The butterfly effect
ina
holographic chiral system

Navid Abbasi

Lanzhou University

@ PeuvRRy  grapibias (o 10bHER st

7 INTERNATIONAL EDNFERENEE,/ i
THE ON CHIRALITY, VORTICITY . :
AN MAGNETIL FIELO IN '3
T

h HEAVY ION COLLISIONS -/ &

l 15, 2023

u /'I 0 «<4««
International Conference Cente

Unlversity of Chinese Academy of Sciences




Motivation

®* Quantum chaos is associated with energy dynamics (holographic system)

* In chiral systems, energy is transported through the CME



Motivation

®* Quantum chaos is associated with energy dynamics (holographic system)

el

* In chiral systems, energy is transported through the CME



Motivation

®* Quantum chaos is associated with energy dynamics (holographic system)
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* In chiral systems, energy is transported through the CME

— Any connection between “Quantum chaos” and “CME” ?
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Quantum chaos

* One important aspect of thermal systems:

Atypicality —2evolution=> typicality (e.g., Gibbs ensemble)

* There is sensitive dependence on initial conditions:

initially similar (but orthogonal) states —>evolve=> to be quite different:
“Butterfly effect”

* This chaotic behavior is referred to as Scrambling.
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* Butterfly-cone

C(twa |z — y|) =tr {p(ﬁ) [Wx(tw)a Wy]T[Wx(tw)v Wy]}
— 2 2Re(TFD|W,W, (to)W,W,(t) |TFD)




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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[Shenker, Stanford 1412.6987]
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* In the Eikonal approximation, one should calculate “the phase shift”.
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Shock wave geometry in AdS

[Shenker, Stanford 1306.0622]
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Calculating 0 is equivalent to see [Dray, t Hooft 1985]
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* What we need to find: the function h(x) on this background

9



A bit technicality

Applying v — Vv + h(z)s(U)

2 _
ds future T

F; future —

ds?

past

Fpast -

AUV)h(z)5(U) dU? —

il (gV) h(z)8(U) das A dU.

D(UV)
%

h(z)d(U) dUdzxs

M



A bit technicality

Applying v — v + h(z)§(U)

D({UV)

ds? ime = dslzoast — A(UV)h(z)6(U) dU? — Th(a:)(S(U) dUdzs
Ffuture = Fpast - H(gV) h(m)5(U) d$3 A dU.

* Einstein equations then give

2BL0O) g7 g3z
A(0) [NA, Tabatabaei 1910.13696]

(8ﬁ+q28i+2p5-5—mg> h(x) ~

p = (xT) x (log(4) — 1)1

2
m2 = (xT)? [6 + 3602 — (% — 1) b’ — (7# + 99—2 + 56K%(log(2) — 1)) 1/262]

10



A bit technicality

Applying v — V + h(z)s(U)

2
ds future

F; future —

D(UV)

A5y — AUV (@)8(V) dU? — =0
Freot = H(gv) h(z)3(U) das A dU.

* Einstein equations then give

(8ﬁ+q28i+2p5-5—mg> h(x) ~

A(0)

2B;,(0)

Bezd'mtw §3(3)

p = (xT) x (log(4) — 1)1

2
m2 = (xT)? [6 + 3602 — (% — 1) b’ — (7# + 99—2 + 56K%(log(2) — 1)) 1/262]

* Compare it with b=nu=0

(—0:0; + m?)h(z)

167TGN

A(0)¢% %

Ee%t“’ao(x)

10

h(z)d(U) dUdzxs

[NA, Tabatabaei 1910.13696]



A bit technicality

Applying v — V + h(z)s(U)

e = s — AUVIR)IW) a0~ 2T @5 avae,
Ffuture = Fpast - H(gV) h(m)5(U) d$3 A dU.

* Einstein equations then give

2BL0O) g7 g3z
A(0) [NA, Tabatabaei 1910.13696]

(8ﬁ+q28i+2p5-5—mg> h(x) ~

p = (nT) & (log(4) — 1)v*
m2 = (nT)? [6 + 3602 — (%2 - 1) b? — (7# - 99—2 + 56k2(log(2) — 1)) y2b2]

Imk =

* Compare it with b=nu=0

® 1My

167TGN 2my
—0;0; +m2)h(z) = ———~Ee? “ay(z)
( 0 A(0)las

Rek

h(z) = /d?’k‘ heeiex —img ®

10



A bit technicality

Applying v — V + h(z)s(U)

e = s — AUVIR)IW) a0~ 2T @5 avae,
Ffuture = Fpast - H(gV) h(m)5(U) d$3 A dU.

* Einstein equations then give

2B;,(0)
A(0)

<8ﬁ +q20% +2pb-0 — m%) h(x) ~ Bezf'(ra)tw 63 (Z)

[NA, Tabatabaei 1910.13696]

p = (nT) & (log(4) — 1)v*
m2 = (nT)? [6 + 3602 — (%2 - 1) b? — (7# - 99—2 + 56k2(log(2) — 1)) y2b2]

Imk =

* Compare it with b=nu=0

i(p+ /p* +mj)%
h(xs) = [ dk heik®s $imo
167G N 2, AN Rek
(_@‘3@' +m8)h(w) = ———FEes™ay(x) - I s
A(O)Zidé 2i(p — \/P? +mg)

h(z) = / d3k b e™*

1
—imgy @

10



A bit technicality

Applying v — V + h(z)s(U)

2
ds future

F; future —

052, — A(UV)h(2)5(U) dU? — @h@:)aw) AU dzzs
s — 1 (gV) h(z)8(U) das A dU.

* Einstein equations then give

(8ﬁ+q28i+2p5-5—mg> h(x) ~

A(0

2B (

0)
)

Bezd'mtw §3(3)

p = (xT) x (log(4) — 1)1

2
m2 = (xT)? [6 + 3602 — (% — 1) b’ — (7# + 99—2 + 56K%(log(2) — 1)) 1/262]

* Compare it with b=nu=0

(—0:0; + m?)h(z)

167TGN

A(0)¢% %

Ee%t“’ao(m)

h(zs) = [ dkhe*®s

AN
-
h(z) = / d3k b e™*

10

[NA, Tabatabaei 1910.13696]

¥’ ™ C,
i(p A \/p? +mj)2 N
’ !,
K ® 1Mo
-
Lo N Rek:
S LI
}r :J(p —\/p?+ mé)
\‘ 7z’m0 ° I,l
% Oy



Magnetic field — No anomaly

Isotropic butterfly anisotropic butterfly
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Magnetic field — with anomaly

Isotropic butterfly asymmetric butterfly
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Magnetic field — with anomaly

Isotropic butterfly asymmetric butterfly
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So far we focused on analytical results in the limit ) T < 1

NI=

Let’s move on to the small T Ilimit

We’ll perform high precision numerical calculations in the bulk of AdS
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B = b T — T [D’Hoker, Kraus 1003.302]
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The idea is to analytically find the butterfly velocity in terms of horizon data
and then
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Numerical “known” results

D’Hoker and Kraus show that this has a phase transition at T=0

T T [D’Hoker, Kraus 1003.302]

P -

* There is no change in symmetry!
* The non-analytic behavior of quantities change
* At the critical point: B, ~ 0.499

* What we want to do is to move on vertical cuts towards 7 =0

and read off v%
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Identification of QCP by butterfly

* There is no transverse propagation .

At T=0:

* We may define the QCP by the two following specific butterfly

speeds:
p v%}B:O U]I_I’B:].
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So far we perturbed the theory by a tensor operator with the scaling
dimension A = 4.

* Now (for technical issues) we proceed with a scalar operator L|J(t, x),
with the same dimension.

* We calculate the pole-skipping point of 611;1/) (a), k):

A
Im W [Grozdanov, Schalm, Scopelliti 1710.00921]

poles

roots
~C > Im k

* Previous studies (far away any QCP) (Blake, Lee, Liu 1801.00010]
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What we find:

Near a quantum critical point:

[in preparation]
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Discussion

* Butterfly velocity is a measurable quantity in experiment.
* Observing the advertised splitting is a sign of CME

» One may think of detecting CME in some condensed matter system
(simulation)

* Such transition has been observed in Sr;Ru,0,.
[Rost, Perry, Mercure, Mackenzie Science Vol. 325. no. 5946 2009]

» Measuring butterfly speed in this (or in a similar) system

19



Thank you for your attention
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Identification of QCP by butterfly

* There is no transverse propagation .

At T=0:

* We may define the QCP by two butterfly speeds:

Y

X 1)3:133

T=0, B> B,
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* There is no transverse propagation .

At T=0:

X vg=12% X vg=1%x
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Identification of QCP by butterfly

* There is no transverse propagation .

At T=0:

Yy Yy Yy
—eo—Xeompeo— —eoX—ompo o @momp >
X X X =12 xr vg =1 &

T=0, B<B, T=0, B=B8. T =0, B> B,
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=1
Prepare the system in the thermofield state |¥)= Z}/zze—m/z In)L|n) R

[Shenker, Stanford 1306.0622]

V)

* perturb the system: apply 535 at t,

* The state becomes: |¥) = e #Hrlvg(5L)gillLtn |y

* Let’s measure the correlation between (1L) and (1R)
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Scrambling measures

10
In a qubit system with H, =Y {004 —1.05 0% +0.5 0}

=1
Prepare the system in the thermofield state |¥)= Z}/Qze—mﬁ In)L|n) R

[Shenker, Stanford 1306.0622]

V)
L R
* 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@
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Out-of-time-order correlator: OTOC
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* For large N holographic CFTs

F(t) = fo— 2 exp 2t + O(N4)
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[Maldacena, Shenker, Stanford 1503.01406]



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

F(t) = fo— 2

2 _
0~ N3 t+OIN?

B

exp

[Maldacena, Shenker, Stanford 1503.01406]

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]}
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* 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
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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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in the spin chain  #=-Y 7z, +x+nz

sites

L2
N
w
s B
o
o
~
®



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]




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
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