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Outline

» introduction: anomalous transport phenomena
» implementation for staggered quarks

» results and discussion
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Introduction: anomalous transport



Anomalous transport

» usual transport:
vector current due to electric field

(Jy=0-E

» chiral magnetic effect (CME): 2 Fukushima, Kharzeev, Warringa '08
vector current due to chirality and magnetic field

(J) = ocmp - B

» chiral separation effect (CSE):
axial current due to baryon number and magnetic field

—

(Js) = ocse - B
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https://inspirehep.net/literature/793742

Phenomenological and theoretical relevance

» experimental observation of CME in condensed matter
systems & Li, Kharzeev, Zhan et al '14

> experimental searches for CME and related observables in
heavy-ion collisions # STAR collaboration 21

P serves as indirect way to probe topological fluctuations and
CP-odd domains in heavy-ion collisions

» recent review: & Kharzeev, Liao, Voloshin, Wang '16

» CME and CSE are observables sensitive to chirality and thus
optimal to test fermionic lattice discretizations
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https://inspirehep.net/literature/1335283
https://inspirehep.net/literature/1914564
https://inspirehep.net/literature/1404185

General (handwaving) argument
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General (handwaving) argument

» spin, momentum  CSE
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More precise argument

> Lorentz covariance, P symmetry for CSE ((Js) o B || &)

<J5a> X F76
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More precise argument

> Lorentz covariance, P symmetry for CSE ((Js) o B || &)
(J5a) X €apys A - Fys
involves a baryon chemical potential
(J53) = Cosg - - B

with - Js in the action
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More precise argument

> Lorentz covariance, P symmetry for CSE ((Js) o B || &)
(J5a) X €apys A - Fys
involves a baryon chemical potential
(J53) = Cosg - - B

with - Js in the action
> Lorentz covariance, P symmetry for CME ((J) o B || &)

<Joz> X €aBvs ASB : F76
involves a ‘chiral’ chemical potential
(J3) = Comp - s - B

with us - Js4 in the action
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Ward

identities

we consider two degenerate light quark flavors (mass m)

vector Ward identity
OaJa =0

axial Ward identity
anSOz =2m P5 + Qtop

thus s is no true chemical potential but merely an external
parameter
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Analytical results in the free case

» CSE for non-interacting fermions (no gluons, just magnetic
field) & Metlitski, Zhitnitsky '05
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» CME for non-interacting fermions
& Fukushima, Kharzeev, Warringa '08 & Sheng, Rischke, Vasak, Wang

1
CCME = ﬁ
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https://inspirehep.net/literature/682277
https://inspirehep.net/literature/793742
https://inspirehep.net/literature/1608786

Staggered implementation



Staggered vector current

» consider standard staggered Dirac operator (c.f. Q Hélbling )

M=D+m== Zna[a T}—l—m
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https://inspirehep.net/literature/199953
https://inspirehep.net/literature/340103
https://inspirehep.net/literature/165289
https://inspirehep.net/literature/189212

Staggered vector current
» consider standard staggered Dirac operator (c.f. Q Hélbling )
M=D+m== Zna[a T}—l—m

P vector operator & Golterman, Smit '84 & Patel, Sharpe '92
1
Fa =5 [ Va+ V]
» vector current

o= ((3)

satisfies VWI i.e. it is conserved & Sharatchandra, Thun, Weisz '81
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https://inspirehep.net/literature/199953
https://inspirehep.net/literature/340103
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Staggered vector current
» consider standard staggered Dirac operator (c.f. Q Hélbling )
M=D+m== Zna[a T}—l—m

P vector operator & Golterman, Smit '84 & Patel, Sharpe '92

o=V v

» vector current

= ()= T

satisfies VWI i.e. it is conserved & Sharatchandra, Thun, Weisz '81

» ‘spatial chemical potential enters [) as # Hasenfratz, Karsch '83

%773 [V3e“3 - V;re_m}
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https://inspirehep.net/literature/199953
https://inspirehep.net/literature/340103
https://inspirehep.net/literature/165289
https://inspirehep.net/literature/189212

Staggered axial current

P axial vector operator

1
M50 = 3 > €apyal M s
Bv6

» axial vector current

(Js3) = <tr(r1;;r4>> + perm.

satisfies AWI # Sharatchandra, Thun, Weisz '81

» pseudoscalar operator

1
Ms =4 > eaprolal s
afyd
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https://inspirehep.net/literature/165289
https://inspirehep.net/literature/1217561

Staggered axial current

P axial vector operator
1
M50 = 3 > €apyal M s
By

» axial vector current

(Js3) = <tr(r1;;r4>> + perm.

satisfies AWI # Sharatchandra, Thun, Weisz '81

» pseudoscalar operator sensitive to topology (c.f. Q Diirr)

4D: NC=3, f=5.8, L=6, T=6, |q]=1

1
r5 = E Z eag,ﬂ;rargrvr(; N
apyé I
# Diirr '13

<V|GOS[V>
<V|G50[V>
= <V|GBS5|V>|
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https://inspirehep.net/literature/165289
https://inspirehep.net/literature/1217561

Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(n;;n)
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Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(rlgjn)
» Taylor expansion

0 (Js3)
op

Cese - B =

pu=0

B-derivative numerically (flux quantization, cf. Q Hands)
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Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(rlgfln)
» Taylor expansion

0 (Js3)
op

Cese - B =

pu=0
B-derivative numerically (flux quantization, cf. Q Hands)

» Taylor coefficient

Cesk - B = (Js3Ja)
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Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(rlgfln)
» Taylor expansion

0 (Js3)

Cese - B =
CSE o

pu=0
B-derivative numerically (flux quantization, cf. Q Hands )

» Taylor coefficient

Cesk - B = (Js3Ja)
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Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(rlgfln)
» Taylor expansion

0 (Js3)
op

Cese - B =

pu=0
B-derivative numerically (flux quantization, cf. Q Hands )
» Taylor coefficient

0Js3
.B— 053
Ccsk (J53Ja) +< o >

/ (TyTala\ | (T4 Moy Ta 1900,
= () )+ (™))
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Chiral separation effect

» remember (Js3) = Ccsk - it - B and Jsz o< tr(rlgfln)
» Taylor expansion

0 (Js3)

Cese - B =
CSE o

pu=0
B-derivative numerically (flux quantization, cf. Q Hands )

» Taylor coefficient

0Js3
.B— 053
Ccsk (J53Ja) +< o >

MM, (Ta Mo, 1 OM1Mals
) en) < C )+ (o))
MM . (Ta F Mo or,

) o) i) + (G a)

disconnected connected tadpole
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Chiral magnetic effect

» analogously to CSE, here we need
9 (J)
alu’5 15=0

CoMmE - B =
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Chiral magnetic effect

» analogously to CSE, here we need

0 (k)
Ous

CoMmE - B =

ps=0
» chiral chemical potential enters [) as
1

5774 [U4eM5r5 _ Ule*/%rs}
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Chiral magnetic effect

» analogously to CSE, here we need

0 (k)
Ous

CoMmE - B =

ps=0
» chiral chemical potential enters [) as
1
5774 [U4eM5r5 _ Ule*/%rs}

» swap derivatives
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Chiral magnetic effect

» analogously to CSE, here we need

0 (k)
Ous

CoMmE - B =

p5=0

» chiral chemical potential enters [) as

1
5774 [U4eM5r5 _ Ule*/%rs}
» swap derivatives
o o D) O Uk
8:u’5 ps=0 a,LL3 u3=0

P again leads to disconnected+connected+tadpole

0J
Contr - B = (Jsads) + <8:;>
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Results



Chiral separation effect: free case

» non-interacting fermions (no gluons, just B)
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Chiral separation effect: free case

» non-interacting fermions (no gluons, just B)
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Chiral separation effect: free case

» non-interacting fermions (no gluons, just B)
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Chiral separation effect: free case

» non-interacting fermions (no gluons, just B)

m/T=4
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Chiral separation effect: free case

» non-interacting fermions (no gluons, just B)

m/T=4
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> full agreement with analytical result v/
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Detour: butterflies

> writing traces in the basis of p = @52 + (‘3% + éﬁ — A2 |on)

or
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» Hofstadter's butterfly (c.f. Q Hands )
& Hofstadter '76 & Endrédi '14
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https://inspirehep.net/literature/118589
https://inspirehep.net/literature/1324955

Detour: butterflies

> writing traces in the basis of p = @52 + (‘33 + (ﬁ — A2 |on)
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n,k

» Hofstadter's butterfly (c.f. Q Hands )
& Hofstadter '76 & Endrédi '14
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on QCD configurations & Bruckmann, Endrédi, Giordano et al. '17 13 /16


https://inspirehep.net/literature/118589
https://inspirehep.net/literature/1324955
https://inspirehep.net/literature/1601513

Chiral separation effect: full QCD

» Nf =141+ 1 flavors of dynamical (rooted) staggered quarks
» physical quark masses m, = my, ms
» physical electric charges q, = —2q4 = —2q9s = 2¢/3
> N; =6, 8, 10, 12 to approach continuum limit
# Garnacho, Brandt, Cuteri, Endrédi, Marké '22
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https://inspirehep.net/literature/2610497
https://inspirehep.net/literature/1499722
https://inspirehep.net/literature/1835283

Chiral separation effect: full QCD

» Nf =141+ 1 flavors of dynamical (rooted) staggered quarks
» physical quark masses m, = my, ms

» physical electric charges q, = —2q4 = —2q9s = 2¢/3

> N; =6, 8, 10, 12 to approach continuum limit
# Garnacho, Brandt, Cuteri, Endrédi, Marké '22
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> compare: overlap on quenched & Puhr, Buividovich '17
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W”SOH/DW on Staggered SU(2) & Buividovich, Smith, von Smekal 21
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https://inspirehep.net/literature/2610497
https://inspirehep.net/literature/1499722
https://inspirehep.net/literature/1835283

Chiral magnetic effect

> same setup as above

» both for non-interacting fermions and in full QCD, Comg =0
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» compare: Wilson quenched and dynamical

free overlap # Buividovich '14
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https://inspirehep.net/literature/946818
https://inspirehep.net/literature/1268157

Summary

» anomalous transport phenomena involve chirality-sensitive
observables

» non-trivial test of fermion discretizations
» CSE: first results in full physical QCD
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