SO0 WAGIONAL AUTONOA
W )

<L XS Instituto de
PN AT Nzl naes sith 8 1l i I
it iy U N M R Ciencias
1 [/ B
POSGRADO R Nuckeares
% : : = : UNAM
22 Ciencids Fisicas

Making sense of Lorentz symmetry violation
and quantum anomalies in topological phases

Research in progress

Alberto Martin-Ruiz

Instituto de Ciencias Nucleares-UNAM

alberto.martin@nucleares.unam.mx

Seminario de Fisica de Altas Energias, ICN-UNAM, IF-UNAM 14 de Diciembre de 2022



Outline:

1.  Quantum Hall effect and topological insulators

2. Anomalous transport induced by axial anomaly in WSMs

3. Fermion sector of the SME in Weyls

4. Anomalous transport induced by parity anomaly in NLSM

5. Gravity + LV + TSCs



Topological Matter School

Responses to Topological Matter. August 21-25 2023.

Optical and electronic responses of topological matter are fundamental to understand topological
properties in real materials. The Berry curvature is behind numerous effects such as the
anomalous Hall effect, the spin Hall effect or even heat currents as observed in the anomalous
Nerst effect and the thermal Hall effect. Even more interestingly, the Berry curvature has been
recently shown to determine novel and sizable non-linear optical effects, non-linear Hall
responses without magnetic fields and universal responses of topological metals. Lastly,
magnetotransport in topological metals is an exciting frontier to uncover exotic anomalous
responses rooted in concepts from high-energy physics, such as the chiral anomaly. In this
edition we will tackle all these phenomena, offering a pedagogical and broad picture of the main

responses of topological matter.



Quantum Hall effect and topological insulators
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Quantum Hall effect and topological insulators
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Quantum Hall effect and topological insulators

3 routes towards the IQHE

(1) TKNN invariant
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Quantum Hall effect and topological insulators

(2) Kinetic theory ’\
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Quantum Hall effect and topological insulators

(3) Quantum anomalies

&\ 4
S[Au] = /w(wuﬁﬂ —eAt —mpp die — Fermions in a background
U(1) gauge field
Integrating out fermions we get the effective action Sg [Au]
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| K. Fujikawa, Phys. Rev. D 29, 285 (1984)
" XL Qi et al, Phys. Rev. B 78, 195424 (2008)




Quantum Hall effect and topological insulators

Casimir effect

Consequences of the QHE

Grushin & Cortijo, Phys. Rev. Lett. 106, 020403 (2011)
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Anomalous transport induced by axial anomaly in WSMs
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Band crossing points
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Anomalous transport induced by axial anomaly in WSMs

by, = (0o, b)
Weyl fermions coupled to U(1) gauge fields HEP Lorentz-violating
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Anomalous transport induced by axial anomaly in WSMs

| | | Fujikawa method
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S. L. Adler, Phys. Rev. 177, 2426 (1969)
J. S. Bell and R. Jackiw, Nuovo Cim. A60, 47 (1969) K. Fujikawa, Phys. Rev. D 29, 285 (1984)



Anomalous transport induced by axial anomaly in WSMs

Chiral kinetic theory Nonequilibrium

distribution
quasiparticle J = —ex ;j
electric current s x==1

Da(k) =1+ 2B - Qq(K)
o (k) =va(k) — ko(k) x Qq(k) modified density of states

magnetic moment

Sundaram, Niu, PR 53, 7010 (1996) D Xiao et al, Rev. Mod. Phys. 53, 1959 (2010)



Anomalous transport induced by axial anomaly in WSMs

E-field K B-field B = 0
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Anomalous transport induced by axial anomaly in WSMs
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AA Burkov, L Balents, Phys. Rev. Lett. 107, 12720 (2012)
AA Zyuzin, AA Burkov, Phys. Rev. B (2012)



Anomalous transport induced by axial anomaly in WSMs

Statistical transport induced by axial anomaly

Magnetization current
Q dSk V X M
J=—¢ ) / . ) fo(k, 1)
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Fermi surface
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statistical transport... 4 l
e electroweak plasma in the early Universe

chiral gauge field!!!

o9 = 62’7'/h2

conductance quantum

» quark-gluon plasmas created in heavy ion collisions
e supernova explosions R. Flores & AMR Phys. Rev. B 103, 035102 (2021)



Anomalous transport induced by axial anomaly in WSMs

Planar Hall effect
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Fermion sector of the SME in Weyls

vy

Weyl cones Tilting Type-1 WSM
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Band bending Tilting + Band bending Lattice

Hv, = xv,,  Weyl equation x




Anomalous transport induced by axial anomaly in WSMs

Towards a complete field-theoretical description of Weyl semimetals
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Anomalous transport induced by axial anomaly in WSMs

Physics Letters B

Volume 829, 10 June 2022, 137043

Effective electromagnetic actions for Lorentz
violating theories exhibiting the axial anomaly

Andrés Gémez 2, A. Martin-Ruiz ®, Luis F. Urrutia® 2 X
} VvV 14 A
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Anomalous transport induced by axial anomaly in WSMs
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0, JE = ehval F,Fu3 Axial anomaly is untouched by LV!!

Effective field theory?

Quantum corrections depend on the regularization procedure...

LV-coefficients here
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Anomalous transport induced by parity anomaly in NLSM
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Anomalous transport induced by parity anomaly in NLSM
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Anomalous transport induced by parity anomaly in NLSM
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Berry connection

Graphene —» ‘P77 — Dirac points cod =1

NLSM: same topological classification of graphene

NLSM = Family of graphene sheets (2D QFTs)

B3+1)=(2+1)+1




Anomalous transport induced by parity anomaly in NLSM

Kinetic theory

Q, (k) =vnd(k, — ko)d(k,)és singular at the NL

é; = (—sin ¢, cos ¢, 0)"

PT -breaking regularization hAnr, (k) + moy

(as in graphene)

Dumbbell filter device




Anomalous transport induced by parity anomaly in NLSM

Parity anomaly

PT-breaking

coupled to gauge field
/— S91A] / d*x U (x) [z'wﬂ(a,,L(x) (2+1)D-QFT

C\‘f\ PT U — 7270\11

v PT Ul — —WT40n2

Effective theory

Set|A,0] «— UV-divergent Needs for a P7T-breaking for a consistent reg

preserves gauge invariance
Pauli-Villars reg  S™8[A] = Se¢[A4,0] — lim Set[A, m)]

m—00 ™~ P T -breaking
2
Scs[A] =(gf- / d’x " A,,0, Ay go = Bl _ e a4,
/A

topological charge

valley index Consequence of the parity anomaly



Anomalous transport induced by parity anomaly in NLSM
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Nonlinear response induced by parity anomaly
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Interband effects

AMR & A. Cortijo, Phys. Rev. B 98, 155125 (2018)



Anomalous transport induced by parity anomaly in NLSM

Va(k) = va(k) — €Vi(m,k - B)) magnetic moment effects

Planar Hall effect
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Gravity + LV + Topological SCs

Tolman-Ehrenfest: Thermal equilibrium in gravitational fields

1 1
HOT HEAT COLD AS — (Tl 7 E) AU

Gradient of gravitational potential

4

E — _ivqﬁ Temperature gradient
T c?
L dT g <187 TN,
——=—-—=~10
T dr c? -

At the Earth’s surface



Gravity + LV + Topological SCs

Luttinger transport coefficient

J' = o E’ E7 = iwA’ o = —(J"J) (w,k=0) Kubo
W
How do w describe statistical transport? Vu VT
Einstein relation E = —V,LL Electrochemical transport

(Donor an-aceptor-impurities)

What is the proper field to describe thermal transport?

Answer: iGravity! Luttinger-Tolman-Ehrenfest

Local source A,, coupled to current J*: S = —/AMJ“CZ433

05

JH =
0A, J. M. Luttinger, Phys. Rev. 135 A1505 (1964)




Gravity + LV + Topological SCs

Luttinger transport coefficient

" These effects are actually extremely small, far too small to be
rmal . by A Einstein Ann. Phyik 38, 433 (1912)‘Soe also R. C. Tolman,
i A. Ann. 1912). . Co il
Theory of The Transport Coefficients Phys. Rew. 35, 004 (1030) and R. C. Tolman and B. Ehrenfest
J. M. LUTTINGER a’bclcf 36,}1791 (1930). (I an; indebted to Proftcssor G.)I‘il;:;nbe%kg:r
. U . calling these interesting references to my attention. ough the
Depariment of Physics, Columbia University, New York, New York v:ﬂec‘:8 is very unall,ti‘x’:gpmcticc we are only interested in questions
(Received 20 April 1964) of principle, and an arbitrarily small effect is !ust as good as a
large one. In fact, if the gravitational field didn’t exist, one could

invent one for the purposes of this paper.

In analogy with electrical conductivity is proposed a  ficticius gravitational field

Hine(t) = | h(xr,t) o(r)d°r

/ \ Gravity field
Hamiltonian density

1
J=LYE - PV L3y = lim — (JfJ;) (w.k = 0)
local .
1 )
Je = LOE - LWV L5y = lim —(JFIS) (w, k= 0)

J. M. Luttinger, Phys. Rev. 135 A1505 (1964)



Gravity + LV + Topological SCs

1
_ N Fa
p — €XP [ LT (u,uP ’uQ)] Uy = (1707070)

‘ ensemble at rest

We look for the effects of variations of the metric and gauge field upon the ensemble...

1
SH = — 39" H + §49Q

Can we mimic these effects with thermodynamical variations? YES

1
Equilibrium conditions: —VAy =1V (%) Vo =TV (T)

=10 [8-7% (5)] 42 [-w0 79 (7)

transport currents

Jé =10 [E — TV (%)] + LW [—V¢ + TV (%)]



Gravity + LV + Topological SCs

Effective field theory Thermal Hall effect
/ 2 2 I S oy = (k5T /6h)
Sp ~ (k5T~/24hv) | O E, - B,d x B
/ heat < 539
Similar to the current Ji = _5147; = o0 T
electromagnetic axion

coupling

%pe:ature
gradient

Is it consistent with the effective field theory? :




Gravity + LV + Topological SCs

Example: HBCS — Z CkCI{ngU — Z AkCLTCT—ki = Z Al*cc—k¢CkT
ko k k

A=cte s SC A= A(ky +1k;,) p—+ip SC
B-phase 3He superfluid \IJT(k) == (4,1{7 CLk, Ct —k; Ci,—k) Nambu

H = / Pk U1 (k)H (k) (k)
\/ Dirac-like
H =iv"k, — my°

How the TSC respond to the gravity field?

S|W, W, e|] = / d*r Vg [\T!ea“*ya (ié’u + %wMCdZCd) U+ ,LL\TJ\I!]

Fermions is curved spacetime



Gravity + LV + Topological SCs

Seff Na — —71n / D exp (iS[\I/, \I/, 6]) Integrating out fermions
Fujikawa method
1 3 A Gravitational anomaly
ro T O
Sg ~ — 153272 / e” R ay,uR af d"X  HEP: Nonconservation of Lepton current...

gauge broken with a boundary ¢ (S -+ SQ) — (0 Anomaly induced restoring symmetry?

J, = _gii Sh ~ (k5T? /24hv) / 0E,-B,d*x
iNonlinear thermal Hall effect!

What'’s the correct result?

A=

|

«l\\\

We do not have experiments yet...

(

='
N y
\«

AMR & LFU, [JMPD 26, 1750148 (2017)



Gravity + LV + Topological SCs

LV-gravity sector

Weyl conformal

1 1 -
_ | v vaf
LGray = —%R . 2/{( uR +s"" R, + """ CLyap)

t-puzzle

Is there a Bogoliubov-de Genes microscopic Hamiltonian?

Some of the coefficients can generate the linear thermal Hall effect?
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