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@® Anomalies and Quantum Currents
® WEYL semi-metals
® Anomalous transport in WSMs

@ Summary



Anomalies
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® Good old fashioned garden variety triangle anomalies

® Anomaly coefficients detect presence of anomalies
® In 3+1 no pure gravitational anomaly
e consistent Anomalies can always be shifted into currents



Anomalous Transport
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® Dissipationless currents via magnetic
field and rotation

® Proportional to anomaly coefficients
® Anomaly effects at finite density and
temperature

® Formulas are correct but need proper

interpretation
® Clearest in Holography!!




Anomalous Transport

CME § CVE
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Anomalous Transport
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Anomalous Transport

Interpretation? Why!

Example: proper CME for Dirac fermion
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Quantum Currents from 5D

Strongly coupled QFT = gravity in 5D
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Quantum Currents from 5D

Anomaly = Chern Simons term

Left-right basis:
/dSZI?AL/\ (FL /\FL) + Ap A (FR/\FR)

Axial-Vector basis:
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Difference is Bardeen counter term
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Quantum Currents from 5D

Holographic dictionary:
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Strict thermodynamic equilibrium: s = A3

(Proper) CME vanishes in strict equilibrium for physical
current

Covariant anomaly vs. Consistent anomaly

[Bardeen, Zumino]



Quantum Currents from 5D

* Anomaly = dynamics of Chern-Simons terms

/ d’zANF NF — d*z0(F N F)
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*Grav.Anomaly = dynamics of grav. Chern-Simons terms
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*“Extrinsic curvature” K appears
* QFT anomaly knows only 4D curvature

e K-terms does not contribute at r=00 (UV)



Quantum Currents from 5D

e BUT: at the black hole horizon
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*A new anomaly ??? 0, J" = :—QE.B
L



Quantum Currents from 5D

*NO! not anomaly but quantum current (Luttinger)

*The Chiral Vortical Effect (CVE) !!
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[Copetti, Fernandez-Pendas, K.L.]
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Applications: WeylSemiMetal
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Applications: WSM

Band structure of YWSM
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CME in WSM
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CME vanishes in equilibrium in WSM  “Bloch theorem”



NMR and NTMR in WSM

NMR = Negative Magnetoresistivity

In equilibrium CME vanishes,
Induce non-equilibrium steady state
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NMR and NTMR in WSM

[J. Zaanen, “Electrons go with the flow in exotic materials”, Science Vol. 351, 6277]

If WSM is not strongly coupled,
hierarchy of scattering times

Tinner < Tinter < Tee
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NTMR via CME

Coupled charge and energy transport of chiral currents
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arge B (ultraquantum limit): o= —u

*Ge linear in B
* GT vanishes

[Spivak, Andreev], [Lundgren, Laurell, Fiete] kinetic theory
[Lucas, Davison, Sachdev] chiral fluids



NMR and NTMR in NbP

Experimental signatures of the mixed axial-gravitational anomaly in the Weyl semimetal NbP
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Summary

® Anomalies have moved from Hep-Th to Cond-Mat

® Rich anomaly induced transport phenomenology
(CME, CVE, CSE,AME,AHE,NMR, and now NTMR)

® WS3SMs allow experimental observation of effect of
gravitational anomaly

® Holography is ideal tool to investigate anomalous transport

® Holographic model of WSM (Poster of J. Fernandez-Pendas)
with Band-bending predicts Hall viscosity
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