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Fermions and axial anomaly

Massless Dirac fermions

Covariant formulation Semimetals:
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Classical symmetries
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Zoo of anomalies

(three out of six)

Full list: AVV, AAA, ATT, TVV, TAA, TTT
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Conformal anomaly and the beta function
Massless Dirac fermions [ — _% F/w FHY Wi 161//

are (classically) invariant under the conformal transformations:

x = A7 lx, A, = 1A, w — APy

But the quantum theory generates an intrinsic scale,
due to the renormalization (in this particular case) of the electric charge:

Ble) — de(p)
dln
In QED (for one Dirac fermion) renormalization scale
3
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QED 1972

— conformal symmetry is broken at the quantum level



Quantum anomaly = anomalous transport
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Conformal anomaly —
Scale Electric Effect (SEE) and Scale Magnetic Effect (SME)

(Conformal Magnetic Effect = CME — interferes with Chiral Magnetic Effect ... already taken, too late)

Simplified picture

Gravitational background: Weyl-transformed flat space

g (x) = ¥V,

/ flat (Minkowski) metric

scale factor (arbitrary function of coordinates)

The conformal anomaly o
leads to scale electromagnetic effects*:
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* Disclaimer: The names SME/SEE have been selected (out of a painful list) by Karl L.
(many thanks from Maxim Ch.!)
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“Generation of electric current in
the background of electromagnetic
and gravitational fields”

M.Ch., PRL 117, 141601 (2016)



Scale electric effect (SEE)

Time-dependent background: 7 = 7(%)

: — ,27(x)
Metric: ¢,,(x) = e
Scale Electric Effect: etric: g, () My

G(t,x))ne = 0(t)E(t,x) for Vz =0

Conformal conductivity:

2'5 (e) aT(t, x) Negative in the expanding space-time!
o(t,x) =
e Ot
oy ke Independently obtained in the de Sitter
LA S spacetime (a version of the Schwinger
4;:‘—_‘* g zg effect, both for fermions and bosons)

! . — T. Hayashinaka, T. Fujita, and J. Yokoyama, Fermionic
Schwinger effect and induced current in de Sitter space, J.
Cosmol. Astropart. Phys. 07 (2016) 010; T. Hayashinaka
and J. Yokoyama, Point splitting renormalization of
Schwinger induced current in de Sitter spacetime, J.
Cosmol. Astropart. Phys. 07 (2016) 012.

— 1. Kobayashi and N. Afshordi, Schwinger effect in 4D de
Sitter space and constraints on magnetogenesis in the early
Universe, J. High Energy Phys. 10 (2014) 166.




Scale magnetic effect (SME)
Space-dependent background: 7T = T\

Scale Magnetic Effect:

((1,X)) e = F(x) X B(t,x) for 0,7 =

Gravitational deformation vector:

Similar to Hall effects



Gravity ... de Sitter space .... deformed
gravitational backgrounds ...
and so what?....

Especially here, and In particular given
the title of the workshop!
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Workshop on Weyl Metals




PHYSICAL REVIEW LETTERS 120, 206601 (2018)

Generation of a Nernst Current from the Conformal Anomaly
in Dirac and Weyl Semimetals

M. N. Chemodub,l’2 Alberto Cor*tijo,3 and Maria A. H. Vozmediano®

Temperature gradient drives system out of equilibrium,
may be compensated by gravitational potential (Luttinger):

1 1 2d
AR goo = 1+

1.) In a non-uniform thermal background we have an effective gravity.
2.) In magnetic-field background the SME generates an electric current.
— Conformal anomaly generates thermoelectric transport!

Details of derivation:

- * * vol L 1% L/ 2 14
]“(l') _ 1 (sSﬂllulll C2 — CI ‘3(‘_';‘“’0[3 E = Rl“/(!j’ RN ap A4 - v“ (VI‘ v + 2RL - gRg# ) V,,
. . - ,—_( . ,:1 (z LV QL - y
s )d n() R2 =R LV ‘1'RIJVQB — 4R Ll/R“ + R2
N 1 o 3 v = RuuaﬁRl“/u‘B . 2RH”R;U/ + — } f / Cc = _[31100[)/(26)
- \/TI)(‘)T V _y(‘l) (‘l} .3 QED
2

1 'y 1 ¥ 11 e

2 2
| d*y/—9(y)G(x.y)(E(y) — =OR ] _ “ — pv _ _ _
/ d'y\/ —9(y)G(a .u)( ¥ -3 (.u)) H=FE — 3[] R *Ruvas = 56”1/“4,1/, R o b= 302" = s c=-55




Nernst-Ettingshausen Effect in Weyl semimetals

Giant Nernst Effect due to SME

2
J =

€ Vr
1872°Th

The electric current is proportional to
the beta function (conformal anomaly!)

B x VT

-VT

Longitudinal anomalous transport in Weyl semimetals:
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(- E, _,012521 Vp E;=pLi;(=V,T)

11 - T ~ 62’UFB3
BV, T B ob|T £ =

Estimations for an undoped Weyl semimetal (v; ~ 10° m/s, T ~ 10 K, 2b| ~ 0.3 A1)

Sll/T ~ 06 //tV/T K_2

Accessible experimentally! works via the anomalous Hall current

J =
2
A. Cortijo, M. A. H. Vozmediano, M.Ch., PRL 120, 206601 (2018) 2n-h
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Thermoelectric transport from Kubo formula

Hamiltonian:
H, = Svpai(pi + eA;) V/ \\//

Hpert (t) — @(t — tO)TOO (t)goo (t)

Energy levels

Thermal gradient:

Transverse anomalous transport in Weyl semimetals:
(J)(t,r) = /dt’dr’ {%Z@(t — ) ([J"(t,r), T, r’)]>} goo(t', 1)

Xi(t_t,7r_r,)
Transverse anomalous transport in Weyl semimetals:
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V. Arjona, M. A. H. Vozmediano, M.Ch., arXiv:1902.02358



Thermoelectric transport from Kubo formula

Lowest Landau Level gives for one chirality \/
—1 wvpe’B \/
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Higher LL’s multiply the result by a factor of 2 (approx.)
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Thermoelectric coefficient from Kubo approach
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Agrees, up to a coefficient, with purely conformal result: 5
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Valid irrespective of the relative positions of the Weyl cones

No anomalous contribution coming from the Berry phase!

V. Arjona, M. A. H. Vozmediano, M.Ch., arXiv:1902.02358



Thermoelectric transport at Fermi surface

Calculation from Kubo formula

- Plateau at small u
and nonzero T

- Increases with T at ;=0

- Decreases with T at u>w-
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Remarks on the Scale Magnetic Effect (SME)
B(e)

—- Appears due to conformal anomaly (7% ) = Q—FWFW
&

- Bulk phenomenon, works at zero chemical potential

— Leads to a giant Nernst effect in Dirac/Weyl semimetals

82171:

1872Th

- Is not related to axial or axial-gravitational anomalies

_ de(p)
dln p

J = B x VT

- Strength is given by the beta function  [(e)

— Universal: works both in fermionic and bosonic systems

Scale Electric Effect: negative conductivity in time-dependent backgrounds



Scale electromagnetic effects at the edge

What is about the boundaries?

_ beta function normal to the boundary
electric current \ /

\J“ _ 2¢3. F'*Yn,

eh T,
distance to the boundary

D.M. McAvity, H. Osborn, Class. Quantum Gravity 8, 603 (1991).
C.-S. Chu and R.-X. Miao, JHEP 07, 005 (2018), PRL 121, 251602 (2018).

Scale Magnetic Effect at the Edge (SMEE):

Electric current along the edge due to tangential magnetic field

2 1
jX)=—f@nxB fx) = ’Z‘”M

- Effect due to conformal anomaly /
— No topology (Berry, Chern etc) diverges at the boundary!



Scale Magnetic Effect at the Edge (SMEE)
A physical picture

Ingredients: vacuum, edge and magnetic field

Skipping orbits (like in the Hall effect, but now in the vacuum)

Absent: No Fermi surface, no temperature.



SMEE: numerical check

Generates the current at the boundary?

Scalar electrodynamics at a conformal point:

1
Y . b S .
Ls0ED = — ZFWF“ + (0, —ieAy) @] (3% —ieAH) ¢
Massless one-component electrically-charged scalar field

Numerical Monte-Carlo simulations

We see the generated electric current!
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V.A. Goy, A.V. Molochkov, M.Ch., Phys. Lett. B 789, 556 (2019)



SMEE: numerical check

Diverges at the boundary?

We see the 1/x divergence of the current at the boundary

50
. non-conformal point
mE eB=0.155 | 1 - (the scalar is massive)
conformal point
o 30
= (the massless scalar)
X
= 20
10
0

X
We see the correct coéfficient, beta function:

3
,B 1-loop . € The beta function of scalar QED is four times

SQED 487'[ 2 smaller than the beta function in usual QED

V.A. Goy, A.V. Molochkov, M.Ch., Phys. Lett. B 789, 556 (2019)



Scale magnetic effect at the edge and superconductivity

Scalar electrodynamics at a conformal point (massless scalar):
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Scale magnetic effect at the edge and superconductivity

What happens to the SEEE boundary current in superconducting phase?

It becomes the Meissner current!

Superconducting condensate
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Meissner: total current is large, but it

SMEE:

vanishes at the boundary

total current is small, but it
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Scale electric effect at the edge: conformal screening

Screening of electrostatic field in metals:

E('CE> ~ E(O)e_x/A Fermi momentum

= (272n)'/3R
Screening lengths: pr = (21°n)

kr'l 2h3
)\D:\/€OB : AFT = -7

ne? me?pp

Density of carriers 71

Debye Fermi-Thomas

What if the medium is totally conformal and possess no dimensionful parameters?

For example, take a Dirac semimetal at particle-hole symmetric point.

— We have the mobile carriers (massless fermionic quasiparticles)

— Classically, there is no dimensionful scale.

No quantity to construct the screening length from!
- No classical scale =& no screening?



S

Scale electric effect at the edge

J'“ - QCﬁe F‘wny 26, nE

6h T P = eh =x

electric charge density
at the boundary

Physics: the screening is due to

-
o
» the Schwinger effect (skipping orbits in time)

Works efficiently due to
the absence of the gap

o Generated by the conformal anomaly!

Mechanism in semimetals: creation of electron-hole pairs in the
presence of a uniform electric field (the Zener effect)



Scale electric effect at the edge

Consider QED:
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Scale electric effect at the edge

62

Conformal exponent in a Dirac semimetal: p = 5
Om“hvpeeg

Particle density in a finite sample with two boundaries:

p(z) = %&“ouh(y) (1 _ 2%) {% (1 B %)}—1—,/

. . -0.9
3 Electric 10 1E,
charge -1.1 VS
b _ A
2 density _:§ ¢
1 _14 Electric field
L2 00 02 04 06 08 1.0
A¢80 1 (1)(; Electrostatic
- 0| potential
-2 o4
0.2
=31 oo
00 02 04 06 08 1.0
0.0 0.2 0.4 0.6 0.8 1.0

x/L

Direct measurement of the beta function. Indirect evidence of the Schwinger effect.

M. A. H. Vozmediano, M.Ch., arXiv:1902.02694



Accessible experimentally

- direct measurement of the beta function

associated with the renormalization of the electric charge
(never done in solid state)

- evidence of the elusive Schwinger effect
(particle-antiparticle production by electric field)

Conformal exponent in a Dirac semimetal:

€

2
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6m2hvreeg

In typical Dirac/Weyl materials v ~ 107 3¢ and € ~ 10

— large, experimentally accessible conformal exponent: 7 ~ 107!

Electrostatic screening potential
vs. distance from the boundary
of a Dirac material

(at the Lifshitz point)
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