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e Magnetized Univers

A variety of observations imply that stars, planets, galaxies,
clusters of galaxies are all magnetized.

e Magnetic field strengths
Galaxies and galaxy clusters s UG

Planets s G
Neutron stars == 10M2 G
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Primordial vorticities?

e According to big bang model, prior to photon decoupling,
Universe is a strongly coupled electromagnetic plasma
where the angular momentum transfer between ions,
electrons and photons in an expanding space-time
geometry leads to the formation of large-scale vortices.

Je(Z,7) =V x 7,

 The primordial vorticities lead to the formation of large-
scale magnetic fields.
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Fully inhomogeneous geometry
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it is sometimes referred to as the ADM ecomposition.
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Charged fluids and gradient expansion

In terms of the ADM decomposition the field strengths and
their duals are
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Maxwell equations in a four-dimensional curved space-time
can be written as

V. F" =4mj¥, VY, F" =
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-1/ -1/ -1/ ~ 14 - 1/ -1/ = 1/

J = Je) T X J(e) = —EMNe U, J) = €Ny Uy
where 7. and 7n; denote, respectively, the concentrations of electrons and ions.
u" s four velosity

The covariant conservation of the energy momentum tensor of the charged species
implies

v T,tw .ée}Fuaj \V/ TET _ E}Fv&.

where ,{ﬁ;} = peubu,, Tl} = pyub ug

By choosing the free index to be time-like and space-like, the evolution of the electron and ion
energy densities and the evolution equation for the electron and ion velocity can be derived
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For typical temperatures T < Tey the electrons and the ions
are more strongly coupled than the electrons and the photon.
Then, effective evolution can be described in terms of the
one-fluid magnetohydrodynamical equations where J is the
total current and the center of mass vorticity of the electron-
ion system is introduced

miwi + Melea
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e Using evolution egs. of velocities and Moxwell’s egs with
together

~ LT 4 p,m; . ‘
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 The effective set of evolution equations can then be written
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By eliminating the baryon-photon rate between these Egs.
and by neglecting the spatial gradients in, following pair of
approximate conservation laws can be obtained

. TT: _
ﬁ,—(B—F i ﬂi;.-‘h) — 0
e

- a my_
9, B———Mﬁ) — 0.
EI( Rh € |

By combining these relations, the vorticity of the photons can be
directly related to the vorticity of the ions
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Maximal vorticity induced by the
geometry

 From the momentum constraint, the total velocity field can be
written, formally

vto= _;552 [1 —v1+ 459} ~ NS’ [1 — 5?2 + O{ES]] + O(et),
S — v (K’” _ Hﬁf“),
Zp+p) "

e the total vorticity can be written as
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e Toimplement the gradient expansion we parametrize the
geometry as
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Vorticity to first-order in the gradient
expansion

e The simplest parametrization of aij(~x) which does not
contain spatial gradients can be written as

a;;(F) = e "5, a=detay = e @
e In this case, it is easy to show that total vorticity is zero, and
the first-order in the gradient expansion vanishes. To have

non zero value for vorticity, the contribution of the tensor
modes must be included and aij(~x) will then given by:

I!'__l'fj [.f] = |:é|'i!_j' + hl‘j I;.f\]]

e where hij is divergenceless and traceless.
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e Finally, the total vorticity can be derived directly

Wiy = —L(T,w)e™0; [h“fhgﬂbham + h.mqhmﬁbhqa + O(e)
H a Jw+1
L(rw) = 3H3 (w + 1) (m)

Using this Eq., the maximal obtainable magnetic field will be
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which can also be written as
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e By calculating the correlation between vorticities and then
average it, we estimate the amount of magnetic field

a2 o2
oyl oy” dxd Oxb
. 3 3 9
(B(r)) = 634810 (0.32) (2.43;{ 109) \ 70802
" (hﬁﬂa.mf ( haQro >_G C(nr,r) G2,

WET) G T = LXrw)dm ™ Tomtrm

0.134 4.15 x 10-3
T 8—3nT |
T
. 3."'.E A 3/2 > _|_ 1
Brn']..:-: = 2.519 1'[]_‘58 (T_T) ( R ) ( dec j
| . 0.32 2.43 x 109 1089.2
(hﬁﬂmu)ﬁ‘ ( h2Qro )—3 o
0.134 4.15 x 10— |

IPP11 - Z. Rezaei 14



Conclusion

It has been computed the vorticity for the treatment of
fully inhomogeneous plasmas which are also gravitating.

A set of general conservation laws has been derived.

The total vorticity has been estimated to lowest order in
the gradient expansion.

The maximal comoving magnetic field that is induced is
epends upon the tensor to scalar ratio and it is, at most,
of the order of 10-37 G over the typical comoving scales
ranging between 1 and 10 Mpc.
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Thanks for your attention




Some Relations
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The second relation give Momentom constrain.
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* To give an explicit estimate of the primordial
vorticity the relevant cosmological parameters
have be taken to be the ones determined on
the basis of the WMAP 7yr data alone



Using relation between vorticity and velocity for each species
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