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Magnetic field:

The Universe is magnetized on all scales that we have
observed so far, planets, stars, galaxies and galaxy clusters.

galaxies — B ~ 107G &, A\, ~ kpec.

Intra-cluster medium (ICM) in clusters — B ~ (1 —10)10-5G
&, Ao ~ (10 — 100)kpe.

Intergalactic medium (IGM) — B ~ (1071 — 107G &,
Ae ~ Mpec.
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Magnetogenesis models:
Astrophysical models ( Biermann Battery mechanism,
Dynamo Mechanism ,...)
Models based on early universe processes (Inflationary
scenario, Phase transition, )
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Introduction

Baryon asymmetry:

Our Universe contains more matter (baryons) than the antimatter

(antibaryons) with the measured baryon asymmetry of the order
10

n~10""".

Sakharov stated three necessary conditions for generating the BAU:

(i) baryon number violation,
(ii) C and CP violation,
(iii) departure from thermal equilibrium.

Antimatiore
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CME and CVE
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Anomalous current:

CME: The chiral magnetic effect refers to the generation of an electric
current parallel to the magnetic field in an imbalanced chiral plasma,

QF
Jé‘l{n,r = 27\,2 HrBY-
CVE: The chiral vortical effect, generically induced by the rotation of
chiral matter, refers to the generation of an electric current parallel to the
.. . =g 2 2 5
vorticity field, Jov,r = rQr (% + 8?2) w.

In presence of these anomalous currents the ordinary Magneto Hydro Dynamic
equations (MHD) promote to the Anomalous Magneto Hydro Dynamic
(AMHD) equations.
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Anomalous MagnetohHdroDynamics I3

Anomalous MagnetohHdroDynamics:

The energy-momentum tensor T"” and the total electric current J are given
by

v v 1 [ nles vo v
T = (p+puu” —pg" + 19" F* Fas — FY7F' s 7%, (1)

I = paut + Jh, + JE + V7, (2

Jc'um = Z (QRrigB«,Rri + QLingLi)BM = CBB‘Lv (3)
i=l,q

Jét" = Z (QRig"vRi + QLigVA,Li)wM = cvw” (4)
i=l,q

v = o[EB* + T(u'u” — g“")vu(%)] (5)

where, u = v (1,7/R) is the four-velocity of the plasma normalized such
that ufu, = 1. v* and 7#" denote the electric diffusion current and
viscous stress tensor, respectively. B* = (e"V*? /2R®)u,, F,, is the
magnetic field four-vector, E# = F*"u,, is the electric field four-vector,
and wh = (e"?? | R3¥)u, V ,u, is the vorticity four-vector, with the totally
anti-symmetric Levi-Civita tensor density specified by €223 = —¢gq53 = 1.
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Anomalous MagnetohHdroDynamics

o = QrRUR [1 _ lnR,/yLR]
bR 47?2 2p+p

€51 = ~ Quuw [1 _ lnLML]
Bk 472 2p+0p

24

2
o= Sy 2] Lo,

T8l 3p+4p

2
va* Mi[l*gnLuL]f 1T2|:1

T 8x2 3p+p 24
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inLTZ - QuuL
24p+p  4mw2’
_ 2nRuR} ~ ﬁ + iTQ’
p+p 812 24
- ) _H Lo
p+pl— 8m2 247
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Anomalous MagnetohHdroDynamics

The equations of AMHD consist of:
The Maxwell's equations:
V. F* =JY
V. F* =0
The energy-momentum conservation

V,.T" =0,

Anomaly equations:
Vi = CrLEuBY,

jh = nru” + € rB" + & rw! + VE,
Jb =nwu” + &eLB" + & Lt + VE,

where V, is the covariant derivative with respect to the o
Friedmann-Robertson-Walker (FRW) metric ds® = dt* — R?(t)d;;da"da?.
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Anomalous MagnetohHdroDynamics

Maxwell's equations:

1o - 1o =
—V.Ey =0 —_V.By =0
RV Y , RV Y ,
le = dBy B

RVXEY+<(%+2HBY>_ s

= jOhm + tﬁ:v + nz:m7
Johm :U(EY + U X §Y>7
Joy = v,
ﬁ(’:m = CBB’Y,

QZEVXU,
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Anomalous MagnetohHdroDynamics

o
£3
AXAV2Y

CVE and CME coefficients:

nG /

“@:Zuﬂ RT3, + YLTE, Nuy — Yap T3y Ne = Yur T2, M+%%WNQ

/

I (= Yuh, + Youd N = Yan i, Ne = Yur ity Ne + Yond, NeNu
(21)
1,2 1)y
e e [ ( JYanr, = (5 ) YEuLNo = (5)Viupar, Ve
i=1
1 1
= (5) Fhatn, Ne = () YanaNeho
(22)
1 4 2
Y =-1, Yr=-2, YQ_g’ YuR:§, YdR:*§~ (23)
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Anomalous MagnetohHdroDynamics I3
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Continuity and Navier-Stokes equations:

dp

ot
0 1 = 7 Op
—+ = (9.V H|v - =
L’)tJrR(” )+ }{U+p+p6t

1 61) J x éy v 2.,

s Z\v v <v :
Rp+p ' p+p +RQ{ 't3 U)}

Due to the homogeneity of the Universe, we can ignore the gradient of the

pressure in the evolution equation of the momentum, and obtain the evolution
of the velocity for incompressible fluid, V.¥ = 0 as follow:

+ 359 l(p+p) 8+ 3H (p+p) =0, (24)

(25)

317 jXéY 14 2,
2 = 26
o= ptp TEYD (26)
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Anomaly equations: V,jk | = CrLE,B" = 7CR7LEHy.§y7

Jrzy = (nR = BR,L) + €8, (1) T-By + &, (r1) 0.0 + 0(r,1) 0.Ey,

Jrry = (MR — iR,L)T + B,y By + &, (r1)@ + 0w 1) (Ey + 7 x By).

(27)
Aftﬂerﬂtaking the spatial average of anomaly equation, the divergent terms
%V.j(R,L) will be vanish. By using the relation
(Ey.By) = —1(0: + 3H)(Ay.By), we can write
0+ L) 5 By 4 S (5 gy TR (5 iy Oy ] 2,
(28)

where 1; = (n; — 7;)/s, s = (2n2g*T?)/45 is entropy, and g* = 106.75 is the
number of relativistic degrees of freedom. High temperature of the early
Universe plasma and low-velocity limit imply that

Cr,L
2s
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The CVE produce a seed for hypermagnetic field

1: The CVE can produce a seed for hypermagnetic field in the imbalanced
chiral plasma

Smce V.By =0, the hypermagnetlc field can be written as

By = (1/R)V x Ay, where Ay is the vector potential of the hypermagnetic
field. For incompressible fluid, V.5=0,in analogy with the hypermagnetlc
field, the velocity field can be written as @ = (1/R)V x S, where S is the
vector potential of the velocity field.

V.By =0 — By = (1/R)V x Ay — Ay = ~(t)(sinkz, coskz,0),  (30)

Vi=0-7=(1/R)V x 8§ — § = r(t)(sinkz, cos kz,0), (31)
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The CVE produce a seed for hypermagnetic field

We assume that the rate of all quarks Yukawa interactions are much higher
than the Hubble expansion rate and obtain

Hup, — HQ; = Ho, Hug, — HQ; = —HO,

where, 119 is the chemical potential of the Higgs field. By assuming the zero
Higgs asymmetry the above equation simplifies to jtu, = pa; = pq-.

£ = g 2 2 £ = 9/2 9 3
CV( ) - 872 (/‘l‘e}? 7:”’611,)? CB( ) - 787{'2 —<4Her +N’EL - ZHB )
(32)

L 1 = = . L
By = =V x By - %5 - 2By — i x By. (33)
oR o o

8§y 1 9= Cv =2 . CB = — 1= . - EY
— = B — — B — U X By)——, (34
B aRQV y+0RV><w+URV>< y+RV><(L X By) L (34)
ov _ J X By + LVQ’L_)’, (35)

ot p4p R?
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The CVE produce a seed for hypermagnetic field

TG

dne 9% = 3
dtR = s (Ey.By) + 2Tr1 (ncL - 77€R) )

dneL dny£ g/2 . N (36)
dt  dt  16x2s (Ey.By) +Tre (e, = Mer.) »

e (82 ()

where the variable z = ﬁ = (TETVV)2 tew = ]é; Mo = Mpi/1.664/g%,

2T
and Mp; is the Plank mass, and I'g = 121.

_ Ldpp _ dnen | ,dne, _ 97 = &
173/3 nL, = const. — 3 dt =g + 2 a 87T28<EY-BY>. (38)
Lo 1% . N
(By.By) = =B} (t) - B () — “- (0(0).By (1), (39)
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The CVE produce a seed for hypermagnetic field
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Time plots of the baryon asymmetry ng, and the hypermagnetic
field amplitude B, with the initial conditions k = 10~7, BYY) =0,
Y =35 x 1074, and n{¥ = 77](30) = 0. The solid line is for vg = 1073,
large dashed line for vy = 10719, dashed line for vy = 1078, and dotted
line for vg = 0.
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The non-helical hypermagnetic field, vorticity and asymmetry

2: The non-helical hypermagnetic field, vorticity and asymmetry
Now we choose the configurations for our hypermagnetic field and the velocity
field by using the following orthonormal basis {a(z, k) = (cos kz, —sin kz,0),

b(z, k) = (sinkz,coskz,0), 2}.

By (t,2) = B.(t)2 + Ba(t)a(z, k) + By(t)b(z, k), (40)
(t, 2) = va(t)a(z, k) + vp(t)b(2, k), (41)

le . = J x By
= % By) = £ 42
/.’V X (U x By) # 0, and ot p 0 (42)
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The non-helical hypermagnetic field, vorticity and asymmetry
OB.(t) . K?  Kes ke, Ba(t)
5 K OB+ | ——+ Ba(t) + va(t) = =5,
aBy(t) K? K ke, By(t)
2D = K B0+ | =+ S | By + () — =2,
OB.(t)  B.(t)
ot t
Ova (t K
el BB (0] - K1),
Oy (t K
%() = [BB(0)] - K ()
(43)

S. Abbaslu




A
AXAv2S

The non-helical hypermagnetic field, vorticity and asymmetry

/2

dNe g g . To 1—=z
= —F E B er, — e )
dt 47T28< Y Y> + tew \/E (77‘1, Ul R)

dne,, dT]L J? = = To 1—2

= Ve = —— E B e — e (44)
dt dt Tom2s Y DY)+ g0 vz (e = e ).
ldnB _ dneR aneL

3 dt dt dt ’

B Br) == 2 [B20) + B0 + B0 + B0+ B0)
= 2K [0 (6)Ba(t) + v (D) Bu(0)].
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The non-helical hypermagnetic field, vorticity and asymmetry

First scenario:

102

102
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By(x)[G]

10
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The time plots of the hypermagnetic field amplitude By (z), and the
baryon asymmetry ng(z) with the initial conditions B = B(0> 0,
77((30,?) =3.56 x 107*, and T](O) (0) = 0. Large (red) dashed line is for
o8 =107, »{” = 107", and B(O) 10'9G, dashed (green) line for
o =107, v <°> =10"", and B"”) = 10'7G, dotted-dashed (violet) line for
o = vl()o) = 0 4 and B =10'9G, and dotted (blue) line for
o =o” =107, and B”) = 10'7G.

S. Abbaslu

£3
AXiVv2Y




-7

The non-helical hypermagnetic field, vorticity and asymmetry

First scenario:

10716

o |

10-21
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Va(x)
Vb(X)

102
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The time plots of the vq(z) and vb( ) with the initial conditions
B = B =0, n(o) 3.56 x 107*, and neL = 7713 = 0. Large (red) dashed
line is for v{” = 1077, (0) =107, and B{”) = 10'G, dashed (green) line
for v = 1077, (0> 10_14 and B(O) 10'7G, dotted-dashed (violet) line
for U((zo) = vf}o = 10 4 and BQO) = 10'G, and dotted (blue) line for
o = o =107, and B =10'7G.
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The non-helical hypermagnetic field, vorticity and asymmetry

Second scenario:

102

102!
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By(x)[G]

101
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The time plots of the hypermagnetic field amplitude By (z), the
baryon asymmetry ng(z), in the presence of the viscosity, with the initial
conditions B{”) = 10%°G, B = B =0, and 77(%) = néi) = (O) = 0. Large
dashed (red) line is for, v = go) = 1072, dashed (green) I|ne for
o = 1072, v, ) — 0, dot- dashed (violet) line for v{”) =0, %(70) =10"2, and

dotted (blue) I|ne for v\ = 1073,
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The non-helical hypermagnetic field, vorticity and asymmetry

Third scenario:
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The time plots of the the hypermagnetic field amplitude By (z), the
baryon asymmetry ng(x), with the initial conditions B® = 107G, and
17‘(5%) = néi) = 771(5?) = v,(lo) = vf)O) = 0. Large (red) dashed line is for
BC(LO) = B,SO> = 10%3G, dashed (green) line for BL(ZO) = 103G, B,SO) = 109G,
dotted-dashed (violet) line for B = 10%'G, BZEO) = 10"G, and dotted (blue)
line for B((lo) = Béo) =10"G.
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The non-helical hypermagnetic field, vorticity and asymmetry

Third scenario:

o
o
7 T
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The time plots of the velocity fields amplitude ve(z) and vy (x) , with

the initial conditions B{”) = 10'7G, and n(o) = n(o) = n(o) =0 = (0) =0.

Large (red) dashed line is for BY” = B(O) 10%3G, dashed (green) I|ne for
B =10%G, B = 10'°G, dotted-dashed (violet) line for B =10%'G,
B{” =10'°G, and dotted (blue) line for B’ = B{”) = 10'°G.
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The non-helical hypermagnetic field, vorticity and asymmetry

Ba = By cosOw ~ 0.88By

46
By (Tew) ~ 102G (46)
ne = (np —np)/s
s =2rg"T? /45, g* (T > Tew) = 106.75
g5 = 43/11
ne(To) = 27.3 x n(Tew) (47)

107" < np(Tew) < 107°
neBN = 5.8 £0.27 x 1071°
nems = 6.16 £0.15 x 107
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Results and conclusion

In the first part, some fully helical Chern-Simons wave configurations are
chosen for the velocity and hypermagnetic fields. It is shown that in the
presence of a non-zero matter-antimatter asymmetry, a non-zero vorticity
field can produce a seed for the hypermagnetic field, which subsequently
grows mainly due to CME. Moreover, it is shown that the damping of the
vorticity due to the presence of viscosity, which typically occurs extremely
rapidly, does not significantly affect the evolution.

In the second part, hypermagnetic field configurations which include both
helical and non-helical component, are considered. It is shown that in the
presence of a weak vorticity and a large right-handed electron asymmetry,
the helicity can be generated and amplified for an initially non-helical
hypermagnetic field. The vorticity also grows, even in the presence of the
viscosity, in contrast to the case in which a fully-helical hypermagnetic
field is assumed. In a different scenario it is also shown that in the
presence of a strong non-helical hypermagnetic field and large vorticity,
helicity and baryon asymmetry can be generated and amplified.
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Results and conclusion
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