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» Helicity current:

m Fermion polarization can be described using helicity A = +1/2.
m The helicity operator h commutes with the Hamiltonian.
m The helicity current J5 = ¢y"hi + h.c. is conserved for free fermions.

» Helical vortical effect:

m Due to spin-orbit coupling leads to polarization under external (.
m Well-known effect: Chiral vortical effect, involving J o T?, 13,
m New helical vortical effect: Jy, o pvT.

» Helical separation effect:

m In external B, the transverse-plane dynamics is quantized = Landau levels.
m For |¢B| > T, the transverse dynamics is suppressed = LLL dominates.

m LLL selects only one polarization = anomalous transport.

m CME and CSE are well-known and involve J and pa.

m New conserved helicity operator h in external B.

m (J4) reveals leading-order Helical Separation Effect (HSE).
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The V/A/H currents

i _
» Dirac fermions are described by £ = 3¢ A Y — mynp.

> JE = pyH1) is conserved thanks to the U(1)y symmetry of L.
» The conservation of J% = 1¢y#~°1 is broken by m # 0 and axial anomaly:

2
.- e
0, JY = 2imyy°y + ﬁE - B. (1)

» A third conserved current is the helicity current:

1

Jh = vy R + hpyH ey, h = 5P, (2)

where S is the spin matrix, satisfying
0, Jt; = 0 4 quantum terms? (3)

» In the non-interacting classical theory, J4; is conserved even for m # 0!
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Quantum theory with V//A/H charges

Qv | Qa | Qu | IJv | J4a | Jyg | Caption. Behaviour of the
C I = + _ — [+ 1 = V/A/H charges (Q)) and currents
Pl + _ _ — X | F (J) under the C-, P-, and T-
T i i i _ _ _ Inversions.
» For free massless fermions, the V/A/H/ charges are conserved:
Qv = [ @aviv. Qu= [Eaviys, Qu=2 [ druin
> In the quantum theory, 1) = D [U;b; + dej] and

: @g = Z[ i)\[;;[[;j + qg_’Adj-CZj], (4)

J

with (q;/)\, q(‘;")\,q({{)\) = (0,2, 2)0).
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Vortical effects in V/A/H plasmas

» The plasma develops J,' = Q,ut + o] " 4+ 0§ w*, where

T2 + v ipd tu
5 .

» Axial vortical effect: 04 = 52

> Helical vortical effects: ¢ = 244 ] 2, o = “5—1n2,
7 0

» 0% and o%; are non-vanishing even when pg4 = pg = 0!
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Helicity in a constant magnetic field

» Under minimal coupling, 0, =+ D, = 9,, + igA, and

1 42 — — ,
L= 200y —qbhy—miy = (@—gh-my=0. (5)
» We take A" in the Coulomb gauge, A* = (0, A), with A = A(x), such that
E = 0;A — VA = 0, B=VXA, F,uI/ — _B(g,ua:gl/y - g,uygl/ac)- (6)

» |n this case, the Dirac Hamiltonian satisfying Hvy) = 19;1) reads

H =mny + 70')/ - T, T =—1V — qA. (7)
> We seek for h such that [h, H] = 0. Writing H = m-y + 27°S - 7, we see
that S
-
h = . 8
= (5)

» The divergence of J%, reads 0, J%; = VPhp + %hw + h.c.
» Because [H,h| =0, if HY = i0¢) then Hhi = i0¢(ht)), such that

Ihp = —i(ghA+m)hp = Pdh = —Fphp = 9Ty =0.  (9)

> J;, is conserved in a background magnetic field, even at finite m!
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Landau levels & Helical separation effect

» Transverse dynamics is quantized into Landau levels n;,

E: =m?+ (p5)* + 2n,|qB|. (10)

> The lowest Landau level (LLL), n; = 0, exists only when 20 ); = sgn(p7).

» The t.e.v.s of the charge currents can be put in the form

1
J'=Qut +oPB*, ut =6, B'= 55“"0‘%,,&5 = B&*,  (11)

» (Q,u" is the classical transport of the charge density Q)y.

» The anomalous transport component afB“ is given only by the LLL:

Chiral magnetic effect: Chiral separation effect: Helical separation effect:
B QA | qBpvim  p _qpv | 4Bpapr g B’
WEgE T e 0 AT oE T g T et s
(12)

» 0% and o0& are non-vanishing even when 4 = g = 0!
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