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• Geometry and entanglement


• Wormholes and factorization in AdS/CFT


• Berry phase in quantum mechanics


• Relation to von Neumann algebras


• 2d CFTs and their gravity dual

Overview
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Berry phases for wormholes: Motivation

• Wormholes provide relation between entanglement and geometry in AdS/CFT


• Concept of wormhole also present in simple quantum mechanics


• Berry phase provides geometrical picture of how degrees of freedom entangle  


• Factorization puzzle -  Fibre bundle approach, missing information


• von Neumann algebras: Definition of trace requires vanishing Berry phase


• Also for AdS3/CFT2

van Raamsdonk; Maldacena, Susskind

H. Verlinde
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• Berry phase in quantum mechanics and wormholes


• Berry phases in AdS3/CFT2


• Berry phases and von Neumann algebras

Talk based on 

Banerjee, Dorband, J.E., Meyer, Weigel arXiv:2202.11717, JHEP

Nogueira, Banerjee, Dorband, J.E., Meyer, van den Brink 
arXiv:2109.06190, PRD  

Banerjee, Dorband, J.E., Weigel arXiv:2306.00055



I. Black holes and wormholes in AdS/CFT and the factorization puzzle
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Eternal AdS black hole

• Global coordinates (Kruskal)


• Non-traversable wormhole


• Singularity in time coordinate: 
Time-like Killing vector 
switches sign at horizon
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Eternal AdS black hole
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ER = EPR

• Relation between entanglement and geometry


• EPR: Einstein-Podolsky-Rosen entanglement


• ER: Einstein-Rosen bridge (wormhole)


• Two entangled CFTs with EPR correlation are 
connected through a wormhole (ER bridge)   

Van Raamsdonk 2010; Maldacena, Susskind 2013 



• The two CFTs have disjoint Hilbert spaces since 
there is no interaction between them, 


• The wormhole Hilbert space does not factorize 


• Apparent contradiction?

Factorization puzzle Maldacena+Maoz ’13; Harlow ‘16
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Wormholes in quantum mechanics
H.

2003.13117 

2105.02129




II. Berry phases and von Neumann algebras in quantum mechanics
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Berry Phase

• Time-dependent Schrödinger eq.


• Ground state


• Berry connection


• Berry phase

Review: Lectures by D. Tong



• Maurer-Cartan form: Connection on a group manifold M defined for any group element 


• 


• Berry connection: Ground state expectation value of the Maurer-Cartan form    

   


• Berry curvature:    


• Berry phase:           

Berry phase
<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�
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Kirillov-Kostant 
 symplectic form
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von Neumann algebras

Concept of algebraic QFT 

for classifying operator algebras w. r. t. entanglement properties

Type I - density matrix and trace (as in quantum mechanics), 


             admits irreducible  representations


Type II - trace prescription, but does not act irreducibly


Type III - no trace prescription (eg. free QFTs)

Jefferson; Liu, Leutheusser; Witten; Chandrasekaran, Penington, Witten

von Neumann 1930
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von Neumann algebras



• Coupled spins in external magnetic field:                                        
Electronic Zeeman interaction in hydrogen atom


• Ground state


• Projective Hilbert space             (= SU(4)/U(3))
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Two-spin system: Berry phase and type I Von Neumann algebra

Schmidt decomposition
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Two-spin system: Berry phase and type I Von Neumann algebra

Entanglement entropy


No entanglement (J=0)


Maximal entanglement 

(J very large)


Intermediate entanglement

Entanglement orbit
<latexit sha1_base64="+/PS6sSRw2zWGpYHDpnP1m6ZD8w=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQkECOEc0DkyXMTmaTITOzy8ysEJb8hRcPinj1b7z5N06SPWhiQUNR1U13VxBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN1O/dYTVZpF8sGMY+oLPJAsZAQbKz3e99JqdYJukNsrltyyOwNaJl5GSpCh3it+dfsRSQSVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSyUWVPvp7OIJOrFKH4WRsiUNmqm/J1IstB6LwHYKbIZ60ZuK/3mdxITXfspknBgqyXxRmHBkIjR9H/WZosTwsSWYKGZvRWSIFSbGhlSwIXiLLy+T5lnZuyxf3J2XKrUsjjwcwTGcggdXUIEa1KEBBCQ8wyu8Odp5cd6dj3lrzslmDuEPnM8f7iePzw==</latexit>

SEE = 0

<latexit sha1_base64="kWAzusAaEnteO2suIV5QoKnvrLM=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiTF10YoSKHLivYBbSyT6aQdOpmEmYlSQv/DjQtF3Pov7vwbp2kW2nrgwuGce7n3Hi/iTGnb/rZyK6tr6xv5zcLW9s7uXnH/oKXCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3wz89uPVCoWins9iagb4KFgPiNYG+nhrp/UalN0jXpcoEq/WLLLdgq0TJyMlCBDo1/86g1CEgdUaMKxUl3HjrSbYKkZ4XRa6MWKRpiM8ZB2DRU4oMpN0qun6MQoA+SH0pTQKFV/TyQ4UGoSeKYzwHqkFr2Z+J/XjbV/5SZMRLGmgswX+TFHOkSzCNCASUo0nxiCiWTmVkRGWGKiTVAFE4Kz+PIyaVXKzkX5/PasVK1nceThCI7hFBy4hCrUoQFNICDhGV7hzXqyXqx362PemrOymUP4A+vzB5oMkU8=</latexit>

SEE = ln 2
<latexit sha1_base64="EO5yfsMAYnuWLcnFPXOgdSt7hZs=">AAACCHicbVDLSsNAFJ34rPEVdenCqUWom5IUXxuh4KbLiqYtbUKYTCft0MmDmYlQQpZu/BU3LhRx6ye482+cPhbaeuDC4Zx7ufceP2FUSNP81paWV1bX1gsb+ubW9s6usbffFHHKMbFxzGLe9pEgjEbEllQy0k44QaHPSMsf3oz91gPhgsbRvRwlxA1RP6IBxUgqyTOOnIAjnN3Z5eppnmUd6BR1p+gUO7lXzeE19IySWTEngIvEmpESmKHhGV9OL8ZpSCKJGRKia5mJdDPEJcWM5LqTCpIgPER90lU0QiERbjZ5JIcnSunBIOaqIgkn6u+JDIVCjEJfdYZIDsS8Nxb/87qpDK7cjEZJKkmEp4uClEEZw3EqsEc5wZKNFEGYU3UrxAOkkpEqO12FYM2/vEia1Yp1UTm/PSvV6rM4CuAQHIMysMAlqIE6aAAbYPAInsEreNOetBftXfuYti5ps5kD8Afa5w/qhJdf</latexit>

SU(2)

ZZ2
=



• Projective Hilbert space CP3 = SU(4)/U(3) 


• CP1 x CP1: Two single-qubit subspaces of CP3

18

State spaces - entanglement orbits

No entanglement: ground state lies in CP1xCP1 
Describes local (one-sided) properties - factorization

Maximal entanglement: 
States in non-diagonally embedded submanifold of CP3 

<latexit sha1_base64="EO5yfsMAYnuWLcnFPXOgdSt7hZs=">AAACCHicbVDLSsNAFJ34rPEVdenCqUWom5IUXxuh4KbLiqYtbUKYTCft0MmDmYlQQpZu/BU3LhRx6ye482+cPhbaeuDC4Zx7ufceP2FUSNP81paWV1bX1gsb+ubW9s6usbffFHHKMbFxzGLe9pEgjEbEllQy0k44QaHPSMsf3oz91gPhgsbRvRwlxA1RP6IBxUgqyTOOnIAjnN3Z5eppnmUd6BR1p+gUO7lXzeE19IySWTEngIvEmpESmKHhGV9OL8ZpSCKJGRKia5mJdDPEJcWM5LqTCpIgPER90lU0QiERbjZ5JIcnSunBIOaqIgkn6u+JDIVCjEJfdYZIDsS8Nxb/87qpDK7cjEZJKkmEp4uClEEZw3EqsEc5wZKNFEGYU3UrxAOkkpEqO12FYM2/vEia1Yp1UTm/PSvV6rM4CuAQHIMysMAlqIE6aAAbYPAInsEreNOetBftXfuYti5ps5kD8Afa5w/qhJdf</latexit>

SU(2)

ZZ2
=
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Two-spin system: Berry phase and type I Von Neumann algebra

Berry phase from symplectic volume of entanglement orbit


Reduced density matrix from


Other points in the orbit


Connection on the orbit


Symplectic form


Berry phase
 vanishes for 

maximally entangled state
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Two-spin system: Berry phase and type I Von Neumann algebra

Trace functional


Cyclicity?

Trace functional on commutator proportional to 
geometric phase


vanishes for maximally entangled state

<latexit sha1_base64="FtEJoQOlENTZ53+fxGNc+pcKlO8=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjGBC9k1vi4mJF44YiJIAhvSO8zChNmHM7MkZMN3ePGgMV79GG/+jQPsQcFKOqlUdae7y4sFV9q2v63c2vrG5lZ+u7Czu7d/UDw8aqkokZQ1aSQi2fZQMcFD1tRcC9aOJcPAE+zRG93N/Mcxk4pH4YOexMwNcBByn1PURnL9MnoVckv8soeVXrFkV+05yCpxMlKCDI1e8avbj2gSsFBTgUp1HDvWbopScyrYtNBNFIuRjnDAOoaGGDDlpvOjp+TMKH3iR9JUqMlc/T2RYqDUJPBMZ4B6qJa9mfif10m0f+OmPIwTzUK6WOQnguiIzBIgfS4Z1WJiCFLJza2EDlEi1SanggnBWX55lbTOq85V9fL+olSrZ3Hk4QROoQwOXEMN6tCAJlB4gmd4hTdrbL1Y79bHojVnZTPH8AfW5w89b5B9</latexit>

f(ab) = f(ba)

Banerjee, Dorband, J.E., Weigel arXiv:2306.00055



21

Quantum tomography

A quantum state is reconstructed using measurements on an ensemble of 
identical quantum states 

Density matrix 

For  
<latexit sha1_base64="60YS2m/KlpErmcxuWdhxOFl0qNc="></latexit>

| �i = (|00i+ exp(i�)|11i)/
p
2 , the measurement of the product  

  of Pauli matrices                  allows to reconstruct the phase
<latexit sha1_base64="b1pcXRaQs4iMIfsqDUwG2NXpyyw=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqMuiG5cV7AOaECbTSTt0JhNmJmIJBTf+ihsXirj1J9z5N07aCNp64MLhnHu5954wYVRpx/mySkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnZDpAijMWlpqhnpJpIgHjLSCUdXud+5I1JREd/qcUJ8jgYxjShG2kiBfeApOuAouIee0JQTBX+ESmBXnZozBVwkbkGqoEAzsD+9vsApJ7HGDCnVc51E+xmSmmJGJhUvVSRBeIQGpGdojMw6P5v+MIHHRunDSEhTsYZT9fdEhrhSYx6aTo70UM17ufif10t1dOFnNE5STWI8WxSlDGoB80Bgn0qCNRsbgrCk5laIh0girE1seQju/MuLpH1ac89q9Zt6tXFZxFEGh+AInAAXnIMGuAZN0AIYPIAn8AJerUfr2Xqz3metJauY2Qd/YH18A40/l3c=</latexit>

�x ⌦ �x

<latexit sha1_base64="DM+FyTw99QbDdrXnUvVNJ2Xwm2E="></latexit>

h �|�x ⌦ �x| �i = cos�



No global Killing vector in 

the presence of a wormhole


related to mass/temperature 

of eternal black hole 

Leads to non-exact symplectic form
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Berry phase and Von Neumann algebra for eternal black hole

<latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>

�
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Wormhole Berry Phase

Time translations at each boundary


Bulk isometry from H_L - H_R 

Bulk moduli space of classical solutions


parametrized by


Berry connection 

<latexit sha1_base64="Y+WvYQUqbyU+JMzVNkNcJh97TEE=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkzO7vOzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmEyrNY3lvRgn6Ee1LHnJGjZUaHYmPxO2Wym7FnYIsEi8nZchR65a+Or2YpRFKwwTVuu25ifEzqgxnAsfFTqoxoWxI+9i2VNIItZ9Nrx2TY6v0SBgrW9KQqfp7IqOR1qMosJ0RNQM9703E/7x2asIrP+MySQ1KNlsUpoKYmExeJz2ukBkxsoQyxe2thA2ooszYgIo2BG/+5UXSOK14F5Xzu7Ny9TqPowCHcAQn4MElVOEWalAHBg/wDK/w5sTOi/PufMxal5x85gD+wPn8AeHDjrA=</latexit>

6= 0 proportional to geometric phase of bulk moduli space



24

Type II vs. type III von Neumann algebra for eternal black hole

 Liu, Leutheusser; Witten; Chandrasekaran, Penington, Witten

2

Single-trace operators form generalised free field theory in large N limit


Type III von Neumann algebra


Applies to both CFTL and CFTR - both algebras have trivial center


Hamiltonian diverges with N  and cannot be included into algebra; therefore consider


Consider                                  including the algebra of bounded functions of U    
To construct       , the same  operator U has to be used


Both left and right algebra share the same center, proportional to the black hole mass



25

Type II vs. type III von Neumann algebra for eternal black hole

Including 1/N corrections gives rise to type II algebra with vanishing center


Allows for well-defined trace functional for a particular state Witten ‘21

In geometric phase approach:


Non-factorization -> non-zero geometric phase -> no trace definition -> type III vN algebra

Maximally entangled state -> geometric phase vanishes -> type II vN algebra

Banerjee, Dorband, J.E., Weigel arXiv:2306.00055
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Missing information

When a symplectic form is non-exact, there is no global section for the entire system


i.e. different coordinate patches are necessary to cover the space


An observer in one coordinate patch has no information about the other



III. Berry phases in AdS3/CFT2

Banerjee, Dorband, J.E., Meyer, Weigel arXiv:2202.11717
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Stabilizer group
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Fefferman+Graham 1985

de Haro, Skenderis, Solodhukin 2000
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•

Coadjoint orbits

30



• Coadjoint orbit has symplectic form


• Geometric action on coadjoint orbits

Coadjoint orbits

Coadjoint orbit for Virasoro group
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Virasoro Berry phase

<latexit sha1_base64="+jLVZBtOZqbyoig4K21wFABbsX0=">AAACEXicbVBNSyNBEO1xdY1R16hHL41hIV7CjIh6WRC9eIxgVMhkQ01PzaRJzwfdNQthyF/w4l/x4mFFvHrz5r+xJ+bg14OG1+9VUVUvyJU05LovztyP+YWfi7Wl+vLK6q+1xvrGhckKLbArMpXpqwAMKplilyQpvMo1QhIovAxGJ5V/+Q+1kVl6TuMc+wnEqYykALLSoNHyE6BhpGFUFpOWT0Mk2OF/eHcQ//VDiGPUPKx+g0bTbbtT8K/Em5Emm6EzaDz7YSaKBFMSCozpeW5O/RI0SaFwUvcLgzmIEcTYszSFBE2/nF404b+tEvIo0/alxKfq+44SEmPGSWArq/3NZ68Sv/N6BUWH/VKmeUGYirdBUaE4ZbyKh4dSoyA1tgSElnZXLoagQZANsW5D8D6f/JVc7La9/fbe2V7z6HgWR41tsW3WYh47YEfslHVYlwl2zW7Zf3bv3Dh3zoPz+FY658x6NtkHOE+vMamcmQ==</latexit>

u(✓) = U†
gdUg,

Virasoro Berry phases probe the geometry of 
a particular coadjoint orbit


For states outside the coadjoint orbit, the 
stabilizer group leads to a phase

                                                                           Oblak 1703.06142


generated by diffeomorphisms that change the CFT state


Berry phase for group manifold


with central extension


Connection gives rise to Berry phase as before
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Virasoro Berry phase

Dual bulk geometries associated to Virasoro coadjoint orbits: Banados geometries


On-shell solutions to AdS3 gravity with Brown-Henneaux boundary conditions


 

For holographic CFTs: use fact that stress tensor is element of dual Lie algebra


 

33



Berry phase for wormholes in AdS3 Henneaux, Merbis, Ranjbar arXiv:1912.09465


Holonomy
<latexit sha1_base64="n2dDmixicB0mVFtREx6LyGIj2cs=">AAACFnicbZDLSsNAFIYn9VbrLerSzWAR3FiSUtSNUHXjsoK9QBPCZDJph06SYWZSKCFP4cZXceNCEbfizrdx2mahrT8MfPznHOac3+eMSmVZ30ZpZXVtfaO8Wdna3tndM/cPOjJJBSZtnLBE9HwkCaMxaSuqGOlxQVDkM9L1R7fTendMhKRJ/KAmnLgRGsQ0pBgpbXnm2ciz4BV0QoFwZudZ3eE0h05CYwUDZ4wEH1J47RXkmVWrZs0El8EuoAoKtTzzywkSnEYkVpghKfu2xZWbIaEoZiSvOKkkHOERGpC+xhhFRLrZ7KwcnmgngGEi9NPrzNzfExmKpJxEvu6MkBrKxdrU/K/WT1V46WY05qkiMZ5/FKYMqgROM4IBFQQrNtGAsKB6V4iHSCekdJIVHYK9ePIydOo1+7zWuG9UmzdFHGVwBI7BKbDBBWiCO9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/BHxucPAY6esw==</latexit>

k0 =
1

2⇡

I
d'A'

Chern-Simons action

Abelian case: 
<latexit sha1_base64="S16mGx7uCzHRWBdXYyFo513ZlkA=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIp6kaounFZwT6gKWEynbRDZ5JhZlIooZ/gxl9x40IRty7d+TdO2iDaeuDC4Zx7ufeeQDCqtON8WQuLS8srq4W14vrG5ta2vbPbUHEiManjmMWyFSBFGI1IXVPNSEtIgnjASDMY3GR+c0ikonF0r0eCdDjqRTSkGGkj+fbRle8NkRR9Ci+hJ5DUFLEfyeMJhCdw4Du+XXLKzgRwnrg5KYEcNd/+9LoxTjiJNGZIqbbrCN1JswWYkXHRSxQRCA9Qj7QNjRAnqpNOHhrDQ6N0YRhLU5GGE/X3RIq4UiMemE6OdF/Nepn4n9dOdHjRSWkkEk0iPF0UJgzqGGbpwC6VBGs2MgRhSc2tEPeRRFibDIsmBHf25XnSOC27Z+XKXaVUvc7jKIB9cACOgQvOQRXcghqoAwwewBN4Aa/Wo/VsvVnv09YFK5/ZA39gfXwDnuObrg==</latexit>

A' = @'µ+ k0
<latexit sha1_base64="5o6j6roluUanY4rg0E2NPzQ1mhc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5REinosevEYwX5AEspmu2mXbnbD7kQopT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMizPBDbjut1NaW9/Y3CpvV3Z29/YPqodHbaNyTVmLKqF0NyaGCS5ZCzgI1s00I2ksWCce3c38zhPThiv5COOMRSkZSJ5wSsBKQegP+QUOfcNxr1pz6+4ceJV4BamhAn6v+hX2Fc1TJoEKYkzguRlEE6KBU8GmlTA3LCN0RAYssFSSlJloMj95is+s0seJ0rYk4Ln6e2JCUmPGaWw7UwJDs+zNxP+8IIfkJppwmeXAJF0sSnKBQeHZ/7jPNaMgxpYQqrm9FdMh0YSCTaliQ/CWX14l7cu6d1VvPDRqzdsijjI6QafoHHnoGjXRPfJRC1Gk0DN6RW8OOC/Ou/OxaC05xcwx+gPn8wfuBZBi</latexit>

�, Boundary values of <latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µ Boundary action for  
<latexit sha1_base64="tc1R00VlmTuhCMJPEN3usLhnczw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1ISKeqy6MZlBPuAJoTJdNoOnUzCzESooV/ixoUibv0Ud/6N0zYLbT1wL4dz7mXunCjlTGnH+bZKa+sbm1vl7crO7t5+1T44bKskk4S2SMIT2Y2wopwJ2tJMc9pNJcVxxGknGt/O/M4jlYol4kFPUhrEeCjYgBGsjRTaVd8bsXPke8r0ceiEds2pO3OgVeIWpAYFvND+8vsJyWIqNOFYqZ7rpDrIsdSMcDqt+JmiKSZjPKQ9QwWOqQry+eFTdGqUPhok0pTQaK7+3shxrNQkjsxkjPVILXsz8T+vl+nBdZAzkWaaCrJ4aJBxpBM0SwH1maRE84khmEhmbkVkhCUm2mRVMSG4y19eJe2LuntZb9w3as2bIo4yHMMJnIELV9CEO/CgBQQyeIZXeLOerBfr3fpYjJasYucI/sD6/AHG9JHh</latexit>

�, , k0

Two boundary CFTs for eternal AdS black hole

34



Boundary action

35



Conjugate momentum and symplectic form on phase space

Conjugate momentum for holonomy

Symplectic form on boundary phase space

Non-exact due to contribution of holonomy!

36



Berry phases for wormholes in AdS3

A similar analysis may be performed for non-abelian SL(2,R) x SL(2,R) symmetry


Virasoro Berry phase


Symmetry transformations change states in the CFTs


Symplectic form on phase space can be mapped to symplectic form on Virasoro group 
manifold with coupling between both CFTs

Banerjee, Dorband, J.E., Meyer, Weigel arXiv:2202.11717


Symplectic form non-exact
37



Relation to geometric action

Henneaux et al

Jensen et al

Asymptotic dynamics of BTZ black hole is described

by coupled Virasoro Berry phase

Both sides are coupled by the holonomy

and connected by a radial Wilson line


Symmetry group is enhanced 

boundary no longer factorizes 38



• Non-Factorization of wormhole Hilbert space due to                                      
non-exact symplectic form that results in non-zero Berry phase


• Mathematical structure also present in quantum mechanics and in CFT


• Relation between entanglement and geometry


• New possibilities for experimental study


• Relation to von Neumann algebras

Conclusions and outlook

39



Modular Berry phase B. Czech
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Modular Berry phase: Two-sided case

Transition in entanglement entropy (Hartman et al)

Change in Berry curvature
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Gauge Berry phase

Proper diffeomorphisms correspond to gauge symmetries at the boundary


yield Killing charges and satisfy


In presence of an eternal black hole, these charges may only be defined 

locally near the two boundaries

Brown, Henneaux 1986

Compère; Mao, Seraj, Sheikh-Jabbari 2015
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Example: Wormhole Berry phase for JT gravity 

Harlow, Jafferis ‘18

Diffeomorphisms given by time translations with
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Example: Wormhole Berry phase for JT gravity 

periodic<latexit sha1_base64="beBLr3Oa5jD1m6t7jge3m3iwWoo=">AAACCnicbVDJSgNBEO2JW4zbqEcvrUHwYpgJQb0IQRE8RjALZIZQ09OTNOlZ0t0jhCFnL/6KFw+KePULvPk3dpaDJj4oeLxXRVU9L+FMKsv6NnJLyyura/n1wsbm1vaOubvXkHEqCK2TmMei5YGknEW0rpjitJUICqHHadPrX4/95gMVksXRvRom1A2hG7GAEVBa6piHDvCkB/gSn5bxDXZ8yhVgZzBIwcdl7CSsYxatkjUBXiT2jBTRDLWO+eX4MUlDGinCQcq2bSXKzUAoRjgdFZxU0gRIH7q0rWkEIZVuNnllhI+14uMgFroihSfq74kMQimHoac7Q1A9Oe+Nxf+8dqqCCzdjUZIqGpHpoiDlWMV4nAv2maBE8aEmQATTt2LSAwFE6fQKOgR7/uVF0iiX7LNS5a5SrF7N4sijA3SETpCNzlEV3aIaqiOCHtEzekVvxpPxYrwbH9PWnDGb2Ud/YHz+ALf6mGY=</latexit>

↵ = �2E� 2⇡
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Wormhole Berry Phase

Non-zero Berry connection for diffeomorphism 

Vanishing Berry connection for diffeomorphism 


