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Develop a theory to define and measure scrambling

Use this
To explain this

X. Mi et al., Science 374, 1479 (2021).
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Preliminaries
Pauli matrices

<latexit sha1_base64="bj/Wc+gxCNQzsvIEcGzOC6CehzU="></latexit>

X =

✓
0 1
1 0

◆

<latexit sha1_base64="t1j+I7jyktdbX0vJMY+Rxc6XcHM="></latexit>

Y =

✓
0 �i
i 0

◆

<latexit sha1_base64="4y7lnQzklxMSXGCtKCr6Iz7BvI8="></latexit>

Z =

✓
1 0
0 �1

◆

Pauli string

<latexit sha1_base64="v39Eb7rvjq18NjKUa7NGkVsiu9w="></latexit>

P = X ⌦ Y ⌦ I ⌦ Z

<latexit sha1_base64="iXTjMIkloM6cQYfvSysEKH86ToQ="></latexit>

X

Y

I

Z

Pauli weight

# of blue dots in string
<latexit sha1_base64="CDWTFmZ0mUPNRTPw2ECmZvGFfU4="></latexit>

W (P ) = 3



Preliminaries
Local Pauli string

<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="Rscwu+r52vNS2udzInILnvCrlPI="></latexit>

W = 1



Preliminaries
Pauli group

<latexit sha1_base64="3yPyfIHePe+ZxBRKhfVYYkRTn+I="></latexit>

Pn = {All Pauli Strings}

(on n-qubits) 

<latexit sha1_base64="SqXvbGek4aIu9paR5Hn+RYwa19Y="></latexit>

U †P1U = ±P2

Clifford unitaries

Map Pauli strings to Pauli strings

<latexit sha1_base64="iXTjMIkloM6cQYfvSysEKH86ToQ="></latexit>

X

Y

I

Z

<latexit sha1_base64="IC+wefNkloGhuMXwEtc7+GMen9g="></latexit>

X

I

I

Y

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="vumb1kUeqerBkgZ4FRjuuXzmK7g="></latexit>

P1
<latexit sha1_base64="R2JvL4yH1M23JJZdwbdpQguGyZk="></latexit>

P2

<latexit sha1_base64="/X3tGFjiQ2Hj9QzpaBbnW9ZojG0="></latexit>±
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Random unitary

<latexit sha1_base64="KIsGQ1S6x2O1sOaV6GMmxZbITFs="></latexit>

U =

2-qubit unitary

<latexit sha1_base64="kVbtruh7mN1kWvep7iIt76xtiCk="></latexit>

t



<latexit sha1_base64="oj6ZyoBfl9b/bAqr4w6qeQqqqsk="></latexit>

U†PU

<latexit sha1_base64="+BL6rJzO/DfijHKSfFnCZgN7YyU="></latexit>

X

I

I

I

I

How does      spread local information?<latexit sha1_base64="Xc1UuNnJ7ylDw/xweWUvlMlgs0A="></latexit>

U



<latexit sha1_base64="+BL6rJzO/DfijHKSfFnCZgN7YyU="></latexit>

X

I

I

I

I

<latexit sha1_base64="fNRtsmDIMBzpc7Ywbd/rLUX7aHU="></latexit>

Z

Y

I

I

I

<latexit sha1_base64="wbxd1lUJRjg8HtStn4z4P8ujrok="></latexit>

Z

X

Z

I

I

<latexit sha1_base64="oj6ZyoBfl9b/bAqr4w6qeQqqqsk="></latexit>

U†PU

How does      spread local information?<latexit sha1_base64="Xc1UuNnJ7ylDw/xweWUvlMlgs0A="></latexit>

U



How does      spread local information?

<latexit sha1_base64="QvJb/jG5pXQkTrENtbiCU8I3TxU="></latexit>

X

Y

Z

Y

I

<latexit sha1_base64="yRvILE3ZZm89RsUheS5/CG285lc="></latexit>

Y

X

X

Z

I

<latexit sha1_base64="nUbiYU/e6L4pysvkndp5s0bahNE="></latexit>c1
<latexit sha1_base64="YscqzMKOMJU4sVb4dqOeGgy3k/8="></latexit>

+c2

<latexit sha1_base64="Xc1UuNnJ7ylDw/xweWUvlMlgs0A="></latexit>

U

<latexit sha1_base64="oj6ZyoBfl9b/bAqr4w6qeQqqqsk="></latexit>

U†PU



<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

1.   Increase # of strings
2.   Increase # of blue dots
Intuitively: scrambling describes spread of local information

<latexit sha1_base64="+BL6rJzO/DfijHKSfFnCZgN7YyU="></latexit>

X

I

I

I

I

<latexit sha1_base64="nUbiYU/e6L4pysvkndp5s0bahNE="></latexit>c1
<latexit sha1_base64="YscqzMKOMJU4sVb4dqOeGgy3k/8="></latexit>

+c2
<latexit sha1_base64="5eVLPqwArzHyRU3tl/l2eLSs1aM="></latexit>

+c3
<latexit sha1_base64="SQ0t7n4oM1XUVhbWaW5VugcyIIg="></latexit>

+ · · ·

<latexit sha1_base64="1kWA6IXfHsCS5NdhVzD0tYQix+c="></latexit>

Y

X

X

Z

X

<latexit sha1_base64="xtTdXokSD8Zsv8kpLXaBQuqWIYo="></latexit>

X

Y

Z

Y

Y

<latexit sha1_base64="vKNsK0myLWyKYU2toJ8nY8qeq5E="></latexit>

Z

Y

I

X

Y

Scrambling unitaries do the following.



How do we quantify scrambling?

<latexit sha1_base64="jqIOiiW22bQ+ErIomq4vfYBaNoE="></latexit>

C(t) =
����[U†X1U,Zn]

����2
HS

Commutator norm
<latexit sha1_base64="KIsGQ1S6x2O1sOaV6GMmxZbITFs="></latexit>

U =

<latexit sha1_base64="kVbtruh7mN1kWvep7iIt76xtiCk="></latexit>

t

<latexit sha1_base64="Ptr5Xi0636X233WYep4DxyJaUwg="></latexit>

[X1, Zn]
<latexit sha1_base64="iH9vbMuYjWs4LlED5D+tjDzxFac="></latexit>

= 0

<latexit sha1_base64="aAWKRF9qtND7l8t4BcoboIu3XJE="></latexit>

[
<latexit sha1_base64="r6gFHAcdoT7DmWeV/3hXPyJgrSo="></latexit>

]
(No overlap)

<latexit sha1_base64="+BL6rJzO/DfijHKSfFnCZgN7YyU="></latexit>

X

I

I

I

I

<latexit sha1_base64="RVGFez8zKEqIVtSbmZBg2+E0DY8="></latexit>

I

I

I

I

Z

<latexit sha1_base64="P3RrtNPdUaQQIbFZC1SgczjkwKc="></latexit>,
<latexit sha1_base64="lwijcftajEjpeUvW/qukdpGPqog="></latexit>

C(0) = 0

<latexit sha1_base64="UvpWVGLbe+ajMYd9i9KbRnRZGbI="></latexit>

t = 0



<latexit sha1_base64="RVGFez8zKEqIVtSbmZBg2+E0DY8="></latexit>

I

I

I

I

Z

<latexit sha1_base64="aAWKRF9qtND7l8t4BcoboIu3XJE="></latexit>

[
<latexit sha1_base64="r6gFHAcdoT7DmWeV/3hXPyJgrSo="></latexit>

]<latexit sha1_base64="hzHbwA1YwSq9Y4lhTXH+T54FyCM="></latexit>,

<latexit sha1_base64="jqIOiiW22bQ+ErIomq4vfYBaNoE="></latexit>

C(t) =
����[U†X1U,Zn]

����2
HS

Commutator norm

<latexit sha1_base64="DablewPdcS31vGVH9rQ6bimx0h8="></latexit>

U †X1U
<latexit sha1_base64="twB1Een6B7ArcLutCYX/3nekK9M="></latexit>

Zn

(Much overlap)

<latexit sha1_base64="Qad+9aVxsH3cngIJIVl3CA/mSNw="></latexit>

C(t) is large<latexit sha1_base64="nUbiYU/e6L4pysvkndp5s0bahNE="></latexit>c1
<latexit sha1_base64="YscqzMKOMJU4sVb4dqOeGgy3k/8="></latexit>

+c2
<latexit sha1_base64="5eVLPqwArzHyRU3tl/l2eLSs1aM="></latexit>

+c3
<latexit sha1_base64="SQ0t7n4oM1XUVhbWaW5VugcyIIg="></latexit>

+ · · ·

<latexit sha1_base64="1kWA6IXfHsCS5NdhVzD0tYQix+c="></latexit>

Y

X

X

Z

X

<latexit sha1_base64="xtTdXokSD8Zsv8kpLXaBQuqWIYo="></latexit>

X

Y

Z

Y

Y

<latexit sha1_base64="vKNsK0myLWyKYU2toJ8nY8qeq5E="></latexit>

Z

Y

I

X

Y

How do we quantify scrambling?

<latexit sha1_base64="kVbtruh7mN1kWvep7iIt76xtiCk="></latexit>

tLarge 

<latexit sha1_base64="KIsGQ1S6x2O1sOaV6GMmxZbITFs="></latexit>

U =

<latexit sha1_base64="kVbtruh7mN1kWvep7iIt76xtiCk="></latexit>

t



<latexit sha1_base64="R3eA2ohpZu1Tzq8KTLmMvyrwOWs="></latexit>

C(t)

<latexit sha1_base64="0Onr/X5azZ18YjyMklmx3koMpc8="></latexit>

2n+1

<latexit sha1_base64="kVbtruh7mN1kWvep7iIt76xtiCk="></latexit>

t

How do we quantify scrambling?

<latexit sha1_base64="mGEIYqhozRBF6cpdMlcy0yYfTmc="></latexit>

t

Large overlap
Scrambling signature

<latexit sha1_base64="KIsGQ1S6x2O1sOaV6GMmxZbITFs="></latexit>

U =



Out-of-time-ordered correlator

<latexit sha1_base64="lSIUbTzruXYt99vKNubAEyrPVQ4="></latexit>

h·i = Tr

⇢
I

2n
·
�

<latexit sha1_base64="Oi0NHiU78cjvtptuj7Ib4pdAOkU="></latexit>

OTOC(t) = hU†X1UZnU
†X1UZni

Related to commutator norm
<latexit sha1_base64="B41TkS9Nk5qsgiWXic6HurHQhTI="></latexit>

C(t) / 1�OTOC(t)

How do we measure scrambling in experiment?



Related to commutator norm
<latexit sha1_base64="B41TkS9Nk5qsgiWXic6HurHQhTI="></latexit>

C(t) / 1�OTOC(t)

How do we measure scrambling in experiment?
<latexit sha1_base64="R3eA2ohpZu1Tzq8KTLmMvyrwOWs="></latexit>

C(t)

<latexit sha1_base64="mGEIYqhozRBF6cpdMlcy0yYfTmc="></latexit>

t

<latexit sha1_base64="0Onr/X5azZ18YjyMklmx3koMpc8="></latexit>

2n+1

<latexit sha1_base64="NH1UJfcuEgKp6UYHAUk7r3fCfeo="></latexit>

OTOC(t)

<latexit sha1_base64="mGEIYqhozRBF6cpdMlcy0yYfTmc="></latexit>

t

<latexit sha1_base64="EmJppoIHlqFRWe5pVmBYtelTHBk="></latexit>

1

Scrambling signature



Measurement protocol
<latexit sha1_base64="Oi0NHiU78cjvtptuj7Ib4pdAOkU="></latexit>

OTOC(t) = hU†X1UZnU
†X1UZni

Shadow tomography
Technique to measure 

observables
<latexit sha1_base64="Z11UVZCA3tcB3dqjldsVpXtpflc="></latexit>

Tr
�
O⇢

⌦2
 

How do we measure scrambling in experiment?

<latexit sha1_base64="oKCun8kxDWGtGJpJtCReP6lcp6Q="></latexit>

OTOC = Tr
�
O⇢

⌦2
 

R.J. Garcia et al., PR Research 3, 033155 (2021).

contains
<latexit sha1_base64="d5t9ijPuxpknoB0F5gSHBPTWHSY="></latexit>

X
<latexit sha1_base64="PvuQxInghMxEVrkFZMR++EE3O/Y="></latexit>

Z&
contains

<latexit sha1_base64="fuCEp8trN6pA3r2oR7n9tVq5NxQ="></latexit>

U
<latexit sha1_base64="0d8NykssfLDaMwDaJVtFM7m9FGs="></latexit>

U †&



Scrambling

Quantum error correction
S. Choi et al., PRL 125, 030505 (2020).

Shadow tomography
H. Hu et al., PR Research 4, 013054 (2022).

Black Holes
P. Hayden and J. Preskill, JHEP 2007, 120 (2007).

Quantum state designs
W.W. Ho and S. Choi, PRL 128, 060601 (2022).

Quantum Machine Learning
Z. Holmes et al., PRL 126, 190501, (2021). 

R.J. Garcia et al., JHEP 2022, 27 (2022). 

Why study scrambling?



Goal: Minimize a function Method: Gradient descent

1. Randomly pick <latexit sha1_base64="2u5v5qSZA4I8SGhdlcGogGzyMDE="></latexit>

✓

<latexit sha1_base64="hN8W+Z8tOAtqK/SoHVfkxgjZ0NM="></latexit>

C(✓)

<latexit sha1_base64="2u5v5qSZA4I8SGhdlcGogGzyMDE="></latexit>

✓
<latexit sha1_base64="WLGd+Oa9GJlvAwKGXq5FnRxvjGM="></latexit>

✓min

2. Step down gradient
<latexit sha1_base64="1GXiQi0tWgENhmOkKDvONANV7yM="></latexit>

�@✓C(✓)

Quantum Machine Learning



Goal: Minimize a function Method: Gradient descent

1. Randomly pick <latexit sha1_base64="2u5v5qSZA4I8SGhdlcGogGzyMDE="></latexit>

✓

<latexit sha1_base64="hN8W+Z8tOAtqK/SoHVfkxgjZ0NM="></latexit>

C(✓)

<latexit sha1_base64="2u5v5qSZA4I8SGhdlcGogGzyMDE="></latexit>

✓
<latexit sha1_base64="WLGd+Oa9GJlvAwKGXq5FnRxvjGM="></latexit>

✓min

2. Step down gradient
<latexit sha1_base64="1GXiQi0tWgENhmOkKDvONANV7yM="></latexit>

�@✓C(✓)

Flat landscape

Barren Plateau:
<latexit sha1_base64="TrEjt2v7EwOIbEiUt4UrHmNeN2E="></latexit>

@✓C(✓) = 0 with high probability Can’t find min
(efficiently)

Quantum Machine Learning



<latexit sha1_base64="ClqxYAyyJDtupJT//J5mtiz+oec="></latexit>

U(✓)

Learning Task

Train this
<latexit sha1_base64="b9hwFeLu+AfidvqzTtpeei6oUKc="></latexit>

V
To look like this

Quantum Machine Learning (Application)

(Haar random)

Scrambling unitary

Method: Gradient descent



Barren Plateau

<latexit sha1_base64="jkkKnBCNnWRq25Z/zMtd4RgxEUY="></latexit>

✓

<latexit sha1_base64="hN8W+Z8tOAtqK/SoHVfkxgjZ0NM="></latexit>

C(✓)

<latexit sha1_base64="fKMZAJxT/jDm+dHPG8+B2XhyX4Q="></latexit>

U(✓) = V

<latexit sha1_base64="Ja3pN0PSZPYkTJNTCMfvzTgImjg="></latexit>

C(✓) = Tr {O⇢}

<latexit sha1_base64="/tPJ0HHzZHofellJIGHNQprJokw="></latexit>

U |0i h0|U†<latexit sha1_base64="f1LCdDzKgfKkApaLW5h+P0vGfZ4="></latexit>

VMV †

Quantum Machine Learning (Application)

Z. Holmes et al., PRL 126, 190501, (2021). 
R.J. Garcia et al., arXiv:2205.06679 (2022). 

Can’t learn 
scrambling unitaries.

(via gradient descent)

Cost function:
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How do we define a scrambler?

We answer this question using resource theory



Resource theory of entanglement

Separable Entangled

<latexit sha1_base64="JZcNYGmYtibC0dvYFC0SbOx7Eb4="></latexit>

A
<latexit sha1_base64="uBKkKv7R/3hD4ivK80qkaeI9ih0="></latexit>

B

Bipartite system

How do we define an entangled state?

<latexit sha1_base64="mJEmOXYz9eWm7ffj5rpwKtkYmeE="></latexit>

| iA ⌦ | iB

How to measure entanglement?
<latexit sha1_base64="EPU9iCbr0wjajIQec3GF57JOHLI="></latexit>

S(⇢A) = �Tr {⇢Alog(⇢A)}

<latexit sha1_base64="DxqHxVtjDfz68TkcedYEvxip2f8="></latexit>

|Belli = 1p
2
(|00i+ |11i)



Why is entanglement a resource?

Entanglement is essential for quantum teleportation

<latexit sha1_base64="6ObIPXJbWnFJYKeifbWhdpU/JrM="></latexit>

| i
Teleport

Has many applications!

<latexit sha1_base64="c/1Zr2ed77aSjdTXpAOwZfiegBE="></latexit>

|Belli

<latexit sha1_base64="w8AZMba+GG47mjgeTMnOqYii6aA="></latexit>

Resource theory of entanglement

<latexit sha1_base64="6ObIPXJbWnFJYKeifbWhdpU/JrM="></latexit>

| i



Clifford

<latexit sha1_base64="+qUDV+ScbbFqTHMfvAkZUax1sPs="></latexit>

|0i

<latexit sha1_base64="+qUDV+ScbbFqTHMfvAkZUax1sPs="></latexit>

|0i

<latexit sha1_base64="+qUDV+ScbbFqTHMfvAkZUax1sPs="></latexit>

|0i
<latexit sha1_base64="Tie8CveV5An4bMOAUNYKIgjk/3Q="></latexit>

000
<latexit sha1_base64="MngXACZUtsilzBlbhGtrzIc50AQ="></latexit>

001
<latexit sha1_base64="uzNm+3DnpnL2RYOBg5pgcioLjE4="></latexit>

010
<latexit sha1_base64="e+zb5VrjmULs7zUW+EhBjLG2P7o="></latexit>

011 <latexit sha1_base64="BNDeSfVHiy9XE+ZlTrR8v/f1eCk="></latexit>· · ·

<latexit sha1_base64="BNDeSfVHiy9XE+ZlTrR8v/f1eCk="></latexit>· · ·

Probability

Gottesman-Knill theorem
Can be efficiently simulated classically.

What is Magic?

<latexit sha1_base64="MI1+EoM5SbY0yXOwgXvInsMGXzw="></latexit>

0

<latexit sha1_base64="e1SDyicEXpDDi4f0kiKAvgYkyA8="></latexit>

1

<latexit sha1_base64="e1SDyicEXpDDi4f0kiKAvgYkyA8="></latexit>

1



ClassicalQuantum

Want quantum advantage Use non-Clifford gates

What is Magic?

<latexit sha1_base64="fZg2FDVxLbMgho8xsMb25w0UPO4="></latexit>

T =

✓
1 0
0 ei⇡/4

◆



No quantum advantage Potential quantum advantage

non-CliffordClifford

Resource: magic

Magic monotone
Function which measures magic

Resource theory of magic



Resource theory framework

1.

2.

3.

Components of a resource theory
Free unitaries

Resourceful unitaries Free
Resourceful

Resource monotone

"Measuring cup”

A useful quantum process/phenomenon
Resource
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Why define a resource theory of scrambling?

Gives us a definition of a scrambler

Let’s us measure scrambling

Helps us find applications for scrambling



<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

Scrambling unitaries do the following

1.   Increase # of strings

2.   Increase # of blue dots

<latexit sha1_base64="+BL6rJzO/DfijHKSfFnCZgN7YyU="></latexit>

X

I

I

I

I

<latexit sha1_base64="nUbiYU/e6L4pysvkndp5s0bahNE="></latexit>c1
<latexit sha1_base64="YscqzMKOMJU4sVb4dqOeGgy3k/8="></latexit>

+c2
<latexit sha1_base64="5eVLPqwArzHyRU3tl/l2eLSs1aM="></latexit>

+c3
<latexit sha1_base64="SQ0t7n4oM1XUVhbWaW5VugcyIIg="></latexit>

+ · · ·

<latexit sha1_base64="1kWA6IXfHsCS5NdhVzD0tYQix+c="></latexit>

Y

X

X

Z

X

<latexit sha1_base64="xtTdXokSD8Zsv8kpLXaBQuqWIYo="></latexit>

X

Y

Z

Y

Y

<latexit sha1_base64="vKNsK0myLWyKYU2toJ8nY8qeq5E="></latexit>

Z

Y

I

X

Y

What are the “resources” in scrambling?
Recall:

Magic scrambling

Entanglement scrambling



Resource: operator spreading

Generated by
Swap gatesLocal gates

<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="iadkmmgD+70f5ekw793xXF/27YY="></latexit>

Z

Y

I

I

<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="i7ZDaKicvppan+Ypt+ofiYq7HoY="></latexit>

Z

I

I

I

Entanglement scrambling

1. Free unitaries 2. Resourceful unitaries 3. Monotone

Pauli Growth

CNOT

Ex:

# of blue dots

Every other unitary



Pauli growth

Counts increase in blue dots
<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="NXr81ba8AevuLbZ3eQVroIGesUI="></latexit>

Z

Y

X

X

+3

<latexit sha1_base64="40Qic2xPoUySQvgR1/scjDsyIo4="></latexit>

G(U) ⌘ max
O:||O||2=1,

W (O)=1,Tr{O}=0

⇥
W (U †

OU)�W (O)
⇤

Entanglement scrambling



Pauli growth
<latexit sha1_base64="40Qic2xPoUySQvgR1/scjDsyIo4="></latexit>

G(U) ⌘ max
O:||O||2=1,

W (O)=1,Tr{O}=0

⇥
W (U †

OU)�W (O)
⇤

Entanglement scrambling

Free unitaries

Resourceful unitaries

<latexit sha1_base64="UyJnqeOW5AyWePq54Clg6cgcN58="></latexit>

G = 0

<latexit sha1_base64="L5GZQyOVq6mSWoF6oMW9nkCcd54="></latexit>

G > 0



Entanglement scrambling
How to experimentally measure Pauli growth?

K. Bu et al., arXiv:2204.12051, (2022). 
T. Zhou and X. Chen, PRE 99, 052212 (2019). 

Similar bounds established in

Measured in experiment

<latexit sha1_base64="0Z/SGBVPAPn0SuEKAelGoW5anCA="></latexit>

G(U) � 3n

4

⇣
1� EOTOC(U)

⌘
� 1



Resource: magic

<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="i7ZDaKicvppan+Ypt+ofiYq7HoY="></latexit>

Z

I

I

I

Magic scrambling

1. Free unitaries 2. Resourceful unitaries 3. Monotone

OTOC Magic
<latexit sha1_base64="tZpU6RCXmpzqcTUePDhJ8kX7jow="></latexit>

I

X

I

I

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U

<latexit sha1_base64="i7ZDaKicvppan+Ypt+ofiYq7HoY="></latexit>

Z

I

I

I

<latexit sha1_base64="pbvI3cB+wtxiW18Q5wInEG9gID8="></latexit>

I

I

Y

I

<latexit sha1_base64="yRCXvSbdrLAeeg4Cjjv6g8GZYF0="></latexit>c1
<latexit sha1_base64="u9HZ3ePwcIomLhHsYfo2eQ5Rwn0="></latexit>

+c2

# of strings

Ex: <latexit sha1_base64="bmc4U91KFuBV2eokfHbROvDroVU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZMiMkt4MWTJJANkiH0dHqSNj09Q3ePEIZ8gRcPinj1k7z5N3YWwfVBweO9Kqrq+TFnSjvOu5VZW9/Y3Mpu53Z29/YP8odHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k6u537mjUrFINPU0pl6IR4IFjGBtpEZzkC84drVcLFYr6DdxbWeBAqxQH+Tf+sOIJCEVmnCsVM91Yu2lWGpGOJ3l+omiMSYTPKI9QwUOqfLSxaEzdGaUIQoiaUpotFC/TqQ4VGoa+qYzxHqsfnpz8S+vl+ig4qVMxImmgiwXBQlHOkLzr9GQSUo0nxqCiWTmVkTGWGKiTTY5E8Lnp+h/0r6w3bJdapQKtZtVHFk4gVM4BxcuoQbXUIcWEKBwD4/wZN1aD9az9bJszVirmWP4Buv1A1s5jV8=</latexit>

TClifford Non- 
Clifford



OTOC magic

Entanglement scrambling

Measured in 
experiment

<latexit sha1_base64="h+belqzN/MSzfBXK+cgtmvtWjiM="></latexit>

OM (U) ⌘ max
P,P 02Pn

[1� |OTOC(U)|]

Clifford unitaries

Non-Clifford unitaries

<latexit sha1_base64="p612/M9eEG1I2uSKGcIS0DKBerQ="></latexit>

OM = 0

<latexit sha1_base64="4/3al+cyMoq63XvWEheJmaeZYB0="></latexit>

OM > 0



CNOT T-gate

<latexit sha1_base64="bmc4U91KFuBV2eokfHbROvDroVU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZMiMkt4MWTJJANkiH0dHqSNj09Q3ePEIZ8gRcPinj1k7z5N3YWwfVBweO9Kqrq+TFnSjvOu5VZW9/Y3Mpu53Z29/YP8odHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k6u537mjUrFINPU0pl6IR4IFjGBtpEZzkC84drVcLFYr6DdxbWeBAqxQH+Tf+sOIJCEVmnCsVM91Yu2lWGpGOJ3l+omiMSYTPKI9QwUOqfLSxaEzdGaUIQoiaUpotFC/TqQ4VGoa+qYzxHqsfnpz8S+vl+ig4qVMxImmgiwXBQlHOkLzr9GQSUo0nxqCiWTmVkTGWGKiTTY5E8Lnp+h/0r6w3bJdapQKtZtVHFk4gVM4BxcuoQbXUIcWEKBwD4/wZN1aD9az9bJszVirmWP4Buv1A1s5jV8=</latexit>

T

They are independent.

Magic 
scrambling

Entanglement 
scrambling

Why define a resource theory with two mechanisms?



A unitary with at least one mechanism.

<latexit sha1_base64="lMKldgF8W8fIAQ0sWayO4HqI6pg="></latexit>

U

Entanglement 
scrambling

What is a scrambler?

Magic 
scrambling

or



Non-scramblers

Clifford

What is a scrambler?

Scramblers

Can’t be 
generated by



Where we’re going

Preliminaries

Resource theory 
of scrambling

Applications

Resource theory background

Scrambling 
background



Applications

2. Explain Google’s experiment1. Recover information from 
a black hole

Resource



Bob

Application to Hayden-Preskill Protocol

P. Hayden and J. Preskill, JHEP 2007, 120 (2007).
B. Yoshida and A. Kitaev, arXiv:1710.03363 (2017).

Radiation

<latexit sha1_base64="4/YRLqHXmtZelmm0qU0ubr5O35A="></latexit>

F
Recovery fidelity

Task: Recover state thrown into black hole

Alice

<latexit sha1_base64="7Tm2aHWuLHE9qJvZV6XF4LLlaB0="></latexit>

| Alicei
<latexit sha1_base64="x6yYMI64zUHZFxVohMAzKrTeOEQ="></latexit>

| Bobi
<latexit sha1_base64="7Tm2aHWuLHE9qJvZV6XF4LLlaB0="></latexit>

| Alicei

<latexit sha1_base64="Xc1UuNnJ7ylDw/xweWUvlMlgs0A="></latexit>

U
Scrambler



Application to Hayden-Preskill Protocol

Measures operator 
spreading in black hole

Measures magic in black hole

Scrambling resources can help Bob recover Alice’s state.

<latexit sha1_base64="bFjmFY2LBBUqGMtLj3g2oFJeHvE="></latexit>

G

Entanglement scrambling
<latexit sha1_base64="tLotIN9udsFYH8e4CuFpP3PNI+8="></latexit>

OM

Magic scrambling

Bound fidelity
<latexit sha1_base64="4/YRLqHXmtZelmm0qU0ubr5O35A="></latexit>

F

Our contribution:



Google’s experiment
Google measured signatures of magic in experiment.

<latexit sha1_base64="tLotIN9udsFYH8e4CuFpP3PNI+8="></latexit>

OM

Use resource 
theory magic 

signature

To explain
Our contribution:

X. Mi et al., Science 374, 1479 (2021).



Google’s experiment

If 
with high probability

Google found

<latexit sha1_base64="/vIQYhcEytd+rGtqXJah6m2Ff20="></latexit>

OTOC(U) = 0

has a large amount of magic.

<latexit sha1_base64="A9Cz4vZFfpHOoThONa6+TUoAXzw="></latexit>

U



Google’s experiment

<latexit sha1_base64="Pko6Q3gHuLEUsWNTtoe9e0dqtr8="></latexit>

+1
<latexit sha1_base64="0QVnpHQY3OU+W8SaQsDEfgzuxns="></latexit>�1

<latexit sha1_base64="q8szFz806dcOb78z/y3fVDQhKGM="></latexit>

0

Clifford Clifford
Non-Clifford

<latexit sha1_base64="V482a3zh/MWHg255RwBSJ1ijCfE="></latexit>

OTOC(U)



Google’s experiment
Basics of the experiment

Sycamore quantum 
processor

Clifford gates Non-Clifford gates

<latexit sha1_base64="iwqxSHAlrForqEZdTy1a5pjymw4="></latexit>

iSWAP
<latexit sha1_base64="6c2gDMdvuzspW/H1l/W2f15EqKE="></latexit>p
Y ±1

<latexit sha1_base64="5S1CeDCcPMX9IxmkyLOHrY5o1+o="></latexit>p
W±1

<latexit sha1_base64="ApeCQIIlFWYhh8H3PVYIGoUzk10="></latexit>p
V ±1

<latexit sha1_base64="m8nptoGph/5ZgvFILkFmh43PGIM="></latexit>p
X±1

<latexit sha1_base64="sxR3+RQZLoZUbhUwbrexa3bhhm8="></latexit>

ND
<latexit sha1_base64="V482a3zh/MWHg255RwBSJ1ijCfE="></latexit>

OTOC(U)Sample     
<latexit sha1_base64="idYFQoJ2HToWqjYdAKe3c7vv8aY="></latexit>

U



(Not real data)

Fix              <latexit sha1_base64="asO3t32+Ol2rqyrUZa313ukVHlE="></latexit>

ND = 0
(Clifford circuit)
Random 
Circuit

<latexit sha1_base64="0OamfQTvAINUPi7Ijm7dAQMRMx0="></latexit>

OTOC(U)
Random 
Circuit

<latexit sha1_base64="0OamfQTvAINUPi7Ijm7dAQMRMx0="></latexit>

OTOC(U)

Fix              
<latexit sha1_base64="2v+XxfeECtW8fZIGR+sA/cm6Iog="></latexit>

ND = 1 Fix              
<latexit sha1_base64="2E5sXmpgZ44UFB0e7tjX2AtxPe8="></latexit>

ND = 2

<latexit sha1_base64="HBjF29cjCZSktkDMk5QNlvVsGRg="></latexit>

U1
<latexit sha1_base64="3jqm+BCahfCzwSyOHsmzkeYd+yg="></latexit>

U2

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1
<latexit sha1_base64="1TetF0yv//frIYq6F+gFDbccHqc="></latexit>�1

<latexit sha1_base64="KS4OZkZa4BK4fBatnG5115Lqeeg="></latexit>

0
<latexit sha1_base64="HBjF29cjCZSktkDMk5QNlvVsGRg="></latexit>

U1

Repeat

Circuit 
instance

<latexit sha1_base64="0OamfQTvAINUPi7Ijm7dAQMRMx0="></latexit>

OTOC(U)

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1
<latexit sha1_base64="1TetF0yv//frIYq6F+gFDbccHqc="></latexit>�1

<latexit sha1_base64="KS4OZkZa4BK4fBatnG5115Lqeeg="></latexit>

0

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1

<latexit sha1_base64="SOoI74MNJUbJSzl0tfhioNhd1X4="></latexit>

2

Circuit 
instance

<latexit sha1_base64="0OamfQTvAINUPi7Ijm7dAQMRMx0="></latexit>

OTOC(U)

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1
<latexit sha1_base64="1TetF0yv//frIYq6F+gFDbccHqc="></latexit>�1

<latexit sha1_base64="KS4OZkZa4BK4fBatnG5115Lqeeg="></latexit>

0

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1

Google’s experiment

<latexit sha1_base64="ZL6q3Y8pZyP0dfdl9tQLG83Ajrg="></latexit>

U3
<latexit sha1_base64="1TetF0yv//frIYq6F+gFDbccHqc="></latexit>�1

<latexit sha1_base64="t96dI9VhYfIGLRQpUdt3Ol9VPEU="></latexit>

3

<latexit sha1_base64="UeKi6nwIxkyDRzjSrfCIV1/xjGk="></latexit>

U4
<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1

<latexit sha1_base64="RAYidXtCPepk0NV+PoQ/LeC4erY="></latexit>

4

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1
<latexit sha1_base64="3jqm+BCahfCzwSyOHsmzkeYd+yg="></latexit>

U2

<latexit sha1_base64="SOoI74MNJUbJSzl0tfhioNhd1X4="></latexit>

2

<latexit sha1_base64="1TetF0yv//frIYq6F+gFDbccHqc="></latexit>�1
<latexit sha1_base64="ZL6q3Y8pZyP0dfdl9tQLG83Ajrg="></latexit>

U3

<latexit sha1_base64="t96dI9VhYfIGLRQpUdt3Ol9VPEU="></latexit>

3

<latexit sha1_base64="UeKi6nwIxkyDRzjSrfCIV1/xjGk="></latexit>

U4

<latexit sha1_base64="RAYidXtCPepk0NV+PoQ/LeC4erY="></latexit>

4

<latexit sha1_base64="fs9DBrAIE0Aa4uj4sBEqZMqu6us="></latexit>

1

Example



X. Mi et al., Science 374, 1479 (2021).

Google’s data

<latexit sha1_base64="ngTX/0FNp9wU61PFlno8iFoBN/E="></latexit>⇥8
<latexit sha1_base64="Efd9Gla21Gq6qORPEinR1qlZKnQ="></latexit>⇥16

<latexit sha1_base64="mQVd+ZEcFe8UjzRRuNz6Qz+IPpE="></latexit>⇥32

Fluctuations decay as 
magic gates added

<latexit sha1_base64="lUmoTB1+nh2ieS3/q1stDnzmFPY="></latexit>

OTOC(U) = 0

with high probability



X. Mi et al., Science 374, 1479 (2021).

Google’s data

<latexit sha1_base64="mQVd+ZEcFe8UjzRRuNz6Qz+IPpE="></latexit>⇥32 OTOC fluctuations
<latexit sha1_base64="bH/S0Xoo4IpKxF0xm4oklqznYJM="></latexit>

�C ⌘ Standard deviation of OTOC



X. Mi et al., Science 374, 1479 (2021).

Our results
Use OTOC magic to explain data

Magic monotone
Faithful

Not a magic monotone
but can be measuredSmallLarge

<latexit sha1_base64="C/dCMz+FGPkDE5jKOYArFWRH2Do="></latexit>

E
U
OM (U) � 1� �C



Closing Remarks

Generalize to quantum channels

How is scrambling a resource in other QI tasks?

How is scrambling related to other resources theories?



Thank you!


