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Anomalous quantum transport phenomena

Dirac equation 1n the chiral representation
—> Chirality-spin-momentum locked in the massless limit
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- Finite currents when one of y q q
chirality is favored. q q
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Anomalous transport in magneto-vortical matter
w/o chirality imbalance
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- Effective theory as the Chern-Simons current

The integral 1s independent of T and p. Yamamoto and Yang, 2103.13208
. . : - Chiral kinetic theory
Kubo-formula calculation i1s tied to the chiral Yang, et al., 2003.04517; Lin, Yang, 2103.11577:

anomaly 1n the Schwinger model KH, Yin Mameda, 2305.02134; Yang, et al., 2409.00456
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Another approach with explicit solution for the Dirac eq.
Ebihara, Fukushima, Mameda, PLB [1608.00336 [hep-ph]]

1. Solving the Dirac equation under B and global rotation Q (in a cylinder)
by the use of the symmetric gauge.
2. Computing the charge density with the explicit solution.

e D [ 25

{ £+ quf Tark | g In[1+ e—(s+qﬂj+qmﬁ]}’

F——n
where oty =2—8,0, j =€+1/2, N=eBR?/2, and &€ = \/p2 + 2neB.

Q eBQ
frotal = T2R2 ;(E +1/2) = A2 (N+1). 4. “Canonical” angular momentum
./ There 1s an orbital angular momentum contribution in addition to spin!
&
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& However, this orbital angular momentum is a gauge-dependent quantity!

Private communication among us.
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. . . KH, Itakura, Ozaki,
Analytlc and quantum mechanics in B Review article in PPNP [2305.03865 [hep-ph]’
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anonical momentum (p) p = a_x — [:C . P ] =1
A(x) breaks translation generated by p.
(Whether or not p is conserved depends on gauge.)
. . . cry—1 70
Kinetic momentum () x = (ih)” |, H = —
m
Heisenberg eq.
d . dk
Pseudo-momentum (k) 0= E(mw —ex X B ) = %

Kk 1s a generator of translation in a constant B.
(Called magnetic translation, Conserved in any gauge)
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Orbital AM in B KH, Itakura, Ozaki,

Review article in PPNP [2305.03865 [hep-ph]

To define orbital angular momentum (AM), we need to specify

1. one of the three linear momenta (canonical, kinetic, pseudo)
2. areference coordinate point

Relevant AM 1n this talk:
Kinetic AM around the guiding center (x,) Ai=(r—x) x™
Nonzero expectation value in the Landau level (n) (n]f\ .|n) = —sgn(eB)h(2n + 1)
0 p k (T —x)x®  TXP &, X k
- v X v v X v

invariance

Conservation b 4 Up to gauges v (4 Up to gauges (4

Fig. 2. Properties of the three linear momenta and the associated angular momenta (AM).
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Starting over from the very beginning to resolve the puzzle

Fukushima, KH, Mameda, PRL [2409.18652 [hep-ph]]

Thermodynamic stability: Thermodynamic partition function should be constructed for
static thermal states. > Corrigendum to Ebihara, Fukushima, Mameda (2016)

. Identifying the static state automatically leads to a gauge-invariant formulation with the
kinetic orbital AM.

. As a consequence, the orbital contribution overwhelms the spin contribution found
earlier. =2 Corrigendum to KH and Yin (2016)
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https://arxiv.org/abs/2409.18652

Thermodynamic stability in B and Q2

Condition: No electric current in static states.

However, when a system starts rotating in B, there 1s a radial Hall current. @

“Rotational Hall effect” (Unipolar induction) B
va = 1) Cf. Goldreich-Julian, ApJ (1969)
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The Lorentz force driven by rotation depends on electric charges. \trrr f

Charge separation occurs 1n a steady state so that an induced E offsets
the Lorentz force (and thus the Hall current) in the lab frame; I.e., there 1s E 1n the lab frame.
< No E 1n the comoving frame.
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Gauge-invariant partition function
for the static thermal state

7 = det [’)/037 —iy' Dy + M — ’YOQ(Iﬂl + %7172)}

This work: No E in the comoving frame Kinetic orbital AM pmn

B B Previous works by Chen, Fukushima, Huang, Mameda;
AM — (). ——y. —2.0 Ebihara, Fukushima, Mameda:
com 9 Y, €Ly . . :
2 2 E # 0 in the comoving frame < E = 0 in the lab frame
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Local AM around a guiding center of each cyclotron orbit. A 4# i’,P @
A= (z—x)ly — (y — ye)Il, CPCPCP

Global AM of the guiding center around the rotation axis. l s CP ‘:P
A — xcHy - yc Ha’;



Sign inversion by the orbital contribution
in the strong-field regime

ny = CA(%—l)w . B = —%w >4

Fukushima, KH, Mameda 2409.18652

Spin - Orbital

Each cyclotron orbit has a kinetic angular momentum
that 1s additive to spin but with an opposite sign (Lenz’s law, Landau diamagnetism).

d;é d;é ¢¢ (nlAxin|n) = —sgn(eB)(2n + 1)
I i l ‘ l ‘ Cf. KH, Itakura, Ozaki, 2305.03865
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Anti-Einstein-de Haas effect
--- Storage of negative angular momentum
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Summary

We examined thermodynamic stability and a gauge-invariant formulation.
Magnetic field B induces orbital AM (associated with cyclotron orbits) as
well as spin polarization.

Their coupling to rotation (2 induces spectral shift.

Charge-dependent energy shift: AEF =5 -Q = i(%—l)é - ()

(Spin) — (Kinetic orbital AM)

The new orbital contribution inverts the overall sign. Kinetic orbital AM
1 C
ny = C’A(i—l)w . B = —7Aw . B




Work in progress: Transition from the strong to weak fields

ny

CaB-Q/2]

+1

Dominated by spin contribution in weak B (chiral kinetic eq.)

Dominated by orbital AM (and spin)
in the lowest Landau level (This work)



Azimuthal current

When the charge density ny = kBip - €2 1s rotating with vy = r2,

Q
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When k = C—QA for the spin contribution, agrees with Yamamoto and Yang, 2103.13208.
Including the orbital contribution, K = — %4 and the azimuthal current is reversed

2
due to the opposite charge density. Fukushima, KH, Mameda, PRL [2409.18652 [hep-ph]]



https://arxiv.org/abs/2409.18652

ElabXQ = —{(mXQ)XBlab}XQ
(AxB)xC=Ax(BxC)+Bx(CxA)

= —(zx Q) X (Bap X Q) B, x {2 x (z x Q)}
Ax(BxC)=(A-C)B-(A-B)C

= —(xx Q)X (BlayX Q) { B, AT x Q)2+ B, - Q (x x Q)

Blab // )
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