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Chiral Magnetic Effect
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2. The particles with the momentum p along
magnetic field have positive projection of spin
onto momentum
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3. The particles with the momentum p opposite
to magnetic field have negative projection of
the spin onto momentum

5. Rev., D22, 3080

d{‘;} 5 20em 3 Qem d

dt mh J 7 T ?r}i.e.a__

— o



Chiral Magnetic Effect

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

Tsokos, K. 1985, Phys. Lett., B157, 413
Joyce, M., & Shaposhnikov, M. E. 1997, Phys. Rev. Lett
1193

Alekseev, A. Y., Cheianov, V. V., & Frohlich, J. 1998, Phys. Rev.
Lett., 81, 3503

Frohlich, J.,

1. Astrophysics:

the early Universe,
proto-neutron stars;

2. Heavy ion collisions;
& Pedrini, B. 2000, in Mathematical Physics 2000, 3. Condensed Matter Physics

new materials (Weyl
sientific Publishine semimetals);
Company) |

Frohlich, J., & Pedrini, B. 2002, in Statistical Field Theory, ed.
A C _il:l'p-PHl & G. Mussardo (Kluwer)

Fukushima, K., Kharzeev, D. E & Warringa, H. J. 2008, Phys.
Rev., D78, 074033

Son. D). T.. & Surowka. P. 2009, Phys. Rev

. Lett., 103, 191601
Boyarsky, A.. Frohlich, J., & Ruchayskiy, O. 2012a, Phys. Rev
Lett., 108, 031301

Boyarsky. A.. Frohlich, J., & Ruchayskiy, O. 2015, Phys. Rev
D92, 043004

Boyarsky, A., Ruchayskiy, O., & Shaposhnikov, M. 2012b, Phys.
Rev. Lett., 109, 111602

ed. A. S. F'Cll'\.d-b A. Grigoryan, T. Kibble, & B. Zegarlinski,
International Conference on Mathematical Physics 2000,
Imperial college (London) (World Scientific Publishing

Kharzeev, D. E. 2014, Prog. Part. Nucl. Phys.. 7

Kharzeev, D. E., Liao, J., Voloshin, S

. 9. AL & Wang, G. 2016,
Prog. Part. Nucl. Phys., 88, 1



Equations in Chiral MHD: Small Magnetic Diffusion

Rogachevskii, 1., Ruchayskiy, O., Boyarsky, A., Frohlich, J., Kleeorin, N., Brandenburg, A.,
& Schober, J., , Astrophys. J. 846, 153

Jt-c:t — JOhm + JE}

Frohlich & Pedrini (2000, 2002)
Ot = 0a — B - VO.
Jo

Jome — Jo = o +c¢VO X E.
o

1
E=—|UxB+n(usB—-V x B)

C

0B

57 =V x|[UxB+nusB—-nV x B],
()




Equations in Chiral MHD
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Conservation Law:
Magnetic Helicity + Chiral Chemical Potential
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Magnetic Helicity Density:
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Chiral Chemical Potential:
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Chiral Dynamo Instability
Joyce and Shaposhnikov, PRL 79, 1193 (1997)
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Chiral velocity
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Chiral-Magnetically Produced Turbulence and
Inverse Energy Cascade
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Generation of Large-Scale
Magnetic Field:
Mean-Field Theory



Magnetically Produced Turbulence and
Generation of Large-Scale Magnetic Field
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Figure 9. Chiral magnetically driven turbulence. Time evolution for different
quantities.




Mean-Field Theory in MHD

» Induction equation for mean magnetic field:
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Vx (ﬁxﬁ + (uxb)) +nAB,

Steenbeck, Krause, Radler (1966)



Physics of the Kinetic Alpha-Effect

Parker (1955); Steenbeck, Krause, Ridler (1966)
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)= a is related to the
in a density

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

> The stratification of turbulence breaks a
symmetry between the and
(Yo [o [[-XF

> 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




Methods for Derivations

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

Rm <<1, Re << 1
Steenbeck, Krause, Radler (1966); Roberts, Soward (1975); Moffatt (1978)

Path-Integral Approach (delta-correlated in time random velocity field
or short yet finite correlation time)

Zeldovich, Molchanov, Ruzmaikin, Sokoloff (1988) St — s <1
Rogachevskii, Kleeorin (1997) ¢/u

Tau-approaches (spectral tau-approximation, minimal tau-
approximation) — third-order or high-order closure

Re >>1 and Rm >> 1
Pouqguet, Frisch, Leorat (1976); Kleeorin, Rogachevskii, Ruzmaikin (1990)
Rogacheyvskii, Kleeorin (2000; 20013 2003); Blackman, Eield (2002);
Radler; Kleeorin, Rogachevskii (2003)

Renormalization Procedure (renormalization of viscosity, diffusion,
electromotive force and other turbulent transport coefficients) -
there is no separation of scales
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|. Rogachevskii, “Introduction to Turbulent Transport of Particles, Temperature and
Magnetic Fields” (Cambridge University Press, Cambridge, 2021).

Introduction to
Turbulent Transport of

Particles, Temperature
; and Magnetic Fields

Analytical Methods for
Physicists and Engineers

|

lgor Rogachevskii

*Various analytical methods are applied in
this book:

*Mean-field approach;

*Multi-scale approach;

*Dimensional analysis;

*Quasi-linear approach;

*Tau approach;

*Path-integral approach;

*Analyses based on the budget equations.
*One-way and two-way couplings between
turbulence and particles, or temperature,
or magnetic fields are described.

*Table of Contents:
. Preface.

* |. Turbulent transport of temperature field
* ll. Particles and gases in density stratified
turbulence

* lll. Turbulent transport-of magnetic field
 IV. Analysis based on budget equations
V. Path-integral approach

* VI. Practice problems and solutions.
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Dynamic Nonlinearity in Mean-Field Dynamo

» Induction equation for mean magnetic field:

J. Fluid Mech. 77, 321 (1976)
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Equations in Chiral MHD

Chiral Magnetic Effect:
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the early Universe,
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Evolution of Magnetic Field and Magnetic
Energy Spectrum

Schober J., Rogachevskii |., Brandenburg A., Phys. Rev. Lett. 128, 065002 (2022);
Phys. Rev. D 105, 043507 (2022).
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Small-Scale Chiral Dynamo Instability

Schober J., Rogachevskii |., Brandenburg A., Phys. Rev. Lett. 128, 065002 (2022);
Phys. Rev. D 105, 043507 (2022).
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Chiral Dynamo, Production of Turbulence
and Mean-Field Dynamo

Schober J., Rogachevskii |., Brandenburg A., Phys. Rev. Lett. 128, 065002 (2022);
Phys. Rev. D 105, 043507 (2022).

> The
with a wide range of scales produce magnetic
fluctuations by the chiral dynamo.

> of the chiral chemical potential
serve as a mean field for fluctuations on
smaller scales, so that
excites magnetic fluctuations and produces small-
scale magnetic helicity.
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> Simultaneously, the chiral dynamo drives
by the Lorentz force and enhances the fluid and
magnetic Reynolds numbers.

> When Reynolds numbers are large enough,
is excited and amplifies
a large-scale magnetic field



Dominant Magnetic Alpha Effect in Chiral

Mean-Field Dynamo

Schober J., Rogachevskii ., Brandenburg A., Phys. Rev. Lett. 128, 065002 (2022);
Phys. Rev. D 105, 043507 (2022).
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Chiral Dynamo, Production of Turbulence
and Mean-Field Dynamo

Schober J., Rogachevskii |., Brandenburg A., Phys. Rev. Lett. 128, 065002 (2022);
Phys. Rev. D 105, 043507 (2022).

> The initial fluctuations of the chiral chemical potential with a wide
range of scales produce magnetic fluctuations by the chiral
dynamo. Indeed, fluctuations of the chiral chemical potential on
larger scales serve as a mean field for fluctuations on smaller
scales, so that the chiral dynamo instability excites magnetic
fluctuations and produces small-scale magnetic helicity.

> Simultaneously, the chiral dynamo drives turbulence magnetically
by the Lorentz force and enhances the fluid and magnetic
Reynolds numbers.

> When Reynolds numbers are large enough, the mean-field
dynamo instability is excited and amplifies a large-scale magnetic
field that is well described by the magnetic alpha effect caused by
current helicity.

> During the mean-field dynamo phase, the power spectra develop
a universal shape for magnetic energy Jayaes Jad and the chiral

chemical potential




H5 = 0

Schober J., Rogachevskii |., Brandenburg A.,
Phys. Rev. Lett. 132, 065101 (2024);
Phys. Rev. D, 110, 043515 (2024)



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



and Dynamo Produced by

Inhomogeneous Fluctuations of Chemical Potential
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FIG. 1. Tllustration of the dynamics in a plasma with autono-
mous production of chiral asymmetry (Phase 1), accompanied by
a generation of fluctuations in the magnetic field (5%)"/? (Phase 2)
and the velocity field (#?)!/2. If the magnetic Reynolds number
becomes larger than unity, the magnetic « effect produces a large-
scale magnetic field (B) (Phase 3).
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Budget Equation for Magnetic Helicity:




and Dynamo Produced by

Inhomogeneous Fluctuations of Chemical Potential
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Gravitational Waves caused by
Chiral Magnetic Effect

From fluid motions e From magnetic fields:
Ti = (p/c® + p) Y2 uiuj + poj; T; = —B;B; + 6;B%/2
Relativistic equation of state:

p=pc?/3

hy are rescaled h,J — ahpm

Comoving spatial coordlnates V and conformal time t

Comoving stress-energy tensor components T,j
Radiation-dominated epoch such that a” =0




Estimates: Early Universe
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> Upper limit: kpT
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Conclusions

Chiral asymmetry

Inhomogeneous chiral chemical
potential with zero mean, or from
iInhomogeneous chemical potential

The chiral dynamo: (a) generates and
and (b) drives turbulence via the
Lorentz force.

Sufficiently strong turbulence is produced to activate a

that is described by
caused by current helicity. The growing large-scale magnetic
field is saturated by the turbulent magnetic diffusion

During the , the power spectra
develop a universal shape for magnetic energy Y al and
the chiral chemical potential
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