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The chiral magnetic effect (CME) is a macroscopic manifestation of the quantum anomaly. There
has been rapid progress in theoretical understanding the nature of chiral plasmas, in which the
CME and other anomaly-induced transports take place. In this talk, we discuss the properties
of the chiral magnetohydrodynamics (MHD), which is a hydrodynamic theory of chiral plasmas
with dynamical electromagnetic fields. We introduce the formulation of the theory, and discuss

linear excitations.
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1. Introduction

There have been growing interests in the physics of chiral materials. Remarkably, the chiral
anomaly, which is a quantum effect, results in macroscopic non-dissipative transport effects. Those
effects can be summarized in the following constitutive relations for the vector and axial currents,

jv = EpB* 4+ Ep*, (1.1)
A = GB* + Lyt (1.2)

where B* = F*Vu, with Fy, = %euvaﬁF“ﬁ, u is the fluid velocity, @, = %eumﬁuvaauﬁ is the
vorticity tensor. The transport coefficients for the chiral magnetic effect (CME) [, 2] &g and the
chiral separation effect (CSE) (g are solely determined by the anomaly coefficient and they do not
get further quantum corrections. The universal nature of the anomalous transport coefficients is
checked by various calculation techniques such as the perturbation theory, lattice QCD [3, 4], the
kinetic theory [5, 6, 7], and the hydrodynamics [8]. The derivation of those effects in terms of
hydrodynamics [8] exemplifies the fact that they are macroscopic transport effects. There have also
been experimental efforts to realize those effects as well as theoretical investigations. The CME is
recently detected in Dirac semimetals [9]. There has been on-going vigorous efforts in heavy-ion
collisions experiments to find the evidence of such effects, too.

In the present talk, we will discuss the recent developments in understanding the anomalous
transport effects. Our focus here is particularly on the effects of dynamical electromagnetic fields.
In most cases, the anomalous transport effects including the CME are discussed as a response to
applied fields.

In reality, the generated currents will backreact to the electromagnetic fields and modify them.
The fields and currents have to be treated as a coupled system, and we need a consistent frame-
work describe such a system. We call the low-energy effective theory for this purpose as the chiral
magnetohydrodynamics (MHD). The chiral MHD can be formulated as a derivative expansion, just
as in the ordinary hydrodynamics. Together with the constraint from the second law of thermody-
namics, the constitutive equations for the chiral MHD are derived, that include the chiral magnetic
current.

2. Topology of the magnetic fields and the cChiral anomaly

Before delving into the chiral MHD, let us remind you an interesting relation as to the chiral
anomaly and the topological properties of magnetic fields. The chiral anomaly is represented by
the following equation,

duji = CAE B, (2.1)
If we perform the spatial integration of Eq. (2.1), we obtain
d
— [+ 7] =0, 2.2)
dt
where we have defined two helicities,
_ 3 _ 2 3
%:/dxA-B, ;&:F/d~an. 2.3)
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We call the former one as the magnetic helicity, and the latter one as the fermionic helicity. Equa-
tion (2.2) says that the sum of two helicities are constant in time, although each of them are not
necessarily conserved. It is well known that the magnetic helicity is a quantity that has the informa-
tion of the topology of the field configuration. We can write the magnetic helicity with topological
invariants as

%:ijﬁi%‘z_‘_zziﬁj@iq’ja (2.4)
i i,j

when the field consists of magnetic flux tubes. Here, ¢; represents the magnetic flux of the i—th
flux tube, .Z;; is the Gauss linking number .} is the Calugareanu self-linking number. [10, 11, 12].
%;j and .} are topological invariants and they do not change values under continuous deformations
of the configuration. The fact that the two helicities can be converted to each other means that, the
presence of massless fermions can change the topology of magnetic fields, which is not possible
without them.

Indeed, one can derive a formula connecting the the topology change of magnetic fields and

CME current [13],
3

Z AJ-dx=— ¢

_ 9. 520 2.5)
1 i

where e is the electric charge, where AJ is the amount of generated CME currents, C; represent the
center lines of the magnetic flux tubes, and A7 is the change in magnetic helicity, From Eq. (2.5),
we can conclude that, when the topology of the fields is modified, it has to result in the generation
of CME currents. Such relation can be extended to include the topology of fluid flows [14]. If
magnetic fields or vortex lines are reconnected, we automatically have CME currents, and they are
quantified by Eq. (2.5) (see Fig. 2).

<+— magnetic field
<---- current

Figure 1: CME current generation due to the change of the topology of magnetic fields.

3. Chiral MHD equations

Hydrodynamics is a universal framework to describe systems at low energies. We study the
long-time and long-wavelength dynamics of a chiral plasma , following the conventional logic
of hydrodynamics [15]. We first consider locally equilibrium configurations. Those states are
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parametrized by Lagrange multipliers, {7, u",B*, s }, where T is the temperature, (14 is the chiral
chemical potential, u* is the fluid velocity.

Here, we did not treat the electric chemical potential u as a hydrodynamic variable. The reason
is that it is actually not a slow variable. Let us consider the conservation of the electric current,

on+V-j=0. (3.1)
If we use the Ohm’s law j = oE the Gauss law V - E = n, we obtain
on=—on. (3.2)

This equation indicates that n is damping with the timescale determined by the electric conductivity
o. For this reason, n is no longer a slow variable.

The equations governing the chiral MHD are given by the energy-momentum conservation,
the Bianchi identity and the anomaly equation as

T =0, (3.3)
o F* =0, (3.4)
duJi =CAE-B, (3.5)

where THV is the total energy-momentum tensor, and Cx = €?/(47?) is the anomaly coefficient.
We shall express the quantities { T“V,JK,F #V1 by the hydrodynamic variables, order by order in
the number of derivatives. The zeroth order terms define the ideal chiral MHD. At the zeroth order,
the electric field vanishes, E(‘g) = 0. This means that the charge redistribution is fast. We formulate
the chiral MHD as a double expansion in terms of derivatives and the anomaly coefficient.

3.1 Zeroth order

Let us discuss the zeroth order contributions in derivative and the anomaly coefficient. In
general, the energy-momentum tensor, field-strength tensor and the axial current is written as

Th = eutu’ —XA" —YB'BY, (3.6)
Y, o
T = nat oy

where A*V = g"V — u*uV is the spatial projector, and € is the energy density. The quantities €,
X, and Y are functions of the hydrodynamic variables, {7, ,uA,BZ}. We here work in the Landau
frame, and hence we do not have a term o B*" in T*V. With the Egs. (3.6),(3.7) and ((3.8)), the
equations of motions is written as

uvaﬂ%v = 0;6+€0+X60—Yu,(B-9)B" =0, (3.9)
3“15(‘5; = J;B* +B"0 — (B-d)u" —u"(d-B) =0, (3.10)
duti) = Oena+nab =0, (3.11)

where d; = uy 0" and 0 = J - u. The RHS of the anomaly equation is zero at this order. We use the
thermodynamic relation,
de = Tds+ puadna+ H,dB* . (3.12)
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Let us rewrite this as
ds = Bde — findna — BHudB“ , (3.13)

where we introduced 8 = 1/T and fia = ua/T. Here H* is the magnetic field in medium.
We calculate the divergence of the entropy current, S* = su*, which reads
d-S=0dis+s06
= Bore — findena — BHu0:B* +56
=BO(—X —e+sT + uana+H-B) (3.14)
+B[Hy —YBy](B-9)u*
=0.

The entropy has to be conserved at this order. Thus, we should have

X = —e+sT+uana+H-B=p, 3.15)
H, =YB,. (3.16)

As a result, we obtain the constitutive relations as

T(‘(;)v = eutu’ — pA"Y —HHBY G.17)

3.2 First order
Now let us proceed to the next order. The energy-momentum tensor, the axial current and the

electric field now have the first-order contributions,

_ MV v B gk n _ gk
T =To +THY, JA=Jhe +hay EM =Ef. (3.19)

We try to find the expressions of the first-order terms, using the second law. The equation of
motions now read

uyIuTH' = e+ (e+p) 6 +Hy(B-9)u" +uyduTh) =0, (3.20)
8TnA+nA9+8~JA(1) :CAE(I)-B. (3.21)
OB +BHO — (B-9)u" — ut (9 -B) — 9y <8”V°‘BuaE(1)ﬁ) =0. (3.22)

The divergence of the entropy current, S* = su* + Sét 1 reads

9-S=p (—uvauTﬁ)v) —fia (=0 Jaq) +CaEq) - B)
— BHydy (8“"”"3uaE(1)/3) +9-Su)
=T}y Ou(Buv) = Jaq1) - Ofia
+Equyp (~CaRaB? — "3 (BHyJua )

(3.23)
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where we have set
Sftl) - ﬁuvT(ﬁL; - .L_‘AJ/P;(U - SwaﬁﬁHvuocE(nﬁ : (3.24)

The positivity or the entropy production is assured if the following conditions are met,

TH) Ou(Buy) =0, (3.25)
—Ja(1)-90a >0, (3.26)
Equ |~CafiaB" + " *Pu,dy (BHg)| = 0. (3.27)

We can satisfy Egs. (3.25) and (3.26) by introducing the viscosities and diffusion constant as !
T(*]‘)V =nVHuY” 4LV -u, (3.28)
where the brackets < ... > denotes the symmetric and traceless part, and
Jay = —DaV¥fia, (3.29)
with VH = A*V9,,. For Eq. (3.27), we should have

~CaftaB! +e""*Puy, 0o (BHg) | = X" E1)y (3.30)

where X*V is a positive semi-definite matrix. Let us introduce a unit vector along the magnetic
field as

bt = 15“32, (3.31)
which satisfies b, b* = —1. Let us decompose the spatial projector as
AR = —pHpY + ALY, (3.32)
where A‘iv = A"V +b*bY. The tensor X*V can be written as
X" =B |—ob"b" + 0 AV + opan € Pugbg | (3.33)

where of and o, are parallel and perpendicular conductivities, and O,y is the Hall conductivity.
The Hall current does not contribute to entropy production. For simplicity, let us look at the case
0|=0,=0 and oy, = 0. The we obtain the expression for the first-order electric field as

1
Efy = — g uvdu(BH) +

The second term on the right in Eq. (3.34) represents the chiral magnetic effect.

B, (3.34)

Calla
c

IThe viscosities and the diffusion constant can be anisotropic in general, because of the existence of the magnetic
field [16, 17, 18, 19, 20]
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Figure 2: Behaviors of collective modes as a function of 6 and &4 for ¢s/up = 0.6.

3.3 Collective excitations

Let us now discuss the properties of collective modes in the chiral MHD. We consider a chiral
fluid with ug = (1,0,0,0) under a homogeneous magnetic field Bg . The energy density £°, and
axial charge density ng are also homogeneous. We look at the linear fluctuations around this
background.

In the case of idea MHD, the magnetic field is frozen in to the matter. The fluid and the
magnetic field always move together. There is a wave called the Alfvén mode, which propagates
along the magnetic field. When the wave is propagating along the magnetic field, we can obtain
the dispersion relation of the Alfvén wave modified by the chiral anomaly, as

© = tusk| =5 [(N+2) K] —seak) (3.35)

where €x = Calia/0, us = \/B2/(e+ p+ B?) is the Alfvén velocity, j = n/(e+p+B?) is a
rescaled shear viscosity, and s is the helicity of the wave. Helicity-dependent instability appears,

due to the contribution proportional to 5. When 4 > 0, the positive helicity modes with k < k. is

unstable, where

C
= abA (3.36)
1+no
The instability leads to the generation of helical magnetic fields and flow velocities.
In Fig. 2, we have summarized the nature of waves®. There are six modes in total, which are
all massless. The horizontal axis 0 represents the angle between the wave vector and the magnetic

field. In the red region, all the waves are stable. In the green blue regions, unstable modes appear.

2In this plot, = = DA =0, which corresponds to the small k limit, and a non-relativistic limit is taken where i

is small.



Properties of chiral magnetohydrodynamics Yuji Hirono

The instability found here is in line with the instabilities discussed for chiral plasmas[21, 22].
It would be interesting to investigate the fate of the instability in the hydrodynamic regime.

4. Potentials of chiral MHD

Having formulated the basis of chiral MHD, we are now in position to apply the theory to de-
scribe real-world phenomena. The chiral MHD would be an essential tool to look for the evidence
of anomaly-induced transport effects in heavy-ion collisions. A hydrodynamic model including the
chiral MHD can give an quantitative prediction of the observables.

Description in terms of chiral MHD is also important for early Universe before electroweak
phase transition. The interplay of chiral fermions with dynamical gauge fields leads to a formation
of large-scale magnetic fields like we see in the current Universe. The chiral MHD has the potential
to explain the reason how the large-scale magnetic fields are developed.

It can be applied to recently discovered Dirac/Weyl semimetals, in which the quasiparticles
show relativistic dispersions. Fluid-dynamic behavior of electrons in graphene is experimentally
discovered recently[23]. It opens the possibility of developing new electronic devices utilizing
the fluid-like and anomalous properties of the materials. The anomalous transport effects involve
“chiralities. “ Current semiconductor technology is based on the transport of electric charges. The
chiral transport effects make it possible to use the chirality for information processing. In order
to develop the methods of chirality manipulations, we have to understand the nature of 3D chiral
materials, including its interaction with (polarized) photons. The chiral MHD is an ideal tool for
this purpose.

5. Summary

We have discussed the chiral MHD, which is a low-energy effective theory to describe chiral
plasmas coupled with dynamical electromagnetic fields. The chiral MHD is formulated as a kind
of hydrodynamic expansion, in terms of the number of derivatives and the power of the anomaly
coefficient. The second law of thermodynamic provides us with additional constraints. The CME
current naturally arises in the first-order contribution to the constitutive equation of the electric
field. We find an instability that leads to the generation of helical magnetic fields and flow veloci-
ties.
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