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Motivation



Introduction of Heavy Ion Collisions
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• Relativistic heavy ion collisions: study 
deconfined phase of nuclear matter 
governed by strong interaction (QCD): 
quark-gluon plasma (QGP),  MeVT > 150



Particle Distribution in Azimuthal Plane
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• Anisotropic distribution —> collective behavior

Flow coefficients

: elliptic flow, 
: triangular flow
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v3

ALICE, 1602.01119



Hydrodynamics and Shear Viscosity
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• Use relativistic hydrodynamics to describe collective behavior
<latexit sha1_base64="u1+2fZk+EpZOtYVAvDcdKfi7TJA=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIr41QdOOyQl/QGYdMmmlDk8yQh1CG4sZfceNCEbd+hTv/xvSx0NYDl3s4516Se+KMUaU979tZWFxaXlktrBXXNza3tt2d3YZKjcSkjlOWylaMFGFUkLqmmpFWJgniMSPNuH8z8psPRCqaipoeZCTkqCtoQjHSVorc/UCgmKEo4AbW7nPbAmGG8Ap6kVvyyt4YcJ74U1ICU1Qj9yvopNhwIjRmSKm272U6zJHUFDMyLAZGkQzhPuqStqUCcaLCfHzCEB5ZpQOTVNoSGo7V3xs54koNeGwnOdI9NeuNxP+8ttHJZZhTkRlNBJ48lBgGdQpHecAOlQRrNrAEYUntXyHuIYmwtqkVbQj+7MnzpHFS9s/LZ3enpcr1NI4COACH4Bj44AJUwC2ogjrA4BE8g1fw5jw5L8678zEZXXCmO3vgD5zPHxtZlpo=</latexit>

rµT
µ⌫ = 0

<latexit sha1_base64="C+woZZwrcaat6HMGcFcaONs5d7s="></latexit>

Tµ⌫ = ("+ P )uµu⌫ � Pgµ⌫ + 2⌘rhµu⌫i
<latexit sha1_base64="5co4C7hwjHc2vm+oTHH+WO6vMjk="></latexit>
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⇢ <latexit sha1_base64="O1Ai2ZMPao3HQGhcqw7newoYRFg=">AAACGHicbZDLSgMxFIYzXmu9VV26CRbBjXVGvC2LunBZwV6g05ZMetqGZjJjLoUy9DHc+CpuXCjitjvfxvQCauuBhI//P4fk/EHMmdKu++UsLC4tr6ym1tLrG5tb25md3ZKKjKRQpBGPZCUgCjgTUNRMc6jEEkgYcCgH3ZuRX+6BVCwSD7ofQy0kbcFajBJtpUbmxL8Frkk98UPjCzPAPjwa1sPtH+UYm7rl0S1MI5N1c+648Dx4U8iiaRUamaHfjKgJQWjKiVJVz411LSFSM8phkPaNgpjQLmlD1aIgIahaMl5sgA+t0sStSNojNB6rvycSEirVDwPbGRLdUbPeSPzPqxrduqolTMRGg6CTh1qGYx3hUUq4ySRQzfsWCJXM/hXTDpGEaptl2obgza48D6XTnHeRO78/y+avp3Gk0D46QEfIQ5coj+5QARURRU/oBb2hd+fZeXU+nM9J64IzndlDf8oZfgPuiKBU</latexit>

�µ⌫ ⌘ gµ⌫ � uµu⌫

• Shear stress and viscosity η
<latexit sha1_base64="oFTEoXBagThUquixZJsbvJo5wA4=">AAACEXicbZBNS8MwGMfT+TbnW9Wjl+AQdhqt+HYRpoJ4nOBeYC0jzdItLE1Lkgql9Ct48at48aCIV2/e/DamW0Hd/EPgx/95niTP34sYlcqyvozSwuLS8kp5tbK2vrG5ZW7vtGUYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6Tjja/yeueeCElDfqeSiLgBGnLqU4yUtvpm7RqeQ4coBC+g4wuEUydCQlHEYJz9cJL1zapVtyaC82AXUAWFmn3z0xmEOA4IV5ghKXu2FSk3zS/EjGQVJ5YkQniMhqSnkaOASDedbJTBA+0MoB8KfbiCE/f3RIoCKZPA050BUiM5W8vN/2q9WPlnbkp5FCvC8fQhP2ZQhTCPBw6oIFixRAPCguq/QjxCOhelQ6zoEOzZleehfVi3T+rHt0fVxmURRxnsgX1QAzY4BQ1wA5qgBTB4AE/gBbwaj8az8Wa8T1tLRjGzC/7I+PgGViacxw==</latexit>

F = ⌘A
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Make it causal: Israel-Stewart hydrodynamics



Anisotropic Flow and Shear Viscosity
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• Hydrodynamic calculations indicate 
QGP has small shear viscosity

• Modern analyses show  extracted from data consistent with 
 from strongly coupled supersymmetric Yang-Mills theory

η/s
1/(4π)

Song, Bass, Heinz, Hirano, Shen, 1011.2783

 best describes dataη/s = 0.08

 for airη/s ∼ 1000

 for waterη/s ∼ 10

Policastro, Son, Starinets,

hep-th/0104066

Nijs, van der Schee, Gursoy, Snellings, 2010.15130

Bernhard, Moreland, Bass, 

Nature Physics 15,1113 (2019)



Calculating QCD Shear Viscosity is Challenging 
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• Perturbation theory, running coupling

• Euclidean lattice QCD, numerical path integral

At low , uncertainty band largeT

At high , factor of 2 difference between LO and NLOT

<latexit sha1_base64="fbZVbIldTUB5RiAuvdssZwzJMiE=">AAACPnicbVDPaxNBGJ2t2sbU1qhHL4OhkEAJu6G2XgpBDwpeIpgfkAlhdjKbDJkfy8y3hbDsX9ZL/4bePHrxoIhXj06ye9DEBwOP9943M9+LUykchOGX4ODBw0eHR7XH9eMnJ6dPG8+eD53JLOMDZqSx45g6LoXmAxAg+Ti1nKpY8lG8erfxRzfcOmH0Z1infKroQotEMApemjUG71sEaNbG15gIDSSxlOU5sQrPC2IUX9Ai75 JUFLi0iF2aVmm0i7xK4I+VdI7Ly2aNZtgJt8D7JKpIE1Xozxr3ZG5YprgGJqlzkyhMYZpTC4JJXtRJ5nhK2You+MRTTRV303y7foHPvDLHibH+aMBb9e+JnCrn1ir2SUVh6Xa9jfg/b5JB8maaC51mwDUrH0oyicHgTZd4LixnINeeUGaF/ytmS+prAt943ZcQ7a68T4bdTnTZef3potl7W9VRQy/RK9RCEbpCPfQB9dEAMXSLvqLv6EdwF3wLfga/yuhBUM28QP8g+P0Hqryuzw==</latexit>
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<latexit sha1_base64="JzvqUYBquJgjWh7LQCi1YgGUyqY="></latexit>

K(!, ⌧) =
! cosh(!(⌧ � 1/(2T )))

sinh(!/(2T ))
<latexit sha1_base64="/n6au5RfVzl1LJ/xBcJ7coZoT38=">AAACHXicbVDLSgMxFM34rPVVdekmWATdlBmpj41QdOOygq2FTimZ9E4bmkyGJCOUYX7Ejb/ixoUiLtyIf2PazkJbDwQO59zLzTlBzJk2rvvtLCwuLa+sFtaK6xubW9ulnd2mlomi0KCSS9UKiAbOImgYZji0YgVEBBzug+H12L9/AKWZjO7MKIaOIP2IhYwSY6VuqeqDIfgS+5yJbupLAX3iG4ndzA8VoamvBvJoKh9nuZ91S2W34k6A54mXkzLKUe+WPv2epImAyFBOtG57bmw6KVGGUQ5Z0U80xIQOSR/alkZEgO6kk3QZPrRKD4dS2RcZPFF/b6REaD0SgZ0UxAz0rDcW//PaiQkvOimL4sRARKeHwoRjG39cFe4xBdTwkSWEKmb/iumA2FaMLbRoS/BmI8+T5knFO6uc3lbLtau8jgLaRwfoCHnoHNXQDaqjBqLoET2jV/TmPDkvzrvzMR1dcPKdPfQHztcPv/aiYQ==</latexit>

⌘ = lim
!!0

⇢(!)

!

Problems: 
(1) ill-defined inverse process


(2) Insensitive to structure of  at small ρ(ω) ω
Moore, 2010.15704

Ghiglieri, Moore, Teaney, 1802.09535

<latexit sha1_base64="Jmg/9gJBwg06kHkxszfiKsRiAhg="></latexit>

G(⌧) =

Z
dxhT xy(x, i⌧)T xy(0, 0)iT

Jeon, Yaffe, Phys. Rev. D 53, 5799 (1996); Arnold, Moore, Yaffe, hep-ph/0302165

sparse modeling
Itou, Nagai, 2004.02426



Calculation in Real Time



Shear Viscosity from Linear Response
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• Kubo formula: transport determined by real-time correlation function
<latexit sha1_base64="juR0UAbflqMul4KRNpuXDPmzhV0="></latexit>

⌘ = lim
!!0

@

@!
Gxy

r (!)

• Retarded Green’s function of Txy

<latexit sha1_base64="A6wlYjfyYe7BpaWVHHYD++r+xPs="></latexit>

Gxy
r (!) =

Z
dt ei!tGxy

r (t) ⌘
Z

dt d2x ei!tGxy
r (t,x)

<latexit sha1_base64="53HY8htW1rIOxEFH6QpJToOPDwg="></latexit>

Gxy
r (t,x) ⌘ ✓(t)Tr

�
[T xy(t,x), T xy(0,0)]⇢T

� <latexit sha1_base64="KvZN88jsOcS2lIIm5JkbTRysjuM=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgxTAjbhch6CXHCNkwE0NPpyZp0rPQ3SOEYW5e/BUvHhTx6i9482/sJHPQxAcFj/eqqKrnRpxJZVnfRm5hcWl5Jb9aWFvf2Nwyt3caMowFhToNeShaLpHAWQB1xRSHViSA+C6Hpju8GfvNBxCShUFNjSLo+KQfMI9RorTUNfcdMQi7tSvHE4QmdprcpXCfHDsuKIIradcsWiVrAjxP7IwUUYZq1/xyeiGNfQgU5UTKtm1FqpMQoRjlkBacWEJE6JD0oa1pQHyQnWTyR4oPtdLDXih0BQpP1N8TCfGlHPmu7vSJGshZbyz+57Vj5V12EhZEsYKAThd5MccqxONQcI8JoIqPNCFUMH0rpgOiE1E6uoIOwZ59eZ40Tkr2eens9rRYvs7iyKM9dICOkI0uUBlVUBXVEUWP6Bm9ojfjyXgx3o2PaWvOyGZ20R8Ynz+rfJkx</latexit>

⇢T =
1

Z
e��H

Baier, Romatschke, Son, Starinets, Stephanov, 0712.2451

“Tree-level” matching

<latexit sha1_base64="EgujFLneBFqbAjtpsA1kpZdyfVY=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgVpCTiayOIblwqWBWaECbTGzt0MgkzN0IJ+Qk3/oobF4q4Fdz5N05rF1o9MHA451zu3BNlUhh03U9nYnJqema2MledX1hcWq6trF6ZNNccWjyVqb6JmAEpFLRQoISbTANLIgnXUe904F/fgTYiVZfYzyBI2K0SseAMrRTWtn1ARo+oL0USFhjGPqa+UDH2S+qjkB0oBomyYa2tsFZ3m+4Q9C/xRqRORjgPax9+J+V5Agq5ZMa0PTfDoGAaBZdQVv3cQMZ4j91C21LFEjBBMbyqpJtW6dA41fYppEP150TBEmP6SWSTCcOuGfcG4n9eO8f4MCiEynIExb8XxbmkmNJBRbQjNHCUfUsY18L+lfIu04yjLbJqS/DGT/5Lrnaa3n5z72K3fnwyqqNC1skGaRCPHJBjckbOSYtwck8eyTN5cR6cJ+fVefuOTjijmTXyC877F5FAnxk=</latexit>

⌘ = lim
tf!1

⌘̃(tf )
<latexit sha1_base64="fFuYvA6cJpBW1/evn++MRajWaRc="></latexit>

⌘̃(tf ) ⌘ �
Z tf

0
t dt ImGxy

r (t)



Quantum Algorithm



A Quantum Computing Algorithm
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• An overview

Thermal state preparation

using quantum imaginary 
time propagation (QITP)

Evolution for commutator

if A is a Pauli string

Real-time evolution

using Trotterization

Measurement 
and analysis

Turro, Roggero, Amitrano, Luchi, 
Wendt, DuBois, Quaglioni, Pederiva, 
2102.12260


Turro, 2306.16580

<latexit sha1_base64="U2nCgNmKwxY+A98lrHQ6x0CnBGo=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2VG6mVZdOOyQm/QTksmzbShSWZIMuIwzMqNr+LGhSJufQZ3vo1pOwtt/SHw8Z9zODm/HzGqtON8W0vLK6tr64WN4ubW9s6uvbffVGEsMWngkIWy7SNFGBWkoalmpB1JgrjPSMsf30zqrXsiFQ1FXScR8TgaChpQjLSx+vYR6aXdiEPaDSTCBmmWVjJY76UPSZb17ZJTdqaCi+DmUAK5an37qzsIccyJ0JghpTquE2kvRVJTzEhW7MaKRAiP0ZB0DArEifLS6RkZPDHOAAahNE9oOHV/T6SIK5Vw33RypEdqvjYx/6t1Yh1ceSkVUayJwLNFQcygDuEkEzigkmDNEgMIS2r+CvEImTy0Sa5oQnDnT16E5lnZvSif31VK1es8jgI4BMfgFLjgElTBLaiBBsDgETyDV/BmPVkv1rv1MWtdsvKZA/BH1ucP04SZYA==</latexit>

e±i⇡
4 Txy

<latexit sha1_base64="AOZWi/bA3XImyXpzjbkbqd6zJos="></latexit>

[A,B] = �i
�
e�i⇡

4 ABei
⇡
4 A � ei

⇡
4 ABe�i⇡

4 A
�



Thermal State Preparation

12

• Initialization:  system qubits + 
 ancillas

ns
(ns + 1)

Hadamard + CNOT + measurements

give maximally mixed state

<latexit sha1_base64="C3p3/FNPzh4BD28VB2cBnMSu3/s=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyyCqzJTrxuh6MZlBXuBTh0yaaYNzSRDkhHKMA/ixldx40IRNy4E38a0nYK2Hgh8/P85nJw/iBlV2nG+rYXFpeWV1cJacX1jc2vb3tltKJFITOpYMCFbAVKEUU7qmmpGWrEkKAoYaQaD65HffCBSUcHv9DAmnQj1OA0pRtpIvn3syb7wFbyEXigRTt0srdyn3FdZBl1/yp6mEVFTw7dLTtkZF5wHN4cSyKvm259eV+AkIlxjhpRqu06sOymSmmJGsqKXKBIjPEA90jbIkVnWScfHZfDQKF0YCmke13Cs/p5IUaTUMApMZ4R0X816I/E/r53o8KKTUh4nmnA8WRQmDGoBR0nBLpUEazY0gLCk5q8Q95EJSZs8iyYEd/bkeWhUyu5Z+fT2pFS9yuMogH1wAI6AC85BFdyAGqgDDB7BM3gFb9aT9WK9Wx+T1gUrn9kDf8r6+gFmBaI+</latexit>

⇢s =
1

2ns
12ns⇥2ns

• Quantum imaginary time propagation
<latexit sha1_base64="uHSg3X9gdlUIzFfaKWHg0A/9jo0="></latexit>

QITPth =

 p
p e�⌧(H�ET )

p
1� p e�2⌧(H�ET )

�
p

1� p e�2⌧(H�ET ) p
p e�⌧(H�ET )

!

• Measure the ancilla and if  returned|0⟩
<latexit sha1_base64="J4Eua5+K+QC+aUoq0Ma6ge3I66I="></latexit>

⇢T =
1

2nsps
e��(H�ET ) =

1

Z
e��H

<latexit sha1_base64="XcHdXC1VFjpduFEAO6Za08zpZjI=">AAACB3icbVDLSsNAFJ34rPEVdSnIYLG4KknxtSkU3bisYB/QhDKZTtqhkwczN0IJ3bnxV9y4UMStv+DOv3HaZqGtBy4czrmXe+/xE8EV2Pa3sbS8srq2XtgwN7e2d3atvf2milNJWYPGIpZtnygmeMQawEGwdiIZCX3BWv7wZuK3HphUPI7uYZQwLyT9iAecEtBS1zoq4aTquK5Zwi6QtOoGktDM9RmQcVYZd62iXbanwIvEyUkR5ah3rS+3F9M0ZBFQQZTqOHYCXkYkcCrY2HRTxRJCh6TPOppGJGTKy6Z/jPGJVno4iKWuCPBU/T2RkVCpUejrzpDAQM17E/E/r5NCcOVlPEpSYBGdLQpSgSHGk1Bwj0tGQYw0IVRyfSumA6KTAB2dqUNw5l9eJM1K2bkon9+dFWvXeRwFdIiO0Sly0CWqoVtURw1E0SN6Rq/ozXgyXox342PWumTkMwfoD4zPH7nTmAI=</latexit>

p = 1

⌧ =
�

2



Quantum Computing of Retarded Green’s Function 
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• Commutator from a unitary circuit (  is a Pauli string)A
<latexit sha1_base64="AOZWi/bA3XImyXpzjbkbqd6zJos="></latexit>

[A,B] = �i
�
e�i⇡

4 ABei
⇡
4 A � ei

⇡
4 ABe�i⇡

4 A
�

<latexit sha1_base64="GfjYUsNM63DUjXhSNTFo2zFCDVA="></latexit>

[T xy

sum(t),⌃↵] = ie�i
⇡
4 ⌃↵eiHtT xy

sume
�iHtei

⇡
4 ⌃↵

� iei
⇡
4 ⌃↵eiHtT xy

sume
�iHte�i

⇡
4 ⌃↵

• Run different circuits to obtain retarded Green’s function of Txy
<latexit sha1_base64="ovWizNIccSz7duI/AEclm9pB1JE="></latexit>

[T xy
sum(t), T

xy
ij (0)] = [T xy

sum(t),
X

↵

⌃↵]

• Measure in computational basis and post-processing
<latexit sha1_base64="sICCxeMdatO6ZxNns1WTMb+27ds="></latexit>

Tr([T xy
sum(t),⌃↵]⇢T ) = i

X

b

hb|T xy
sum(0)|bi[P+

↵ (b)� P�
↵ (b)]

Basis state



Application to 2+1D SU(2) Pure Gauge Theory



Kogut-Susskind Hamiltonian
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• On spatial lattice (temporal gauge)

Byrnes, Yamamoto, quant-ph/0510027

<latexit sha1_base64="qrSR9/RSufBm16xJxu24visKTv4="></latexit>

[Ea
i , U(n, ĵ)] = ��ijT

aU(n, ĵ)
<latexit sha1_base64="DoV6iUiyAG0PUJTpQ3ZdjuDOc+M=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFF1IS8bYRiiK4rGAvkKblZDpph04uzEyEEvIEbnwVNy4UcevanW/jtM1CW38Y+PjPOZw5vxdzJpVlfRsLi0vLK6uFteL6xubWtrmz25BRIgitk4hHouWBpJyFtK6Y4rQVCwqBx2nTG16P680HKiSLwns1iqkbQD9kPiOgtNU1y85NN2VZB47wFDwXX2Lmd1LwSJZ7pGuWrIo1EZ4HO4cSylXrml/tXkSSgIaKcJDSsa1YuSkIxQinWbGdSBoDGUKfOhpDCKh008k5GS5rp4f9SOgXKjxxf0+kEEg5CjzdGYAayNna2Pyv5iTKv3BTFsaJoiGZLvITjlWEx9ngHhOUKD7SAEQw/VdMBiCAKJ1gUYdgz548D43jin1WOb07KVWv8jgKaB8doENko3NURbeohuqIoEf0jF7Rm/FkvBjvxse0dcHIZ/bQHxmfP9wdm2I=</latexit>

[Ea
i , E

b
i ] = ifabcEc

i

<latexit sha1_base64="ISpF9mhZusO2sVWdSPlDbzP0xGU="></latexit>

H =
g
2

2

X

links

(Ea
i )

2 � 2

a2g2

X

plaquettes

⇤(n)

<latexit sha1_base64="WmYGLz1nZi5264LtaTrxInnf9Wg="></latexit>

⇤(n) = Tr[U†(n, ŷ)U †(n+ ŷ, x̂)U(n+ x̂, ŷ)U(n, x̂)]
<latexit sha1_base64="qOKpcOWTALUPAUlvM0ncn3Fdrxg=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtSEnE50KounFZwbSFtobJZNIOnUzCzEQoId/ixl9x40JRV4If46TtQlsvDHM451zuvceLGZXKsr6MufmFxaXlwkpxdW19Y9Pc2m7IKBGYODhikWh5SBJGOXEUVYy0YkFQ6DHS9AbXud58IELSiN+pYUy6IepxGlCMlKZc89wppx0vYr4chvqDPDuAnT5SKc0q8AKS+5QieOnSaVclc82SVbVGBWeBPQElMKm6a350/AgnIeEKMyRl27Zi1U2RUBQzkhU7iSQxwgPUI20NOQqJ7KajEzO4rxkfBpHQjys4Yn93pCiU+XLaGSLVl9NaTv6ntRMVnHVTyuNEEY7Hg4KEQRXBPC/oU0GwYkMNEBZU7wpxHwmElU61qEOwp0+eBY3Dqn1SPb49KtWuJnEUwC7YA2Vgg1NQAzegDhyAwSN4Bq/gzXgyXox343NsnTMmPTvgTxnfP0jgo4k=</latexit>

U(n, î) = eiaAi(n)

• Plaquette term consists of four gauge links

• Electric fields generate gauge transformation

<latexit sha1_base64="r7evhhyOonEDPd5eF30ZjnhMs1g=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIr41QFMFlBfuAzjhk0rQNTTJDkhHLMHs3/oobF4q49Qfc+Tem7Sy09UDgcM653NwTxowq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaKkokJg0csUi2Q6QIo4I0NNWMtGNJEA8ZaYXDy7HfuidS0Ujc6lFMfI76gvYoRtpIgV32VMKDlHpUwNSTHJqwJg9ZBq8CeofgOXQCu+JUnQngPHFzUgE56oH95XUjnHAiNGZIqY7rxNpPkdQUM5KVvESRGOEh6pOOoQJxovx0cksG943Shb1Imic0nKi/J1LElRrx0CQ50gM1643F/7xOontnfkpFnGgi8HRRL2FQR3BcDOxSSbBmI0MQltT8FeIBkghrU1/JlODOnjxPmodV96R6fHNUqV3kdRTBHiiDA+CCU1AD16AOGgCDR/AMXsGb9WS9WO/WxzRasPKZXfAH1ucP9jWaVw==</latexit> X

i2vertex

Ea
i = 0 Gauss’s law

On “left” end of link



Electric Basis and Gauss’s Law
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• Only gauge invariant states are physical

• Electric basis on links:
<latexit sha1_base64="d7qELvYQpw5EZMYm5Ah3dw69OO8=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYkBVgipgrGBhYCiIPqQmihzXaU1tJ7IdpKrtwK+wMIAQK7/Bxt/gphmgcKR7dXTOvfL1CRNGlXacL6uwsLi0vFJcLa2tb2xu2ds7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCweXUbz0QqWgs7vQwIT5HPUEjipE2UmDvje+9Y8iD66zfQk8i0WMksMtOxckA/xI3J2WQox7Yn143xiknQmOGlOq4TqL9EZKaYkYmJS9VJEF4gHqkY6hAnCh/lN0/gYdG6cIolqaEhpn6c2OEuFJDHppJjnRfzXtT8T+vk+ro3B9RkaSaCDx7KEoZ1DGchgG7VBKs2dAQhCU1t0LcRxJhbSIrmRDc+S//Jc2Tintaqd5Uy7WLPI4i2AcH4Ai44AzUwBWogwbAYAyewAt4tR6tZ+vNep+NFqx8Zxf8gvXxDS6qlPE=</latexit>

|j mL mRi
<latexit sha1_base64="6jeb24f+KaVpnMFWPBeknczvVJM=">AAACJHicdVDLSgMxFM3UV62vUZdugkWoKGWmFBVEKIrgwkUV+4C2lkyaadNmMkOSEcrYj3Hjr7hx4QMXbvwW02kX2uqBezmccy/JPU7AqFSW9WkkZmbn5heSi6ml5ZXVNXN9oyz9UGBSwj7zRdVBkjDKSUlRxUg1EAR5DiMVp3c29Ct3REjq8xvVD0jDQ21OXYqR0lLTPD6/zcH7bn0fes3LuF/DukC8zQg8gd1Md8/e/c9vmmkra8WA08QekzQYo9g03+otH4ce4QozJGXNtgLViJBQFDMySNVDSQKEe6hNappy5BHZiOIjB3BHKy3o+kIXVzBWf25EyJOy7zl60kOqIye9ofiXVwuVe9SIKA9CRTgePeSGDCofDhODLSoIVqyvCcKC6r9C3EECYaVzTekQ7MmTp0k5l7UPsvmrfLpwOo4jCbbANsgAGxyCArgARVACGDyAJ/ACXo1H49l4Nz5GowljvLMJfsH4+gZTdKD3</latexit>

E2|j mL mRi = j(j + 1)|j mL mRi

Impose Gauss’s law: physical states transform 
as SU(2) singlet at each vertex

Similar to angular momentum quantum numbers

E.g. two links with j =
1
2

<latexit sha1_base64="EM+190Wij45x8RrEzp4gVoW4Rng=">AAAB9XicbVC7TgMxENwLrxBeAUoaiwiJKrpDvMoIGsqAyENKjsjn+BIT23eyfaDoyH/QUIAQLf9Cx9/gJFdAwkgrjWZ2tbsTxJxp47rfTm5hcWl5Jb9aWFvf2Nwqbu/UdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggGl2O/8UCVZpG8NcOY+gL3JAsZwcZKd0/3bSQ6N22FZY/TTrHklt0J0DzxMlKCDNVO8avdjUgiqDSEY61bnhsbP8XKMMLpqNBONI0xGeAebVkqsaDaTydXj9CBVboojJQtadBE/T2RYqH1UAS2U2DT17PeWPzPayUmPPdTJuPEUEmmi8KEIxOhcQSoyxQlhg8twUQxeysifawwMTaogg3Bm315ntSPyt5p+eT6uFS5yOLIwx7swyF4cAYVuIIq1ICAgmd4hTfn0Xlx3p2PaWvOyWZ24Q+czx9LIJJl</latexit>

|j mRi
<latexit sha1_base64="qhiRmspaNhd1f8qKqIwg+P/IN8s=">AAAB9XicbVC7TgMxENwLrxBeAUoaiwiJKrpDvMoIGgqKIJGHlByRz/ElJrbvZPtA0ZH/oKEAIVr+hY6/wUmugISRVhrN7Gp3J4g508Z1v53cwuLS8kp+tbC2vrG5VdzeqesoUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDC7HfuOBKs0ieWuGMfUF7kkWMoKNle6e7ttIdK7bCssep51iyS27E6B54mWkBBmqneJXuxuRRFBpCMdatzw3Nn6KlWGE01GhnWgaYzLAPdqyVGJBtZ9Orh6hA6t0URgpW9Kgifp7IsVC66EIbKfApq9nvbH4n9dKTHjup0zGiaGSTBeFCUcmQuMIUJcpSgwfWoKJYvZWRPpYYWJsUAUbgjf78jypH5W90/LJzXGpcpHFkYc92IdD8OAMKnAFVagBAQXP8ApvzqPz4rw7H9PWnJPN7MIfOJ8/Qd6SXw==</latexit>

|j mLi

<latexit sha1_base64="+TcjvJ4upWvFUo2+FUCj8mGeZ6Y="></latexit>���
1

2
,
1

2

E���
1

2
,�1

2

E
�
���
1

2
,�1

2

E���
1

2
,
1

2

E
! |0, 0i



x

y

Honeycomb Lattice
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• Problem on square lattice: each vertex has four links —> singlet is not uniquely 
defined by four  valuesj

• Use honeycomb lattice

Müller, XY, 2307.00045

Klco, Stryker, Savage, 1908.06935

<latexit sha1_base64="+16c2YYcLrdZbfC67TLSkwzCRxQ=">AAACHHicbVDLSsNAFJ34rPUVdelmsAiuSlKfy6IIXVawD2jSMJlO2qEzSZiZCCXkQ9z4K25cKOLGheDfOG2y0NYDMxzOuffO3OPHjEplWd/G0vLK6tp6aaO8ubW9s2vu7bdllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek449vpn7ngQhJo/BeTWLicjQMaUAxUlryzNOGlzqCQ8Iy6MQiilUEh/0adGTCc0dPHssM3nq0j/LbMytW1ZoBLhK7IBVQoOmZn84gwgknocIMSdmzrVi5KRKKYkayspNIEiM8RkPS0zREnEg3nS2XwWOtDGAQCX1CBWfq744UcSkn3NeVHKmRnPem4n9eL1HBlZvSME4UCXH+UJAwqBOYJgUHVBCs2EQThAXVf4V4hATCSudZ1iHY8ysvknatal9Uz+/OKvXrIo4SOARH4ATY4BLUQQM0QQtg8AiewSt4M56MF+Pd+MhLl4yi5wD8gfH1A8qNoTE=</latexit>

Hel / g
2
X

links

E
a
i E

a
i

<latexit sha1_base64="qEugsfVUg7ydPI3LZ/YdxAPLIvc=">AAACH3icbVDLTgIxFO3gC/E16tJNIzFxI5khii6JblhiIo+EAdIpHWhoZ2rbMSGT+RM3/oobFxpj3PE3FpiFgidpcnLOubm9xxeMKu04Uyu3tr6xuZXfLuzs7u0f2IdHTRXFEpMGjlgk2z5ShNGQNDTVjLSFJIj7jLT88d3Mbz0RqWgUPuiJIF2OhiENKEbaSH27UusnnuTQyCn0hIyEjuCFF0iEEzdNUK887JWNo2K+CAqGHlXat4tOyZkDrhI3I0WQod63v71BhGNOQo0ZUqrjOkJ3EyQ1xYykBS9WRCA8RkPSMTREnKhuMr8vhWdGGcAgkuaFGs7V3xMJ4kpNuG+SHOmRWvZm4n9eJ9bBTTehoYg1CfFiURAzaDqYlQUHVBKs2cQQhCU1f4V4hEw32lRaMCW4yyevkma55FZKV/eXxeptVkcenIBTcA5ccA2qoAbqoAEweAav4B18WC/Wm/VpfS2iOSubOQZ/YE1/ACMNoxI=</latexit>

Hmag / � 1

a2g2

X

plaqs



̂e1
̂e3 ̂e2

j

i
K = 1K = 2

K = 3

K = 5K = 4

K = 0

Matrix Elements of Hamiltonian and Txy
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•  operatorTxy

<latexit sha1_base64="La/7Drs7WHvCQzGV29y4nZExrD8=">AAACDnicbVDJSgNBEO1xjXGLevTSGAJeDDPB7SIERfAYIRtkGWo6PUmTnoXuHskwzBd48Ve8eFDEq2dv/o2d5aCJD7p4vFdFdT0n5Ewq0/w2lpZXVtfWMxvZza3tnd3c3n5dBpEgtEYCHoimA5Jy5tOaYorTZigoeA6nDWd4M/YbD1RIFvhVFYe040HfZy4joLRk5wrVbjKKU3yFT9quAJL0u6U0AV3wrT3qgq5xF+xc3iyaE+BFYs1IHs1QsXNf7V5AIo/6inCQsmWZoeokIBQjnKbZdiRpCGQIfdrS1AePyk4yOSfFBa30sBsI/XyFJ+rviQQ8KWPP0Z0eqIGc98bif14rUu5lJ2F+GCnqk+kiN+JYBXicDe4xQYnisSZABNN/xWQAOhWlE8zqEKz5kxdJvVS0zotn96f58vUsjgw6REfoGFnoApXRHaqgGiLoET2jV/RmPBkvxrvxMW1dMmYzB+gPjM8fl32bMw==</latexit>

T xy = �g2

a2
Ea

xE
a
y

<latexit sha1_base64="pRybmnftmZdLCB4pPQX4SrBel98=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIsgCGWmPjdCUQouK9gHtNPhTpq2oZkHSUYoQ8FfceNCEbd+hzv/xnQ6C209cC+Hc+4lN8eLOJPKsr6NhcWl5ZXV3Fp+fWNza9vc2a3LMBaE1kjIQ9H0QFLOAlpTTHHajAQF3+O04Q1vJ37jkQrJwuBBjSLq+NAPWI8RUFpyzf2Ka3fgpOKW0n7aAXyNLdcsWEUrBZ4ndkYKKEPVNb/a3ZDEPg0U4SBly7Yi5SQgFCOcjvPtWNIIyBD6tKVpAD6VTpKeP8ZHWuniXih0BQqn6u+NBHwpR76nJ31QAznrTcT/vFaseldOwoIoVjQg04d6MccqxJMscJcJShQfaQJEMH0rJgMQQJROLK9DsGe/PE/qpaJ9UTy/PyuUb7I4cugAHaJjZKNLVEZ3qIpqiKAEPaNX9GY8GS/Gu/ExHV0wsp099AfG5w+HVZNJ</latexit>

Ea
1 + Ea

2 + Ea
3 = 0

<latexit sha1_base64="Y1Z69KTYkA1YaA2bt3X5PRWqkuU="></latexit>

T xy = � g2p
3a2

�
(Ea

1 )
2 � (Ea

3 )
2
�

• Plaquette matrix element in electric basis

Each vertex  has two internal 
links  and one external 

(V )
(a, b) (x)

<latexit sha1_base64="NsAv3/ClM2QX4Iej92KipR09u20="></latexit>

h{J}| |{j}i ⌘ h{J}|
6Y

V=1

MV |{j}i

=
6Y

V=1

(�1)ja+Jb+jx
p

(2Ja + 1)(2jb + 1)

⇢
jx ja jb
1
2 Jb Ja

�

Zache, González-Cuadra, Zoller, 2304.02527
Hayata, Hidaka, 2305.05950

Klco, Stryker, Savage, 1908.06935
Rahman, Lewis, Mendicelli, Powell, 2103.08661



 Cutoff Effectjmax
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0.0 2.5 5.0 7.5 10.0
T

0.0

0.2
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0.6
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s

jmax = 0.5

jmax = 1.0

jmax = 1.5

jmax = 2.0

ÆT 2

• Entropy density on  w/ 2 × 2 ag2 = 1

• To describe states up to energy  with error , we need at mostE ϵ
<latexit sha1_base64="EZJDE7aA61y99oc0xrEMWW4KOKI="></latexit>

jmax =
4Nl

eE
3
p
3g2✏

<latexit sha1_base64="hEexH5xCiNxQjE+GQBvN4D97Lfk="></latexit>

eE = E +
16

p
3

9g2a2
Np

• States on -plaq lattice w/ 3 ag2 = 0.8

Turro, Ciavarella, XY, 2402.04221

Ebner, Müller, Schäfer, Seidl, XY, 2308.16202
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−σx
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Simplify Hamiltonian with jmax = 1/2
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<latexit sha1_base64="aRr2KkewHHZAG8zjtSqZNZqu00Q="></latexit>

aH = h+

X

(i,j)

⇧+
i,j � h++

X

(i,j)

⇧+
i,j

⇣
⇧+

i+1,j +⇧+
i,j+1 +⇧+

i+1,j�1

⌘
+ hx

X

(i,j)

(�0.5)ci,j�x
i,j

Müller, XY, 2307.00045

SU(2) w/ jmax =
1
2

<latexit sha1_base64="O+5vsa8Gl596tB4vHJyLPX6DORg=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoVGpSfG2EohuXFewDmjRMppN27OTBzESooT/gxl9x40IRt+7d+TdO2yy09cCFwzn3cu89bsSokIbxrWXm5hcWl7LLuZXVtfUNfXOrLsKYY1LDIQt500WCMBqQmqSSkWbECfJdRhpu/2rkN+4JFzQMbuUgIraPugH1KEZSSY6+Z1Vpu+gk9PBuCC9gwYRFaAna9VH7YaIeHJUdPW+UjDHgLDFTkgcpqo7+ZXVCHPskkJghIVqmEUk7QVxSzMgwZ8WCRAj3UZe0FA2QT4SdjL8Zwn2ldKAXclWBhGP190SCfCEGvqs6fSR7Ytobif95rVh653ZCgyiWJMCTRV7MoAzhKBrYoZxgyQaKIMypuhXiHuIISxVgToVgTr88S+rlknlaOrk5zlcu0ziyYAfsggIwwRmogGtQBTWAwSN4Bq/gTXvSXrR37WPSmtHSmW3wB9rnD7kfmXc=</latexit>

⇧+
i,j = (1 + �z

i,j)/2

<latexit sha1_base64="Y2/u+Ow2vICvkN22cJWl1R+POJo="></latexit>

h+ =
27
p
3

8
ag2 , h++ =

9
p
3

8
ag2 , hx =

4
p
3

9ag2

Ising plane

Different from 
-deformed 

q
SU(2)1



Magnetic Interaction w/ jmax = 1/2
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̂e1
̂e3 ̂e2

j

i
K = 1K = 2

K = 3

K = 5K = 4

K = 0

<latexit sha1_base64="B+PR6F1qdYxgqfXBVN0b6C6sBWk="></latexit>

H
mag = hx

X

(i,j)

�
x
i,j

5Y

K=0

⇣1
2
� i

2
p
2

⌘
�
z
K�

z
K+1 +

1

2
+

i

2
p
2

�

Compare with -deformed  version from Hayata’s talkq SU(2)1

Factors of  can appear, 
consequence of CG coefficients

(−0.5)n



Classical Results



Results at Fixed Coupling for  Modeljmax = 1/2
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0 250 500 750 1000
tf

°1

0

1

¥̃(
t f

)

Ni = Nj = 4

Ni = Nj = 3

• Finite size effect

• Fit plateau value

0 100 200 300 400 500
tf

0.00

0.02

0.04

0.06

¥̃(
t f

)

f1(tf) = a1 + c1 e°b1 tf

f2(tf) = a2 + (c2 + d2
tf

) e°b2 tf

¥̃(tf)

<latexit sha1_base64="LvlLHzsaBEoJaYp3yH5XemK4UKE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgKSR+X4SiF48V7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiu0XW/rcLS8srqWnG9tLG5tb1T3t1r6DhVlNVpLGLVCohmgktWR46CtRLFSBQI1gyGtxO/+cSU5rF8wFHC/Ij0JQ85JWikx07AkFy7zinpliuu405hLxIvJxXIUeuWvzq9mKYRk0gF0brtuQn6GVHIqWDjUifVLCF0SPqsbagkEdN+Nr14bB8ZpWeHsTIl0Z6qvycyEmk9igLTGREc6HlvIv7ntVMMr/yMyyRFJulsUZgKG2N78r7d44pRFCNDCFXc3GrTAVGEogmpZELw5l9eJI0Tx7twzu/PKtWbPI4iHMAhHIMHl1CFO6hBHShIeIZXeLO09WK9Wx+z1oKVz+zDH1ifP1cakA8=</latexit>

� = 0.3a

<latexit sha1_base64="dZaT8cV/RPttB62acvi+0o1wliU=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgKSTFr4tQ9OKxgv3ANpTJdtIu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLOlHbdb6uwsrq2vlHcLG1t7+zulfcPmipOJcUGjXks2wEo5ExgQzPNsZ1IhCjg2ApGt1O/9YRSsVg86HGCfgQDwUJGQRvpsRughmvXqUKvXHEddwZ7mXg5qZAc9V75q9uPaRqh0JSDUh3PTbSfgdSMcpyUuqnCBOgIBtgxVECEys9mF0/sE6P07TCWpoS2Z+rviQwipcZRYDoj0EO16E3F/7xOqsMrP2MiSTUKOl8UptzWsT193+4ziVTzsSFAJTO32nQIEqg2IZVMCN7iy8ukWXW8C+f8/qxSu8njKJIjckxOiUcuSY3ckTppEEoEeSav5M1S1ov1bn3MWwtWPnNI/sD6/AFVlZAO</latexit>

� = 0.2a

<latexit sha1_base64="BkaTZsh5y41DAc71kgBj6sJkBao=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktVr0IRS8eK9gPaNeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo5up33qiSjMp7s04pn6EB4KFjGBjpSYePFSuvF6x5JbdGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGlnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSrJS983L17qxUu87iyMMRHMMpeHABNbiFOjSAwCM8wyu8OdJ5cd6dj3lrzslmDuEPnM8foaKOhg==</latexit>

ag2 = 1

<latexit sha1_base64="7fZUj1pYYzZ0uN/IqNnJXjD/t2A=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKVi9C0YvHCvYD2lg22027dLOJuxuhhP4JLx4U8erf8ea/cdPmoK0PBh7vzTAzz485U9pxvq3Cyura+kZxs7S1vbO7V94/aKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH99kfvuJSsUica8nMfVCPBQsYARrI3Xw8KF65di1frni2M4MaJm4OalAjka//NUbRCQJqdCEY6W6rhNrL8VSM8LptNRLFI0xGeMh7RoqcEiVl87unaITowxQEElTQqOZ+nsixaFSk9A3nSHWI7XoZeJ/XjfRwaWXMhEnmgoyXxQkHOkIZc+jAZOUaD4xBBPJzK2IjLDERJuISiYEd/HlZdKq2m7NPr87q9Sv8ziKcATHcAouXEAdbqEBTSDA4Rle4c16tF6sd+tj3lqw8plD+APr8weFU479</latexit>

ag2 = 0.6

<latexit sha1_base64="30XYxaFCC0K38Wgsgl8X4Ki74as=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV2Jj2PQi8cI5iHJEmYns8mQmd1lplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUkS8gQIlbyeaUxVI3gpGt1O/9cS1EXH0gOOE+4oOIhEKRtFKj9UuCsUNqfZKZbfizkCWiZeTMuSo90pf3X7MUsUjZJIa0/HcBP2MahRM8kmxmxqeUDaiA96xNKJ2jZ/NDp6QU6v0SRhrWxGSmfp7IqPKmLEKbKeiODSL3lT8z+ukGF77mYiSFHnE5ovCVBKMyfR70heaM5RjSyjTwt5K2JBqytBmVLQheIsvL5PmecW7rFzcV8u1mzyOAhzDCZyBB1dQgzuoQwMYKHiGV3hztPPivDsf89YVJ585gj9wPn8A/SaP5A==</latexit>

4⇥ 4

<latexit sha1_base64="wG3p0zvJEF0eqWlfLSOlt/FVh/E="></latexit>

| eT xy
nm|2

⇣ sin((En � Em)tf )

(En � Em)2

� tf cos((En � Em)tf )

En � Em

⌘



Running Coupling and “Continuum” Limit
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(ag2)min=0.40, (ag2)max=0.65
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• Renormalization of coupling
<latexit sha1_base64="TAMVS18sVB46woYy9HeYm06WY+A=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyUpvjZC0Y3LCvYBTSyTyaQdOpmEmYlQQr7Bjb/ixoUibl2582+ctlnU1gMXDufcy733eDGjUlnWj1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80c3E7zwSIWnE79U4Jm6IBpwGFCOlpb5ZdQKBcJo6IoR+5jBeQYOHejWbUyDK4BW0+2bZqllTwGVi56QMcjT75rfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptOXMniiFR8GkdDFFZyq8xMpCqUch57uDJEaykVvIv7n9RIVXLop5XGiCMezRUHCoIrgJB/oU0GwYmNNEBZU3wrxEOmMlE6xpEOwF19eJu16zT6vnd2dlhvXeRxFcASOQQXY4AI0wC1oghbA4Am8gDfwbjwbr8aH8TlrLRj5zCH4A+PrF9JVnOk=</latexit>

d ln(ag2)

d ln a
= 1

 in lattice unit is the 
temperature when 
β0

ag2 = 1

• Temperature dependence 
for truncated lattice model 
4 × 4, jmax = 1/2

<latexit sha1_base64="/P5jX7VVqHmjo3wjp2tz1ZR979M=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoMQEcJMcLsIQS8eI5gFksnQU+lJmvQsdPcIYcjJi7/ixYMiXv0Gb/6NPUkOGn1Q8Hiviqp6XsyZVJb1ZeQWFpeWV/KrhbX1jc0tc3unIaNEAK1DxCPR8oiknIW0rpjitBULSgKP06Y3vM785j0VkkXhnRrF1AlIP2Q+A6K05Jr7fon0u5WjS3AtfIzBtWk3BbeCM3XsmkWrbE2A/xJ7RopohpprfnZ6ESQBDRVwImXbtmLlpEQoBpyOC51E0pjAkPRpW9OQBFQ66eSNMT7USg/7kdAVKjxRf06kJJByFHi6MyBqIOe9TPzPayfKv3BSFsaJoiFMF/kJxyrCWSa4xwQFxUeaEBBM34phQAQBpZMr6BDs+Zf/kkalbJ+VT29PitWrWRx5tIcOUAnZ6BxV0Q2qoToC9ICe0At6NR6NZ+PNeJ+25ozZzC76BePjG3d4lpo=</latexit>

f(ag2) = c0 + c1e
c2ag

2

Romatschke, 1910.09550



How to Improve the Results

25

• Hamiltonian lattice formulation allows us to evaluate real-time correlation 
for shear viscosity extraction


• Physical limit: (1)  means , requires  
                       (2) lattice size  
                       (3) Operator renormalization


• (1) and (2) are challenging:  lattice w/  has 65536 states 
                                            lattice w/  has 519233 states


• Exact diagonalization cannot take us too far —> quantum computing

a → 0 ag2 → 0 jmax → ∞
→ ∞

4 × 4 jmax = 1/2
3 × 3 jmax = 1



Quantum Simulator Results



Preliminary Results on Small Lattice
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• Quantum simulator results for  lattice with 2 × 2
jmax = 1/2, ag2 = 1, β = 0.15, Δt = 0.025

Many shots are needed

<latexit sha1_base64="Uggs2qwsp5nBvdhN3IsfdZeCSFs="></latexit>

nshot '
4 d2T

✏2[Gxy
r (t)]2

⇠ 4⇥ 106 d2T
✏2

<latexit sha1_base64="smKhrVthTCyC06QekvATtahqMKM=">AAACHnicbVDLSgMxFM34rPVVdekmWATdlBnxtRTduKzQVqFTh0zmtgaTzJhkxDLtl7jxV9y4UERwpX9j2s5CWw8EDuecy809YcKZNq777UxNz8zOzRcWiotLyyurpbX1ho5TRaFOYx6rq5Bo4ExC3TDD4SpRQETI4TK8PRv4l/egNItlzXQTaAnSkazNKDFWCkoHPZ8T2eGAQ9zDtevsodsPMl8JrFPR33F3rRr6ahSxWbjDUVALSmW34g6BJ4mXkzLKUQ1Kn34U01SANJQTrZuem5hWRpRhlEO/6KcaEkJvSQealkoiQLey4Xl9vG2VCLdjZZ80eKj+nsiI0LorQpsUxNzocW8g/uc1U9M+bmVMJqkBSUeL2inHJsaDrnDEFFDDu5YQqpj9K6Y3RBFqbKNFW4I3fvIkaexVvMPKwcV++eQ0r6OANtEW2kEeOkIn6BxVUR1R9Iie0St6c56cF+fd+RhFp5x8ZgP9gfP1AxeJodc=</latexit>

|hb|T xy
sum(0)|bi|  dT



Thermal State Preparation Efficiency
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• Success probability

9 12 16 20
NiNj

10°2

10°1

p s

Ø = 0.05

Ø = 0.1

Ø = 0.2

Fixed jmax =
1
2

, ag2 = 1

“Glueball mass”: 
E1 − E0 = 6.2

Success probability decreases 
exponentially w/ system size, 
but for high temperature, 
coefficient is small



Why 2+1D SU(2) Pure Gauge Theory?



Quantum Chaos and Eigenstate Thermalization
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• Energy level spacing: Wigner-Dyson

• Eigenstate thermalization hypothesis: 
explain how pure state thermalizes

<latexit sha1_base64="7rQgZKOVnneiP6QFTfTdeJPYOnU="></latexit>

hn|O|mi = hOimc(E)�nm + e
�S(E)/2

f(E,!)Rnm

Locally look like “thermal”

Ebner, Müller, Schäfer, 
Seidl, XY, 2308.16202

XY, 2303.14264

Diagonal part: deviation from 
microcanonical decreases 
exponentially with volume

Off-diagonal part: random 
matrix in small  windowω

<latexit sha1_base64="4CughbUjoieBXUNmfcSYv2UW3pc=">AAAB/3icbZDLSsNAFIYn9VbrrSq4cTNYBEEsiXjbCEURXFawF2hDmUxO2qGTSZiZCCV24au4caGIW1/DnW/jtM1CWw8MfPz/OZwzvxdzprRtf1u5ufmFxaX8cmFldW19o7i5VVdRIinUaMQj2fSIAs4E1DTTHJqxBBJ6HBpe/3rkNx5AKhaJez2IwQ1JV7CAUaKN1CnutH3gmuBLfNNJxaEzxEeGjFGyy/a48Cw4GZRQVtVO8avtRzQJQWjKiVItx461mxKpGeUwLLQTBTGhfdKFlkFBQlBuOr5/iPeN4uMgkuYJjcfq74mUhEoNQs90hkT31LQ3Ev/zWokOLtyUiTjRIOhkUZBwrCM8CgP7TALVfGCAUMnMrZj2iCRUm8gKJgRn+suzUD8uO2fl07uTUuUqiyOPdtEeOkAOOkcVdIuqqIYoekTP6BW9WU/Wi/VufUxac1Y2s43+lPX5A0e1lFk=</latexit>

� = En+1 � En
Non-integrable

system
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Entanglement Properties
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• Subsystem: cut links

• Entanglement entropy: 
area law to volume law 
and Page curve

<latexit sha1_base64="2MoBK7azHDcG+Gi/pZZHidMzTDE="></latexit>

⇢L =
M

j1L,j2L

p(j1L,j2L)⇢L(j1L, j2L)

Block diagonal structure

Ebner, Müller, Schäfer, Seidl, XY, 2401.15184

Aoki, Iritani, Nozaki, Numasawa, Shiba, Tasaki, 1502.04267

Donnelly, 1109.0036

Buividovich, Polikarpov, 0806.3376

Edge states non-gauge-invariant



Entanglement Properties
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• No quantum many-body scars as  increasesjmax

<latexit sha1_base64="bVMp/k6OsA9bcfiAxayv6d2W8sM=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZyWwyZmZ2nZkNhiXf4cWDIl79GG/+jZNkD5pY0FBUddPdFcScaeO6305uaXlldS2/XtjY3NreKe7u1XWUKEJrJOKRagZYU84krRlmOG3GimIRcNoIBjcTvzGkSrNI3ptRTH2Be5KFjGBjJf+hk7aVQAI/ja+8TrHklt0p0CLxMlKCDNVO8avdjUgiqDSEY61bnhsbP8XKMMLpuNBONI0xGeAebVkqsaDaT6dHj9GRVboojJQtadBU/T2RYqH1SAS2U2DT1/PeRPzPayUmvPRTJuPEUElmi8KEIxOhSQKoyxQlho8swUQxeysifawwMTangg3Bm395kdRPyt55+ezutFS5zuLIwwEcwjF4cAEVuIUq1IDAIzzDK7w5Q+fFeXc+Zq05J5vZhz9wPn8AWTqR1g==</latexit>

jmax = 1

<latexit sha1_base64="wkKKJnebx0htrXCFYTEUk6wPrAE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJWk+NoIRTcuK9gHNCFMppN27MwkzEzEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfD67HffiBS0Vjc6VFCfI76gkYUI22kwN6/DzJPcsjRY37pRRLhzM2zWh7YFafqTADniVuQCijQCOwvrxfjlBOhMUNKdV0n0X6GpKaYkbzspYokCA9Rn3QNFYgT5WeTB3J4ZJQejGJpSmg4UX9PZIgrNeKh6eRID9SsNxb/87qpji78jIok1UTg6aIoZVDHcJwG7FFJsGYjQxCW1NwK8QCZFLTJrGxCcGdfnietWtU9q57enlTqV0UcJXAADsExcME5qIMb0ABNgEEOnsEreLOerBfr3fqYti5Yxcwe+APr8we/sJaF</latexit>

jmax =
1

2

Highly excited states 
w/ low entanglement 
disappear

Ebner, Müller, Schäfer, Schmotzer, 
Seidl, XY, 2411.04550

• Time evolution of entanglement entropy and magic (anti-flatness)



Conclusions
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• Shear viscosity: interesting physical quantity but hard to compute in QCD


• Real-time Hamiltonian lattice approach:


• Classical computing: SU(2) as non-integrable model; exact 
diagonalization up to  lattice with ; model results show 
consistency with  in naive “continuum” limit 


• A quantum computing algorithm


• Future goal: approach the physical limit,                                                      
d                  higher dimensions, fermions (LSH)

4 × 4 jmax = 1/2
η/s = 1/(4π)



Backup: Quantum Circuit Gives Gxy
r
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• What the circuit does:

<latexit sha1_base64="uIzrp6te0JhKgj3cAzkglgeoywA="></latexit>

⇢±
↵
(t) =

1

Z
Ute

±i
⇡
4 ⌃↵e��He⌥i

⇡
4 ⌃↵U†

t

• What the measurement does:
<latexit sha1_base64="jhQlknBJL9IR9qzL8Gz1BHxZmTg="></latexit>X

b

hb|T xy

sum(0)|biP±
↵
(b) = Tr[T xy

sum(0)⇢
±
↵
(t)]

=
1

Z
Tr[e⌥i

⇡
4 ⌃↵U†

t
T xy

sum(0)Ute
±i

⇡
4 ⌃↵e��H ]

=
1

Z
Tr[e⌥i

⇡
4 ⌃↵T xy

sum(t)e
±i

⇡
4 ⌃↵e��H ]

<latexit sha1_base64="2dCjYzNgsEY3G7AlS3mUebbx5oE="></latexit>

Tr[T xy

sum(0)⇢
+(t)]� Tr[T xy

sum(0)⇢
�(t)]

= Tr([e�i
⇡
4 ⌃↵T xy

sum(t)e
i
⇡
4 ⌃↵ � ei

⇡
4 ⌃↵T xy

sum(t)e
�i

⇡
4 ⌃↵ ]⇢T )

=
�i

Z
Tr([T xy

sum(t),⌃↵] e
��H)
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p1 p2 p3

Z(p1)

Z(p2)

σx
1

(−0.5) σx
2

<latexit sha1_base64="vxK+zD5gJhGgMnddIbrvqybNa78="></latexit>

aH = J

N�1X

i=0

�
z
i �

z
i+1 + hz

N�1X

i=0

�
z
i + hx

N�1X

i=0

(�0.5)(�
z
i�1+�z

i+1)/2+1
�
x
i

<latexit sha1_base64="rKaa0ND5pJ3ZlAqLkPSqbWL2/+Q=">AAACFnicbVDLTgIxFO3gC/GFunTTSEwwEZhBgmxIiG6MK0zkkcA46ZQCDZ1H2o4RJ3yFG3/FjQuNcWvc+Td2YBYKnqTJuefcm9t7bJ9RIXX9W0ssLa+sriXXUxubW9s76d29pvACjkkDe8zjbRsJwqhLGpJKRto+J8ixGWnZo4vIb90RLqjn3sixT0wHDVzapxhJJVnp3BWswtwpGtwWC0b5pAuH1kN1Vlam1X3kFwvZSDq20hk9r08BF4kRkwyIUbfSX92ehwOHuBIzJETH0H1phohLihmZpLqBID7CIzQgHUVd5BBhhtOzJvBIKT3Y97h6roRT9fdEiBwhxo6tOh0kh2Lei8T/vE4g+xUzpK4fSOLi2aJ+wKD0YJQR7FFOsGRjRRDmVP0V4iHiCEuVZEqFYMyfvEiaxbxRzpeuS5naeRxHEhyAQ5AFBjgDNXAJ6qABMHgEz+AVvGlP2ov2rn3MWhNaPLMP/kD7/AHrNJo+</latexit>

J = �3ag2/16, hz = 3ag2/8, hx = �2/(ag2)

SU(2) w/

jmax = 0.5 Ising chain

XY, 2303.14264

Backup: Chain Hamiltonian with jmax = 0.5

□

□
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Backup: Chain Hamiltonian with jmax = 0.5
<latexit sha1_base64="QiNXPKQhcYj3ii2jywd+9B0LVOM="></latexit>

aH = J

N�1X

i=0

�
z
i �

z
i+1 + hz

N�1X

i=0

�
z
i + hx

N�1X

i=0

1� 3�z
i�1

4

1� 3�z
i+1

4
�
x
i

Compare with -deformed  version from Hayata’s talkq SU(2)1

Factors of  can appear, 
consequence of CG coefficients

(−0.5)n



Backup: Volume Dependence of Energy and 
Entropy Densities
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Backup: Systematic Uncertainties
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• Trotter errors in real-time and QITP
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• Integration error from Riemann sum

Important to determine how often to 
do measurements in the circuit

Trotter error in QITP is negligible

<latexit sha1_base64="0d6ZqJQbYVx9FD0Ee0o7z08wG7s="></latexit>

⌘̃sum(tf ) ⌘ �(�t)2
NtX

k=1

k ImGxy
r (k�t)



Backup: Fitting Uncertainties
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<latexit sha1_base64="/P5jX7VVqHmjo3wjp2tz1ZR979M=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoMQEcJMcLsIQS8eI5gFksnQU+lJmvQsdPcIYcjJi7/ixYMiXv0Gb/6NPUkOGn1Q8Hiviqp6XsyZVJb1ZeQWFpeWV/KrhbX1jc0tc3unIaNEAK1DxCPR8oiknIW0rpjitBULSgKP06Y3vM785j0VkkXhnRrF1AlIP2Q+A6K05Jr7fon0u5WjS3AtfIzBtWk3BbeCM3XsmkWrbE2A/xJ7RopohpprfnZ6ESQBDRVwImXbtmLlpEQoBpyOC51E0pjAkPRpW9OQBFQ66eSNMT7USg/7kdAVKjxRf06kJJByFHi6MyBqIOe9TPzPayfKv3BSFsaJoiFMF/kJxyrCWSa4xwQFxUeaEBBM34phQAQBpZMr6BDs+Zf/kkalbJ+VT29PitWrWRx5tIcOUAnZ6BxV0Q2qoToC9ICe0At6NR6NZ+PNeJ+25ozZzC76BePjG3d4lpo=</latexit>

f(ag2) = c0 + c1e
c2ag

2



Backup: Spectral Function at Small Frequency
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• Relation between spectral function and off-diagonal matrix elements
<latexit sha1_base64="oNtr0bmvwLIsy0RfRxgIWCdXS/4="></latexit>

⇢xy(!) ⌘ 1
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Z
dt ei!tTr

�
[ eT xy(t), eT xy(0)]⇢T

�

=
1

AZ

X

n

X

m

2⇡�(! + En � Em)|hn| eT xy|mi|2(e��En � e��Em)

<latexit sha1_base64="4hOwflOc9lWPnIQO36TyNzep47A=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARWsQyU7wtiyK4s4K9QDstmfS0Dc1khiQjlKHP4MZXceNCEbeu3Pk2ppeFVn8IfPnPOSTn9yPOlHacLyu1sLi0vJJezaytb2xu2ds7VRXGkkKFhjyUdZ8o4ExARTPNoR5JIIHPoeYPLsf12j1IxUJxp4cReAHpCdZllGhjte08tJKjpg+a4Ku2GOEGnlyaYQA9cniTm0KrmPfadtYpOBPhv+DOIItmKrftz2YnpHEAQlNOlGq4TqS9hEjNKIdRphkriAgdkB40DAoSgPKSyUojfGCcDu6G0hyh8cT9OZGQQKlh4JvOgOi+mq+Nzf9qjVh3z72EiSjWIOj0oW7MsQ7xOB/cYRKo5kMDhEpm/oppn0hCtUkxY0Jw51f+C9ViwT0tnNweZ0sXszjSaA/toxxy0RkqoWtURhVE0QN6Qi/o1Xq0nq03633amrJmM7vol6yPbwxQnHY=</latexit>

e
��En [�! +O(!2)]

•  exhibits peak structure
ρxy(ω)

ω

Moore, 2010.15704



Backup: Quantum Many Body Scars w/ jmax = 1/2
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Scar states: logarithmic growth

Typical states


