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Motivation & Introduction

Dynamical aspects of a physical system are extremely important

Particularly interesting: Quantum Chaos

Classical chaos Quantum chaos

Quantum chaology

Echoes,

Butterfly effect

Randomness in 

Eigenvalues

Complexity of

States/Operators

Thermalization

Berry
Rozenbaum-Bunimovich-Galitski

Larkin-Ovchinnokov

Srednicki, Deutsch

Parker et al



Motivation & Introduction

Why should we think about Quantum Chaos?

Experimental Strides: increasingly possible to access long-time dynamics of 
quantum systems

Theoretical Connections: ideas of quantum chaos seem to interconnect various 
fields, quantum information, quantum gravity and strongly coupled systems

Dynamics: Various Emerging time-scales

<latexit sha1_base64="iqU14ej5sWv+sTKBjeKs+PqS6rE=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRbBU0lE1GPRi8cK9gPaEDbbTbt0dxN2N0II9a948aCIV3+IN/+N2zQHbX0w8Hhvhpl5YcKo0q77bVXW1jc2t6rbtZ3dvf0D+/Coq+JUYtLBMYtlP0SKMCpIR1PNSD+RBPGQkV44vZ37vUciFY3Fg84S4nM0FjSiGGkjBXZdB/lQcmdElaJJIc4Cu+E23QLOKvFK0oAS7cD+Go5inHIiNGZIqYHnJtrPkdQUMzKrDVNFEoSnaEwGhgrEifLz4viZc2qUkRPF0pTQTqH+nsgRVyrjoenkSE/UsjcX//MGqY6u/ZyKJNVE4MWiKGWOjp15EuZlSbBmmSEIS2pudfAESYS1yatmQvCWX14l3fOmd9n07i8arZsyjiocwwmcgQdX0II7aEMHMGTwDK/wZj1ZL9a79bForVjlTB3+wPr8AVvllTw=</latexit>

tdissipation
<latexit sha1_base64="rH6Ku1PsYKIGv6I22imzyWoWdhE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6rLoxmUF+4A2hMl00g6dTMLMjVhCfsWNC0Xc+iPu/BsnbRbaemDgcM493DsnSATX4DjfVmVtfWNzq7pd29nd2z+wD+tdHaeKsg6NRaz6AdFMcMk6wEGwfqIYiQLBesH0tvB7j0xpHssHmCXMi8hY8pBTAkby7Tr42VBFWFNVhLgc577dcJrOHHiVuCVpoBJt3/4ajmKaRkwCFUTrgesk4GVEAaeC5bVhqllC6JSM2cBQSSKmvWx+e45PjTLCYazMk4Dn6u9ERiKtZ1FgJiMCE73sFeJ/3iCF8NrLuExSYJIuFoWpwBDjogg84opREDNDCFXc3IrphChCwdRVMyW4y19eJd3zpnvZdO8vGq2bso4qOkYn6Ay56Aq10B1qow6i6Ak9o1f0ZuXWi/VufSxGK1aZOUJ/YH3+AGWGlK0=</latexit>

tscrambling

<latexit sha1_base64="nvec7c7n3p2IvkgVV5IqgDbfpi8=">AAACDHicbVDLSgMxFM34rPVVdekmWAQ3lhkRdVnURZcVrAqdWjLpnRpMMkNyRyhDP8CNv+LGhSJu/QB3/o1pOwtfBwKHc87l5p4olcKi7396U9Mzs3PzpYXy4tLyymplbf3CJpnh0OKJTMxVxCxIoaGFAiVcpQaYiiRcRrcnI//yDowViT7HQQodxfpaxIIzdFK3UsVuHhpFGyAs6AhMf0hDKxQNT0Eiu853g6FL+TV/DPqXBAWpkgLNbuUj7CU8U6CRS2ZtO/BT7OTMoOAShuUws5Ayfsv60HZUMwW2k4+PGdJtp/RonBj3NNKx+n0iZ8ragYpcUjG8sb+9kfif184wPurkQqcZguaTRXEmKSZ01AztCQMc5cARxo1wf6X8hhnG0fVXdiUEv0/+Sy72asFBLTjbr9aPizpKZJNskR0SkENSJw3SJC3CyT15JM/kxXvwnrxX720SnfKKmQ3yA977FzCHmxA=</latexit>

tHeisenberg ⇠ ��1

<latexit sha1_base64="f1V8Vl9Dlrg8DP2fa5O3lSSYLUI=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9kVUY9FL96saD+gXUs2zbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39upaJIrRGJJeqGWBNORO0ZpjhtBkriqOA00YwuJ74jSFVmknxYEYx9SPcEyxkBBsr+WmbYI5ux6X7R/ekUyi6ZXcKtEi8jBQhQ7VT+Gp3JUkiKgzhWOuW58bGT7EyjHA6zrcTTWNMBrhHW5YKHFHtp9Ojx+jYKl0USmVLGDRVf0+kONJ6FAW2M8Kmr+e9ifif10pMeOmnTMSJoYLMFoUJR0aiSQKoyxQlho8swUQxeysifawwMTanvA3Bm395kdRPy9552bs7K1ausjhycAhHUAIPLqACN1CFGhB4gmd4hTdn6Lw4787HrHXJyWYO4A+czx9SIJEn</latexit>

O(S0)
<latexit sha1_base64="wXNSpsFAB2yCDTkJs3xLe8RuvWg=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWol7Iroh6LXrxZ0X5AdynZNG1Ds8mSZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv21lZXVvf2CxsFbd3dvf23YPDhpapIrROJJeqFWFNORO0bpjhtJUoiuOI02Y0vJ36zRFVmknxZMYJDWPcF6zHCDZW6rhuFhDM0f2kHHDZR49nHbfkVbwZ0DLxc1KCHLWO+xV0JUljKgzhWOu27yUmzLAyjHA6KQappgkmQ9ynbUsFjqkOs9nlE3RqlS7qSWVLGDRTf09kONZ6HEe2M8ZmoBe9qfif105N7zrMmEhSQwWZL+qlHBmJpjGgLlOUGD62BBPF7K2IDLDCxNiwijYEf/HlZdI4r/iXFf/holS9yeMowDGcQBl8uIIq3EEN6kBgBM/wCm9O5rw4787HvHXFyWeO4A+czx8VD5Km</latexit>

O(logS)
<latexit sha1_base64="Um/4/m7h+7mUUsQxZpVQo4s4aew=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMegF29GNA9INmF20psMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lxYIrbdvf1tLyyuraem4jv7m1vbNb2NuvqyiRDGssEpFselSh4CHWNNcCm7FEGngCG97weuI3HlEqHoUPehSjG9B+yH3OqDZSJ20zKsjtuIQdcn/SLRTtsj0FWSRORoqQodotfLV7EUsCDDUTVKmWY8faTanUnAkc59uJwpiyIe1jy9CQBqjcdHr1mBwbpUf8SJoKNZmqvydSGig1CjzTGVA9UPPeRPzPayXav3RTHsaJxpDNFvmJIDoikwhIj0tkWowMoUxycythAyop0yaovAnBmX95kdRPy8552bk7K1ausjhycAhHUAIHLqACN1CFGjCQ8Ayv8GY9WS/Wu/Uxa12yspkD+APr8wf8Z5GG</latexit>

O(eS)

“Early-time”
<latexit sha1_base64="/0RCkDEIj9ymOlcbPGInicFUCMc=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuiHoMevEYIYmBZFlmJ7PJkHks8xDiki/x4kERr36KN//GSbIHTSxoKKq66e5KMka1CYJvr7S2vrG5Vd6u7Ozu7Vf9g8OOllZh0saSSdVNkCaMCtI21DDSzRRBPGHkIRnfzvyHR6I0laJlJhmJOBoKmlKMjJNiv2rivK84bI2kZURPY78W1IM54CoJC1IDBZqx/9UfSGw5EQYzpHUvDDIT5UgZihmZVvpWkwzhMRqSnqMCcaKjfH74FJ46ZQBTqVwJA+fq74kcca0nPHGdHJmRXvZm4n9ez5r0OsqpyKwhAi8WpZZBI+EsBTigimDDJo4grKi7FeIRUggbl1XFhRAuv7xKOuf18LIe3l/UGjdFHGVwDE7AGQjBFWiAO9AEbYCBBc/gFbx5T96L9+59LFpLXjFzBP7A+/wBAHiTUQ==</latexit>

tThoules “Late-time”



Probes at different time-scales

Quantum chaos splits into two parts: Early time & Late time

The notion of evolution & growth is natural in the Operator Hilbert Space

<latexit sha1_base64="2gkjxPZfRNdtDrvadnVc71c1abk=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSAkB8OuiHoRgl5yM4J5QLKG2clsMmT2wUyvEJZ8hxd/xYsHRbyJF//G2WQRTSxoKKq66e5yI8EVWNaXsbC4tLyymlvLr29sbm2bO7sNFcaSsjoNRShbLlFM8IDVgYNgrUgy4ruCNd3hVeo375lUPAxuYRQxxyf9gHucEtBS17STDiUCX4+LUMIXmN0lHFcx4DH+MaxSKh/hzOiaBatsTYDniZ2RAspQ65ofnV5IY58FQAVRqm1bETgJkcCpYON8J1YsInRI+qytaUB8ppxk8toYH2qlh71Q6goAT9TfEwnxlRr5ru70CQzUrJeK/3ntGLxzJ+FBFAML6HSRFwsMIU5zwj0uGQUx0oRQyfWtmA6IJBR0mnkdgj378jxpHJft07J9c1KoXGZx5NA+OkBFZKMzVEFVVEN1RNEDekIv6NV4NJ6NN+N92rpgZDN76A+Mz29dJZ1R</latexit>

O(t) = eiHt
O(0)e�iHt

Heisenberg Evolution:

<latexit sha1_base64="6FHUkzRvAeIXVE1msKYxl3vNejk="></latexit>

O(t) = O(0) + it [H,O(0)] +
(it)2

2
[H, [H,O(0)]] + . . .

The Operator spreads through non-trivial commutators with the Hamiltonian/Quantization

Spreading nature depends on the Operator & the Hamiltonian

Technically: Local or k-local operators



Krylov (sub)-Space

Time Evolution, redefined:

Liouvillian Operator

The Krylov (sub)-Space:

Parker et al, 2019; Viswanath & Muller, 2008

<latexit sha1_base64="afOeLfBLozbWnsXfOk4usmhVqtc="></latexit>

O(t) = eiHt
O(0)e�iHt

⌘ eiLt
O(0)

<latexit sha1_base64="sXq9Q3MlMzBDnnHweB7K6LKG0S0="></latexit>

HO = span {LnO} = span {O, [H,O], [H, [H,O]], . . .}

The linear span of each element of the above space forms the invariant Krylov sub-space

This comes with a definition of the inner product, defined in the Krylov space



Constructing Krylov (sub)-Space

Use the inner product & construct a Gram-Schmidt orthogonalisation

<latexit sha1_base64="zI1iSa/MpH07JKGNbr7vxau7sdQ=">AAACIHicbZDLSgMxFIYz3q23qks3wSLopsyIWBEE0Y0LQQXbCp0yZNJMG5pkhuSMUKbzKG58FTcuFNGdPo3pBfH2Q+DjP+dwcv4wEdyA6747E5NT0zOzc/OFhcWl5ZXi6lrNxKmmrEpjEeubkBgmuGJV4CDYTaIZkaFg9bB7OqjXb5k2PFbX0EtYU5K24hGnBKwVFCvnQSZVfniEfcEi2M58SgS+yAOF+yM+z/v4y5XY17zdgZ2gWHLL7lD4L3hjKKGxLoPim9+KaSqZAiqIMQ3PTaCZEQ2cCpYX/NSwhNAuabOGRUUkM81seGCOt6zTwlGs7VOAh+73iYxIY3oytJ2SQMf8rg3M/2qNFKKDZsZVkgJTdLQoSgWGGA/Swi2uGQXRs0Co5vavmHaIJhRspgUbgvf75L9Q2y17+2Xvaq90fDKOYw5toE20jTxUQcfoDF2iKqLoDj2gJ/Ts3DuPzovzOmqdcMYz6+iHnI9PbTyihQ==</latexit>

Lmn := (On|L|Om)The Louivillian matrix:

<latexit sha1_base64="pHPJO1U+QwT8m5pyT6kgCl6MOGw=">AAACH3icbZDLSgMxFIYz3q23qks3wSLUTZkRqW4E0Y0LQQWrhc4wZNJMG0wyQ3JGKOO8iRtfxY0LRcSdb2N6QbT1h8CX/5xDcv4oFdyA6345U9Mzs3PzC4ulpeWV1bXy+saNSTJNWYMmItHNiBgmuGIN4CBYM9WMyEiw2+jutF+/vWfa8ERdQy9lgSQdxWNOCVgrLNd9wWKo5j4lAl8UocQPeHg5L37Q+gr7mne6sIuPMAllWK64NXcgPAneCCpopMuw/Om3E5pJpoAKYkzLc1MIcqKBU8GKkp8ZlhJ6RzqsZVERyUyQD/Yr8I512jhOtD0K8MD9PZETaUxPRrZTEuia8Vrf/K/WyiA+DHKu0gyYosOH4kxgSHA/LNzmmlEQPQuEam7/immXaELBRlqyIXjjK0/CzV7Nq9e8q/3K8ckojgW0hbZRFXnoAB2jM3SJGoiiR/SMXtGb8+S8OO/Ox7B1yhnNbKI/cr6+AWUcoVA=</latexit>

(Om|L|On) = am

<latexit sha1_base64="HKvBLxi1AsjdX+zPzLXBmsueT6o="></latexit>

(On�1|L|On) = bn = (On|L|On�1)

Non-vanishing elements: tri-diagonal matrix

Lanczos Coefficients:
<latexit sha1_base64="4F46vvEaEX/18C/bdXRAwxAxQaE=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBD0EneDqJdA0Is3FUwUsjHMTnqTIbOzy0yvENZ8jRd/xYsHRcSbn+LkcdBoQUNR1U13V5BIYdB1P52Z2bn5hcXcUn55ZXVtvbCxWTdxqjnUeCxjfRswA1IoqKFACbeJBhYFEm6C3tnQv7kHbUSsrrGfQDNiHSVCwRlaqVWoBC1FK9SXEOKej0K2IfM5k/RiYI0HOi35WnS6uE/vMu+gPGgVim7JHYH+Jd6EFMkEl63Cq9+OeRqBQi6ZMQ3PTbCZMY2CSxjk/dRAwniPdaBhqWIRmGY2enNAd63SpmGsbSmkI/XnRMYiY/pRYDsjhl0z7Q3F/7xGiuFJMxMqSREUHy8KU0kxpsPMaFto4Cj7ljCuhb2V8i7TjKNNNm9D8KZf/kvq5ZJ3VPKuDovV00kcObJNdsge8cgxqZJzcklqhJNH8kxeyZvz5Lw4787HuHXGmcxskV9wvr4Bs6CksQ==</latexit>

bn =
⇣
Õn|Õn

⌘1/2

<latexit sha1_base64="D0hMPMNibP3MatKOd8e9vl9J/dQ="></latexit>���Õn

⌘
= L |On�1)� bn�1 |On�1)� an�1 |On�1)

<latexit sha1_base64="zk0TU51HK0N9ON/WkWrjGshJCn0="></latexit>

|On) = b�1
n

���Õn

⌘
Parker et al, 2019; Viswanath & Muller, 2008



Time-dependence of an Operator

Any Operator can be expanded in this basis:

Heisenberg equation of motion:

Boundary condition:

<latexit sha1_base64="/BTnmJWVn3Iq83xHms96aL9SwGE="></latexit>

|O(t)) =
X

n

in�n(t) |On)

Operator wave-function

<latexit sha1_base64="V/N3D1qQ4tHdxlv/bxhEZPve0gQ="></latexit>

@t�n(t) = bn�n�1(t)� bn+1�n+1(t) + ian�n(t)

<latexit sha1_base64="DHGv/YPTwm+mXkVhCYqEniJH77s=">AAACAXicbVBNS8NAEN34WetX1IvgZbEI9VISEfVSKHrxWMF+QFPCZrtpl242YXcilFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSATX4Djf1tLyyuraemGjuLm1vbNr7+03dZwqyho0FrFqB0QzwSVrAAfB2oliJAoEawXDm4nfemBK81jewyhh3Yj0JQ85JWAk3z70kgH3ZRmqzmkVez0mgPiZdMa+XXIqzhR4kbg5KaEcdd/+8noxTSMmgQqidcd1EuhmRAGngo2LXqpZQuiQ9FnHUEkiprvZ9IMxPjFKD4exMiUBT9XfExmJtB5FgemMCAz0vDcR//M6KYRX3YzLJAUm6WxRmAoMMZ7EgXtcMQpiZAihiptbMR0QRSiY0IomBHf+5UXSPKu4FxX37rxUu87jKKAjdIzKyEWXqIZuUR01EEWP6Bm9ojfryXqx3q2PWeuSlc8coD+wPn8A+3aV9Q==</latexit>

�n(t = 0) = �n0

<latexit sha1_base64="LNZX8NU9g7+/dcbdudeTokU0WFQ=">AAACGnicbVDLSsNAFJ34rPVVdelmsAjJpiQi6kYounFnBfuAJoTJdNIOnTyYuRFK7He48VfcuFDEnbjxb5w+EG09cOHMOfcy954gFVyBbX8ZC4tLyyurhbXi+sbm1nZpZ7ehkkxSVqeJSGQrIIoJHrM6cBCslUpGokCwZtC/HPnNOyYVT+JbGKTMi0g35iGnBLTklxw37XHfNsE6x65gIZi5S4nA10PTtvA9/nmB5Ure7YHll8p2xR4DzxNnSspoippf+nA7Cc0iFgMVRKm2Y6fg5UQCp4INi26mWEpon3RZW9OYREx5+fi0IT7USgeHidQVAx6rvydyEik1iALdGRHoqVlvJP7ntTMIz7ycx2kGLKaTj8JMYEjwKCfc4ZJREANNCJVc74ppj0hCQadZ1CE4syfPk8ZRxTmpODfH5erFNI4C2kcHyEQOOkVVdIVqqI4oekBP6AW9Go/Gs/FmvE9aF4zpzB76A+PzG24JnqM=</latexit>

�0(t) = (O(0)|O(t))

A physical input = Auto-correlation Parker et al, 2019; Viswanath & Muller, 2008



Operator Complexity

Definition of Krylov complexity:
<latexit sha1_base64="4u4k2x1DWTROkCuEry/ZgYtggbI="></latexit>

KO(t) =
X

n

n |�n(t)|2

Average position of the wave function along the chain

Correspondingly, there exists a Krylov operator

<latexit sha1_base64="LQcKdEWfZlez0mOVo52JeZ2uUfk="></latexit>

K̂O(t) =
X

n

n |On) (On|

<latexit sha1_base64="aWgQwirpYNU+e1pwBLitEPhQbVY="></latexit>

KO(t) = (O(t)| K̂O(t) |O(t))

Krylov operator 
expectation value

Parker et al, 2019; Viswanath & Muller, 2008



A devil inside the inner product detail

There exists an infinite family of inner products:

A commonly used inner product:

<latexit sha1_base64="Ym27/KKKSZUIQYhMKtO3nIdQMgI="></latexit>

(O1|O2)
g

�
=

Z
�

0
g(�)Tr

⇣
⇢e�HO

†
1e

��H
O2

⌘

<latexit sha1_base64="vIL0GcflrEoRRGHlS8ezcCJ1Ins=">AAACD3icbVDLSgNBEJz1GeMr6tHLYFDMwbgbRL0IQS8eFYwGsiH0znbikNkHM71CCPkDL/6KFw+KePXqzb9xEiP4Khgoqqrp6QpSJQ257rszMTk1PTObm8vPLywuLRdWVi9NkmmBNZGoRNcDMKhkjDWSpLCeaoQoUHgVdE+G/tUNaiOT+IJ6KTYj6MSyLQWQlVqFrc62r2w8hBI/4n6IiuBL4TvcD5Bgt1JqFYpu2R2B/yXemBTZGGetwpsfJiKLMCahwJiG56bU7IMmKRQO8n5mMAXRhQ42LI0hQtPsj+4Z8E2rhLydaPti4iP1+0QfImN6UWCTEdC1+e0Nxf+8Rkbtw2ZfxmlGGIvPRe1McUr4sBweSo2CVM8SEFrav3JxDRoE2QrztgTv98l/yWWl7O2XvfO9YvV4XEeOrbMNts08dsCq7JSdsRoT7Jbds0f25Nw5D86z8/IZnXDGM2vsB5zXD2Mfmlk=</latexit>

g(�) = �(�� �/2)

Wightman inner product:
<latexit sha1_base64="IrzggtG69P0thrJcqmRjiwJSggk="></latexit>

(O1|O2)
g
� = Tr

⇣
⇢1/2O†

1⇢
1/2

O2

⌘
<latexit sha1_base64="T/2G6TuxNjJrhqScMtylUYEXOyc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpKIqBuh6KbLCvYBTSyT6U07dJIJMxOxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94vt5RIJYUmFVzITkAUcBZDUzPNoZNIIFHAoR2Mbid++xGkYiK+1+ME/IgMYhYySrSRenbZk0NxjeEhO/UC0ATX855dcarOFHiZuHNSQXM0evaX1xc0jSDWlBOluq6TaD8jUjPKIS95qYKE0BEZQNfQmESg/Gx6e46PjdLHoZCmYo2n6u+JjERKjaPAdEZED9WiNxH/87qpDq/8jMVJqiGms0VhyrEWeBIE7jMJVPOxIYRKZm7FdEgkodrEVTIhuIsvL5PWWdW9qLp355XazTyOIjpER+gEuegS1VAdNVATUfSEntErerNy68V6tz5mrQVrPnOA/sD6/AHddJOv</latexit>

⇢ = e��H

Auto-correlation=Thermal correlator

<latexit sha1_base64="ht9y60FgYF0uoTeDj9UXYGt3ei8="></latexit>

(O(0)|O(t)) = Tr

✓
⇢O(0)†O

✓
t+

i�

2

◆◆



What is interesting with this?

Some Observations:

Operator growth hypothesis:

<latexit sha1_base64="M4tq+fakKMIpg+TwmZeSgICrRiM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJiLosunFnBfuAJoTJdNoOnUzCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QK8qZoA3NNKftRFIchZy2wuH1xG89UKlYLO71KKF+hPuC9RjB2kiBfRAGAnmKRSjzCObodlxxTwK77FSdKdAicXNShhz1wP7yujFJIyo04Vipjusk2s+w1IxwOi55qaIJJkPcpx1DBY6o8rPp9WN0bJQu6sXSlNBoqv6eyHCk1CgKTWeE9UDNexPxP6+T6t6lnzGRpJoKMlvUSznSMZpEgbpMUqL5yBBMJDO3IjLAEhNtAiuZENz5lxdJ87Tqnlfdu7Ny7SqPowiHcAQVcOECanADdWgAgUd4hld4s56sF+vd+pi1Fqx8Zh/+wPr8AZQwlAI=</latexit>

bn ⇠ O(1)
<latexit sha1_base64="fzLPAhxA49NsPLdj7uTDei7swZ0=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiQi6rLoxp0V7AOaECbTSTt0ZhJnJkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2l5ZXVtvbRR3tza3tm19/bbKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSjq4nfeSBS0Vjc6XFCfI4GgkYUI22kwK6EgYCeohxmHkYM3uQ1T91LnYn8OLCrTt2ZAi4StyBVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ZP5PDIKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfgZFUmqicCzRVHKoI7hJBHYp5JgzcaGICypuRXiIZIIa5Nb2YTgzr+8SNondfes7t6eVhuXRRwlUAGHoAZccA4a4Bo0QQtg8AiewSt4s56sF+vd+pi1LlnFzAH4A+vzB+lWl6M=</latexit>

bn ⇠ O(
p
n)

<latexit sha1_base64="SgMokMxh5i32h2mrtz4u104xUhM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJiLosunFnBfuAJoTJdNoOnUzCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu994QJZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvaaKU0log8Q8lu0QK8qZoA3NNKftRFIchZy2wuH1xG89UKlYLO71KKF+hPuC9RjB2kiBfRAGAnmKRSjzCObodlwRJ4FddqrOFGiRuDkpQ456YH953ZikERWacKxUx3US7WdYakY4HZe8VNEEkyHu046hAkdU+dn0+jE6NkoX9WJpSmg0VX9PZDhSahSFpjPCeqDmvYn4n9dJde/Sz5hIUk0FmS3qpRzpGE2iQF0mKdF8ZAgmkplbERlgiYk2gZVMCO78y4ukeVp1z6vu3Vm5dpXHUYRDOIIKuHABNbiBOjSAwCM8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+APDhlD8=</latexit>

bn ⇠ O(n)

Free theory

Integrable (interacting) theory

Chaotic systems

Chaotic systems display a linear growth in Lanczos coefficients

E.g. SYK-model, other lattice models

Good and interesting diagnostic in discrete quantum systems

What happens in continuum QFTs?

Parker et al, 2019

Barbon et al., 2019



Continuum version: QFT

A nice starting point is to consider CFTs

For any primary operator, the thermal 2-point function is fixed!

The resulting auto-correlation:
<latexit sha1_base64="FBLJjLAcN0fJtn+kHNST3/RCxI0="></latexit>

CO(⌧) =
1

cos
⇣

⇡⌧
�

⌘2�

Generic contact singularities at:
<latexit sha1_base64="hJfivJ/MD5PKuM5A5A6SvLGDfy4=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzJTRN0IRTcuK9gHdIaSSTNtaJIJSUYow7jxV9y4UMStf+HOvzFtZ6GtBy4czrmXe++JJKPaeN63s7S8srq2Xtoob25t7+y6e/stnaQKkyZOWKI6EdKEUUGahhpGOlIRxCNG2tHoZuK3H4jSNBH3ZixJyNFA0JhiZKzUcw8Dg1J4BQPJYRArhLNA0jyr5T234lW9KeAi8QtSAQUaPfcr6Cc45UQYzJDWXd+TJsyQMhQzkpeDVBOJ8AgNSNdSgTjRYTb9IIcnVunDOFG2hIFT9fdEhrjWYx7ZTo7MUM97E/E/r5ua+DLMqJCpIQLPFsUpgyaBkzhgnyqCDRtbgrCi9laIh8jmYGxoZRuCP//yImnVqv551b87q9SvizhK4Agcg1PggwtQB7egAZoAg0fwDF7Bm/PkvDjvzsesdckpZg7AHzifP7Hilmw=</latexit>

⌧ = ±⇡

2

The contact singularity guarantees a linear Lanczos coefficient

This implies an exponentially growing Krylov complexity

Dymarsky et al, 19-20



A more general choice

Recall that all results so far depend on the Wightman function as a choice for the inner 
product 

A trivial generalization:

<latexit sha1_base64="qkLRmVSVbwH80hvY+Ma9KWiKDAc="></latexit>

(O1|O2) = Tr
⇣
O

†
1⇢1O2⇢2

⌘
= (O2|O1)

⇤

Arbitrary pure state density matrix

Obviously depends on the “state”

This satisfies all the desired properties of an inner product

Reduces to the familiar Wightman function:

A standard correlator:

AK, Malvimat, Sinha ‘23

<latexit sha1_base64="fy3rKxCvCqx8/FxruyjxR8TAZxo="></latexit>

⇢1 = ⇢1/2 , ⇢2 = ⇢1/2 , ⇢ = e��H

<latexit sha1_base64="me65bkcefBWKTefN/pc7ptbd93Y=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiuJAyU0TdCEU3uqtgL9AZSibNtKGZZEwyQhm6d+OruHGhiFtfwJ1vYzqdhbb+EPj5zjmcnD+IGVXacb6twtLyyupacb20sbm1vWPv7rWUSCQmTSyYkJ0AKcIoJ01NNSOdWBIUBYy0g9HVtN5+IFJRwe/0OCZ+hAachhQjbVDPLntyKHouvIA30IPH0LtPUB9msGZgZuyKU3UywUXj5qYCcjV69pfXFziJCNeYIaW6rhNrP0VSU8zIpOQlisQIj9CAdI3lKCLKT7NbJvDQkD4MhTSPa5jR3xMpipQaR4HpjJAeqvnaFP5X6yY6PPdTyuNEE45ni8KEQS3gNBjYp5JgzcbGICyp+SvEQyQR1ia+kgnBnT950bRqVfe06t6eVOqXeRxFcADK4Ai44AzUwTVogCbA4BE8g1fwZj1ZL9a79TFrLVj5zD74I+vzB9aVmGc=</latexit>

⇢1 = I , ⇢2 = ⇢



Exploring the general inner product

Choose a pure state created by a heavy primary in CFT (2-dim)
<latexit sha1_base64="KtSfgqBgMIdcTcBki5f2CpBKc44=">AAACFnicbZDLSsNAFIYn9VbrLerSzWAR3FgSEXWhUnTjsoK9QFPKZDpphk4mYeZEKG2fwo2v4saFIm7FnW/jtM1CW38Y+PnOOZw5v58IrsFxvq3cwuLS8kp+tbC2vrG5ZW/v1HScKsqqNBaxavhEM8ElqwIHwRqJYiTyBav7vZtxvf7AlOaxvId+wloR6UoecErAoLZ95KkwxpfYEyyAIfYSzbGneDeEqym7mLApGrbtolNyJsLzxs1MEWWqtO0vrxPTNGISqCBaN10ngdaAKOBUsFHBSzVLCO2RLmsaK0nEdGswOWuEDwzp4CBW5knAE/p7YkAirfuRbzojAqGerY3hf7VmCsF5a8BlkgKTdLooSAWGGI8zwh2uGAXRN4ZQxc1fMQ2JIhRMkgUTgjt78rypHZfc05J7d1IsX2dx5NEe2keHyEVnqIxuUQVVEUWP6Bm9ojfryXqx3q2PaWvOymZ20R9Znz9FeZ7Z</latexit>

⇢ = | i h |

State-operator correspondence makes it a 4-point function in vacuum

Let us define the CFT on a cylinder:
<latexit sha1_base64="t/rcPA2ZYYl5FOcJkL70vCGslbw=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegFw8e4iMP2CxhdjJJhszOLjO9QljyGV48KOLVr/Hm3zhJ9qDRgoaiqpvurjCRwqDrfjmFpeWV1bXiemljc2t7p7y71zRxqhlvsFjGuh1Sw6VQvIECJW8nmtMolLwVjq6mfuuRayNi9YDjhAcRHSjRF4yilfz77k0HRcQNueuWK27VnYH8JV5OKpCj3i1/dnoxSyOukElqjO+5CQYZ1SiY5JNSJzU8oWxEB9y3VFG7JshmJ0/IkVV6pB9rWwrJTP05kdHImHEU2s6I4tAselPxP89PsX8RZEIlKXLF5ov6qSQYk+n/pCc0ZyjHllCmhb2VsCHVlKFNqWRD8BZf/kuaJ1XvrOrdnlZql3kcRTiAQzgGD86hBtdQhwYwiOEJXuDVQefZeXPe560FJ5/Zh19wPr4BrNuQ3A==</latexit>

SL ⇥R

Allows us to define an in and an out state

Heavy primary states, which are pure states
AK, Malvimat, Sinha ‘23

<latexit sha1_base64="DXRmdP51GpEfTShUvgR8gEGIbY4="></latexit>

|! in ! = lim
t 0 !"

OH (t0)|0! , "! out | = lim
t 0 !"

"0|OH (t0)



A pictorial representation

<latexit sha1_base64="7RTVRSFpr3FniSwQC5UENNLh3xk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS29WsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2J1j5OE+xEdKhEKRtFKD1mPUUlup/16v1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/OLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye58MhOYM5cQSyrSwtxI2opoytCGVbAje8st/Seus6l1UvbvzSu06j6MIR3AMp+DBJdSgDg1oAgMFT/ACr45xnp03533RWnDymUP4BefjGwV+kH4=</latexit>

OH

<latexit sha1_base64="7RTVRSFpr3FniSwQC5UENNLh3xk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS29WsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2J1j5OE+xEdKhEKRtFKD1mPUUlup/16v1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/OLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye58MhOYM5cQSyrSwtxI2opoytCGVbAje8st/Seus6l1UvbvzSu06j6MIR3AMp+DBJdSgDg1oAgMFT/ACr45xnp03533RWnDymUP4BefjGwV+kH4=</latexit>

OH

<latexit sha1_base64="oAOPQl8/gW/R7yb03+fm7zm1y8o=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiwfBCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfy3owT9CM6kDzkjBorPWRdRgW5nfRueuWKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2YXT8iRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14YWfcZmkBiWbLwpTQUxMpu+TPlfIjBhbQpni9lbChlRRZmxIJRuCt/jyX9I8qXpnVe/utFK7zOMowgEcwjF4cA41uIY6NICBhCd4gVdHO8/Om/M+by04+cw+/ILz8Q0LjpCC</latexit>

OL

<latexit sha1_base64="oAOPQl8/gW/R7yb03+fm7zm1y8o=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiwfBCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfy3owT9CM6kDzkjBorPWRdRgW5nfRueuWKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2YXT8iRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14YWfcZmkBiWbLwpTQUxMpu+TPlfIjBhbQpni9lbChlRRZmxIJRuCt/jyX9I8qXpnVe/utFK7zOMowgEcwjF4cA41uIY6NICBhCd4gVdHO8/Om/M+by04+cw+/ILz8Q0LjpCC</latexit>

OL

<latexit sha1_base64="qoN/HomgSyXMF0R0PT0Dvn9maSc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSH2k6qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bH7rjJxZZUjCWNtSSObq74mMRsZMo8B2RhTHZtnLxf+8XorhjZ8JlaTIFVssClNJMCb542QoNGcop5ZQpoW9lbAx1ZShjadiQ/CWX14l7Yu6d1X3Hi5rjdsijjKcwCmcgwfX0IB7aEILGIzhGV7hzYmcF+fd+Vi0lpxi5hj+wPn8ASMljk4=</latexit>!

<latexit sha1_base64="BEfPEb7n7r6yIrFyuAowC/yj4R8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDtKs63dLZb/iz0CWSZCTMuSodUtfnZ5mWcIVMkmtbQd+iuGYGhRM8kmxk1meUjakfd52VNGE23A8u3ZCTp3SI7E2rhSSmfp7YkwTa0dJ5DoTigO76E3F/7x2hvF1OBYqzZArNl8UZ5KgJtPXSU8YzlCOHKHMCHcrYQNqKEMXUNGFECy+vEwa55XgshLcX5SrN3kcBTiGEziDAK6gCndQgzoweIRneIU3T3sv3rv3MW9d8fKZI/gD7/MHSXGO8Q==</latexit>! 0

Fitzpatrick-Kaplan et. al.



Look at a two point function of another primary operator in this state

Exploring the general inner product

<latexit sha1_base64="OlAXIMmWef7iVpsG9LV/EO97FWU="></latexit>

C! (! ) = !O(! )O(0)" =
! " out |O(! )O(0)|" in "

! " out |" in "

This depends on the details of the CFT, therefore highly dynamical in nature

Where can we explicitly calculate this?

Free field theory: trivial

Interacting CFT: minimal models, eg Ising CFT

Interacting CFT: Large-c CFT/Holographic CFT

AK, Malvimat, Sinha ‘23



Results: First Pass

Large-c CFT: Use HHLL correlators

<latexit sha1_base64="EisR5R6cSmTa5W8XoVU6lQLMr6I="></latexit>

C! (t) =
!

!"
sinh [!" (#0 + it )]

" 2! L

The Auto-Correlation Function

<latexit sha1_base64="isGg4m28LmDJc3scdUSGP3oGo60=">AAACEHicbVDJSgNBEO1xN25Rj14ag+jFMBNEvQiiHnKMYBbIhFDT6YmN3TNjd40QhvkEL/6KFw+KePXozb+xsxzcHhQ83quiql6QSGHQdT+dqemZ2bn5hcXC0vLK6lpxfaNh4lQzXmexjHUrAMOliHgdBUreSjQHFUjeDG7Oh37zjmsj4ugKBwnvKOhHIhQM0Erd4q7fB6XghPrmVmPm7VM/1MAyr0L9Cy4RutU8Y3neLZbcsjsC/Uu8CSmRCWrd4offi1mqeIRMgjFtz02wk4FGwSTPC35qeALsBvq8bWkEiptONnoopztW6dEw1rYipCP1+0QGypiBCmynArw2v72h+J/XTjE87mQiSlLkERsvClNJMabDdGhPaM5QDiwBpoW9lbJrsIGgzbBgQ/B+v/yXNCpl77DsXR6UTs8mcSyQLbJN9ohHjsgpqZIaqRNG7skjeSYvzoPz5Lw6b+PWKWcys0l+wHn/Aod5nEo=</latexit>

! =

!

1 !
12! H

c

UV-separation of the two LL-operators
Auto-correlation becomes thermal correlator

<latexit sha1_base64="8w0HGBjyV1Ygw7Cx74g2O38iYhg=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJiqgrKeqiywr2AU0Ik+mkHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTziTyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKQtsk5rHo+VhSziLaVkxx2ksExaHPadcf30797iMVksXRg5ok1A3xMGIBI1hpyTOPnDvKFfaa6Bo5gcAkI3lm13PPrFo1awa0TOyCVKFAyzO/nEFM0pBGinAsZd+2EuVmWChGOM0rTippgskYD2lf0wiHVLrZ7IEcnWplgIJY6IoUmqm/JzIcSjkJfd0ZYjWSi95U/M/rpyq4cjMWJamiEZkvClKOVIymaaABE5QoPtEEE8H0rYiMsI5B6cwqOgR78eVl0qnX7IuafX9ebdwUcZThGE7gDGy4hAY0oQVtIJDDM7zCm/FkvBjvxse8tWQUM4fwB8bnD3Y8lbA=</latexit>

! H >
c

12

This is like an Eigenstate Thermalization Hypothesis kind of behaviour

We are not assuming ETH here!

Irrespective of how heavy the state is, the Lanczos growth is always linear
AK, Malvimat, Sinha ‘23



Results: Second Pass

Complexity growth knows about the heaviness of the state

<latexit sha1_base64="0QjFQ3OjcBBClRYtE1ee/krD6ok="></latexit>

K L (t) = 2 ! L csch2 (! 0) sin2 (t) ,

K H (t) = 2 ! L csc2 (! 0) sinh2 (t) .

Not heavy enough:
<latexit sha1_base64="OIKqswZvtM+ggLr8fkOaif4Kg0I=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJiqgLF0VddFnBPqAJYTKdtEMnD2YmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733+AlnUlnWt1FaWV1b3yhvVra2d3b3zP2DjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3649up332kQrI4elCThLohHkYsYAQrLXnmkXNHucJeE10jJxCYZCTP7HrumVWrZs2AloldkCoUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd5xUklTTAZ4yHtaxrhkEo3mz2Qo1OtDFAQC12RQjP190SGQyknoa87Q6xGctGbiv95/VQFV27GoiRVNCLzRUHKkYrRNA00YIISxSeaYCKYvhWREdYxKJ1ZRYdgL768TDr1mn1Rs+/Pq42bIo4yHMMJnIENl9CAJrSgDQRyeIZXeDOejBfj3fiYt5aMYuYQ/sD4/AFzGpWu</latexit>

! H <
c

12

Heavy enough:
<latexit sha1_base64="8w0HGBjyV1Ygw7Cx74g2O38iYhg=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJiqgrKeqiywr2AU0Ik+mkHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTziTyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKQtsk5rHo+VhSziLaVkxx2ksExaHPadcf30797iMVksXRg5ok1A3xMGIBI1hpyTOPnDvKFfaa6Bo5gcAkI3lm13PPrFo1awa0TOyCVKFAyzO/nEFM0pBGinAsZd+2EuVmWChGOM0rTippgskYD2lf0wiHVLrZ7IEcnWplgIJY6IoUmqm/JzIcSjkJfd0ZYjWSi95U/M/rpyq4cjMWJamiEZkvClKOVIymaaABE5QoPtEEE8H0rYiMsI5B6cwqOgR78eVl0qnX7IuafX9ebdwUcZThGE7gDGy4hAY0oQVtIJDDM7zCm/FkvBjvxse8tWQUM4fwB8bnD3Y8lbA=</latexit>

! H >
c

12Bounded oscillatory behaviour

Exponentially growing behaviour

K-complexity knows about the Hawking-Page like transition

Transition between Area-law entanglement & Volume-law entanglement

AK, Malvimat, Sinha ‘23



Results: Pictorial & Summary

Reminiscent of a Hawking-Page like transition: K-complexity captures

K-complexity distinguishes, but it is a state-dependent statement

Particularly, K-complexity is sensitive to the entanglement structure of the state

AK, Malvimat, Sinha ‘23



Results: More examples & pictures

A similar analyses can be carried out for the Ising CFT

Also, for a free CFT:
<latexit sha1_base64="/Fn21O35uMAKtdwcSkZtNALBvNY=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sIyU0RdFt0IbirYB7RjyaRpG5rJDMkdoYxd+CtuXCji1t9w59+YaWeh1QP3cjjnXnJz/EhwDY7zZeUWFpeWV/KrhbX1jc0te3unocNYUVanoQhVyyeaCS5ZHTgI1ooUI4EvWNMfXaZ+854pzUN5C+OIeQEZSN7nlICRuvbedQmOcEfzIG3yLjmuTIzStYtO2ZkC/yVuRoooQ61rf3Z6IY0DJoEKonXbdSLwEqKAU8EmhU6sWUToiAxY21BJAqa9ZHr/BB8apYf7oTIlAU/VnxsJCbQeB76ZDAgM9byXiv957Rj6517CZRQDk3T2UD8WGEKchoF7XDEKYmwIoYqbWzEdEkUomMgKJgR3/st/SaNSdk/L7s1JsXqRxZFH++gAlZCLzlAVXaEaqiOKHtATekGv1qP1bL1Z77PRnJXt7KJfsD6+AbjxlKI=</latexit>

K (t) ! sin! 2(t)

AK, Malvimat, Sinha ‘23



Comments & Discussions

Linear growth in Lanczos coefficients  (does not) translate into an exponential 
growth of K-complexity

A non-trivial effect of:

A two-point function no longer imposes a non-trivial relation on a four-point function

This universality is not desired: no distinction between an integrable and a chaotic dynamics

On the other hand, K-complexity knows more than we think

Accessible through an appropriate state-dependence

This dependence further raises interesting questions

<latexit sha1_base64="OY+aDCr5Mz3BqRvg+7vQr9kM39w=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2lhGMCaQhLC32UuW7O0eu3NCOPIzbCwUsfXX2Plv3CRXaOKDgcd7M8zMCxMpLPr+t1dYWV1b3yhulra2d3b3yvsHj1anhvEG01KbVkgtl0LxBgqUvJUYTuNQ8mY4up36zSdurNDqAccJ78Z0oEQkGEUntWlPdZRGck38XrniV/0ZyDIJclKBHPVe+avT1yyNuUImqbXtwE+wm1GDgkk+KXVSyxPKRnTA244qGnPbzWYnT8iJU/ok0saVQjJTf09kNLZ2HIeuM6Y4tIveVPzPa6cYXXUzoZIUuWLzRVEqCWoy/Z/0heEM5dgRyoxwtxI2pIYydCmVXAjB4svL5PGsGlxUg/vzSu0mj6MIR3AMpxDAJdTgDurQAAYanuEV3jz0Xrx372PeWvDymUP4A+/zBxK6kHY=</latexit>

an != 0

<latexit sha1_base64="lp/habeKnfUflJRnZRQ4b58hfPY=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclUREXRbdCLqoYB/QhDKZTNqhk0mYmQgl5APc+CtuXCji1g9w5984bbOwrQcGDuecy517/IQzpW37x1paXlldWy9tlDe3tnd2K3v7LRWnktAmiXksOz5WlDNBm5ppTjuJpDjyOW37w+ux336kUrFYPOhRQr0I9wULGcHaSL1K1eUmHOBe5soI3eXI5RTNaLe5Sdk1ewK0SJyCVKFAo1f5doOYpBEVmnCsVNexE+1lWGpGOM3LbqpogskQ92nXUIEjqrxsckyOjo0SoDCW5gmNJurfiQxHSo0i3yQjrAdq3huL/3ndVIeXXsZEkmoqyHRRmHKkYzRuBgVMUqL5yBBMJDN/RWSAJSba9Fc2JTjzJy+S1mnNOa8592fV+lVRRwkO4QhOwIELqMMNNKAJBJ7gBd7g3Xq2Xq0P63MaXbKKmQOYgfX1C/vsmvE=</latexit>

! L ! ! KE.g. no universal relation:



Comments & Discussions

2-dim CFT, with a large c: Transition between exponential growth & bounded
Behaviour

A reminiscent of a Hawking-Page transition

K-complexity knows about the entanglement feature of the state: Area-law vs Volume-law

This universality is not desired: no distinction between an integrable and a chaotic dynamics

Hypothesis: K-complexity is highly sensitive to the entanglement structure of the state

Free CFT & Ising CFT results are consistent with the hypothesis

But a better check will be in a system that can interpolate between an integrable state and a chaotic state

Of particular interest: Scar states, Thermo-Field Double State, …



More Future

There are related physical aspects

How does K-complexity depend on global charges?

What, if any, is the precise connection between OTOCs & K-complexity?

Broader connection with ergodicity, entanglement and typicality?

A precise Holographic dual?

Does the kinematic aspect of von-Neumann algebra play any role here?



Thank You!


