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Research Directions in Quantum Field Theory
and String Theory 2020

The workshop for Prof. Chaiho Rim

pplications of AdS/CFT
or Holographic duality

Keun-Young Kim

at GIST

S


https://hanja.dict.naver.com/hanja?id=8155

Considering a broad range of participants, | would like to take this opportunity to
infroduce very interesting topics (to me) but boring looking subjects (complexity?, chaos?) in
hep-th community. In the end, however, | hope you get to like them like | did.

| will tfry to convey motivations, history, basic ideas instead of too much technical details.

| think | am not so an expert on quantum information and its holographic avatar, so some
introductory part of my talk may be based on premature thoughts. However, | hope my
story is mature enough to make you get curious on the topics.

| will try to go slowly, so | may stop my talk in 30 minutes in the middle without finishing up
all of my slides. | think it is ok, because the conclusion of my story is open anyway.


https://hanja.dict.naver.com/hanja?id=8155

Quantum Complexity and Quantum Chaos

d I‘le > hep-th > arXiv:2212.14702

High Energy Physics - Theory

[Submitted on 30 Dec 2022 (v1), last revised 25 Jan 2023 (this version, v2)]

Krylov Complexity in Free and Interacting Scalar Field
Theories with Bounded Power Spectrum

Hugo A. Camargo, Viktor Jahnke, Keun-Young Kim, Mitsuhiro Nishida

| |




Quantum Complexity and Quantum Chaos

d I‘>{1V > hep-th > arXiv:2306.11632

High Energy Physics - Theory

[Submitted on 20 Jun 2023]

Spectral and Krylov Complexity in Billiard Systems

Hugo A. Camargo, Viktor Jahnke, Hyun-Sik Jeong, Keun-Young Kim, Mitsuhiro Nishida

[ |




Quantum Complexity and Quantum Chaos

P | I‘le > hep-th > arXiv:2212.14702

High Energy Physics - Theory

[Submitted on 30 Dec 2022 (v1), last revised 25 Jan 2023 (this version, v2)]

Krylov Complexity in Free and Interacting Scalar Field
Theories with Bounded Power Spectrum

Hugo A. Camargo, Viktor Jahnke, Keun-Young Kim, Mitsuhiro Nishida

Citations per year Citations: 67

Year: 2022

d I'Xl\/ > hep-th > arXiv:2212.14429

60

High Energy Physics - Theory 50

[Submitted on 29 Dec 2022] 40

Krylov complexity in quantum field theory, and beyond *

20

Alexander Avdoshkin, Anatoly Dymarsky, Michael Smolkin

10

2019 2020 2021 2022 2023

A Universal Operator Growth Hypothesis

Daniel E. Parker (UC, Berkeley), Xiangyu Cao (UC, Berkeley), Alexander Avdoshkin (UC, Berkeley), Thomas
Scaffidi (UC, Berkeley), Ehud Altman (UC, Berkeley) (Dec 20, 2018)

Published in: Phys.Rev.X 9 (2019) 4, 041017 - e-Print: 1812.08657 [cond-mat.stat-mech]

pdf & DOI [= cite A reference search

2 196 citations §



Quantum complexity
why?



Complexity

(Computational) complexity ’ [Computer science] quantifying the difficulty of carrying out a task.

Quantum Computer

: Il!ﬂrm"--’ a1
- == _ - 55 s ‘,}f’;*igi,,

"’s
lii il 3l il .
Input state —> N e output state
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Complexity

(Computational) complexity | [Computer science] quantifying the difficulty of carrying out a task.

(Circuit) complexity |

Quantum Computer| ~ |Quantum Circuit

Minimal:

umber of gates for the transformation from the reference to target state

1Y) = UlYR) = gngn—1-""9291|¥R)

Amb|g|’ry

Universal gate sets = {a,b,c,d,e,f}

ex) G = dbe
. ! v G = ceab
- J H— ¥ G = abefa
X3 N7 Wy

W, complexity = 3
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Complexity

“Distance” between two satese |

(inner-product) distance: dap = arccos [(B|A)]| (closest) 0 ~ /2 (farthest)
Are these close or far? |0000000000) » |0000000001)
Far in the inner-product sense —
e “easy” or “difficult” transform

However, in some sense they are close |

Need a new distance reflecting this sense: “Complexity distance?”

far in inner-product Similarity vs Distance?

near in COIIlplCXlty 1903.12621 Brown and Susskind



Complexity

Complexity of quantum states | New distance in Hilbert space Spread complexity

For given states |¢Y71) = U|YR) ~How hard (minimal number of gates)
from the reference to target state

Complexity of operator (unitary transformation) | New distance in Unitary group

For a given operator U = ¢g,9,—1---g2g1 ~ minimum number of gates

I > U

Krylov complexity

Relation between two |

C(l1), ) = min {C(U) |V U € O, iiz) = Ulapn) §
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Continuous version

I On N 5OA§’T)5OA£T_)1 e 5OA§T)(5OA§T) Complexity = geodesic length?
@
@ o H .O ‘
o D ‘\ )
JA[v./’ﬁ-,,,.ﬂ,_.,‘,,‘,.

A geometric approach to quantum circuit lower bounds (2008)

Quantum
Computation
and Quantum
Information
B ax. n o / | Susskind and collaborators

R AAC L. CHUARS ® introduced Nielsen’s idea to hep-th
community in 2014

® have been developing the theory of
complexity in QFT based on intuitions
from circuit complexity




Complexity

Complexity of quantum states | New distance in Hilbert space Spread complexity

For given states |1) = U|YR) ~How hard (minimal number of gates)
from the reference to target state

Complexity of operator (unitary transformation) | New distance in Unitary group

Quantum Science and Technology

For a given operator U = ¢,g,,—1*-g291 ~ minimum number of gates

BeiZeng

Xie Chen
Duan-Lu Zhou
Xiao-Gang Wen

Quantum
Information

I > U

. Meets Quantum
Relation between two | Matter

From Quantum Entanglement to
Topological Phases of Many-Body
Systems

C(l1), ) = min {C(U) |V U € O, iiz) = Ulapn) §

@ Springer

Now, where is physics?
Entanglement entropy vs Complexity?
Is quantum theory explored enough?

Mainly about superposition and symmetry? Nicolas Laflorencie
th F CIbOU . en 1'cmg Iemen F or some Thing elsea Laboratoire de Physique Théorique, Université de Toulouse, CNRS, UPS, France

QUANTUM ENTANGLEMENT IN
CONDENSED MATTER SYSTEMS



QUANTUM ENTANGLEMENT IN
CONDENSED MATTER SYSTEMS

Nicolas Laflorencie

Laboratoire de Physique Théorique, Université de Toulouse, CNRS, UPS, France

This review focuses on the field of quantum entanglement applied to condensed
matter physics systems with strong correlations, a domain which has rapidly grown
over the last decade. By tracing out part of the degrees of freedom of correlated
quantum systems, useful and non-trivial informations can be obtained through the
study of the reduced density matrix, whose eigenvalue spectrum (the entanglement
spectrum) and the associated Rényi entropies are now well recognized to contains
key features. In particular, the celebrated area law for the entanglement entropy of
ground-states will be discussed from the perspective of its subleading corrections
which encode universal details of various quantum states of matter, e.g. symme-
try breaking states or topological order. Going beyond entropies, the study of the
low-lying part of the entanglement spectrum also allows to diagnose topological
properties or give a direct access to the excitation spectrum of the edges, and may
also raise significant questions about the underlying entanglement Hamiltonian. All
these powerful tools can be further applied to shed some light on disordered quan-
tum systems where impurity/disorder can conspire with quantum fluctuations to in-
duce non-trivial effects. Disordered quantum spin systems, the Kondo effect, or
the many-body localization problem, which have all been successfully (re)visited
through the prism of quantum entanglement, will be discussed in details. Finally,
the issue of experimental access to entanglement measurement will be addressed,
together with its most recent developments.

Quantum Science and Technology

BeiZeng

Xie Chen
Duan-LuZhou
Xiao-Gang Wen

Quantum
Part | Basic Concepts in Quantum Information Theory Information
Meets Quantum
1 Correlation and Entanglement. Matter

From Quantum Entanglement to
Topological Phases of Many-Body
Systems

2 Evolution of Quantum Systems.

3 Quantum Error-Correcting Codes. Qspringer

Part Il Local Hamiltonians, Ground States and Many-body Entanglement.
4 Local Hamiltonians and Ground States.

5 Gapped Quantum Systems and Entanglement Area Law.

Part lll Topological order and Long-Range Entanglement.
6 Introduction to Topological order.

7 Local Transformations and Long-Range Entanglement.

Part IV Gapped Topological Phases and Tensor Network.
8 Matrix Product State and 1D Gapped Phase.

9 Tensor Product States and 2D Gapped Phases.

10 Symmetry Protected Topological Phases.

Part V Outlook.

11 A Unification of Information and Matter.



[Susskind: 1402.5674

COmpleX”y Stanford and Susskind: 1406.2678]

2014:
Entanglement is not enough!
Black hole interior?

2017
Complexity in Field theory?

Complexity = geodesic length:s

Fig. from [Koji, Norihiro, Sotaro: 1707.03840]
Entanglement is not enough?

1. Einstein-Rosen bridge increases even after thermalization
2. The field theory meaning of this?
3. Physics inside black hole?

exp K




Quantum Chaos
Why?¢



Quantum Chaos
Why?¢

h—0
Classical Physics ) >< Quantum physics
>
h—0
Classical Chaos b >< Quantum chaos
>

We do not need to stick to classical concept,
which may be sometimes obstruction



[
Quantum Chaos

What is quantum chaos? ChatGPT

{d'(t), " (0)}p5 = ‘ 6qf'(t) | ~ e

0g’(0) Quantum chaos is a field of physics that studies the behaviorof quantum
—([d'(®), P’ (0)] ). systemsthat are classmallychaotm Classically chaotic systems are those
—([V(©),WO)*)s  ~ eM that exhibit sensmvedependence on initial conditions, meaning small

. changes in the initial conditions lead to vastly dlfferent outcomes over time.
Out-of-time-order correlator

(OTOC)
In quantum mechanics, chaotic behavior can manifest in the statistical

Level spacing statistics
10 . - propertles of the syste 's energy spectrum orin the time evqutlon of its

_-Paisson NOE
1726 spacings

wave functllon The study of‘ quatntu chaos is concerned with
sl | 1 l understanding how the behavior of the system changes as classical chaos is

introduced or increased, and how this behavior can be observed and

measured experimentally.

Random Matrix Theory

Quantum chaos has applications in various fields, including solid-state
Thermalization

(ETH, Quantum device)
Quantum black holes led to new insights into the fundamental nature of quantum mechanics and

physics, quantum computing, and quantum information theory. It has also

Quantum gravity the connections between classmal and quantum physics.

Krylov complexity?
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Quantum chaos and complexity

’ Midjourney




A Universal Operator Growth Hypothesis Citations per year i

Year: 2022

Daniel E. Parker (UC, Berkeley), Xiangyu Cao (UC, Berkeley), Alexander Avdoshkin (UC, Berkeley), Thomas
Scaffidi (UC, Berkeley), Ehud Altman (UC, Berkeley) (Dec 20, 2018)

Published in: Phys.Rev.X 9 (2019) 4, 041017 - e-Print: 1812.08657 [cond-mat.stat-mech]

60
50
40
pdf & DOI [ cite [Q reference search  3) 196 citations *

20

10

2019 2020 2021 2022 2023

Comments on Krylov Complexity in Field Theory

Complexity: how much things are complex

Chaos: how fast things get complex
~ fast increase of complexity

*Circuit complexity is not well-defined

"Krylov complexity” is a well-defined concept
proposed as a diagnose of quantum chaos (which is not-well defined)



Entanglement is not enough!
Black hole interior?

Krylov complexity in conformal field theory
Anatoly Dymarsky (Kentucky U. and Skoltech), Michael Smolkin (Hebrew U.) (Apr 19, 2021)
Published in: Phys.Rev.D 104 (2021) 8, L0O81702 - e-Print: 2104.09514 [hep-th]

r

Complexity: how much things are complex

Chaos: how fast things get complex
~ fast increase of complexity

*Circuit complexity is not well-defined

"Krylov complexity” is a well-defined concept
proposed as a diagnose of quantum chaos (which is not-well defined)



Contents

New Series m: Monographs
Lecture Notes in
Aleksey Nikolaevich Krylov (1863 —1945) Physics
Russian naval engineer, applied mathematician
and memoirist.

~ Short Review on Krylov Complexity
ﬂO 9T A C ¢ C P

- Operator growth

- Krylov space

- Lanczos coefficient

- Krylov complexity

d'{ - Success in lattice systems
< Towards field theory 1994
- Too good to be true

- How to extract info from the power spectrum

(IR/UV cutoff effect)

Cornelius (Cornel) Lanczos (1893-1974):
a Hungarian-American and later Hungarian-Irish
mathematician andsphysicist.




Short Review on Krylov Complexity



The time evolution of an operator O by a time independent Hamiltonian H |

0,0(t) =i [H,0(t)]
Xy o-x _ \~L%Y
Baker-Campbell-Hausdorff (BCH) formula e“"Ye ™~ = Z

n=0

O(t) = '™ 0(0) e~

n!

O(t) = O+ it[H,O] + (;)2[}[, [H,O]] + %—t!)?:[H, [H,[H,O]]] + - --

ex) 1D spin chain ¢ <;> ¢ ¢ O—o—0O—

H=— Z (ZiZis1 + 9X; + hZ;)

t2 't3
Zu(t) = Zu+ itlH, 21) - [H, [H, Z:]] - 57 [H, [H,[H, Z:]]] + ..
[H7 Zl: N}/l
[H, [H, Zl]: "'Yi + Xlzg

[H7 [H7 [Ha Zl]]:

[H7 [Ha [H7 [Ha Zl]]]

~Y1 + Yo Xq + Y14
~X1+Y+ 21+ XaXo+ Y"Yo+ Z12s + X2+
+ Z3Y1 + Y1255 + Z1 Xo X1 + Xo 23X,



The time evolution of an operator O by a time independent Hamiltonian H |

8,0(t) =i [H,O(t)]

0.@) nY
= '™ 0(0) e7*tH Baker-Campbell-Hausdorff (BCH) formula eXYe ™ =)~ Ex

.+ . o)+ G 1, o) G . 1, o
0t)=2% On = £r0(0) L:=I[H,]

ex) 1D spin chain {;) (;) ¢ (t} ’\; {'} {’}_

n!

H=— Z (ZiZis1 + 9X; + hZ;)

Zu(t) = Zy + it[H, Z1] — %[H (H,2:]] — ’; (H,[H,[H,Z:]]] + ...
[H7 Zl N}/l

[H,[H, Z,]] ~Y1 + X125
(4, [H,[H, Z1]]] ~Y1 + Y2 X1 + Y12,
|H,[H,[H, [H, Z1]]]] ~X1i+ Y1+ Z1 + Xa Xo + V1Yo + Z125 + X122+
+ Z3Y1 + Y125Ys + Z1 X0 Xy + X023 X,




The time evolution of an operator O by a time independent Hamiltonian H |

8,0(t) =i [H,O(t)]

0.@) nY
="M O 0) e ttH Baker-Campbell-Hausdorff (BCH) formula eXYe ™ =)~ Ex

0t)=2% On = £r0(0) L:=I[H,]

© The set of operators {0} defines a basis of the so-called Krylov space associated to the operator O
© Regard the operator as a state ® — | ®) in the Hilbert space of operators

n!

Inner product: Wightman inner product |

1
Zg

(A|B) — < BH/2 A, —,BH/ZB> TI‘( ,BH/2AT6—,BH/2B) Zﬂ ZZTI‘(G_ﬂH)

Krylov basis | (On|On) = 6mn  (Lanczos algorithm: Gram—=Schmidt procedure)

Op) = |(§O) = |0(0)) {b,}: Lanczos coefficients
O,) == b71L|Oy) by 1= (é0£|£(’§o)1/2
On) =1b,"|A,) b, = (AnlAn)1/2

An) = £|On—1) — bn—1|0n—2)



The time evolution of an operator O by a time independent Hamiltonian H |

aow —imow | [3lo®)=illo®) jow) - f;z'”son(t)wn) im(t)ﬁ .
Lo =" o] | OF) = 00) “probability amplitudes”
O(t) = Op + 1t [H,O] + (;)2 [H, [H, O]] + %—t!)?:[H, [H,[H, O]]] +
f: Z;?n 0, = LrO(0) L:=[H,-]

© The set of operators {0} defines a basis of the so-called Krylov space associated to the operator O
© Regard the operator as a state ® — | ®) in the Hilbert space of operators

Inner product: Wightman inner product |

1
Zg

(A|B) — < BH/2 A, —,BH/ZB> TI‘( ,BH/2AT6—,BH/2B) Zﬂ ZZTI‘(G_ﬂH)

Krylov basis | (On|On) = 6mn  (Lanczos algorithm: Gram—=Schmidt procedure)

Op) = |(§O) = |0(0)) {b,}: Lanczos coefficients
O,) == b71L|Oy) by 1= (é0£|£(’§o)1/2
On) =1b,"|A,) b, = (AnlAn)1/2

An) = £|On—1) — bn—1|0n—2)



Discrete “Schrodinger equation” |

0.0(t) =1 [H,0(t)] “probability amplitudes” Z lon(t))? =1

o !

0|0(t)) =iL|O®)  |0W) =) eat)|On)  Palt) :=17"(On|O(1))

n=0
/0 by 0 O \
by 0 by O
0 by 0 by ---
= (Onl|L]|O) = 2 ] = bp0m n— bpi10
0 0 b3 0 - nOm,n—1 + Dn+1 m,n+1 o
\ S / . — )
| S @o(t) = bop_1(t) —brp1(t)
d @, (t A K1(t) = t) — t
sz;t( ) bn@n-1(t) = bnp1@n41(t) ©n(0) = 6np  ¥-2(t) =0 = A1 ) buo(t) = baa(t)
a quantum-mechanical particle on a 1- dimensional chain. On(t) = bypn_1(t) — bpi1@ni1(t)
bn = hopping amplitudes
b b b b -+ b, 0.6 -
1 o 2 o 3 o 4 o —_— t=0.5
Yo P1 P2 P3 PYa  *Pp — t=1.0
0.4 —t = 1.5
" ’ t=2.0
Krylov complexity | average position over the chain > §Z§Z
0.2
NI
Ko(t) == (O(t)|n|O(t) an SOSS
0.5 i é llO 5l0 1(I)0 500



Auto-correlation function | C(H) =TIV (1) = o (1) Power spectrum | Y (w)

C(t) := (O(t)|0(0)) = ¢o(t) R T .
_ <ez'(t—iﬂ/Z)Ho’r(O)e—z’(t—z’ﬂ/z)HO(O»ﬁ I1"(7) 22_”[_00 dw e ¥ (w)
= (O'(t —i8/2)0(0))s = TI" (¢) .

(. .. >ﬂ — Tr(e‘ﬁH ca )/’IY(e‘ﬁH)

Moments | Mo,

1 d*"T1 (¢) I e

(0. @]
’I:t)zn 2n pW
v (£) = ( = - bom = — | dww® % (W)
R nZ:O:uQn (2n)! Han =G ™ qgm | 21 J oo
Lanczos coefficients from moments |
B2 b2 = det (... . Hankel matrix Cay as o a, |
1 n (i )09’7 =n constructed from the moments.
9 4 2,9 a as Un+1
po =01, pg=0y+0byby, ---. Hy =
- L
B M2(Z D Mz({—z) An (Ap ces A2n-1




Lanczos coefficients |

1 o0
Han = 5 dww fY (w)
fW(a)) > Uy
o) =
2n 2
1 Joo d —ia)th( ) b] | b’" N
E— w e 4)]
2 ) _ det (.Uz'+j)ogi,j§n
v v
C() =TT (1) = (1) b,
K-complexity l
=0

@o(t) = bo p_1(t) —brpa(t)
p1(t) = bipo(t) — bapa(t)

Sbn(t) = bn‘Pn—l(t) - bn+180n+1(t)

Nmax

Ko(t) = Y nlea(t)]?, nmax = 200.

n=1



Success in lattice systems



Universal operator growth hypothesis

1812.08657: Parker et al.

b, ~ n’ <— MY(w)~ exp(—|w/w0|1/5)

30
25
20
$15 -

10 -

Universal operator growth hypothesis |

In a chaotic quantum system

Lanczos coefficients {bp} grow as fast as possible

b, ~ an

/D. S. Lubinsky, “A survey of general orthogonal polyno—\
mials for weights on finite and infinite intervals,” Acta
Applicandae Mathematica 10, 237-296 (1987).

A. Magnus, “The recursion method and its applications:
Proceedings of the conference, imperial college, london,
england september 13-14, 1984,” (Springer Science &

\Business Media, 2012) Chap. 2, pp. 22-45. /

/Signatures of chaos in time series generated bh
many-spin systems at high temperatures

Tarek A. Elsayed, Benjamin Hess, and Boris V. Fine
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Universal operator growth hypothesis | 20

\ the slowest possible decay of the power spectrum
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In a chaotic quantum system fW(a)) o

Lanczos coefficients {bp} grow as fast as possible

Krylov complexity grows exponentially

b, ~ an
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Towards Field theory
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Counter eXOImp|e in QFT 2212.14702: Camargo, Jahnke, KYK, Nishida

1 1
L = - (00) + ;m?

Power spectrum (m=0, d=4) |

by,
100 | ' Ay
[ et ] Free theory is chaotic?
80'_ . o -
[ . _
g Lo : 4 I
60 - ,o° ] lr-ercheasoticquentum-system In free QFT
L ° o] d
40 - e® ¢ ] Lanczos coefficients {bn} grow as fast as possible??
[ .® ] .
20- 0" ] b, ~an ~—n

:’,,’ \ 'B /
0L e
n |o|

?(fW(w) ~e G S b ~an <= Ko(t) ~ e2°‘t>




1 1
L = - (00) + ;m?

Power spectrum (m=0, d=4) |

Brw

7 sinh %‘")

¥ (w) =

Blo] || T
fW(a)) ~ e_ 2 A e_ 2a <a — _>

Bbn
805— .®
60:—‘ .®

40- °®

[ N

Wightman 2-point function |

I (1, x) = (9(t — iB/2, x)$(0, 0))p <f _ ?)

Power spectrum | C(t) =TI (¢, 0)

)= [ e M:l / a1 (t,0)¢

\_ M) ~ e ~ e <“=%> Y
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General QFT is chaotice No

(o N

lr-a-cheaetic-quemtum-system In general QFT

Lanczos coefficients {bn} grow as fast as possible!
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Too good to be true



Towards Field theory



Counter example:

© Field theory
© Krylov complexity in saddle-dominated scrambling
(2203.03534: Bhattacharjee, Cao, Nandy, Pathak) Too good to be true
7lw| PN
Chaos < @) ~e 2 < b,~an < Kp(t)~ ezo‘t>

Only if by, is a smooth function of n, Otherwise

o]

Chaos (fw(a))"“e_ W = b, fan = Ko(t)Nezo‘t>
? ? ?

C(t) analytic
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Counter example:

© Field theory
© Krylov complexity in saddle-dominated scrambling
(2203.03534: Bhattacharjee, Cao, Nandy, Pathak) Too good to be true
7lw| PN
Chaos < (@) ~e 2 < b,~an < Kp(t)~ ezo‘t>

Only if by, is a smooth function of n, Otherwise

o]

Chaos < (fW(a)) ~ e Za L —— bn on < KO(t) ~ e2at>
? ? ?

Need to investigate these relations further.
How to extract (chaotic) information from the power spectrum?
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Lanczos coefficients |
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Non-trivial mass (IR-cutoff) effect: staggering

Power spectrum | fm > 1
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Non-trivial mass (IR-cutoff) effect: staggering
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(a) Mass-dependence of ayqq and Qeyen (b) Mass-dependence of Y,44 — Yeven
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Jahnke, KYK, Nishida

Non-trivial mass (IR-cutoff) effect: K-complexity

Lanczos coefficients |
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© Early time: oscillation:
- larger m, shorter period
© Late time: oscillation disappears
- cancelation due to large n
© Exponential increase
- larger m, slower increase
- mass effect
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Non-trivial mass (IR-cutoff) effect: K-complexity Jahnke. KYK. Nishida
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Non-trivial UV-cutoff effect Jahnke, KYK, Nishida
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Condition for staggering
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Condition for staggering

2212.14702: Camargo,
Jahnke, KYK, Nishida

1.0-

05-

vvvvvvvvvvvvvvv

...............

(heom if lw| <m
e~ ifm < |w| < A
0 if |w| > A
cw. ... .

2

3

0

-1-

45 10 -5 0




2212.14702: Camargo,
Jahnke, KYK, Nishida

Condition for staggering
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Condition for staggering
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Summary (method)

o Is it possible to extract the chaos-info from a C(t) or the power spectrum?
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[
Summary (Lattice systems)

o Is it possible to extract the chaos-info from a C(t) or a power spectrum?
- Seems to be possible for Lattice systems.

the slowest possible decay of the power spectrum
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Krylov complexity grows exponentially
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Universal operator growth hypothesis |
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In a chaotic quantum system ~ Subtleties in saddle point
Lanczos coefficients {bn} grow as fast as possible o Subtleties in QFT
b, ~ an
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Summary (QFT)
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Summary (QFT)
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Summary (QFT)
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o Is it possible to extract the chaos-info from a C(t) or a power spectrum?
o More scales: compact space, interaction, other spins, open systems etc
o Holographic counterpart?

o State (spread) complexity?

o Observations, conjectures, mathematical justification
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Holographic conjecture

2014

CV (complexi’ry-volume) | CA (complexi’ry-ac’rion) | Entanglement is not enough!
Black hole interior?

[Susskind: 1402.5674 [Brown, Roberts, Susskind Swingle and Zhao:

Stanford and Susskind: 1406.267 8] 1509.07876, 1512.04993]

2017
Complexity in Field theory?
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decay of activities

Complexity = geodesic length?
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