Gauge invariance
and thermodynamic stability
of rotating magnetized systems



QCD matter under rotation

heavy-ion collision

The Fastest Fluid
by Sylvia Morrow

Superhot material
spins at an incredible
rate.
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/' elementary particles affected by €2 (= source of angular momentum)
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Early attempt : Thermodynamics
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Inverse magnetic catalysis
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purely magnetic part




Early attempt : Transport
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Early attempt : Transport

e ()
A2

Kubo formula p —

B |

Q
| #of @ > #Hof @



Puzzle on magnheto-vortical charge

Kubo formula
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Answer (as of June)

Kubo formula
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Finial answer

Kubo formula
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| will convince youl!



Choice of angular momenta

/ = det _DB — ’YOQ(L + S)_

Lcan — —1(338y — ya?;.) conserved AM

Lyin = —i(xD,, — yD,)  gauge invariant AM



Classical interpretation




Classical interpretation

no longer circular

H— QL unstable

can



Classical interpretation
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Fdrift — ¢BO7r for symmetric gauge
H — QLC&II — H — QLkin stable

gauge Invariance <«—— thermodynamic stability



Quantum mechanics
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guiding center

> > >
> > >

Sl

Landau level basis | 71,71 ) & (a')" 10,0)

Kinetic energy

distance from origin

2 = eB(a'a + 1)



Angular momenta
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cyclotron motion
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circular motion of guiding center
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L owest Landau Level (LLL)

(Jiim) L, = (A+ A+ S)H = —1/2

— —

B (2




L owest Landau Level (LLL)

(Jiim) L, = (A+ A+ S)H = —1/2

This suggests P =



LLL Pressure

7 = det|Dg — °Q(A + A + S)

IN general, not diagonalized analytically



LLL Pressure
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Comparisons
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Anomaly-protected?

only for strong B
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orbital
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Only Is due to chiral anomaly?

This is T-independent

This i1s derived as a Chern-Simons current



Anomaly-protected?
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Anomaly-protected?
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Moment of inertia of QCD vacuum
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QCD vacuum = color magnetic media
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ct. bag model analysis



Summary

reformulate gauge-invariant and stable thermodynamics
discover cyclotron contribution to magneto-vortical charge

The charge i1s anomaly-unprotected part?

kinder to lattice than pure rotation : no boundary effect, homogeneity

applicabllity to various fields

HIC : spin polarization under strong B

neutron stars, electron systems, cold atoms, quantum optics



