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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 ~ 107°G &, . ~ kpc.

* Intra-cluster medium (ICM) in clusters — B ~ (1 —10)107%G &,
Ae ~ (10 — 100)kpc.

* Intergalactic medium (IGM) — B ~ (1071 —107°)G &, A ~ Mpc.
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Magnetogenesis models:
® Astrophysical models ( Biermann Battery mechanism, Dynamo
Mechanism ,...)
* Models based on early universe processes (Inflationary scenario, Phase
transition, Asymmetries in the early Universe)
In fact, the matter-antimatter asymmetry generation and the
(hyper)magnetogenesis are strongly intertwined V|a these hypercharge
Abelian anomalous effects, J,j" ~ Y, YR~ Ey By
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Baryon asymmetry:

¢ Our Universe contains more matter (baryons) than the antimatter (antibaryons)
with the measured baryon asymmetry of the order n ~ 1072,

® Sakharov stated three necessary conditions for generating the BAU:
(i) baryon number violation,
(ii) C and CP violation,
(iii) departure from thermal equilibrium.
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Anomalous current:
® CME: The chiral magnetic effect refers to the generation of an electric current
2 —
parallel to the magnetic field in an imbalanced chiral plasma, J4, . = ;QTgurBy.

® CVE: The chiral vortical effect, generically induced by the rotation of chiral
matter, refers to the generation of an electric current parallel to the vorticity field,

T T2 w2\ ~

va,r - rQr (ﬁ + 87r2> 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 MagnetohHydroDynamics:
The energy-momentum tensor T"" and the total electric current J* are given by

T = (p+p)uuv” — pg"” + %EWFQ’BFaB - FY7F e + 71, (1)
JH :pelu‘u"‘JéLm'i'JéLv—’_V‘ua (2)
b = Z(QRifB,Ri + Qu:ép,1;)B" = s B", (3)
i=l,q
g = Z(QRiSV,Ri + Quév.L; )" = cw 4
i=l,q
v =oE" (5)

where, u* = (1, V/R) is the four-velocity of the plasma normalized such that
utu, = 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,
EF = FHy, is the electric field four-vector, and w” = (e"*?7 /R*)u, V ,u, is the
vorticity four-vector, with the totally anti-symmetric Levi-Civita tensor density
specified by 0123 = —¢j103 = 1.
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EBR = Qnim [1_ lnRNR] _ LT, Quin (6)
' 472 2p+p 20 p+p ~  4m2
g = - Qi lmany I Qun ()
’ 472 2p+p 24 p+p 42’
2 2
BR 2 nrRpR 15 2nrpr pr o, 1 oo
r=1RT_° Z 71— EMRER] L KR LD g2 8
&vr 87r2[ 3p+p] 24 [ p+p] 82 | 24 (8)
2 2
=_ﬂ[ _E"LNL]_lTZ[l__an”L]N_“_L_iT2 9
S8 82 3p+p 24 p+pl ™ 872 24 ©)
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The equations of AMHD consist of:

® The Maxwell's equations:

V. F" =J" Fu =V,A -V, A,
v v 1 vaf (10)
V“FM :0, FM = ﬁEN Faﬁ,
® The energy-momentum conservation
V. T =0, (11)
® Anomaly equations:
Vﬂjﬁ,L = Cg,LE.B", (12)
Jk = nrut + g rBY + & rw" + VE, (13)
Ji=nut + e LB + & 1wt + V',

where V, is the covariant derivative with respect to the Friedmann-Robertson-Walker
(FRW) metric ds? = dt* — R?(t)d;dx dx/.
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Maxwell’s equations: V,F*" = J¥, V.F™ =0
1o = 1= 5
ﬁv. y =0, EV.BY =0, (14)
1o (0B )
lﬁx _'y— &+2HEY IJ_‘
R t (16)
J_’: -é)hm + -I-(;m + J_;v,
Jown = o (Ey +7 x By), (17)
J_(:m =B _’Y; (18)
Jov = Gy, (19)
5= £Vx7, (20)
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CVE and CME coefficients:

ng ’

a(t)=> [fg( YRTh + YiTE Nu — Yo To Ne — Yoo T2, Ne + YQTé,,_NCNW)

/

+ 1571’2 ( B YRM% + YLNEI' N — Ydej*?/R,- Ne — YUR//*%IR,- Ne + YQN’%?,‘ NcNW)]v

i=1

(21)
3L Wi (tin Do

- (%) Y"ZR/"LUR,- Ne — (_71> Y(%:U'Qi NCNW]v
Y. =-1, Yr=-2, YQ:%, YuRzg, YdR:—g. (23)

Here for simplicity we assume that (., = pd; = @ and obtain pg = 1241q. Therefor
the above equation simplifies to

/ ) gl2 3
(ueR ueL) ; ce(t) = —5— (—2ueR + e — ZNB) . (24)

e (t) =
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s and conclusion

Continuity and Navier-Stokes equations: V, T" =0

op 1o _
a5t TRV P+ P)V+3H(p+p) =0,

9] 1 /.= R v op
[5+E(V.V)+H:|V+p+pa—

1 Vp  JxBy v o, lo/o .
+E§k7v+§v(vyﬂ,

Rp+p p+p

(25)

(26)

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.7 =0 as follow:
@ o J_‘X éy
ot~ p+p
v~1/(5ayT)

V o2
+ﬁv v,

(27)
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Anomaly equations: Vjg 1 = Cr,LE.B" = —Cr,1.Ey.By,
Jey = (PR — fiR,L) + €,y V-By + & (1) V.3 + o(r,1) V- Ev, (28)

.

(R = (ML — AR.L)V + € (r,1) By + & ()@ + o,y (Ev + 7 x By).

After taking the spatial average of anomaly equation, the divergent terms %ﬁ.f(’R,L) will
be vanish. By using the relation (Ey.By) = —1(0c + 3H)(Ay.By), we can write

e VRL) 5w  ORL) & 2 CrL,» 3
at[nR,L+%<v.By)+§ (jL)<v.w)+ (z L)<V.EY>— §5L (Ay.By)] =0, (29)

where n; = (n; — 7i;) /s, s = (2m°g* 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,

OtRr,L 3t[ <AY BY)] (30)
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dne 2
Do — & (Ey.By) + 2T re (e, — e -

dt 47T25 , (31)

dne _ 9t _ & (Ev.By) + TRt (Nen — 1e,)

dt  dt | 16m2s Y/ IR Uler )

ro 1—x
= 32
" <2fEW)<\/)_<)’ (32)
where the variable x = ﬁ = (I$W)2. tew = #zo—, Mo = Mp;/1.661/g*, and Mp; is the
Ew
Plank mass, and I'p = 121.
_ ldns _ dne,  ,dne, _ 8% = &

7]3/3 n, = const. — §d_t = T + 2d_t = 871‘25 (EYBY> (33)
(Ey.By) =? (34)
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Ey— L9 xB—Sa- %8, _vxBb. (35)
oR o o
= g, 1 = = = Cv 2 L B,z =
(Ey.By> = UR<By.v X By> pu (By.w> pu (By.By>. (36)
aéy 1 23 Cy = = CB = = 1 = - éy
— = —V"B — — B — By) — —
ot asz y+aRV><w+URV>< y+RV><(v>< v) T (37)
&=V x v,
@ _ J_‘X éy + va‘z (38)
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The non-helical hypermagnetic field, vorticity and asymmetry

Since V.By = 0, the hypermagnetic field can be written as By = (1/R)V X Ay, where
Ay is the vector potential of the hypermagnetic field. For incompressible fluid, vV.v=0,
in analogy with the hypermagnetic field, the velocity field can be written as

V= (1/R)V x S, where S is the vector potential of the velocity field. Now we choose
the configurations for our hypermagnetic field and the velocity field by using the
following orthonormal basis {4(z, k) = (cos kz, — sin kz,0), b(z, k) = (sin kz, cos kz, 0),

2},

By(t,z) = B.(t)2 + B(t)4(z, k) + Bs(t)b(z, k), (39)
V(t,z) = va(t)a(z, k) + vs(t)b(z, k), (40)
lRﬁ x (7 x By)£0,  and Jpxjj £0 (41)

(Bv.By) = — 2 [B2(0) + B2() + B(0)] + X [B2(0) + B (1)

. (42)
— S [ (£)Ba(t) + (1) Bu(1)]
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aIia;t(t):"'["b(t)Bz(t)]Jr —k;+ k:B] Bi(t) + k'z w(t) Ba(t)

%t(t) = — K [va(t) B:(1t)] + _k_'z+ K'es ] By(e) + Ko k'2c () — BbT(t)v

9B:(t) _ _ Bi(t) )
ot s

e = e

2] KB (0)Bu(0)] — K (o).
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dne . r 1—x
e _ & <EY.BY>+(—°) )(neL—neR),

dt - 4725 tew \/)_(

dne, _ dn, _ g% = = lo 1-—x (44)
e T (ACOR S e Vg (Ter = Te,)

Tdns _ dieg | ot

3 dt dt dt ’
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First scenario:
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Figure: The time plots of the helical components B,(x) and Bp(x), with the initial
conditions B © = B(O) = 0 n£°) =3.56 x 107*, and 17(0) = 77(0) = 0. Large (red) dashed
line is for v\ = 10_ =107, and B”) = 10'G, dashed (green) line for

VO =107, v 10 i , and B{®) = 10""G, dotted-dashed (V|olet) line for
va( ) = (0) =10"", and B(O) 10'G, and dotted (blue) line for v; © = v(o) 107,
and B(O) 10G.
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First scenario:
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Figure: The time plots of the the right-handed electron asymmetry 7., (x), the
left-handed electron asymmetry 7., (x) with the initial conditions B{” = B{”) =0,

ngg) =3.56 x 107*, and ng(z) = ng)) = 0. Large (red) dashed line is for v{” = 1077,

v{? =107, and B”) = 10'G, dashed (green) line for v\ = 1077, v\” = 107, and
B”) = 10"'G, dotted-dashed (violet) line for v{” = v{”) = 107", and B{® = 10'°G, and
dotted (blue) line for v = v,(JO) =10"", and B = 107G.
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First scenario:
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asymmetry 7s(x) with the initial conditions B{®) = Bb

g‘z) = 0) = 0. Large (red) dashed line is for v{” =

BY = 1019G dashed (green) I|ne for v(‘” =107, v

dotted-dashed (violet) line for v”) = v =104 and B =

line for v, (0) = vt(,o) =10"*, and B§°) = 1017G.
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Figure: The time plots of the hypermagnetic field amplitude By(x), and the baryon
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First scenario:
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Figure: The time plots of the v,(x) and vp(x) with the initial conditions

B = B(O) 0, 77(0) =3.56 x 107*, and 77(0) = 7]530) = 0. Large (red) dashed line is for
(0) =107, IEO) =10, and B = 10"G, dashed (green) line for v§°) =10"7,

vt(,o) = 10_14 and B{”) = 107G, dotted-dashed (violet) line for VO = véo) =10"", and

a

B = 10'G, and dotted (blue) line for v{” = v{” = 107, and B{” = 10"G.
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Figure: The time plots of the hypermagnetic field amplitude By (x), the baryon
asymmetry 7g(x), in the presence of the viscosity, with the initial conditions

B = 102G, B = Bgo) =0, and ngg) = ngf) = ng)) = 0. Large dashed (red) line is for,
VO = vt(,o) = 1072, dashed (green) line for v{” = 1072, vt(,o) = 0, dot-dashed (violet)
line for v{% = 0, v{” = 1072, and dotted (blue) line for v{” = v{” = 1073
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Second scenario:
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Figure: The time plots of the the right-handed electron asymmetry 7., (x), the
left-handed electron asymmetry 7e, (x) >~ 7,,(x), in the presence of the viscosity, with
the initial conditions B = 102G, B{”) = B =0, and 'Y = n{¥) = n@ = 0. Large

dashed (red) line is for, VO = vt(,o) = 10_2 dashed (green) line for v =102,

v[(,o) = 0, dot-dashed (violet) line for va’ =0, v(o) 1072, and dotted (blue) line for
V(O) — V(O) — 1073
a =V, = .
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Figure: The time plots of the the hypermagnetic field amplitude By (x), the baryon
asymmetry 7(x), with the initial conditions B{”) = 10'’G, and

7D =@ = n@ = ) = 9 — 0. Large (red) dashed line is for B{” = B{”) = 102G,
dashed (green) line for B = 103G, B,(,O) = 10'°G, dotted-dashed (violet) line for

B = 102G, B”) = 10'G, and dotted (blue) line for B{”) = B{®) = 10'°G.
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Figure: The time plots of the velocity fields amplitude va(x) and v,(x) , with the initial

conditions B{”) = 10'7G, and 17 R = 77((9?) = 77(0) =0 = v(o) = 0. Large (red) dashed
102G, dashed (green) line for BE(,0 = 107G, Bl(,0 =10"G,
10™G, and dotted (blue) line for

line is for Ba
dotted-dashed (violet) line for BY”) = 102G, B{”) =

B(O)

B(O)

_Bl(f’ —

101°G.
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BA = By COSGW ~ O.BSBY

45
By (Tew) ~ 107G (45)
ns = (ns — fig)/s
s =2n’g"T?/45, g* (T > Tew) = 106.75
g =43/11
’I’[B(To) =273 X% ﬂB(TEW) (46)

107" < ns(Tew) < 1078
nesy = 5.8 £0.27 x 1071°
nems = 6.16 £ 0.15 x 1070
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® In this study, the hypermagnetic field configurations which include both helical and
non-helical components, are considered. It is shown that in the presence of 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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