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Abstract

A quantum fluid in thermal equilibrium can be described in the grand canonical ensemble using the density operator p. At finite temperature and chemical potential, the expectation
values of the energy-momentum tensor and the charge current reveal the well-known thermodynamics of the Fermi-Dirac fluid. When the system is rotating or immersed in a magnetic
field, deviations from the Fermi-Dirac thermodynamics can be seen, a particular form of which gives rise to anomalous transport. Anomalous transport was originally uncovered at the level
of the axial current: a rotating fluid exhibits a flow of chirality along the rotation vector (the chiral vortical effect). Similarly, Dirac fermions in a magnetic field exhibit the chiral separation
effect, by which vector charge imbalance drives a flow of chirality. Conversely, chiral imbalance drives a flow of vector charge (the chiral magnetic effect). In this poster, we address similar
effects at the level of the helicity current, describing the flow of helicity (as opposed to chirality) at finite rotation and in the presence of a magnetic field. Because the helicity has opposite
charge conjugation parity compared to chirality, these transport laws complement each other. At high temperature and under rotation, the axial conductivity is dominant; while under a

magnetic field, the helical conductivity becomes dominant.

1 The V/A/H currents

L _
o ['ree Dirac fermions are described by £ = 51 @ 1 — mapp and satisfy (i@ — m)y = 0.

o Invariance under U(1)y transf. 1 — €'*1) = conserved vector current J|; = 1)~/

e For m = 0, £ is invariant under the U(1)4 symmetry, 1) — em”w. The conservation of
the associated axial current J!, = ¥y*~°¢ is broken by m # 0 and by quantum effects:

2
- €
0,J! = 2imaby1) + 2—7T2E - B.

e A third conserved quantity is the helicity current J}, = yy*hi + hipy"a) [3, 1], where
h = %S - P and S is the spin matrix, satisfying

0, J = 0+ quantum terms?

[n the non-interacting classical theory, J4; is conserved even for m # 0!

2 Quantum theory with V/A/H charges

Qu|Jv|Jaldu| Caption. Behaviour of the vector (V), axial (A), and helical (H) charges

(@) and currents (J) of a massless Dirac fermion under the C-, P-, and T~-

inversions. The signs +/— indicate the even/odd nature of these quantities

+ | | under the corresponding discrete transtormations.
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e The system of free, massless fermions supports the V//A/H/ conserved charges:

Qv - / Frdly, Qi — / Frdiry, Qu =2 / i,

o Taking ¢ = Zj[Uj[;j + VJCZ]] with U; and V; = sz;f as eigenfunctions of {H, h},

HU; = E;U;, hU; = \;U;, HV; = —E;V;,  hV; = \;V;,

we have : @g = Zj [qﬁAlAy}LlS] + qg_yAcfb];cfj], with charges

A
q;/:)\ — 0-7 q()-))\ — 2)\7 qO[-—{)\ — 2)\0-

3 Vortical effects in V/A/H plasmas

Finite temperature QFT under rigid rotation given by p = exp|—/3 (ﬁ] —QJ I+ a-qQ)
> la = p/T is the normalized chemical potentiall

(P, @, 2)

Velocity :
U0y =I'(0; + Q8¢),
Acceleration :

00 =(Vyu)*8y = —pQ2T20,, \

Vorticity :
W0y =20 5(0u,) 0,
=100,

Fourth vector :
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799, = — ¥ 178G UxO,
— — O’T°(p*Q0, + 0,).
The rotating fermionic plasma develops currents J,' = Quu* + o7 + ofw!, where the
conductivities o are given by |1, 3|:

T+ +
e Axial vortical effect: 04 = 6 02
W T2 H . go )\ Cs )\ QMHT
e Helical vortical effects: v = o2 Z qa,AL12(_€ ) =~ 3 In2,
o\
0= 5 z; Gy \Lig(—ed ) o~ p In 2

o 0% and oY, are non-vanishing even when py = puy = 0!
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[Based on Refs. [1, 2]]

4 Helicity in a constant magnetic field

e Under minimal coupling, 9, = D, = 0, + iqA,, and
L=200 0 —qhhs —mbp = (if—gh—mpp =0
o We take A" in the Coulomb gauge, A* = (0, A), with A = A(x), such that
E=0A-VA"=0, B=V x A, Fo=—DB(9u29vy — 9uyGvz)-
e In this case, the Dirac Hamiltonian satistying H1 = 10, reads

H:m%—kvo'y-ﬂ', T =—1V — gA.

e We seek for h such that [h, H] = 0. Writing H = m~y, + 27°S - 7, we see that

S .7
VH2 —m?

h:

o The divergence of Ji; reads 0, J7; = VAhy) + %hw + h.c.
e Because |H, h| =0, it Hy = 19p) then Hhy = 10;(ht)), such that

Iy = —ilgh+mhyy = P = —Johp = 9, = 0.

e Ji; is conserved in a background magnetic field, even at finite m!

5 Landau levels

e The Dirac eq. can be solved with respect to eigenmodes U; of H, PY, P* and h:

HUj:E]'Uj, Pij:ngj, PzUj:ijj, hUj:)\jUj.

e [ransverse dynamics 1s quantized into Landau levels n;,

E? =m” + (p3)” + 2n,]qB].

e The lowest Landau level (LLL), n; = 0, exists only when 20\; = sgn(p;).

6 Helical separation effect

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

1

J; — qu,u -+ O'KBB’M, ut = (Séb, Bl = §€MVQ5UVF045 — 3557

o (),u is the classical transport of the charge density Q).

e The anomalous transport component Uf B" 1s given only by the LLL:

Chiral magnetic effect: Chiral separation effect: Helical separation effect:

B akA | QBpvin  p apv | aBpapn g 4 qpp’
A . 04 , o~ ——1In2- . (9)
27? 4r? 272 4t 0 872
e 0} and of are non-vanishing even when py = py = 0!
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