =

and quick neutralization by long-range
Coulomb force, leading to p = 0.
Current loops can be created by vor-
tical perturbations in photon distri-
bution.
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Electronic conductivity, estimated from:
de = ek

and V§ = eEtgee/m.

3 nemg

200 . T

For high conductivity:

K

1
B=Vx(vxB)+=-VxJ
K
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Solution:

t
BN/ dtl (27TJ> eQWth/)\
0 AK

Exponential rise is not large:
2nvt 0T

~ 500 T .y <—>
A ¢ T A\

Either larger 0T /T are necessary or
generation of B at higher T - but it
gives smaller scales.

Bo .03 32 (t) (L) [ T\?
=10 (1) (3) (o)

~107°T3,

where )\ = 17.
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Adiabatic compression during galaxy
formation by

B ~ 1/1% ~ (10%)? = 10*.

Scale about 1 kpc.

Earlier formation - larger magnitude
but smaller scales by 1/T?2.

Chaotic line reconnection could cre-
ate magnetic field at larger, galactic
scale lg,1, but the magnitude of this
field would be suppressed by (1g/ lgal)g/ 2,
All scales give comparable contribu-

tions at /.
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VORTICITY GENERATION WITH

LARGE FLUCTUATIONS
Start from kinetic equation:

Ot +V V) f=1,;

If I.,; is dominated by the elastic term.,
then integrating both parts

over d%p/(27)3 we obtain the
continuity equation:

n(x)+VJ =0
where J is the photon flux:
d’p p
J = =
v / 2B B!
and v is the average macroscopic ve-
locity of the photon plasma. In the

standard way the diffusion equation
can be derived:

n=DAn
where D = lgoe/3-
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One step further:

o
EKZ'(X, t)+4H K;(x,t) + 7, ' K; = S;

where

Si = 0

Ox/
K; /kaEktX)

Kzg (x, %),
Ak
(2m)%

kik d°k
Kij_/ jE] (Eak;tax)W‘

K;; approximately satisfies diffusion
equation.
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NB: V xS # 0 for initial chaotic dis-
tribution of bubbles of excess of v over
v and vice versa:

kok . d°k
EmliO)Si = szz/%ﬁz@jfu(E,k;t,X>

(2m)%
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Some dissipation mechanism is nec-
essary and it will be helpful to have
multicomponent plasma with much dif-
ferent mean free path of constituents,
as well as breaking of thermal equilib-
rium.
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A MECHANISM FOR LARGE
FLUCTUATIONS OF LEPTONIC
CHARGE

Only one assumption: sterile neutrino
weakly mixed with active one(s).
Temperature range 1-10 MeV.

Time interval 0.01-1 sec.
Constituents: three types of active
neutrinos, photons, ete, a little pro-
tons and neutrons, ~ 107°.
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Effective potential (refraction index):

GZT4E
V2 = +CnGpT? + C3—LE—— |
Q
where ' ~ 1 and 7 is the plasma

charge asymmetry:

') = 2n,, + M, + Moy + Ne — /2
77(#) = 21y, + Mo + M, — 10 /2 (for vy)

n is difference between numbers of par-
ticles and antiparticles.
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Kinetic equation for density matrix:

/dT(V, 1) (flflAA+ —~ % {p, ApA+}> +
/ dr (1,0, 1) ( fyBp' BT — > fl {p, BB+}>

System of coupled nonlinear integro-
differential equations with oscillating
solutions.
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Effective potential depends upon charge
asymmetry of neutrinos, i.e. upon the
integral over all neutrino spectrum.

Very difficult to solve numerically, a
lot of instabilities, non-physical chaotic
oscillations (but not everybody agrees).

Fortunately analytic solution is possi-
ble!

o4



Resonance (MSW) transition, i.e. level
crossing when

5E—|—Veff:0

Resonance occurs at different 1" for v
and 7. One of the transitions into vg
or into 75 is more favored.

It changes charge asymmetry and leads
to exponential rise or decrease of the
lepton asymmetry. The sign of the
effect is energy dependent.

95
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Evolution of leptonic charge as a func-
tion of 1" or t.

In the minimum the sign of the effect
is determined by the sign of baryonic
charge fluctuations and the asymptotic

value of L may have either sign.
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Inhomogeneous case - charge asym-
metry should be a little inhomoge-
neous:

5n/n~107° —10"°

The first number is certain, the sec-
ond is allowed.
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The evolution of the neutrino asym-
metry is described by the equation:

Ly, (%, t) = a(t) [2 Ly, (7,t) + L+
SB(#)] +D(t)V2L,, (X, t)
where the initial background asym-
metry is
L=1+/B(x),
D(t) is the diffusion coefficient, and
the function a(t) is initially negative
and generates an exponential decrease

of the asymmetry, but at some critical
time . it changes sign.
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Positive a(t) creates a huge rise of the
asymmetry, but while a(t) is negative,
the asymmetry drops down to a very
small value. In a more accurate for-
mulation a(t) would also depend on
the asymmetry itself, but in what fol-
lows we are interested in rather small
values of the asymmetry, where non-
linear effects are not important.
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Solution:

[t /
Ly,(x,t) = L / at’ a(t'y e Jir A" alt’)
t

n

t / / s S 5
62 ftin dt" a(t )/ d3/€ ezkx LVanatin)

1.2 'D

. ok ft dt' D )+
t

Jr/ at’ a(t) 2 i " alt”)
tln

/ Bk RSB )

2
. e_k L/‘t dt// t//>
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The first term in this expression can
be explicitly integrated:

I t
(1/2)L |exp (2/t dtza(t2)> —1

in

giving a rising term (after some ini-
tial decrease) plus a constant initial
value of L.
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The second term can be also integrated
because the initial value L(k, t;,) is sup-
posed to be homogeneous and so its
Fourier transform is just delta-function,
63(k). The integral gives

. t
LS;) exp (2/ dtg&(tz))
t

in

the same falling-then-rising term.
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The third (oscillating) term. To eval-
uate the integral let us substitute:

5B(E,tm> — /dgxleif{il 5B(}21>

where 0 B(Z1) is the initial value of the
inhomogeneous term. Now we can in-
tegrate over d°k. We have the integral
of the type

/ dk exp[—S?k? + ik(X — %1 )]

—

the scalar product of vectors k£ and
"= —x is equal to k(¥ —7]) = krcosf,
and

t
S2(t) = /t dt2D (t2)

in
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Integration over angles in

d3k = 27k2dkd(cos 6)

is trivial, it gives sin kr/kr.

The remaining integration can be done
as follows:

/ dkk sin kr exp[—S?k?] =

(d/dr) / dk cos kr exp[—S?k?]
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The remaining integration can be per-
formed if we expand the range of in-
tegration from minus to plus infin-
ity. Introducing a new variable 7| =
¥ — S(t1)p we finally obtain

t
[ dtraley) et

[ a%piBix - S(typ e

This is the contribution the lepton asym-
metry L, generated by the (small)
baryonic inhomogeneities.

65



Its asymptotic rise at large ¢ is simi-
lar to the rise of other terms, but its
exponential decrease at intermediate
stage could be considerably milder and
this small term could become larger
than the homogeneous one.
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As a result, this term could become
dominant with the sign determined
by the sign of the fluctuations in the
baryon asymmetry. We can see this in
a simple example assuming that the
function a(t) has the form

a(t) =ay(t — t¢)

and that the fluctuations of the asym-
metry are described by one harmonic
mode:

0B(x) = eg cos kgx.
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The result:

SL(Z) = ajep cos kof o1 (t—te)*=S%(t) b

t—t

tc_tz'n

te—1;
/ et (SR S0 k)
0

Both terms rise as expla;(t — t.)7], i.e.
in the same way as the other homo-
geneous terms (we assume that S(¢)
is finite at large ¢t and not too large).
The first term is exponentially sup-
pressed as exp[—ai(t. —t;,)?] also at the

same level as the homogeneous terms.
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The second term, which vanishes in
the homogeneous case ( kg =0 or S =
0) is not exponentially suppressed. In
the limit of a large a; the integral can
be evaluated as ~ S%(0) k%/al. It is
small but not exponentially small. Thus,
one can easily imagine a situation when
the last term dominates and the res-
onance enhancement of lepton asym-
metry in the background of small fluc-
tuations of baryon asymmetry could
create domains with large and differ-
ent lepton asymmetry.
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Leptonic domain structure with almost
flat spectrum is created.

Neutrino streaming from v-rich regions
pushes electrons and positrons but with
different efficiency and creates elec-
tric current J, with V x J #£ 0.

The process took place during rela-
tively short period, when

ll/ g tU

If 1, < ty, diffusion is slow,
if 1, > tyy, interaction with electrons is
weak.
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At large wave lengths the spectrum is
cut-off by neutrino decoupling scale.

At small wave lengths it is cut-off by
diffusion damping.

Electric current is created because of
different interaction of neutrino with
electrons and positrons.
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Reynolds number is of the order of
unity,

but initial vorticity is non-zero.

Possibly turbulence might develop
under these conditions(?).
Do we need it?

Gravitational waves, potentially ob-
servable by LISA, might be generated.
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Spectrum of turbulence.

Direct cascade - smaller eddies but
with larger R from low R eddies at
larger scales, is it possible? Usually -
opposite.

Rate of energy transition to scale k:

o = 1 (dpy)in N (dU—lz{)in
K= (p+p) dt dt

Usual result (see e.g. L&L) for qua-
sistationary process:

Ek uik ;
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External source:
d€k
@ — Pext<k)

This is different from conventional
Kolmogorov type turbulence where en-
ergy is supposed to be injected at a
single scale and ¢;, = ¢ iIs momentum
independent.

Define energy spectrum:

u2X — ”
(u?(x)) /0 E(k)dk
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For power law external source:
E(k) ~ e2/2 kg K1 73/3

Kolmogorov spectrum corresponds to
v = 0.
Velocity spectrum:

1/3 k ”}//2—1/3
e () s ()

where ug = (sg/kg)1/3, 1/kg is the largest
length scale at which energy is injected
into turbulent motions, ug = (cg/kg)/3.
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Relativistic motion!?

If v > 2/3 the characteristic velocity
u;. Increases with k and u, may reach
1 at k = k,] - very interesting for grav-
itational waves.

However, spectrum of neutrino domains
is not peaked at high £ and the effects
are minor. Most optimistic expecta-
tion are near expected sensitivity of
LISA.

Possibly more efficient: neutrino do-
mains formed by Affleck-Dine lepto-
genesis. Not unnatural but not as
simple as nu, — v5 oscillations. Maybe
some enhancement can be found?
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Conclusion about magnetic fields.

Neither of discussed above models may
explain the observed galactic fields with-
out galactic dynamo.

Intergalactic fields B, ~ 10_3Bgal,
scale: ~ (0.1 — 1) Mpc. They may have
a common origin with galactic ones.
Adiabatic compression: B ~ 1/I°:

(in) 2 ¢lin)
Expect B, ~ 103Big, if common ori-
gin and no galactic dynamo amplifi-
cation.
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Possible and desirable galactic dynamo
amplification by 1019%2!

If this is the case then primordial mag-
netic fields would not influence CMBR
polarization. Otherwise, if B ~ 107
Gauss, the Faraday rotation may be
observable.

Maybe magnetic field generation at
the epoch of large scale structure for-
mation is more favorable: large vor-
ticity, reioniztion,... but difficult to
calculate. Existing estimates give low
results.
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