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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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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 Chiral MHD: Small Magnetic Diffusion
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Chiral Magnetic Effect

()5 = Number of left particles — Number of right particles
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Equations in Chiral MHD
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Conservation Law: Magnetic Helicity + Chiral Chemical Potential
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Conservation lLaw:
Magnetic Helicity + Chiral Chemical Potential
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Chiral Chemical Potential:
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Laminar 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

= 4,
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Nonlinear dynamos Equations Nonlinear dynamos
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Waves In chiral MHD

= p, = const, and y,, = p, = const.

BE = By = const,

Chiral Magnetic Effect

o8B
o= (BoV)U +0,V x B= By (V-U) +nAB, {7
BU U T ﬁ !"E'I:]'

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

Incompressible flow

w = [w} — (1/4)(V.k)?]

Compressible flow
(w? — w?) [Lﬁ w? (v3 + Ak +wic h}
=0

7

(i) decreases the frequency for an
incompressible fluid; (ii) increases the frequencies of
and for a compressible flow, and

(i11) decreases the frequency of

fast modes

V22 =0 —
P/c? 01 —
Alfven modes "-::.‘_‘ Q/C’Z 1

Fic. 1. The influence of the chiral magnetic effect on the
MHD waves in a compressible flow. The ratios w/k versus the
angle ¢ between the wave vector k and the equilibrium magnetic
field Bg 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

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.



Laminar 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
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Chiral-Magnetically Produced Turbulence
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Equations in 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
t/ty

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




Mean-Field Dynamo

H=B-+b,
» Induction equation for mean magnetic field:
OB B = ({H),
a—:VX(UXB-FS—T?VXB) U:<V>
[

£E<uxb>:aB—nTVxB+...

o= —%(u-rot u>

Steenbeck, Krause, Radler (1966)



Physics of the alpha-effect

Parker (1955); Steenbeck, Krause, Rédler (1966) g” o —(QQ-A")B o J
> () } IS related to the
in a density

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

> Ihe stratification of turbulence breaks a
symmetry between the and
eddies.

> 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

B=B,e,+Vx[de,]
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Methods for Derivation of: EMF

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

Rm<<1l, Re<<l1
STEENNECKS KIaUSE Rad e (1966)F RONENRST SOWANRG NEOvS) s MeTiatii ((LOvs)

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

zeldovichyVieichan oy, RUZIMaiKing SCKO Glii(1988) e |
ROGachevsKkii, KIeeorin(@991) f/u

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

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



Chiral-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.




New Kind of Chiral' Alpha Effect
(dimensional analysis)

»> Magnetic fluctuations:

b
L}f

»> Chiral magnetic fluctuations:
b,u. =T T-T,u. v X bt.ang — 'TE 7-_-'1#. v X [{F V’l 'H-],

— {B V}u —|— 1’# V * b + btang =T {E ) v} u

» Chiral electromotive force IR :
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New Kind of Chiral' Alpha Effect

(Quasi-linear approach and tau approach)

»> Magnetic fluctuations:

db
¢ Jf

»> Chiral magnetic fluctuations:
b,u. =T T-T,u. V x bt.ang — 'TE 7-_-'1#. V x [{F V’l 'H-],

— {B Viu+7,V x b+

> Chiral electromotive force FiiE=eT

{r Ty UnViVjun ) B; ="
> Chlral alpha effect:

a*} =T, 72 UnViVju, = =7, [ -'rE{:F::l kik; {-u.g}k dk, Tau -approac h: Rm>>1




New Kind of Chiral Alpha Effect

tau-approach

_ A [ln( l—I—ZﬁQRei{Q ) i(arctan(\/ﬁﬁ)
3\ (1 r2)Rel?) 2\ V28

1 arctan(/2/3 Reif 4 -
1) = —n —— 7 —1J]. (105)
G?Re}’ \/ESRE! o

(pu?)!/

Very weak mean magnetic field:

B < Re '/ « 1,

» —
s

7 | | | |
10-3 10-2 10-1 100 101 102

3

Fic. 3.— The ay effect as a function of § = v’gﬁfﬂcq with

s 1/2
Beq = (puz) . Solid lines represent the expression given by

Equation (105) normalized by 7, while the dashed lines show the
asymptotics at low 3 as given by (106) and high 3 as given by
(104). The black lines correspond to a fluid Reynolds number of
Re = 4.48, the blue lines to Re = 102, and the green lines to
Re = 104,

Weak mean magnetic field:

ay, = —%ﬂl In(25?)| {1 +

2
3[In(232),|

Strong mean magnetic field:



Large-Scale Chiral Dynamo

B,(t.z,2)e, + V x [A(t,x,2)e,]

Chiral g-dynamo:
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Growth rates ofi Magnetic Field

| laminar
v, dynamo

: 3

turbulent

10—2 L L

o, dynamo

laminar v, dynamo
+ mode coupling

IR R

:

1

10

100
Re

M

Figure 17. Extemally forced turbulence and chiral magnetically driven
turbulence. The normalized growth rate ~ n,/v;f of the magnetic field as a
function of the magnetic Reynolds number Re ;. The gray data points show the
growth rate in the initial, purely kinematic phase of the simulations. The blue
data points show the measured growth rate of the magnetic field on & = 1,
when the large-scale dynamo occurs. The diamond-shaped data points
represent simulations of forced turbulence, while the dot-shaped data points
refer to the case of chiral magnetically driven turbulence. The growth rate
observed in the initial laminar phase for the case of chiral magnetically driven
turbulence is shown at Re,, = 2, with the left arow indicating that the actual
Re,; is much lower and out of the plot range at this time; see Figure 11.




Generation of Kinetic Helicity
In Chiral MHD

X, ou. . =
= = Tp[[ V x B) x B]- VIn(p“u*) — =,

V—= V -2\ where A = —Vp/p.

el s the rate of the dissipation of g

(i) occurs only in inhomogeneous or density-stratified turbulence;
(1) it is a nonlinear effect (it is quadratic in the mean magnetic field).



Chiral-Magnetically Produced Turbulence;
Forced Turbulence and Large-Scale Dynamo

Chiral-Produced Turbulence

Chiral-Produced Turbulence

Forced Turbulence
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10-2 | | | | 1 10 100 Figure 14. Externally forced turbulence. Time evolution of the magnetic field,

0.1 0.2 0.3 0.4

w

k

the velocity field, and the chemical potential, as well as the mean value of the
magnetic helicity (top panel). The middle panel shows the growth rate of B,

t/t,

Figure 9. Chiral magnetically driven urbulence. Time evolution for different
quantities.

as a function of time (solid black line). The red lines are theoretical
expectations in different dynamo phases. In the bottom panel, the ratio of the
mean magnetic field to the total field B, is presented.

Figure 15. Extemally forced mrbulence. Evolution of kinetic (black lines) and
magnetic energy spectra (blue lines) for the reference min Ta2-5. The ratio
o/ A is indicated by the horizontal dashed line.




Four Phases of Magnetic Field
Evolution

pPllase
".l

: helical MHD

turbulence

(1) small-scale chiral dynamo instability;

(2) production of small-scale turbulence, inverse transfer
of magnetic energy, and generation of a large-scale
magnetic field by the chiral «, effect:

(3) saturation of the large-scale chiral dynamo by a
decrease of the CME controlled by the conservation
law for the total chirality: N(A - B) /2 + (1) = .




Correlation length and Growth rate of

the Magnetic
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Figure 19. Chiral MHD dynamos in the early universe. The ratios between £,
of the wrbulence-driven dynamo (Equation (43)) and scale £, (Equation (52)),
as well as the ratio between £, and the Hubble radius at different temperatures.
In the top panel, furthermore, the ratio £,/ is presented. Maximum growth
rates over the Hubble time for laminar (f}-fa") and turbulent (v**) regimes are

shown in the bottom panel.

Field in Early Universe

(1) helical magnetic fields are excited,
(2) turbulence with large Re,, is produced, and
(3) the comoving correlation scale increases.

2
ol 1
Y = % = 2.4 x 10M9T54 s~

Ti00 = kT /100 GeV

tn=H"(T) ~ 48 x 107" g//*Tj55 s

g4 1s the number of relativistic degrees of freedom




Estimates: Early Universe

=1

> Upper limit: kpT

| < dagm - ~ 1.5 x 10" Tpp cm™?
(L

N : , he? e
> Magnetic Diffusion: JEEEES U T = 4310 T cm?s™!

N OHGIIEIRVEIOITIISTN ) — 6.4 x 10° cms 1 vy ~ 1.5 x 10% e s—!
ks T > max (|, |, |pg))

. .{S"—Tcm ’ g .. 17 =9 —
> Saturation parameter: A = 3he (; T) ~1.3x 107" T2 cmerg

kB

> Magnetic energy in unit square:  Eld e[| Ner:"

y .5 ] . P, ) i Ny — -F E -
(B &y =~ p/)\ < 1.2 x 1031 TlHD Glem. = 6 x 107 G2 em




Magnetic Field versus
Correlation Length
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Figure 20. Chiral MHD dynamos in the early universe. The magnetic field
strength resulting from a chiral dynamo as a function of correlation length in
comoving units and comparison with observational constraints. The differently
colored lines show the chiral magnetically produced magnetic field strength in
the range between the injection length u~' and the saturation length k; ; see
Equations (52) and (21), respectively. The colors indicate different values of
the chiral chemical potential: red refers to the value of up given in
Equation (53), blue to 10~2u,, and purple to 10%u,. The dashed gray line is
an upper limit on the intergalactic magnetic ficld from Zeeman splitting. Solid
gray lines refer to the lower limits reported by Neronov & Vovk (2010; NV10)
and Dermer et al. (2011; D+11). The vertical dotted gray lines show the
horizon at kg7 = 100 GeV and 100 MeV correspondingly. The thin colored
arrows refer to the nonlinear evolution of magnetic fields in an inverse cascade
in helical turbulence up to the final value as given in Banerjee & Jedamzik
(2004; line BJO4).

g == 4aemﬁ ~ 1.5 x 10" cm™! Hs

A 100 GeV

(B?) &y = ﬁ—cﬂnf} ~6 x 1073 G2 Mpc.

N dorem gy

20/2, = 3.36/106.75




Four Phases of Magnetic Field
Evolution

pPllase
".l

: helical MHD

turbulence

(1) small-scale chiral dynamo instability;

(2) production of small-scale turbulence, inverse transfer
of magnetic energy, and generation of a large-scale
magnetic field by the chiral «, effect:

(3) saturation of the large-scale chiral dynamo by a
decrease of the CME controlled by the conservation
law for the total chirality: N(A - B) /2 + (1) = .
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Bell Instability in Turbulence with Cosmic Rays

»> Equation of plasma motion:

DU 1 |
0 D = —‘?P+4H[ﬁ:‘?xB}}{B+FL_.—EJ”}(B
> Induction and continuity equations:

JB .
= Vx(UxB —nVxB+cJ"/ o),

»> Growth rate of the Bell Instability:

(s " K| .,,

1/2
Vg = — % ::r_;r;] — nk?,

W = ¢! J (47 / )12

JU+ J =0, B = B, =const, U = 0, and p® = p,
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> Velocity fluctuations:

> Vorticity fluctuations:

—V X Hq‘llr o _{J-.r V]bm:.
at Cp

> Kinetic helicity equation:

R I (0) (0y
ﬁu‘-m AV xu®) o —— (b‘m X (V x u®); — Uy v E} )
ol !’} )

»> Kinetic helicity:

cr

| T = . ' oo o
u?-(V xu'?) — &jum b Viby)  +——tn V;bn

> Alpha effect:

(1 0) (@) 0) (0)° " e
&, X T(Emm ”m v iUy +E jnm ”m v Uy ): e T et fv X H{U-}_J,

ij




> Magnetic fluctuations:

™ .
Jx(B-V)u",

cp

—(JT 'D"F’ uy) — Jer EJ:'”‘E’ um'_}B

J’ "




> lToroidal' magnetic field:

9B
dt

cr v72 A CTY72 4 4L AR
= —oay, ViA —a VIA+nAuB:,

»> Poloidal magnetic field:

dA L
. . B;' + N ,}.H;"-'L
dt

» Growth rate of the mean-field dynamo:

Y - -7
Vinst = |E‘ | v l:r::'; E;; — M E‘ 3

»> Magnetic anisotropy:




DNS set-up for Bell Turbulence

Rogachevskii I., Kleeorin N., Brandenburg A., Eichler D., Astrophys. J.753, 6 (2012)

DU I . N

p = —(VxB)xB—-—cVp+V - -(2uvpS)—-J" x B,
Dt 4o i c

JA

at

— U x B+nV?*A,

3

_ _ V.U,
Y P

Pm:]_ _5
cs =10 Bo=10

L=16x J =01

PENCIL CODE



DNS for. Bell Turbulence

> In the early stage there is an
excitation of small-scale
instability (Bell-instability).

»> The instability results in a
production of small-scale
Bell turbulence.




DNS: Formation of: Magnetic Structures

t vk, = 0.020
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FIG. 1.— Visualization of Bz /By on the periphery of the computational domain using 512% mesh points for J© = 0.1, By = 0.01, k; = 1/8 (so that
J = 80), and v = 1 = 10~ (so that the Lundquist number Lu = 80).
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DNS: Bell Turbulence Spectra

\

5 |
S 1078 g
“"\: i
3 4
) ]
ERTS :
= ]

10718 —//:/f

0.0 0.1 0.2 0.3 0.4 0.5 0.6
t vk

FIG. 2.— Time evolution of E‘l.ll k1/ UE\_O for modes with different
wavenumbers for the run with 7 = éll The short straight lines show the
growth rate of the Bell instability, as given by Equation (9) for modes with
three selected values of k, as well as the value of 7, as given by Equa-
tion (33).
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F1G. 3.— Time evolution of the ratio of the spectral vertical (along the

imposed field Bp) and horizontal magnetic energies QEJ.L/EJ.J& for the run
with 7 = 80.
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> Alpha effect:

DNS e,
Vin 51 {( ":-‘ﬂljlnlﬂi-l s ED

*'r theory

~ 0.08. ][ B2/(B% + B2)|P™S ~ 0.06.



> Ultra-high-energy gamma-ray emissions from supernova
remnants indicate about existence of strong magnetic fields
about 100-1000 uG

> Young supernova remnants:

lo = 3 X 1018 cm, 4

n =101 - 107" cm~3,

ni + 1" = n,.

v = (0.3-1) x 101% cm/s

n; =1 cm_3, JU9+ JT =0, BY = B,=const, U = 0, and p* = p.

B* = 1,LLG,

Bdynamo = 10% — 10° pG,



COSMICRAYSHNISURERNGVaREMNANTSHE

»> Estimates for young supernova remnants:

: - ]_,.-’2
- \1/2 A1/2 (nETmCr\
a“'| = Cq (u;‘:r &) (wc'r) : ( ~ 10°-10'% ecm/s

& o
I\ B
0o = 3 x 1018 cm, acr%S( 0) :
By VP
n=10"10_-10"" cm3,
v = (0.3—1) x 10'% cm/s Bgynamo = 102 — 103 4G,
n; — 1 cm_3,
By — 1 uG,

wg —10"2s71,



Conclusions

> \\ehave chiralimagnetceffectwimchioccurs duettorrelativastic rermionsiniaimagnenzed
plasmet

> In chiral magnetohydrodynamics, magnetic field evolution proceeds in distinct stages
()rsmiali=scale chiral dynamoinstaoiity;

(i) first nonlinear stage when the Lorentz force drives small-scale chiral turbulence;

() development oiinVerse energy  transiermwitie 2 MagNELC energy/SPECTRUIMES
(iv) generation ofilarge-scale magnetic field by the new chiral fa#y - effect and saturation.

\We have considered turbulent flows (chirally produced or forced turbulence) with a zero
meankineucrelicity:

» Tihe origin of MHD turbulence and evolution of:magnetic fields i the ey Urnverse:
Tails M) treulepes ezip sseye 2 2 souces of GYW zifiae BYWRT



THE END



