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* In chiral systems, energy transport through the CME

— Any connection between “Quantum chaos” and “CME” ?
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OTOC and vy from experiment

Ising spin chain on a nuclear magnetic resonance (NMR) quantum simulator

[Li, Fan Wang, Ye, Zeng, Zhai, Peng, Du 1609.01246]
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Several other experiments: [Garttner, Bohnet, Safavi, Wall, Bollinger, Rey 1608.08938]

[Cao, Zhu, Del Campo 2111.12475]
[Swingle, Bentsen, Schleier-Smith, Hayden 1602.06271]

[...]
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Butterfly velocity from BH

[Shenker, Stanford 1306.0622]
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* Putting Tuu=£%ez”tw/56(u>ao(x) on the RHS of Einstein equations

AdS

* Applying v — v + h(z)d(w)

. 2 16wG 2y
One arrives at  (-9.0;+u”) h(x) = #&Eeﬁ “ag(z).
. | R
" Which for lz] > 1 has the solution h(z) = =
x| 2
" Already know Ct) = 2 — AW (L, D)V O)W(t, )V (0))5 ~ %J(t‘%)

By comparison:

i D-1
» One finds P
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* What we need to find: the function h(x) on this background
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* For example, near the horizon, f(r) is given by [NA, Tabatabaei 1910.13696]
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We perform calculations fully analytically

in a double expansion over I and b.



Shockwave geometry

Applying v — v + h2)s(U)

dSfiure = ASoas — A(UV)h(z)6(U) dU? — D(gv)h(a:)é(U) dUdzs
Frature = Fpast - H(gV) h(ﬂ?)(S(U) d.%'g A dU.



Shockwave geometry

Applying v — v + h(z)§(U)

D(UV)

dSfiure = ASoas — A(UV)h(z)6(U) dU? — Th(a:)é(U) dUdzs
Ffuture = Fpast - H(gV) h(ﬂ?)(S(U) d$3 A dU.

* Einstein equations then give

2BL0O) g7 g3z
A(0) [NA, Tabatabaei 1910.13696]
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Two different velocities
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This is actually a diagnostic of the chiral anomaly. [NA, Tabatabaei 1910.13696]



Connection to Chiral Transport
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Special case: holographic chiral
system

ThermOdynamiCS: [NA, Ghazi, Taghinavaz, Tavakol, 1812.11310]
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Hydro modes: [NA, Tabatabaei 1910.13696]
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2. There might be a relation between hydrodynamics and quantum chaos in
anomalous systems. Note that Hydro works well at scales w < T, while chaos
is sensitive to scales w ~ T .



Sound vs butterfly velocity

8 ‘ 8
* We see that AVsound = ﬁlﬂb and A’Ué = Uél - ’Uéz = m(logél —1)

\ 4

Avk  8V3/9(log4 —1)
A’Usound 8\/?:/9

= log4 — 1

* This suggests:

1.  Splitting of butterfly velocities might be originated just from chiral magnetic

effects. _ Byl (|, (nos—wph)or— (noy —whi)d,\ g
Usound +cs + ow [ﬂ, CE] < 1+ TL[’Y, a] — w[’y’ ,3] ) (241)
B v, 81\ 5. B [v,.a] ((nar —wp)d, — (nas —wh)or\ 5
" (1 - W) %" 2w[B,qf ( nly,a] —wly, B] ) ‘

2. There might be a relation between hydrodynamics and quantum chaos in
anomalous systems. Note that Hydro works well at scales w < T, while chaos
is sensitive to scales w ~ T .

Confirmed by Pole-skipping

[Grozdanov, Schalm, Scopelliti 1710.00921]
[Blake, Lee, Liu 1801.00010]
[Blake, Davison, Grozdanov, Liu 1809.01169]



Sound vs butterfly velocity

8 ‘ 8
* We see that AVsound = ﬁzﬂb and Avk = vk — k2| = —_(log4 — 1)

3v/3

Avk  8V3/9(log4 —1)
A’Usound 8\/5/9

= log4 — 1

* This suggests:

1.  Splitting of butterfly velocities might be originated just from chiral magnetic

effects. _ B v,e] (| (nag—wpa)0r — (nar — wpi)0, B
VUsound ics + 2w [ﬂ, CE] < 1+ TL[’Y, a] — w['y, ,3] ) (241)

E _M o5 E[’y,a] (noq — wph)0, — (nay — wphs)Or B

*w(l [mﬂ]) 5+2w[6,a1( nly,o] — wly, B) ) f

2. There might be a relation between hydrodynamics and quantum chaos in
anomalous systems. Note that Hydro works well at scales w < T, while chaos
is sensitive to scales w ~ T . o w = —iDgk?

25

Confirmed by Pole-skipping

poles of GR.

[Grozdanov, Schalm, Scopelliti 1710.00921]
[Blake, Lee, Liu 1801.00010]
[Blake, Davison, Grozdanov, Liu 1809.01169] 05

—— 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 A



Sound vs butterfly velocity

8 ‘ 8
* We see that AVsound = ﬁzﬂb and Avk = vk — k2| = —_(log4 — 1)

3v/3

Avk  8V3/9(log4 —1)
A’Usound 8\/5/9

= log4 — 1

* This suggests:

1.  Splitting of butterfly velocities might be originated just from chiral magnetic

effects. _ B v,e] (| (nag—wpa)0r — (nar — wpi)0, B
VUsound ics + 2w [ﬂ, CE] < 1+ TL[’Y, a] — w['y, ,3] ) (241)

B [v, B] B [v,a] [ (nas —wp)d, — (nas —wh)or\ 5
Tw (“m) 7+ %[ﬁ,a]( nfy, o — wl, B] )"6

2. There might be a relation between hydrodynamics and quantum chaos in

anomalous systems. Note that Hydro works well at scales w < T, while chaos
is sensitive to scales w ~ T . o w = —iDgk?

25

Confirmed by Pole-skipping (. k) = (X, i A )

UB 15

poles of GR.

[Grozdanov, Schalm, Scopelliti 1710.00921]
[Blake, Lee, Liu 1801.00010]
[Blake, Davison, Grozdanov, Liu 1809.01169] 05

—— 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 A



Sound vs butterfly velocity

8 ‘ 8
* We see that AVsound = ﬁzﬂb and Avk = vk — k2| = —_(log4 — 1)

3v/3

Avk  8V3/9(log4 —1)
A’Usound 8\/5/9

= log4 — 1

* This suggests:

1.  Splitting of butterfly velocities might be originated just from chiral magnetic

effects. _ B v,e] (| (nag—wpa)0r — (nar — wpi)0, B
VUsound ics + 2w [ﬂ, CE] < 1+ TL[’Y, a] — w['y, ,3] ) (241)

B [v, B] B [v,a] [ (nas —wp)d, — (nas —wh)or\ 5
Tw (“m) 7+ %[ﬁ,a]( nfy, o — wl, B] )"6

2. There might be a relation between hydrodynamics and quantum chaos in

anomalous systems. Note that Hydro works well at scales w < T, while chaos
is sensitive to scales w ~ T . o w = —iDgk?

Confirmed by Pole-skipping (. k) = (X, i A )

UB 15

poles of GR.

[Grozdanov, Schalm, Scopelliti 1710.00921]
[Blake, Lee, Liu 1801.00010]

[Blake, Davison, Grozdanov, Liu 1809.01169] 05
[NA, Tabatabaei 1910.13696] Imkve

—— 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 A




Discussion

* Butterfly velocity is a measurable quantity in experiment.

* Observing the advertised splitting is an implicit sign of chiral
anomaly

* Can it be regraded as a sign of CME?
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Discussion

* Butterfly velocity is a measurable quantity in experiment.

* Observing the advertised splitting is an implicit sign of chiral
anomaly

* Can it be regraded as a sign of CME?
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needs more exploration!
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* perturb the system: apply 5% at t, O @
* The state becomes: |U') = e #Hrtug(5:L)giflLtu| ) ® ®
y ® ®
. o ©
| < ®
(1,L) _(1,R) /‘/ ®
(W |ot P ot wry e O
. — o ©
e ® ®
* Scrambling destroys spin correlation C@



Out-of-time-order correlator: OTOC
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* Or more generally:  (U|W(t)VLVRWL(t)|W)



Out-of-time-order correlator: OTOC

<\I”|0£1’L)0§1’R) |\I’/> W) = gt g 5:1) it | )

(W|o>H (t,)o P albR e (1))
(U\WL()VLVRWL(E)|P)

* Similarly: OTOC = F(t) = (V|VLWg(t)VRWL(t)|¥) R



Out-of-time-order correlator: OTOC

<\I,/|0g1,L)O_g1,R) |\I’/> W) = gt g 5:1) it | )

(U|oPP (t,)otM Do Pal>D(t,)| D)

(WWL(O)VLVRWL(D)| V)
* Similarly: OTOC = F(t) = (V|VLWg(t)VRWL(t)|¥) R

* For large N holographic CFTs
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Lyapunov exponent



Size of precursor growth

* The squared commutator
C(tw, |z —y|) =tr {P(ﬁ)[Ww(tw)v Wy]T[Wm(tw>a Wy]}
= 2 — 2Re (TFD|W, W, (tw,)W,Wy(ty) |TFD)

* Size of precursor s[W,(t,)] is the volume of region in ¥y such that C>1

= a ball centered at x of the radius

r[We(tw)] = vp(tw — L)
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* The squared commutator
C(tw, |z —y|) =tr {P(ﬁ)[Ww(tw)v Wy]T[Wm(tw)a Wy]}
= 2 — 2Re (TFD|W, W, (tw,)W,Wy(ty) |TFD)

O(t) = 2 — AW (L, D)V (O)W(E, £V (0)) 5 ~ %GW‘%)
* Size of precursor s[W,(t,)] is the volume of region in ¥y such that C>1
= a ball centered at x of the radius

r[We(tw)] = vp(tw — L)

Zl (tw) — e—thw Zlethw

Size of operator

* Linear growth in time is checked numerically
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Size of precursor growth

* The squared commutator
C(tw, |z —y|) =tr {P(ﬁ)[Ww(tw)v Wy]T[Wm(tw>a Wy]}
= 2 — 2Re (TFD|W, W, (tw,)W,Wy(ty) |TFD)

* Size of precursor s[W,(t,)] is the volume of region in ¥y such that C>1

= a ball centered at x of the radius

r[We(tw)] = vp(tw — L)

Butterfly speed

[Roberts, Shenker, Stanford, 1409.8180]




