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Topic 1
Symmetry resolved entanglement in AdS3/CFT2

Entanglement at fixed subregion charge

S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)
S. Zhao, C. Northe, K Weisenberger, RM, JHEP 2022 (2202.11111)
G. Di Giulio, C. Northe, R. Meyer, H. Scheppach, S. Zhao 2212.09767

U(1) Wilson line



Topic 2
Berry phases in AdS/CFT and beyond

F. S. Nogueira, S. Banerjee, M. Dorband, RM, J. v. d. Brink, J. Erdmenger, PRD 2022

S. Banerjee, M. Dorband, J. Erdmenger, RM, A.-L. Weigel, 2202.11717

Wormhole (ER bridge)EPR pair of spins
Berry phases probe non-factorization of Hilbert space

Berry phase in QM and wormholes

Berry phases in AdS3/CFTs



Quantum Information and AdS/CFT
Emergence of holographic space-time  

from quantum information?

arXiv:1005.3035 [hep-th]

Wormhole 
(Einstein-Rosen 

bridge)



Entanglement Entropy in AdS3/CFT2
Minimal length curve (geodesic)  
anchored at the ends of the entangling interval

For ground state of 2D CFTs:
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Ryu, Takayanagi 2006
Hubeny-Rangamani-Takayanagi 2007
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S(A) = Length(⌃[A])
4G3

Time
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c = 3L
2G3

� 1

L… Curvature Radius of AdS3 space-time

… Short Distance Cutoff
<latexit sha1_base64="M8PNTEVvlVyaWujatGjLCkCjPEs=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EmwFT2W3iHosevFYwX5gu5Rsmm1Ds8mSZIWy9F948aCIV/+NN/+N6bYHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Ob2d++4kqzaR4MJOEBjEeChYxgo2VHis9mmjGpaj03bJX9XKgVeIvSLnuQo5G3/3qDSRJYyoM4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWT5xVN0ZpUBiqSyJQzK1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqgg80VRypGRaPY+GjBFieETSzBRzN6KyAgrTIwNqWRD8JdfXiWtWtW/rF7c18r1m3kaUIQTOIVz8OEK6nAHDWgCAQHP8ApvjnZenHfnY95acBYzx/AHzucPd36Q0w==</latexit>

✏

Holzhey-Larsen-Wilczek 1994, 
Cardy-Calabrese 2004 



Symmetry Resolved Entanglement
Entanglement entropy in each charge sector, e.g. U(1)

Block decomposition:

Symmetry Resolved Renyi and Entanglement Entropy:

Sela, Goldstein PRL 2018
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AdS3 dual to U(1)k Kac-Moody CFT
3D Einstein-Hilbert gravity

U(1)k Chern-Simons theory
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c = 3L
2G3
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L… Curvature Radius of AdS3 space-time

To suppress quantum gravity effects: 

Asymptotic symmetry analysis: 
Boundary theory has U(1)k Kac-Moody symmetry 
Hilbert space factorizes into gravitational and U(1) part

k…  Chern-Simons level

P. Kraus arXiv:hep-th/0609074  
S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)



Single Interval SREE in AdS3/CFT2

Charged twist operator  
induces flux:  
Sela, Goldstein PRL 2018

CFT2 result matches AdS3 result for c>>1

Suting Zhao, Christian Northe, RM, JHEP 2021 (arXiv: 2012.11274) 
Xavier et.al. 2018, Belin, Hung et.al. 2013

Wilson line following the  
Ryu-Takayanagi geodesic
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Equipartiton of entanglement!



Further Checks
•Single interval with uncharged/charged  
heavy primary insertions

S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)

•Two intervals in the ground state

<latexit sha1_base64="6rNFUz4tLCYy+P/LLdHTXtXzVE4=">AAAB73icbVBNTwIxEJ3iF+LXqkcvjWDiiewSox5RLx4xESSBDemWLjR0u2vbNSEb/oQXDxrj1b/jzX9jWTgo+JJJXt6bycy8IBFcG9f9RoWV1bX1jeJmaWt7Z3fP2T9o6ThVlDVpLGLVDohmgkvWNNwI1k4UI1Eg2EMwupn6D09MaR7LezNOmB+RgeQhp8RYqV3pUiLwVaXnlN2qmwMvE29OynUHcjR6zle3H9M0YtJQQbTueG5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfpbfO8EnVunjMFa2pMG5+nsiI5HW4yiwnRExQ73oTcX/vE5qwks/4zJJDZN0tihMBTYxnj6P+1wxasTYEkIVt7diOiSKUGMjKtkQvMWXl0mrVvXOq2d3tXL9epYGFOEIjuEUPLiAOtxCA5pAQcAzvMIbekQv6B19zFoLaD5zCH+APn8AAriPVg==</latexit>

A



BCFT corrections to SRE
Boundary states change the factorized Hilbert space

Free Boson: Exact equipartition to all orders in UV cutoff
1. G. Di Giulio, C. Northe, RM, H. Scheppach, S. Zhao, arXiv: 2212.09767

For CFT vacuum:

Ohmori & Tachikawa 2015, Cardy & Tonni 2016



Breakdown of Equipartition

Suting Zhao, Christian Northe, Konstantin Weisenberger, RM, JHEP 2022, 2202.11111

SL(3,R) Higher Spin Gravity in 3D: W3 symmetric CFT 
Energy-momentum tensor plus Spin 3 current

Charged moments for a single interval: 
Topological black hole grand canonical partition function
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Perturbative result in 
<latexit sha1_base64="2DuV3u3st9M42kqKbTwet+ZNoyM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LLaCp5IUUY9FLx4rmFpoQ9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N27QHbX0w8Hhvhpl5UcqZNp737ZTW1jc2t8rblZ3dvf0D9/CorZNMERqQhCeqE2FNOZM0MMxw2kkVxSLi9DEa3878xyeqNEvkg5mkNBR4KFnMCDZWCmo9kdX6btWrewXQKvEXpNp0oUCr7371BgnJBJWGcKx11/dSE+ZYGUY4nVZ6maYpJmM8pF1LJRZUh3lx7BSdWWWA4kTZkgYV6u+JHAutJyKynQKbkV72ZuJ/Xjcz8XWYM5lmhkoyXxRnHJkEzT5HA6YoMXxiCSaK2VsRGWGFibH5VGwI/vLLq6TdqPuX9Yv7RrV5M08DynACp3AOPlxBE+6gBQEQYPAMr/DmSOfFeXc+5q0lZzFzDH/gfP4AhSuOiQ==</latexit>

µ

Fourier transformation and taking the replica limit 
yields breakdown of equipartition in SREE at large c.

Kraus+Perlmutter (2011)
Gaberdiel+Hartman+Jin (2012)



Berry Phases and Wormholes

F. S. Nogueira, S. Banerjee, M. Dorband, RM, J. v. d. Brink, J. Erdmenger, PRD 2022
S. Banerjee, M. Dorband, J. Erdmenger, RM, A.-L. Weigel, 2202.11717

• Wormholes relate entanglement and geometry 
in AdS/CFT (EPR=ER) 

• Wormhole-like structures also in QM systems 
• Mathematical structure: Non-exact symplectic form 

• Berry phases for entangled two-qubit system and  
for wormhole geometries share similar structure 

• States with same entanglement differ in Berry phase 
• Berry phases related to non-exact symplectic form 
• Indicate wormhole-like structures & non-factorization 
• May be realized experimentally

van Raamsdonk; Maldacena, Susskind

Verlinde



Nonexact Symplectic Structures & Wormholes
H. Verlinde 2021

Exact symplectic structure:

If symplectic structure is non-exact:



Berry Phases in Quantum Mechanics
Time-dependent Schrödinger eq.:

adiabatic parameter
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�(t)

Adiabatic theorem:
instantaneous energy Eigenstates
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|n(�(t))i

Berry connection:

Berry phase:

Review: Lectures by David Tong



Gauge Berry Phase in Bulk Wormhole

F. S. Nogueira, S. Banerjee, M. Dorband, RM, J. v. d. Brink, J. Erdmenger, PRD 2022



Gauge Berry Phase in Bulk Wormhole
CFT side

(JT) Gravity side
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A� = ihTFD|U†
+@�U+|TFDi

Phases generated by proper bulk diffeomorphisms
Phase space: Non-exact symplectic form
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Holonomy measure non-factorization Harlow, Jafferis 2019



Geometric Phase and Operator Algebras

S. Banerjee, M. Dorband, J. Erdmenger, A.-L. Weigel, 2306.00055

In bipartite quantum systems, geometric phases can be used to describe the 
entanglement between the subsystems. 

In this case, the geometric phase provides information about the geometry of state 
space inaccessible to a local observer. 

In the context of vN algebras, the existence of a trace functional for von Neumann 
algebras are related to the absence of a geometric phase (2306.00055). 

In particular, the non-vanishing geometric phase of the cyclic and separating vector 
for a type III algebra provides a geometric interpretation for the absence of the 
trace. 

In type II algebras, the trace is defined since the cyclic and separating vector has a 
vanishing geometric phase. 

  This was realised in holography for the eternal black hole in terms of the 
geometric phase of the TFD state [Nogueira et al '21]



Conclusions & Outlook

• Non-Factorization due to non-exact symplectic form 
• Results in non-zero Berry phase 
• Same mathematical structure in QM models 
• Berry phase is experimentally measurable 
• Route to a better understanding of factorization puzzle 

(Type III vs. type II operator algebras)

• Symmetry resolved entanglement provides  
new tests of “extended” AdS3/CFT2 correspondence 

• First example of breakdown of equipartition at large c 
• BCFT corrections to SRE, exact equipartition proof 

• Outlook: 
Improved understanding of AdS Quantum Gravity  
as well as strongly interacting physics by symmetry resolution 
Applications to condensed matter systems 
BCFT corrections on the gravity side

Oblak et.al. (2022)


