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Abstract

Chiral Hall Effect

The electromagnetic-field-induced transport related to the axial chemical potential may
play an important role in many chiral systems such as the quark gluon plasma (QGP)
created in relativistic heavy ion collisions. It has been found that the presence of both
vector and axial chemical potentials could induce an axial current parallel to the applied
electric field known as the chiral electric separation effect (CESE), where the axial
conductivity is proportional to the product of the small vector and axial chemical
potentials in QED and weakly coupled QCD plasmas. By implementing the gauge/gravity
duality, we qualitatively obtain the same relation in the strongly coupled scenario. On the
other hand, we find that an axial Hall current can also be generated when introducing an
electric field and a magnetic field perpendicular to each other with an axial chemical
potential, which could be dubbed as the chiral Hall effect (CHE). The fluctuations of
chemical potentials will further result in chiral electric waves (CEW) as propagating
density waves led by the applied electromagnetic fields. Interestingly, the Hall density
waves propagating perpendicular to both applied fields may exist even at zero chemical
potentials and become non-dissipative. We investigate the transport coefficients including
the Hall conductivity, damping times, wave velocities, and diffusion constants of CEW in a
strongly coupled plasma via the AdS/CFT correspondence. We argue that the CHE could
lead to nontrivial charge distributions at different rapidity in asymmetric heavy ion
collisions. The presentation is based on [1,2].

The presence of an electric field and a magnetic field perpendicular to each other yields
a Hall current perpendicular to both fields. Analogously, we find an axial Hall current is
induced in the same condition with an axial chemical potential.
normal Hall conductivity :

chiral Hall conductivity :

When 𝜇𝐴 ≠ 0, where the R/L charge densities are different, the (Hall) conductivity of the
R/L sectors are also different, which thus results in the nonzero chiral Hall conductivity.
Since the Hall conductivity is linear to the charge density, it is expected that the chiral
Hall conductivity is linear to the (small) 𝜇𝐴 .
weak B :

strong B :

We investigate the CHE in the SS model and find the expected relation.
Moreover, the nonlinear effects are observed for strong E and B fields in the SS model.
strong E & finite B :

charge density :

strong B & finite E :

Numerical results :

Note: The nonlinear effects become
substantial only at a very strong 𝐸~20𝑚𝜋 2 .
Similar scenarios are found for a strong B
and a finite E.

Chiral Electric Separation Effect in Strong Coupling
In a relativistic system with chiral fermions, a magnetic field will lead to the so-called
chiral magnetic effect (CME) in the presence of an axial chemical potential, which
generates an electric current along the magnetic field [3,4]. Similarly, the presence of a
vector chemical potential will give rise to an axial current parallel to the magnetic field,
known as the chiral separation effect (CSE) [4]. Recently, it has been found that the
electric field results in an analogous scenario in the chiral system, where the presence of
both a vector and axial chemical potentials causes an axial current parallel to the electric
field, which is known as the chiral electric separation effect (CESE) [5]. However, unlike
the CME and CSE, the CESE does not stem from the axial anomaly.

CESE :

for 𝜇𝑉/𝐴 ≪ 𝑇

 Interpretation of Chiral Electric Conductivity :
In a chiral system in the presence of an external electric field E, the right and left handed
(R/L) fermions will be dragged by the electric force and two charge currents will be
induced. The linear combination of the R/L currents leads to the vector and axial currents.

Chiral Electric Waves
The fluctuations of 𝜇𝑉/𝐴 and the combination of the CME and CSE give rise to propagating
density waves known as the chiral magnetic waves (CMW) [9]. In the presence of E and B
fields, the CESE and CHE will further results in the chiral electric waves (CEW). We start
from the R/L basis and introduce the density (𝜇𝑅/𝐿 ) fluctuations. By applying the
conservation equation and convert the R/L basis to the V/A basis, we then obtain the
dispersion relation of the CEW.

(CEW from only E fields and CESE)
Change to the V/A basis and take the oscillatory form :

Hydro approx.

damping coefficient
diffusion constant

wave velocity

CMW :

currents :

conductivity :

chemical potentials :
CEW :

Considering the chiral symmetry (𝑅 ↔ 𝐿) and charge conjugation (𝑒 → −𝑒, 𝜇𝑅/𝐿 → −𝜇𝑅/𝐿 )
symmetry, up to the leading-order correction of small chemical potentials, we find
Such relations have been found in QED and weakly coupled (perturbative) QCD [5,6] .

Analogous to CMW, CEW also have two modes and become non-dissipative in the chargeless
case with zero conductivity. Considering the CHE, we further find the Hall electric waves
propagating along the direction perpendicular to both E and B fields.
𝐵𝑥
𝑘𝑧
CEW in the SS model :
damping coefficient:
𝐸𝑦

QED:
wave velocities:

pQCD:
(here we ignore the axial anomaly & CMW)

We study the CESE in the Sakai-Sugimoto (SS) model at finite temperature [7,8], which
corresponds to a non-conformal gauge theory to mimic the QGP at strong coupling. We
employ two approaches in holography to compute the conductivity. One stems from the
linear response theory, which could be applied to the case with an oscillatory E field in
time. Another approach encodes the non-linear effect under strong but constant external
fields. Both approaches show that the relations between the conductivity and 𝜇𝑉/𝐴 from
the naïve derivation based on symmetries are qualitative satisfied for small 𝜇𝑉/𝐴 and weak
E fields.
blue : 𝜎
𝑣

Red : 𝜎𝑎 (𝜎5 )

diffusion constants:

When 𝑛𝑣/𝑎 = 0( 𝛽± 𝑦𝑦 = 0), the “−” mode of the Hall electric waves (HEW) become nondissipative. Similar to CMW, HEW could exist even when both the vector and axial charge
densities vanish. Note that CEW will vanish in such a case. In phenomenology, CESE and
CHE (CEW and HEW) may play a role in asymmetric collisions such as Cu+Au collisions,
where both strong E and B fields perpendicular to each other are produced in early times.

colors : diff 𝜇𝑉

SS model (sQCD)
with oscillatory E :

From the result for an oscillatory E field, we find that the axial current is approximately
proportional to 𝜇𝑉 𝜇𝐴 . For the case with an external (weak) constant E field, we obtain the
analytic result. 𝑬 = 𝐸 :
𝑦

SS model (sQCD)
with an external E :

In the SS model, the AdS radius 𝐿 is associated with the Kalzula Klein (KK) mass 𝑀𝐾𝐾
related to the mesonic scale of the theory and the typical string length 𝑙𝑠 . In the
numerical computations, the numerical values of relevant coefficients are
The values are chosen to fit the 𝜌 −meson mass and pion decay constant. Also, T here
corresponds to the average temperature of RHIC. In summary, the leading-order relations
between the induced currents and chemical potentials in CESE hold for both weak and
strong couplings. Surprisingly, they may approximately hold even for 𝜇𝑉/𝐴 ≈ 𝑇.
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