Quantum Metric Corrected
Kinetic Theory
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Classical Transport Phenomena
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Ohm’s law Fourier’s law



Quantum Transport Phenomena

)
m)» J anomalous Hall effect
=) J = J
B —— @
chiral magnetic effect chiral vortical effect

kinetically described by Berry curvature

b(p) =V, xa a(p) = —{up|Vpup)



Berry Curvature Corrected Kinetic Theory

(1+hB-b)O,f + [ v+hE xb+h(v-b)B|-Vf
+|E4+vxB+h(E-B)b]-V,f=(14+hB-b)c|f]

e.g. chiral kinetic theory h— D




Modified Phase Space

Boltzmann kinetic theory
p

solution of Boltzmann eaq.



Modified Phase Space

BC corrected kinetic theory (without anomaly)



Modified Phase Space

BC corrected kinetic theory (without anomaly)
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Modified Phase Space

BC corrected kinetic theory (without anomaly)
(nd) = [ (L) o4V -G =0
p
=14+ hb-B

modified phase space measure +/w dxdp

The Poisson bracket forms a nontrivial algebra

et ({pz-,pj} {p,,;,xj}>1

{Ti,pj} AT, w5}



Another Quantum-Geometric Quantity

\up>'\. “distance” between nearby states
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many recent reviews of
“quantum geometry”



Another Quantum-Geometric Quantity

\up>'\. “distance” between nearby states

[ Up+dp) ds® =1 — ‘<up‘up+dp>|2 ~ (;;dp;dp;

ex.) honlinear anomalous Hall effect (nondissipative current)

ji = h*E;E}, /(35 —0;C0)f Gij = gij/ep

p



The Foundation Is Missing

Berry curvature
transport phenomena AHE/CME/CVE etc. nonlinear AHE

(n,5) = / (1, &)/ f
Jo=1+hb-B

definition of currents

conservation

(up to anomaly) om+V-3=0 !

It Is hard to extract from the Wigner function



Berry Curvature Corrected
Kinetic Theory



Dynamical System with Berry Connection

L:P°£b+A-d3—ha'P_€p_(I) fa:(pi,az‘i)

universal form up to @ (not restricted in CKT)



Dynamical System with Berry Connection

L:P-£E+A-d3—ha'15_€p_q) fa:(pm%’)
—H

canonical eaq. f — {H f } — —{f f }ﬁfb

from the matching with EL eq. § / Ldt =0



Berry Curvature Corrections

Modified Poisson bracket
{Piypj} — —(1 — hb - B)Ez’jkBk
i, xj} = heijrby
{pi, ZCj} — (1 — hb y B)5’L] —+- hsz]

Phase space factor

Vw :=det{¢*, ' =1+hb B



Quantum Metric Corrected
Kinetic Theory



Dynamical System with Quantum Metric

w/0 mag. field
h2
2

L:p'ib—ha'j?—Ep—(I)— png

universal formup to @ and G;; = gij/ep

We have derived it from the extension of the path integral formalism



Dynamical System with Quantum Metric

w/0 mag. field

. . he .
L=p-x—ha-p—€,—o zpf,;ijf,;j

—H

canonical eaq. f — {H f } — —{f f }ﬁfb

from the matching with EL eg. 0 / Ldt =0



Dynamical System with Quantum Metric

w/0 mag. field

h2

L:p-di—hG,'p—Gp—(I) QPinGij




Unusual Dynamical System

h2
2

lagrangian L =p-x—ha-p—¢, — pip;i Gy

= L(p,z,p, T)



Unusual Dynamical System

Hamiltonian H — H(p, x, P, Wm)

G o ~ g
— §p7 x) R # (p, x)

Whole phase space of H Kinetic phase space



Unusual Dynamical System

Hamiltonian ~ H = H (p, x, 7", 7")

[/ I “ 6 constraints
L (px) T x ’ (p, )
________________ ¢n :¢n(pyaj7ﬂ-p7ﬂ- ) 7

We need cahonical formalism in constrained systems

using Dirac bracket

{X7 Y}D — {X7 Y} _ {Xv ¢n}{¢n7 ¢m}_1{¢may}



Corrections

Modified Poisson bracket (w/o mag. field)

pi,pjtp =0
{$Z‘, $j}D — heijkbk — hz(&f — 85 )Ek

{pi,xi}p = 6;; — h°(),,.0; E},

Phase space factor

Vw = det{¢", £} = 1+ h*(, O, E;



QM Corrected Kinetic Equation

Modified Liouville’'s theorem

dp

+ — O+ UL pip =0 p=vuwf

w/0 mag. fleld and collisions

0+ (V+REXb +1h°V) - V+E-V,| f=0

h2
v' =V, (Ep 5 Gz‘jEz-EJ> b; = €ijk0j (ar +hGr k) Vi = —Gpjvi0; K,

valid for chiral fermions: we have derived the (’)(hZ) chiral kinetic eq.



Conserved Charge/Energy Currents

(n,7) = /(ch)\@f <€,J>=/<1,:b> & thiEjGij_ Vaf
P P : :
on+V-3=0 Oice+V -J=F- )
ex.) nonlinear AHE Is correctly reproduced
ji = W°E; B} /(3? = 0;C)f

p

First derivation meeting the conservation law

resolution of the tensions between many literatures



Application to Chiral/Dirac Fermions

» equilibrium current: consistent with QFT

h2C , h2C 2
n(EE) _ S ‘E‘Q ](EE) — T [ E(E : u) + \E\Qu} 8(c‘)E) _ 127/:2 V - E

- first application of QM to high-energy physics

- Application to Dirac (massive) fermions is straightforward
QM does not require chirality imbalance, unlike Berry curvature



Summary

- Derived quantum metric (QM) correction to guantum kinetic theory

- QM is essential not only for nondissipative transport but also the
conservation law through an anomalous algebra

- The first finding of the QM corrections in high-energy physics
QM effect on EoSs

- The interplay between QM and magnetic field is also an important
direction, which iIs related to the Lorentz invariance problem



