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Chiralities of massless fermions

A
<« momentum
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Right Left
 Chirality does not change through interaction classically
R L
R L

* Quantum effects breaks the chirality conservation

Chiral anomaly [Adler, Bell-Jackiw (1969)] 2



Chiral anomaly

Axial current JX — ]f{ — ]ff

0,jx = CAE - B

Or = =
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Chiral Magnetic Effect (CME)

[Kharzeev-Warringa-Mclerran (2007)]

JCME = CAMAB

Macroscopic transport
Dissipationless (no heat production)
Transport coefficient is universal

Where does it happen?
* Heavy-ion collisions
* 3D Dirac semimetals 4
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Chiral magnetic effect
In heavy-ion collisions



CME in heavy-ion collisions?

JCME = OA,UAB

- Magnetic field

- Chirality imbalance



Magnetic field in heavy-ion collisions

Reaction
plane

(‘Fr)

X (defines \¥y)



Comparison of B field strength

Heavy-ion collisions 10M7 Gauss
Magnetors 10M5 Gauss
Neutron stars 10M3 Gauss

Neodymium magnet 5000 Gauss

Earth’s magnetic field 0.6 Gauss




CME in heavy-ion collisions?

JCME = CAMAB

- Magnetic field

Strong B field from electric charges

- Chirality imbalance















Chirality imbalance from color flux tubes

[Kharzeev-Krasnitz-Venugopalan ’'02]
[Mace-Schlichting-Venugopalan ’16]

nb

[Hirono-Hirano-Kharzeev ’14]




Enhanced n5 generation in glasma

[Mace-Schlichting-Venugopalan PRD’16]
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CME in heavy-ion collisions?

JCME = OAMAB

- Magnetic field

Strong B field from electric charges

- Chirality imbalance
Created from color fields (glasma)



Harmonics v,

» Azimuthal angle distribution of observed particles

N _ g
de

1+ Z 2on)cosn(¢ — Vy)
_ n=1

» Reflects the shape of the flow

€

V9 “elliptic”

'

U3 “trianglar’




ng > 0

ai >0 a; <O



ng < 0

a1|_<0 CL1_>O
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Expectation from CME
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Chiral fluids &
dynamical EM fields
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o=’

CME current
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Effects of dynamical EM

» Chiral magnetohydrodynamics (MHD) as a
hydrodynamic derivative expansion
[Hattori-Hirono-Yee-Yin ‘17]

« Vortex filament motions in chiral fluids
[Hirono-Kharzeev-Sadofyev PRL’18]
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Hydrodynamics

* Degree of freedom: conserved densities
* Particle number, energy, momentum, ...

{n7€7v...}

* “hydrodynamic variables”

* Time evolution is given by conservation law

* “Constitutive relations”

]J=nv—DVn +---
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Fluid under external B & E
- \/
) @
. E
» Ohm'slaw 53 =0 (F 4+ v, X B)
» From 0, 14", = F""j,
1 o B? 1

0| = 6—|—pj X B = €+p(’UL—’5¢): - (v, —v))

- ExB The transverse velocity
B2 becomes “massive”




E in the presence of fluid

» Ohm'slaw j =0 (FE + v, X B)

* Maxwell equations
OLE=—-j+VxB=—-0E—-E)+VxB

FE—-—-vxB

1
* Electric field slaves v & B after 75 = —

O



Two time scales

e+ p 1
o B2 E=
To K TE <—>BQ>>€_|_p

EM fields are non-dynamical

Ty =

V] is not a hydrodynamic variable

Ty > Tp <= B° < e+ p

EM fields are dynamical - MHD-like
E & n is not a hydrodynamic variable 30



B field in heavy-ion collisions
~ar 10

[L. McLerran, V. Skokov]



MHD

* Hydrodynamic variables

e(x), u(x), B*(x)}

- -1
E* = F*y, BM=FMu, W= _¢vp,
2

 EOM

0, T =0  0,F" =0



Chiral MHD

* Hydrodynamic variables

le(z),u”(z), B¥(x),na(z)}

« EOM

a,uTt'L(L)z — O auﬁuy — O
9, J" = —CrE, B



No electric field in the fluid frame

in Ideal MHD
r
E(O) = 0

Correspond to large conductivity

No electric field!

T wi




Constitutive relation for ideal MHD

TW

+B* | vy’ — bHb — =t

.B'u — |_B|b'u b,ub'u p—

LY _  _uvpo
F """ u,B,

0)

Chiral anomaly doesn't play any role at this order

tot(0) — = (e + p)u“u — pn™”

—1

1
2
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First order in derivative expansion

Using the second law,
Ttlg;(l) — CAMV8°U+277V<MUV>

FE#: C-odd, P-odd
1

Ef}) = Eewﬁu,ﬁa(wﬁ) — epB*
CME
6 . Inverse temperature O : electric conductivity
_ Capia

Ep =
O



First order in derivative expansion
Tior(1) = CA™-u42nV <Fu">

Thwy = DAVPin  F = e Eyu,

Op _Tﬁ(m T Yl‘é&n_ =0
R 2
0. | o)+ | =0

O [‘]K(O) ‘]K(l)_ - _CAEﬁ)BM



Waves in chiral MHD

 Linear fluctuations

e — e+ e
BY — B* + o B*

uwt = u” + our



Alfven wave

-> restoring force

momentum along the background B

magnetic field line l
Dispersion relation W =— __UA]{?‘ |
2 B- :
Vy = Alfven velocity

e+ p-+ B?

39



Alfven wave in dissipative MHD

Dispersion relation

— 2
w = FTvak) 5 1+ Ak
................. G
1
A= - O : electric conductivity
7= Ul 1 : shear viscosity



Alfven wave in dissipative MHD

& Chiral
Dispersion relation
T 5 1
w = Fvsk) — 5 N+ Ak +§seBk||
CME
_ Capa
Ep =
-
s — -+ 1 :handedness of the mode

Instability in one of the helicity modes!
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Alfven wave in dissipative MHD
& Chiral

Dispersion relation

W — __UA]C” —

Fermionic
helicity
Fluid

helicity

42



Chiral Fluids

Vortex filaments

[Hirono-Kharzeev-Sadofyev PRL’18]

EM fields




Dynamics of a thin vortex

X (t,s) :vortex coordinate

S :arc-length parameter

w(t.x) =~ / X/(t,8)5(x — X (L. 5))ds

w=V Xv

cf. J=VXxXB



Dynamics of a thin vortex

X (t,s) :vortex coordinate

X = X, X X” [Arms-Hama ’65]

Localized induction equation (LIE)

Can be mapped to
non-linear Schrodinger equation

[Hasimoto ’72]



Non-linear Schrodinger Eqg. (NLSE)
- Complex scalar field in 1+1D (¢, )
N 7 1
1 = —¢P7 — §|¢\2¢
* Integrable system

* Infinite number of conserved charges
Qo= [dsyure. Q= [ds vy
Q= [ds |Gurv+ G

* Solitons



“Hasimoto solitons”

~ |
—_——



"Hasimoto solitons”

Nature Vol. 295 4 February 1982

Vortex solitary waves
in a rotating, turbulent flow

O¢]

[Hopfinger-Browand ’82]
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"Hasimoto solitons”

T




Dynamics of a thin magnetic flux
In a chiral environment

S = Syumianen — 5 | P+ [ pA-Bd's
{4 :chiral chemical potential
*[Kozhevnikov ‘15]
X=X xX"
+p | X"+ g (X" X'

Fukumoto-Miyazaki Equation (FME)



Fukumoto-Miyazaki Equation

X

s

X' x X" +u

-X”/ _|_

3

2

(X//)2 X/-

[Fukumoto-Miyazaki ‘91]

3«\’1'(-1] ﬂow

Figure from “Geometrical Theory of Dynamical Systems
and Fluid Flows” by Kambe
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Equivalence to an integrable system
X=X xX" LIE

Hasimoto
transformation

Y(t,s) = k(t,s) exp [z / T(t, s’)ds']

¢

. 1
i = =" — §|¢\2¢ NLSE




Equivalence to an integrable system

XZX/XX”—I—,LL X///_I_g(X//)QX/

I Fukumoto-Miyazaki eq.

Hasimoto
transformation

Y(t,s) = k(t,s) exp [z / T(t, S’)ds']

¢

i =~ = Sl + i (974 Sl




Equivalence to an integrable system

XZX/XX”—I—,U X///_I_g(X//)QX/

I Fukumoto-Miyazaki eq.

° Hasimot
b(t,s) = k(t, s) exp [z / T(t,sl)ds'] asimoto
transformation

‘ Hirota eq.

i =~ = Sl + i (974 Sl




We can ask:

* How the solutions are modified by
background chirality?

* Effects on fluctuations?
* Transport properties?



Physical properties of
vortices in chiral media



Ring-like solution

N

Ot







-

Excitation on a ring

L

n=2 n=3

n=4 n=5

7
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Excitation spectrum on a ring

w = +k*y/n2(n2 — 1) LIE

Zero modes
n=0 :radial expansion
n=1, -1 : translation

D




Excitation spectrum on a ring

w = +k*y/n2(n2 — 1) LIE

Zero modes
n=0 :radial expansion
n=1, -1 : translation

Symmetric between n & -n



Excitation spectrum on a ring

3
w—__/£2\/n2 1) + pk n(n2—§>

Zero modes chiral correction
n=0 :radial expansion
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“Chiral Hasimoto solitons”

¢, sech(e£] cos [7]]

€245 :
Xsol(t,s) = 621673 sech|e| sin 1]

621673 tanh[e£]

S

n = 195 + (€ — 1)t + uto(3e® — 7¢)

E=s— 219+ p (37‘3 — 62))t

Parameters: €, T
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“Chiral Hasimoto solitons”

¢, sech[ef] cos [n)

€245 :
Xooi(t,s) = 623;3 sech|e£] sin [n]

S 62?:73 tanh|e£]

Momentum along the vortex

= P + uP

x Hasimoto Hasimoto

“Chiral propulsion effect”
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Chiral & ordinary Hasimoto solitons

10

-10 -
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Summary

* Chiral Magnetic Effect

» Chiral fluids dynamical EM fields
* Chiral MHD

* Instability leading to generation
of helical fields

* Vortices in chiral fluids
* Mapping to an integrable system



