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e From fluid motions @ From magnetic fields:
Ty = (p/c* + p) v2uju; + poj; Tij = —B;Bj +6;B8%/2
Relativistic equation of state:

GWs equation

Numerical results for decaying MHD turbulence
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hjj are rescaled h;; = ahy™*
Comoving spatial coordinates V and conformal time t

Com.ov.lng stress-energy tensor compone;:lts T,:,- 0.0001 0.0010 0.0100 0.1000
Radiation-dominated epoch such that a7 =0

Normalized GW equation [(C/SevAN N FE= 67_9-TT/1“




Chiral Magnetic Effect

fermions
2. The particles with the momentum p along
magnetic field have positive projection of spin
onto momentum

3. The particles with the momentum p opposite
to magnetic field have negative projection of
the spin onto momentum

Vilenkin, A. 1980, Phys. Rev., D22, 3080

()5 = Number of left particles — Number of right particles
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Equations in Chirall MHD: Small Magnetic Diffusion
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()5 = Number of left particles — Number of right particles
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Equationsin Chiral MHD
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Conservation Law: Magnetic Helicity + Chiral Chemical Potential
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Conservation Law:
Magnetic Helicity + Chiral Chemical Potential
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Chiral Chemical Potential:
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LLaminar. v, -Dynamo in Chiral MHD
Joyce and Shaposhnikov, PRL 79, 1193 (1997) fieq = to = const and Uy = 0.
B(t,x,z) = By(t,z,z)e, + V x [A(t, z, 2)e,]
Chiral velocity

Uy = TJH5,0
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Nonlinear dynamos Equations Nonlinear dynamos

%:Vx[UxB—n(VxB—mBﬂ, 10° T |
pU | '
P Dt
Dp
. _,V.U.
i~ PV U

Dus

=(VxB)x B—-Vp+V-(2vpS) + pf,

= D5 Aps + An [B(V x B) — us B*] — C5(B-V)u — Typs,

Dt

D“ B:'ms — ]

— (A-B) ----
Q‘; ]-U_? — "' 2."—1'11115},)\ T

D/Dt=0/ot + U-V,
Gem =50~ 137

NS RN —

10 8 / | | |
0 5 10 15 20

t/ty

Sy 2
A = 3he ( T )




Waves In ch | raI I\/I H D | S—

. p/}fj 2=
Chiral Magnetic Effect L
oB

ot
éi‘U

=(Bo-V)U +v,V x B— By (V-U)+nAB,

=(Bo:'V)B -V (p+ Bo-B),

(i) decreaseshe frequency for an
iIncompressiblefluid; (ii) increasesthe frequencies of FIG. 1.— The influence of the chiral magnetic offect on the

MHD waves in a compressible flow. The ratios w/k versus the
angle ¢ between the wave vector k and the equilibrium magnetic

and for a compressible flow, and field Dy for the Alfvén wave (dotted lines), the slow magnetosonic

wave (dashed lines) and the fast magnetosonic wave (solid lines)
for different values of v3 /c2 (shown in legends) and different values

(l“) decreaseShe frequency Of 3 of Uﬁ/cg = 0 (black lines); 0.1 (blue lines) and 1 (green lines).




Chiral Magnetic Wave
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However, the MHD waves can play a source for the chiral magnetic wave.



LLaminar. v, -Dynamo in Chiral MHD
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Chiral-Magnetically Produced Turbulence
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Eguationsin chiral MHD
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Chiral-Magnetically Produced
Turbulence and Generation of
Large-Scale Magnetic Field

s
(A B) + 2ma/ A =

0.1 0.2 0.3
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Figure 9. Chiral magnetically driven turbulence. Time evolution for different
quantities.




Mean-Field Dynamo

H= B+ b;
U Induction equation for mean magnetic field:
B B = H—I.l;
a—sz(UxB+8—77V><B) U= hvi
[
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o= —%(u-rot u>

Steenbeck Krause, R4 d (1966



Physics of the alpha-effect

Parker (1955); Steenbeck Krause,R 2 d (1866 g” o —(QQ-A")B o J
u () } IS related to the
in a density

U The deformations of the magnetic field
lines are caused by and
rotating turbulent eddies.

I The stratification of turbulence breaks a
symmetry between the and
eddies.

U Therefore, the total effect of 'the upward
and downward eddies on the mean
magnetic field and It
Creates the mean electric current parallel'to
the




Generation of the mean magnetic
field'due to the dynamo
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Methods tor Derivation of EMFE

Quasi-Linear Approach or. Second-Order. Correlation Approximation
(SOCA) or First-Order Smoothing Approximation (FOSA)

Rm<<1l, Re<<l1
STEENNECKS KAl SE RE GIER (1966)F RONENRST SOWANRG NEOYS) s MO Tiatii ((LOvs)

Path-Integral Approach (delta-correlated in time random velocity field

or short yet finite correlation time) _
zeldovichyVieichan oy, RUZIMaiKing SCKO Glii(1988) St = L sl
ROGaChEVSKITKIEERHNNE90) =u

lau-approaches (spectral tau-approximation, minimal tau-
approximation) i third-order. or high-order. closure

Re>>1 and Rm >>1
POUGUER ERSChHEERANEO76))
ROGEACHEVSKITFKIEEOHNNZ20005 20045 2008) Bl aCKm an el 6 (2002);
Racller, Klesarin, Roejzierevs il (2008)

RENONallZation RProced ure(renormalization ofiViscosity, diffusion,
electromotive force and otherturbulent transport Coefficients)-
there 1Is ne separation ofiscales

Viofface (19845 1988)s Klegorin, Roczenaysikil (1994
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New Kind of Chiral' Alpha Effect
(dimensional analysis)

Magnetic fluctuations:

b
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Chiral magnetic fluctuations:
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Chiral'electromotive force P -
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New Kind of Chiral' Alpha Effect
(Quasi-linear approach and tau approach)

Magnetic fluctuations:

Chiral magnetic fluctuations:

Chiral electromotive force

Chiral alpha effect:

Quasi-linear approach: Rm<<1

Tau-approach: Rm>>1



