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Chiral topological states in (2+1)D

Characterized by a non-zero chiral central charge, a property of the 
bulk (2+1)D Topological Quantum Field Theory, e.g. a (2+1)D Chern-
Simons theory
This is reflected in a boundary exhibiting a (1+1)D chiral gapless 
theory (in particular, a conformal field theory—CFT)

Kitaev, Ann. Phys. 2006
Witten, Comm. Math. Phys. 1989
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The Li+Haldane correspondence

Li and Haldane observed a correspondence for chiral topological 
states between 

the low-energy part of the entanglement spectrum (ES)
(spectrum of the entanglement Hamiltonian)

A Ā

the physical theory on the edge
(chiral CFT) 

A

H. Li, F.D.M. Haldane, PRL 2008
(also see e.g. X.-L. Qi, H. Katsura, A.W.W. Ludwig, PRL 2012)

<latexit sha1_base64="hPTX/lnvmjp8rLMTbkE5sxawgLg="></latexit>

⇢A = TrĀ(⇢) =
e�HA

Z

Reduced density matrix Entanglement 
Hamiltonian <latexit sha1_base64="CvxTGHfayYd7j01WrWVOnVP1gzw="></latexit>

HA ' �e↵ectiveHCFT



Entanglement and symmetry

Consider a U(1) charge

where .

     

A Ā

<latexit sha1_base64="QC8At9gs/ynLvSY46z849WPibdo="></latexit>h
⇢A, Q̂A

i
= 0

<latexit sha1_base64="s7mPDhKY+fyEfhq669TRujrmi7A=">AAACL3icbVDJSgNBEO1xjXGLevTSJAh6CTPidhESvXiMkEXIhKGnUzFNeha6a8QwzN2vETzpn4gX8eoPeLazHIz6oODxXhVV9fxYCo22/WbNzS8sLi3nVvKra+sbm4Wt7aaOEsWhwSMZqRufaZAihAYKlHATK2CBL6HlDy5HfusOlBZRWMdhDJ2A3YaiJzhDI3mFoqv6kVel59RFuMe0rjIvdX2m0mqW7Y/MA69Qssv2GPQvcaakRKaoeYUvtxvxJIAQuWRatx07xk7KFAouIcu7iYaY8QG7hbahIQtAd9LxLxndM0qX9iJlKkQ6Vn9OpCzQehj4pjNg2Ne/vZH4n9dOsHfWSUUYJwghnyzqJZJiREfB0K5QwFEODWFcCXMr5X2mGEcT38wWX7EBYDarBVneBOX8juUvaR6WnZPy8fVRqXIxjSxHdkmR7BOHnJIKuSI10iCcPJBH8kxerCfr1Xq3Piatc9Z0ZofMwPr8BhM/qc8=</latexit>

⇢A = TrĀ(⇢)

where the      are 
eigenvalues of         .

<latexit sha1_base64="TXNG3cd2GIE+rkJ02Qjey+nQs7o=">AAACFHicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoIUFiY0lRvlI4EL2lj3YsHt77s5pyIWfYIt/xs7Y2vtfLFzgCgFfMsnLezOZmRfEghtw3W8nt7a+sbmV3y7s7O7tHxQPjxpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLyd+s1npg1X0SOMYuZL0o94yCkBKz08dXm3WHLL7gx4lXgZKaEMtW7xp9NTNJEsAiqIMW3PjcFPiQZOBRsXOolhMaFD0mdtSyMimfHT2aljfGaVHg6VthUBnql/J1IijRnJwHZKAgOz7E3F/7x2AuG1n/IoToBFdL4oTAQGhad/4x7XjIIYWUKo5vZWTAdEEwo2nYUtgSZDBgt/pDIRwLV6GRdsXN5yOKukcVH2KuXK/WWpepMFl0cn6BSdIw9doSq6QzVURxT10SuaoDdn4rw7H87nvDXnZDPHaAHO1y/pp5+8</latexit>qi

<latexit sha1_base64="g12vhanmQulpaMCQT7ttuaxuPr8=">AAACFHicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoIUFiY0lRvlI4EL2lj3YsHt77s5pyIWfYIt/xs7Y2vtfLFzgCgFfMsnLezOZmRfEghtw3W8nt7a+sbmV3y7s7O7tHxQPjxpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLyd+s1npg1X0SOMYuZL0o94yCkBKz3E3aduseSW3RnwKvEyUkIZat3iT6enaCJZBFQQY9qeG4OfEg2cCjYudBLDYkKHpM/alkZEMuOns1PH+MwqPRwqbSsCPFP/TqREGjOSge2UBAZm2ZuK/3ntBMJrP+VRnACL6HxRmAgMCk//xj2uGQUxsoRQze2tmA6IJhRsOgtbAk2GDBb+SGUigGv1Mi7YuLzlcFZJ46LsVcqV+8tS9SYLLo9O0Ck6Rx66QlV0h2qojijqo1c0QW/OxHl3PpzPeWvOyWaO0QKcr1/1Z5/D</latexit>pq is the full counting statistics (FCS) for the charge,
a probability distribution.

<latexit sha1_base64="2BUDM9adF3Vp42I49ffKbzhKvHU=">AAACGnicbVC7TgJBFJ31ifhCLW02EhNsyK4xaGGBsbHERB4GNmR2GGDCPNaZuxqy4Sts8WfsjK2N/2LhAFsIeJKbnJxzb+69J4w4M+B5387K6tr6xmZmK7u9s7u3nzs4rBkVa0KrRHGlGyE2lDNJq8CA00akKRYhp/VwcDvx689UG6bkAwwjGgjck6zLCAYrPbZ0X7VvCk9n7VzeK3pTuMvET0kepai0cz+tjiKxoBIIx8Y0fS+CIMEaGOF0lG3FhkaYDHCPNi2VWFATJNODR+6pVTpuV2lbEtyp+nciwcKYoQhtp8DQN4veRPzPa8bQvQoSJqMYqCSzRd2Yu6Dcyfduh2lKgA8twUQze6tL+lhjAjajuS2hxgMKc38kIubAtHoZZW1c/mI4y6R2XvRLxdL9Rb58nQaXQcfoBBWQjy5RGd2hCqoiggR6RWP05oydd+fD+Zy1rjjpzBGag/P1C9zJocY=</latexit>

⇢A(q) is the symmetry-resolved 
reduced density matrix:

<latexit sha1_base64="wdjyKFiYn7AxfwG/pGKpby1rtDQ="></latexit>

TrA [⇢A(q)] = 1<latexit sha1_base64="lSzFsXCsgMCeNDpISUdcUJqzUzU=">AAACMHicbVA9SwNBEN3z2/gVtRRhMQixCXci0UJBsbGMYEwgF469zSRZsnd77s6p4Ujlr7HVP6OV2PobLNzEFEZ9MPB4b4aZeWEihUHXfXWmpmdm5+YXFnNLyyura/n1jWujUs2hypVUuh4yA1LEUEWBEuqJBhaFEmph73zo125BG6HiK+wn0IxYJxZtwRlaKchvJ8ENPaE+wj1mV3pQ9CvCKr7uquBsL8gX3JI7Av1LvDEpkDEqQf7TbymeRhAjl8yYhucm2MyYRsElDHJ+aiBhvMc60LA0ZhGYZjZ6Y0B3rdKibaVtxUhH6s+JjEXG9KPQdkYMu+a3NxT/8xopto+amYiTFCHm34vaqaSo6DAT2hIaOMq+JYxrYW+lvMs042iTm9gSatYDnPgji1KJQqu7Qc7G5f0O5y+53i955VL58qBwejwOboFskR1SJB45JKfkglRIlXDyQB7JE3l2npwX5815/26dcsYzm2QCzscX2cap7w==</latexit>

pq = Tr(⇧q⇢A)
(where        is the projector onto 
the charge sector    ) 

<latexit sha1_base64="rhwRHsQztTiwwDUnJg2Q89px3I4=">AAACFnicbVA9TwJBEN3zE/ELtbTZSEysyJ0xaGFBYmOJiQckcCF7yx5s2N07d+c05MJvsMU/Y2dsbf0vFi5whYAvmeTlvZnMzAsTwQ247reztr6xubVd2Cnu7u0fHJaOjhsmTjVlPo1FrFshMUxwxXzgIFgr0YzIULBmOLyb+s1npg2P1SOMEhZI0lc84pSAlfxOnXefuqWyW3FnwKvEy0kZ5ah3Sz+dXkxTyRRQQYxpe24CQUY0cCrYuNhJDUsIHZI+a1uqiGQmyGbHjvG5VXo4irUtBXim/p3IiDRmJEPbKQkMzLI3Ff/z2ilEN0HGVZICU3S+KEoFhhhPP8c9rhkFMbKEUM3trZgOiCYUbD4LW0JNhgwW/shkKoDr+GVctHF5y+GsksZlxatWqg9X5dptHlwBnaIzdIE8dI1q6B7VkY8o4ugVTdCbM3HenQ/nc9665uQzJ2gBztcvVyOgfA==</latexit>

⇧q
<latexit sha1_base64="4TijPqGsVBPM4mROCyGXnhjx/8k=">AAACEnicbVBNT8JAEN3iF+IX6tFLIzHxRFpj0IMHEi8eIZGPBBqyXaawYbutu1MNafgFXvHPeDNe/QP+Fw8u0IOAL5nk5b2ZzMzzY8E1Os63ldvY3Nreye8W9vYPDo+KxydNHSWKQYNFIlJtn2oQXEIDOQpoxwpo6Ato+aP7md96BqV5JB9xHIMX0oHkAWcUjVR/6hVLTtmZw14nbkZKJEOtV/zp9iOWhCCRCap1x3Vi9FKqkDMBk0I30RBTNqID6BgqaQjaS+eHTuwLo/TtIFKmJNpz9e9ESkOtx6FvOkOKQ73qzcT/vE6Cwa2XchknCJItFgWJsDGyZ1/bfa6AoRgbQpni5labDamiDE02S1t8RUeAS3+kYSKQq+hlUjBxuavhrJPmVdmtlCv161L1LgsuT87IObkkLrkhVfJAaqRBGAHySqbkzZpa79aH9blozVnZzClZgvX1C05JnuA=</latexit>q

Reduced density matrix:

<latexit sha1_base64="O8nUeb7WJ8FgK2fNU6hPXBRVgEU="></latexit>

⇢A =
M

i

pqi⇢A(qi) =

0

B@
pq1⇢A(q1)

pq2⇢A(q2)
. . .

1

CA <latexit sha1_base64="yMIzF+LkAh3vbzx20Otn/P8YpQY=">AAACGnicbVC7SgNBFJ2NrxhfUcHGZjEIVmHXIlpYRGwsEzAPSZYwO5kkQ2Zml5m7hmXZr7CN+C92YmvjB/gXFk4ehUk8cOFwzr3ce48fcqbBcb6szNr6xuZWdju3s7u3f5A/PKrrIFKE1kjAA9X0saacSVoDBpw2Q0Wx8Dlt+MO7id94okqzQD5AHFJP4L5kPUYwGOmxPcCQVNPObSdfcIrOFPYqceekUD6pj8L4+7XSyf+0uwGJBJVAONa65ToheAlWwAinaa4daRpiMsR92jJUYkG1l0wPTu1zo3TtXqBMSbCn6t+JBAutY+GbToFhoJe9ifif14qgd+0lTIYRUElmi3oRtyGwJ9/bXaYoAR4bgoli5labDLDCBExGC1t8hYcUFv5IRMSBqWCU5kxc7nI4q6R+WXRLxVLVLZRv0AxZdIrO0AVy0RUqo3tUQTVEkEDPaIxerLH1Zr1bH7PWjDWfOUYLsD5/AQkipc4=</latexit>

Q̂A

<latexit sha1_base64="hsQaEVeS81xndOcHCJuetdHmEjo=">AAACOnicbZA9SwNBEIb34nf8OrW0WQyiIIQ7kWgjGG0sFYwKuRDmNptkyd4Hu3NKOO4n+Gts4w+xtRNbSws38RCT+MLCwzszzM7rx1JodJxXqzAzOze/sLhUXF5ZXVu3NzZvdZQoxmsskpG690FzKUJeQ4GS38eKQ+BLfuf3Lob1uweutIjCG+zHvBFAJxRtwQCN1bT3vC5gep3RU5pTs0oPfjn1fFBpNcuadskpOyPRaXBzKJFcV037y2tFLAl4iEyC1nXXibGRgkLBJM+KXqJ5DKwHHV43GELAdSMdHZTRXeO0aDtS5oVIR+7fiRQCrfuBbzoDwK6erA3N/2r1BNsnjVSEcYI8ZD+L2omkGNFhOrQlFGco+waAKWH+SlkXFDA0GY5t8RX0OI7dkQaJRKGix6xo4nInw5mG28OyWylXro9KZ+d5cItkm+yQfeKSY3JGLskVqRFGnsgzGZAXa2C9We/Wx09rwcpntsiYrM9vqK6ucQ==</latexit>

Q̂ = Q̂A + Q̂Ā



Equipartition of entanglement

We can use            to understand better how entanglement interacts with the U(1) 
symmetry through looking at the symmetry-resolved entanglement spectrum 
and quantifying the symmetry-resolved entanglement entropy (SREE).

<latexit sha1_base64="2BUDM9adF3Vp42I49ffKbzhKvHU=">AAACGnicbVC7TgJBFJ31ifhCLW02EhNsyK4xaGGBsbHERB4GNmR2GGDCPNaZuxqy4Sts8WfsjK2N/2LhAFsIeJKbnJxzb+69J4w4M+B5387K6tr6xmZmK7u9s7u3nzs4rBkVa0KrRHGlGyE2lDNJq8CA00akKRYhp/VwcDvx689UG6bkAwwjGgjck6zLCAYrPbZ0X7VvCk9n7VzeK3pTuMvET0kepai0cz+tjiKxoBIIx8Y0fS+CIMEaGOF0lG3FhkaYDHCPNi2VWFATJNODR+6pVTpuV2lbEtyp+nciwcKYoQhtp8DQN4veRPzPa8bQvQoSJqMYqCSzRd2Yu6Dcyfduh2lKgA8twUQze6tL+lhjAjajuS2hxgMKc38kIubAtHoZZW1c/mI4y6R2XvRLxdL9Rb58nQaXQcfoBBWQjy5RGd2hCqoiggR6RWP05oydd+fD+Zy1rjjpzBGag/P1C9zJocY=</latexit>

⇢A(q)

<latexit sha1_base64="dUQdudCu7Lc2zqrXJmSh891uOLc="></latexit>

Sn(q) =
1

1� n
log (TrA [⇢nA(q)])

<latexit sha1_base64="qq1zqRFbP2E/KLbvC/ql7t/S4Hc="></latexit>

S1(q) = �Tr[⇢A(q) log ⇢A(q)]

<latexit sha1_base64="iz1K21vrnnexrJdXh0Y3BPPgxdg=">AAACGHicbVA9SwNBEN2LXzF+RS1tFoNgFe5EooVFwMYygvmA5Ah7m71kub3dY3dOCUd+hG38M3Zia+d/sXCTXGESHww83sww816QCG7Adb+dwsbm1vZOcbe0t39weFQ+PmkZlWrKmlQJpTsBMUxwyZrAQbBOohmJA8HaQXQ/67efmTZcyScYJ8yPyVDykFMCVmpL3AOFvX654lbdOfA68XJSQTka/fJPb6BoGjMJVBBjup6bgJ8RDZwKNin1UsMSQiMyZF1LJYmZ8bP5uxN8YZUBDpW2JQHP1b8bGYmNGceBnYwJjMxqbyb+1+umEN76GZdJCkzSxaEwFdhanHnHA64ZBTG2hFDN7a+YjogmFGxCS1cCTSIGSz6yOBXAtXqZlGxc3mo466R1VfVq1drjdaV+lwdXRGfoHF0iD92gOnpADdREFEXoFU3RmzN13p0P53MxWnDynVO0BOfrFwSLoMk=</latexit>

n ! 1

<latexit sha1_base64="5zM0ByeMl7s7kC5uoP8Vnc0ewnE="></latexit>

S1 = �
X

i

pqi log pqi +
X

i

pqiS1(qi)

number entropy configuration entropy
Equipartition of entanglement: Sn(q) does 
not depend on q in the thermodynamic limit.

J. Xavier, F. Alcaraz, and G. Sierra, PRB (2018) 

von Neumann SREE:Rényi SREEs:



Quantum Hall Effect
(Spinless) charged particles in a 
uniform magnetic field     fill  
Landau levels

The filling factor .

In Landau gauge on the cylinder,
these orbitals are ring-like and 
centered around          , with      
quantized.  

<latexit sha1_base64="HcIaPgLm5FBfU7kIsb1n4fBO2DQ="></latexit>✓
!c =

eB

m

◆

<latexit sha1_base64="4WUt8BYCkaZCPWKayQ73hftO+KA=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVF0MYygvmA5Ah7m7lkub0Pduci4bgfYRv/jJ3Y2vlfLNwkV5jEBwOP92aYmefGgiu0rG+jsLG5tb1T3C3t7R8cHpWPT1oqSiSDJotEJDsuVSB4CE3kKKATS6CBK6Dt+g8zvz0GqXgUPuMkBiegw5B7nFHUUrs3BpbeZ/1yxapac5jrxM5JheRo9Ms/vUHEkgBCZIIq1bWtGJ2USuRMQFbqJQpiynw6hK6mIQ1AOen83My80MrA9CKpK0Rzrv6dSGmg1CRwdWdAcaRWvZn4n9dN0Lt1Uh7GCULIFou8RJgYmbPfzQGXwFBMNKFMcn2ryUZUUoY6oaUtrqQ+4NIfaZAI5DJ6yUo6Lns1nHXSuqratWrt6bpSv8uDK5Izck4uiU1uSJ08kgZpEkZ88kqm5M2YGu/Gh/G5aC0Y+cwpWYLx9Qs3u6F/</latexit>

~B

<latexit sha1_base64="cg8E0R+rwB0Bn3MDAdGwzNHSNGo="></latexit>

⌫ =
hn

eB
=

N

N�

<latexit sha1_base64="hqpuHhv6BDsKNVMs8gujAbJyZUE=">AAACGnicbVA9TwJBEN3DL8Qv1NJmIzGxInfEoIUF0cYSE/kwcF72lj3YsHt32Z3TkAu/whb/jJ2xtfG/WLjAFQK+ZJKX92YyM8+PBddg299Wbm19Y3Mrv13Y2d3bPygeHjV1lCjKGjQSkWr7RDPBQ9YADoK1Y8WI9AVr+cPbqd96ZkrzKHyAUcxcSfohDzglYKTHoSex8G6eKl6xZJftGfAqcTJSQhnqXvGn24toIlkIVBCtO44dg5sSBZwKNi50E81iQoekzzqGhkQy7aazg8f4zCg9HETKVAh4pv6dSInUeiR90ykJDPSyNxX/8zoJBFduysM4ARbS+aIgERgiPP0e97hiFMTIEEIVN7diOiCKUDAZLWzxFRkyWPgjlYkArqKXccHE5SyHs0qalbJTLVfvL0q16yy4PDpBp+gcOegS1dAdqqMGokiiVzRBb9bEerc+rM95a87KZo7RAqyvX7wUobM=</latexit>

kml2B
<latexit sha1_base64="Fj5fpWhc0PQndc/w0n1MsyXUrgE=">AAACFXicbVC7SgNBFJ2NrxhfUUubwSBYhV2RaGERsLGMYB6QLGF2MpsMmccyc1cJS37BNv6Mndha+y8W7iZbmMQDFw7n3Mu99wSR4BZc99spbGxube8Ud0t7+weHR+Xjk5bVsaGsSbXQphMQywRXrAkcBOtEhhEZCNYOxveZ335mxnKtnmASMV+SoeIhpwQyadyXuF+uuFV3DrxOvJxUUI5Gv/zTG2gaS6aACmJt13Mj8BNigFPBpqVebFlE6JgMWTelikhm/WR+6xRfpMoAh9qkpQDP1b8TCZHWTmSQdkoCI7vqZeJ/XjeG8NZPuIpiYIouFoWxwKBx9jgecMMoiElKCDU8vRXTETGEQhrP0pbAkDGDpT8SGQvgRr9MS2lc3mo466R1VfVq1drjdaV+lwdXRGfoHF0iD92gOnpADdREFI3QK5qhN2fmvDsfzueiteDkM6doCc7XL0JXn+Q=</latexit>

km

<latexit sha1_base64="2AJ4Hb+ciFRT2mMeFf/z+ge+spM="></latexit>✓
l2B =

~c
eB
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Integer Quantum Hall Effect (IQHE): 
filled lowest Landau level (LLL)

Φ flux along the cylinder axis is another knob to turn.

The region       covers the cylinder for             . 

The wavefunction in the LLL is
<latexit sha1_base64="LOQkSHlwd5RhqK8Iqwzi19igSGc="></latexit>

�km(x, y) =
1p
L
p
⇡
eikmye�(x�km)2/2, km 2 2⇡

L
(Z+ �)

We define                                              , where                                     up to Gaussian corrections in     .  
<latexit sha1_base64="1d3QglWKv5/lPTNmd9YjtzPxLl4="></latexit>

Q̂A ⌘ N̂A � h: N̂A :i
<latexit sha1_base64="HijB/HIsN3VigHkzi9ksZGqSaas="></latexit>

h: N̂A :i = 1

2
� �

<latexit sha1_base64="83bQg74nhCom0Rp/ANsWlbIkBj8=">AAACEnicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVFwMbCIgHzAckR9jZzyZLdu2N3TglHfoFt/DN2Yusf8L9YuEmuMIkPBh7vzTAzz48F1+g431ZuY3Nreye/W9jbPzg8Kh6fNHWUKAYNFolItX2qQfAQGshRQDtWQKUvoOWP7md+6xmU5lH4hOMYPEkHIQ84o2ik+mOvWHLKzhz2OnEzUiIZar3iT7cfsURCiExQrTuuE6OXUoWcCZgUuomGmLIRHUDH0JBK0F46P3RiXxilbweRMhWiPVf/TqRUaj2WvumUFId61ZuJ/3mdBINbL+VhnCCEbLEoSISNkT372u5zBQzF2BDKFDe32mxIFWVoslna4is6Alz6I5WJQK6il0nBxOWuhrNOmldlt1Ku1K9L1bssuDw5I+fkkrjkhlTJA6mRBmEEyCuZkjdrar1bH9bnojVnZTOnZAnW1y8QI567</latexit>

L

<latexit sha1_base64="tl+obj7M9RLuzGYMo12zhMs2F7c=">AAACEnicbVBNT8JAEN3iF+IX6tFLIzHxRFpj0IMHjBePkMhHAg3ZLlPYsNs2u1MNafgFXvHPeDNe/QP+Fw8u0IOAL5nk5b2ZzMzzY8E1Os63ldvY3Nreye8W9vYPDo+KxydNHSWKQYNFIlJtn2oQPIQGchTQjhVQ6Qto+aOHmd96BqV5FD7hOAZP0kHIA84oGql+3yuWnLIzh71O3IyUSIZar/jT7UcskRAiE1TrjuvE6KVUIWcCJoVuoiGmbEQH0DE0pBK0l84PndgXRunbQaRMhWjP1b8TKZVaj6VvOiXFoV71ZuJ/XifB4NZLeRgnCCFbLAoSYWNkz762+1wBQzE2hDLFza02G1JFGZpslrb4io4Al/5IZSKQq+hlUjBxuavhrJPmVdmtlCv161L1LgsuT87IObkkLrkhVfJIaqRBGAHySqbkzZpa79aH9blozVnZzClZgvX1C/2anrA=</latexit>

A
<latexit sha1_base64="aG0YgFz4LBW/WsE7gYAs+LOahKE=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoAUFiY0lJh6QwIXsLQts2N277M6p5MJvsMU/Y2dsbf0vFi5whYAvmeTlvZnMzAtjwQ247reT29jc2t7J7xb29g8Oj4rHJw0TJZoyn0Yi0q2QGCa4Yj5wEKwVa0ZkKFgzHN3N/OYT04ZH6hHGMQskGSje55SAlfwXXMVut1hyy+4ceJ14GSmhDPVu8afTi2gimQIqiDFtz40hSIkGTgWbFDqJYTGhIzJgbUsVkcwE6fzYCb6wSg/3I21LAZ6rfydSIo0Zy9B2SgJDs+rNxP+8dgL92yDlKk6AKbpY1E8EhgjPPsc9rhkFMbaEUM3trZgOiSYUbD5LW0JNRgyW/khlIoDr6HlSsHF5q+Gsk8ZV2auUKw/XpVo1Cy6PztA5ukQeukE1dI/qyEcUcfSKpujNmTrvzofzuWjNOdnMKVqC8/ULEi2fuw==</latexit>

x < 0

The ground state is then the Slater determinant of the LLL: 
<latexit sha1_base64="2kv9HQItyxO91746pArguHmAr/U=">AAACGHicbVA9SwNBEN3zM8avqKXNYhCswp1ItFAI2FhGMB+QHGFvs5cst7d37M4q4ciPsI1/xk5s7fwvFm6SK0zig4HHezPMzAtSwTW47reztr6xubVd2Cnu7u0fHJaOjps6MYqyBk1EotoB0UxwyRrAQbB2qhiJA8FaQXQ/9VvPTGmeyCcYpcyPyUDykFMCVmp1pcF32OuVym7FnQGvEi8nZZSj3iv9dPsJNTGTQAXRuuO5KfgZUcCpYONi12iWEhqRAetYKknMtJ/Nzh3jc6v0cZgoWxLwTP07kZFY61Ec2M6YwFAve1PxP69jILzxMy5TA0zS+aLQCAwJnv6O+1wxCmJkCaGK21sxHRJFKNiEFrYEikQMFv7IYiOAq+RlXLRxecvhrJLmZcWrVqqPV+XabR5cAZ2iM3SBPHSNaugB1VEDURShVzRBb87EeXc+nM9565qTz5ygBThfv7JMoJg=</latexit>

⌫ = 1
<latexit sha1_base64="kvYJR/cMEpViv3m306lXwRzltCc="></latexit>

|⌦i =
^

km2 2⇡
L (Z+�)

|�kmi

(from here on out, taking                w.o.l.o.g.)
<latexit sha1_base64="AAFku6uxNdx3AYBPNewzD3IeTNI=">AAACGHicbVA9SwNBEN2LXzF+RS1tFoNgFe5EooVC0MYygvmA5Ah7m71kye7esTunhCM/wjb+GTuxtfO/WLhJrjCJDwYe780wMy+IBTfgut9Obm19Y3Mrv13Y2d3bPygeHjVMlGjK6jQSkW4FxDDBFasDB8FasWZEBoI1g+H91G8+M214pJ5gFDNfkr7iIacErNQU3Tt8i71useSW3RnwKvEyUkIZat3iT6cX0UQyBVQQY9qeG4OfEg2cCjYudBLDYkKHpM/alioimfHT2bljfGaVHg4jbUsBnql/J1IijRnJwHZKAgOz7E3F/7x2AuG1n3IVJ8AUnS8KE4EhwtPfcY9rRkGMLCFUc3srpgOiCQWb0MKWQJMhg4U/UpkI4Dp6GRdsXN5yOKukcVH2KuXK42WpepMFl0cn6BSdIw9doSp6QDVURxQN0SuaoDdn4rw7H87nvDXnZDPHaAHO1y9dmaBm</latexit>

lB = 1



IQHE: Entanglement spectrum

The IQHE entanglement Hamiltonian 
(EH) will be given by

The edge CFT is a chiral Dirac fermion:

We have a Li-Haldane correspondence! 

B. Oblak, N. Regnault, and B. Estienne, PRB (2021)

A Ā

(Peschel)

<latexit sha1_base64="2dmd6x12u4IUgdbr8lqkLiNN8sU="></latexit>

HCFT = v

X

m2Z
km : c†mcm :

<latexit sha1_base64="dXBkjpUkfYheNGKzhtrTkPkmBbQ="></latexit>

✏(k) ⌘ log


erfc(�k)

erfc(k)

�

Linear approximation 
good for small     :

<latexit sha1_base64="4bpWuM9Dv1AcNkb4ICgf9KUlLwg=">AAACEnicbVBNS8NAEN34WetX1aOXYBE8lUSkevBQ8OKxBfsBbSib7aRdssmG3YlSQn+B1/pnvIlX/4D/xYPbNgfb+mDg8d4MM/P8RHCNjvNtbWxube/sFvaK+weHR8elk9OWlqli0GRSSNXxqQbBY2giRwGdRAGNfAFtP3yY+e1nUJrL+AnHCXgRHcY84IyikRphv1R2Ks4c9jpxc1ImOer90k9vIFkaQYxMUK27rpOgl1GFnAmYFHuphoSykA6ha2hMI9BeNj90Yl8aZWAHUpmK0Z6rfycyGmk9jnzTGVEc6VVvJv7ndVMM7ryMx0mKELPFoiAVNkp79rU94AoYirEhlClubrXZiCrK0GSztMVXNARc+iOLUoFcyZdJ0cTlroazTlrXFbdaqTZuyrX7PLgCOScX5Iq45JbUyCOpkyZhBMgrmZI3a2q9Wx/W56J1w8pnzsgSrK9fRDWe2g==</latexit>

k <latexit sha1_base64="z6B0FAdj2qRS208rhzn7B++wDUg="></latexit>

HA =
X

m2Z
✏(km) : c†mcm :

Entanglement spectra

Plus important irrelevant terms, that 
shape the spectrum at finite size.
More details later

J. Dubail, N. Read, E.H. 
Rezayi, PRB (2012)

ES gets closer to 
conformal with 
larger system size 

<latexit sha1_base64="YkZ/kdHksiQpro1sQhLE84wcUpM="></latexit>

✏(k) =
4p
⇡
k +O(k3)

more irrelevant terms
<latexit sha1_base64="nsfRpZDhqDD9/K7AdA/ynMH1IXE="></latexit>

HA = �e↵ectiveHCFT +



IQHE: FCS and SREE analytical results

FCS:

With saddle point approximation,

SREE:

We obtain

Equipartition for large      , small      !

(Note that                                     satisfies an area law, 
with                for IQHE.)  

B. Oblak, N. Regnault, and B. Estienne, PRB (2021)

<latexit sha1_base64="begla8MVp8NlPSRZMhK2GQCW/wY="></latexit>

bZn(↵) ⇠ e�L(an+bn↵
2+cn↵

4)+O(L↵
6)

Approximate charged moment for small α:
(parameters can be computed analytically)

<latexit sha1_base64="UasYVj6bEhDAhUG2E3gZC0oMzSg="></latexit>

Zn(q) ⌘
Z ⇡

�⇡

d↵

2⇡
e�i↵q bZn(↵) = Tr (⇧q⇢

n
A)

<latexit sha1_base64="8LcQrF5c1En4WCD6iV62zSxrmeo=">AAACHXicbVBNS8NAEN3Ur1q/qh69LBahXkoiUj0oFLx4rGA/sA1hs922S3eTdHeilNC/4bX+GW/iVfwvHty2OdjWBwOP92aYmedHgmuw7W8rs7a+sbmV3c7t7O7tH+QPj+o6jBVlNRqKUDV9opngAasBB8GakWJE+oI1/MHd1G88M6V5GDzCKGKuJL2AdzklYKR25A3xLX7ynOLw3MsX7JI9A14lTkoKKEXVy/+0OyGNJQuACqJ1y7EjcBOigFPBxrl2rFlE6ID0WMvQgEim3WR28xifGaWDu6EyFQCeqX8nEiK1HknfdEoCfb3sTcX/vFYM3Ws34UEUAwvofFE3FhhCPA0Ad7hiFMTIEEIVN7di2ieKUDAxLWzxFRkwWPgjkbEArsKXcc7E5SyHs0rqFyWnXCo/XBYqN2lwWXSCTlEROegKVdA9qqIaoihCr2iC3qyJ9W59WJ/z1oyVzhyjBVhfv/e3okY=</latexit>

pq = Z1(q)

(valid for                           ) 
<latexit sha1_base64="evM0LzN1H3rqVa5KA2gDWZeCjiI=">AAACInicbVDLSgNBEJyNrxgfWfXoZTAI8RJ2RaIHhYAXD4IRzAOSJcxOJsmQ2UdmepWw7Jd4jT/jTTwJfooHJ8keTGJBQ1HVTXeXGwquwLK+jMza+sbmVnY7t7O7t583Dw7rKogkZTUaiEA2XaKY4D6rAQfBmqFkxHMFa7jD26nfeGZS8cB/gnHIHI/0fd7jlICWOmZ+hG/wQ7GtRhLi++SsYxaskjUDXiV2SgooRbVj/rS7AY085gMVRKmWbYXgxEQCp4IluXakWEjokPRZS1OfeEw58ezwBJ9qpYt7gdTlA56pfydi4ik19lzd6REYqGVvKv7ntSLoXTkx98MImE/ni3qRwBDgaQq4yyWjIMaaECq5vhXTAZGEgs5qYYsryZDBwh+xFwngMnhJcjouezmcVVI/L9nlUvnxolC5ToPLomN0gorIRpeogu5QFdUQRRF6RRP0ZkyMd+PD+Jy3Zox05ggtwPj+BY2ppCQ=</latexit>

q = O(
p
L)

<latexit sha1_base64="mRh9ScxQmBG2y86BfDqDz4gVwVI="></latexit>

pq / e�
q2

2�2

p
2⇡�2

, �2 =
L

(2⇡)3/2

<latexit sha1_base64="J5hebISBPqnOKvRUX/y5cxCjtlY="></latexit>

Sn(q) =
1

1� n
log

Zn(q)

Z1(q)n

<latexit sha1_base64="3lQsuv8FSPIqrc2UphO9yrB44j4="></latexit>

Sn(q) ⇠ Sn � 1

2
logL+An �Bn

q2

L
+ Cn

q4

L3

<latexit sha1_base64="83bQg74nhCom0Rp/ANsWlbIkBj8=">AAACEnicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVFwMbCIgHzAckR9jZzyZLdu2N3TglHfoFt/DN2Yusf8L9YuEmuMIkPBh7vzTAzz48F1+g431ZuY3Nreye/W9jbPzg8Kh6fNHWUKAYNFolItX2qQfAQGshRQDtWQKUvoOWP7md+6xmU5lH4hOMYPEkHIQ84o2ik+mOvWHLKzhz2OnEzUiIZar3iT7cfsURCiExQrTuuE6OXUoWcCZgUuomGmLIRHUDH0JBK0F46P3RiXxilbweRMhWiPVf/TqRUaj2WvumUFId61ZuJ/3mdBINbL+VhnCCEbLEoSISNkT372u5zBQzF2BDKFDe32mxIFWVoslna4is6Alz6I5WJQK6il0nBxOWuhrNOmldlt1Ku1K9L1bssuDw5I+fkkrjkhlTJA6mRBmEEyCuZkjdrar1bH9bnojVnZTOnZAnW1y8QI567</latexit>

L <latexit sha1_base64="4TijPqGsVBPM4mROCyGXnhjx/8k=">AAACEnicbVBNT8JAEN3iF+IX6tFLIzHxRFpj0IMHEi8eIZGPBBqyXaawYbutu1MNafgFXvHPeDNe/QP+Fw8u0IOAL5nk5b2ZzMzzY8E1Os63ldvY3Nreye8W9vYPDo+KxydNHSWKQYNFIlJtn2oQXEIDOQpoxwpo6Ato+aP7md96BqV5JB9xHIMX0oHkAWcUjVR/6hVLTtmZw14nbkZKJEOtV/zp9iOWhCCRCap1x3Vi9FKqkDMBk0I30RBTNqID6BgqaQjaS+eHTuwLo/TtIFKmJNpz9e9ESkOtx6FvOkOKQ73qzcT/vE6Cwa2XchknCJItFgWJsDGyZ1/bfa6AoRgbQpni5labDamiDE02S1t8RUeAS3+kYSKQq+hlUjBxuavhrJPmVdmtlCv161L1LgsuT87IObkkLrkhVfJAaqRBGAHySqbkzZpa79aH9blozVnZzClZgvX1C05JnuA=</latexit>q

<latexit sha1_base64="uLwzgip3PGdhJM0i9N1Sfo5Djs4=">AAACLHicbZBNSwMxEIaz9bt+VT2Jl2ARvFh2RdSDguDFgwdF+wFtKbNp2oYm2SWZVcpS/DVe9c94EfHqr/BgWnuwrS8EHt6ZYTJvGEth0fffvczM7Nz8wuJSdnlldW09t7FZslFiGC+ySEamEoLlUmheRIGSV2LDQYWSl8Pu5aBefuDGikjfYy/mdQVtLVqCATqrkdu+a2h6Tmsg4w44vKYHtNYGpaCRy/sFfyg6DcEI8mSkm0buu9aMWKK4RibB2mrgx1hPwaBgkveztcTyGFgX2rzqUIPitp4OT+jTPec0aSsy7mmkQ/fvRArK2p4KXacC7NjJ2sD8r1ZNsHVaT4WOE+Sa/S5qJZJiRAd50KYwnKHsOQBmhPsrZR0wwNClNrYlNNDlOHZHqhKJwkSP/ayLK5gMZxpKh4XguHB8e5S/OBsFt0h2yC7ZJwE5IRfkityQImHkiTyTF/LqvXhv3of3+dua8UYzW2RM3tcPX/GnlA==</latexit>

Sn = ↵nL� �
<latexit sha1_base64="ICSSaO4uBcfw44NTx/QgZ5pJQCg=">AAACG3icbVA9SwNBEN3z2/gVtbRZDIJVuBOJFgoBG0sFo8HkCHObvbhkd+/YnVPCkX9hq3/GTmwt/C8WbuIVJvHBwOO9GWbmRakUFn3/y5ubX1hcWl5ZLa2tb2xulbd3bm2SGcYbLJGJaUZguRSaN1Cg5M3UcFCR5HdR/2Lk3z1yY0Wib3CQ8lBBT4tYMEAn3bd7oBTQc+p3yhW/6o9BZ0lQkAopcNUpf7e7CcsU18gkWNsK/BTDHAwKJvmw1M4sT4H1ocdbjmpQ3Ib5+OIhPXBKl8aJcaWRjtW/Ezkoawcqcp0K8MFOeyPxP6+VYXwa5kKnGXLNfhfFmaSY0NH7tCsMZygHjgAzwt1K2QMYYOhCmtgSGehznPgjV5lEYZKnYcnFFUyHM0tuj6pBrVq7Pq7Uz4rgVsge2SeHJCAnpE4uyRVpEEY0eSYv5NV78d68d+/jt3XOK2Z2yQS8zx8NC6HV</latexit>

� = 0
A.Kitaev, J.Preskill (2006)



IQHE: FCS and SREE numerical results

B. Oblak, N. Regnault, and B. Estienne, PRB (2021)

<latexit sha1_base64="1HtuevhQQkmTby4dUv+EzlLHGL0="></latexit>

pq / e�
q2

2�2

p
2⇡�2

(valid for                           ) 
<latexit sha1_base64="evM0LzN1H3rqVa5KA2gDWZeCjiI=">AAACInicbVDLSgNBEJyNrxgfWfXoZTAI8RJ2RaIHhYAXD4IRzAOSJcxOJsmQ2UdmepWw7Jd4jT/jTTwJfooHJ8keTGJBQ1HVTXeXGwquwLK+jMza+sbmVnY7t7O7t583Dw7rKogkZTUaiEA2XaKY4D6rAQfBmqFkxHMFa7jD26nfeGZS8cB/gnHIHI/0fd7jlICWOmZ+hG/wQ7GtRhLi++SsYxaskjUDXiV2SgooRbVj/rS7AY085gMVRKmWbYXgxEQCp4IluXakWEjokPRZS1OfeEw58ezwBJ9qpYt7gdTlA56pfydi4ik19lzd6REYqGVvKv7ntSLoXTkx98MImE/ni3qRwBDgaQq4yyWjIMaaECq5vhXTAZGEgs5qYYsryZDBwh+xFwngMnhJcjouezmcVVI/L9nlUvnxolC5ToPLomN0gorIRpeogu5QFdUQRRF6RRP0ZkyMd+PD+Jy3Zox05ggtwPj+BY2ppCQ=</latexit>

q = O(
p
L)

<latexit sha1_base64="FeHaeJVtaCbNlWLkkN7k07m4ly0=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoNgFe6CRguFgI2FRQTzAckR9jabZM3e7rE7p4Qj/8E2/hk7sbX0v1i4Sa4w0QcDj/dmmJkXRIIbcN0vJ7Oyura+kd3MbW3v7O7l9w/qRsWashpVQulmQAwTXLIacBCsGWlGwkCwRjC8mfqNJ6YNV/IBRhHzQ9KXvMcpASvV7/A1Lp138gW36M6A/xIvJQWUotrJf7e7isYhk0AFMabluRH4CdHAqWDjXDs2LCJ0SPqsZakkITN+Mrt2jE+s0sU9pW1JwDP190RCQmNGYWA7QwIDs+xNxf+8Vgy9Sz/hMoqBSTpf1IsFBoWnr+Mu14yCGFlCqOb2VkwHRBMKNqCFLYEmQwYLfyRhLIBr9TzO2bi85XD+knqp6JWL5fuzQuUqDS6LjtAxOkUeukAVdIuqqIYoekQvaIJenYnz5rw7H/PWjJPOHKIFOJ8/S7if0Q==</latexit>

L = 25

<latexit sha1_base64="Y+g+yyeyU4ooT58O1Q+0y170DIw=">AAACGXicdVBNS8NAEN3Ur1q/qh69LBbBU0mktAYUCl48VrAf0Iay2W7apZtN2J0oJfRPeK1/xpt49eR/8eC2jWBFHww83pthZp4fC67Btj+s3Nr6xuZWfruws7u3f1A8PGrpKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sc3c7/9wJTmkbyHScy8kAwlDzglYKROrzHi+Brb/WLJLtsL4B/Edd1axcVOppRQhka/+NkbRDQJmQQqiNZdx47BS4kCTgWbFnqJZjGhYzJkXUMlCZn20sW9U3xmlAEOImVKAl6oPydSEmo9CX3TGRIY6d/eXPzL6yYQXHopl3ECTNLloiARGCI8fx4PuGIUxMQQQhU3t2I6IopQMBGtbPEVGTNY+SMNEwFcRY/TgonrOxP8P2ldlJ1quXpXKdWvsuDy6ASdonPkoBqqo1vUQE1EkUBPaIaerZn1Yr1ab8vWnJXNHKMVWO9fifahDg==</latexit>

� = 0
<latexit sha1_base64="2+HYp1W3GfBNofsXYc7UhJ+BXjA=">AAACG3icdVBNS8NAEN3Ur1q/qh69LBbBU0yi1AoKBS8eK9gPbEvZbLft0s0m7E6UEvovvNY/4028evC/eHDTVrCiDwYe780wM8+PBNfgOB9WZml5ZXUtu57b2Nza3snv7tV0GCvKqjQUoWr4RDPBJasCB8EakWIk8AWr+8Pr1K8/MKV5KO9gFLF2QPqS9zglYKT7VmXA8RV2T7xOvuDYF6Wi55SwYztTpMTzTo3izpUCmqPSyX+2uiGNAyaBCqJ103UiaCdEAaeCjXOtWLOI0CHps6ahkgRMt5PpxWN8ZJQu7oXKlAQ8VX9OJCTQehT4pjMgMNC/vVT8y2vG0Cu1Ey6jGJiks0W9WGAIcfo+7nLFKIiRIYQqbm7FdEAUoWBCWtjiKzJksPBHEsQCuAofxzkT13cm+H9S82y3aBdvzwrly3lwWXSADtExctE5KqMbVEFVRJFET2iCnq2J9WK9Wm+z1ow1n9lHC7DevwCBPKGF</latexit>

� = 1/2

analytic 
expressions

<latexit sha1_base64="KvqIHVzgf8Tst2iWqEebR7zDOhk=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp1ItFAI2FhYRDAfkBxhb7OXrNndO3bnlHDkP9jGP2Mntpb+Fws3yRUm8cHA470ZZuYFseAGXPfbWVldW9/YzG3lt3d29/YLB4d1EyWashqNRKSbATFMcMVqwEGwZqwZkYFgjWBwO/Ebz0wbHqlHGMbMl6SneMgpASvV7/EN9txOoeiW3CnwMvEyUkQZqp3CT7sb0UQyBVQQY1qeG4OfEg2cCjbKtxPDYkIHpMdalioimfHT6bUjfGqVLg4jbUsBnqp/J1IijRnKwHZKAn2z6E3E/7xWAuGVn3IVJ8AUnS0KE4EhwpPXcZdrRkEMLSFUc3srpn2iCQUb0NyWQJMBg7k/UpkI4Dp6GeVtXN5iOMukfl7yyqXyw0Wxcp0Fl0PH6ASdIQ9dogq6Q1VUQxQ9oVc0Rm/O2Hl3PpzPWeuKk80coTk4X79Bo5/L</latexit>

L = 10

<latexit sha1_base64="e1ZNf+QxisPPHzF41T44WsT2SZU=">AAACF3icbVC7SgNBFJ2NrxhfUUubwSBYhV2VaKEQsLGwiGAekCxhdjKbjJmZXWbuKmHJP9jGn7ETW0v/xcLJozCJBy4czrmXe+8JYsENuO63k1lZXVvfyG7mtrZ3dvfy+wc1EyWasiqNRKQbATFMcMWqwEGwRqwZkYFg9aB/O/brz0wbHqlHGMTMl6SreMgpASvV7vENPnfb+YJbdCfAy8SbkQKaodLO/7Q6EU0kU0AFMabpuTH4KdHAqWDDXCsxLCa0T7qsaakikhk/nVw7xCdW6eAw0rYU4In6dyIl0piBDGynJNAzi95Y/M9rJhBe+SlXcQJM0emiMBEYIjx+HXe4ZhTEwBJCNbe3YtojmlCwAc1tCTTpM5j7I5WJAK6jl2HOxuUthrNMamdFr1QsPVwUytez4LLoCB2jU+ShS1RGd6iCqoiiJ/SKRujNGTnvzofzOW3NOLOZQzQH5+sXRQGfzQ==</latexit>

L = 30

<latexit sha1_base64="7KFU97k7Hbwd7t97Ai4vToj3DNU=">AAACF3icbVC7SgNBFJ2NrxhfUUubwSBYhV3RaKEQsLGwiGAekCxhdjKbjJmZXWbuKmHJP9jGn7ETW0v/xcLJozCJBy4czrmXe+8JYsENuO63k1lZXVvfyG7mtrZ3dvfy+wc1EyWasiqNRKQbATFMcMWqwEGwRqwZkYFg9aB/O/brz0wbHqlHGMTMl6SreMgpASvV7vENvnDb+YJbdCfAy8SbkQKaodLO/7Q6EU0kU0AFMabpuTH4KdHAqWDDXCsxLCa0T7qsaakikhk/nVw7xCdW6eAw0rYU4In6dyIl0piBDGynJNAzi95Y/M9rJhBe+SlXcQJM0emiMBEYIjx+HXe4ZhTEwBJCNbe3YtojmlCwAc1tCTTpM5j7I5WJAK6jl2HOxuUthrNMamdFr1QsPZwXytez4LLoCB2jU+ShS1RGd6iCqoiiJ/SKRujNGTnvzofzOW3NOLOZQzQH5+sXSF+fzw==</latexit>

L = 50

<latexit sha1_base64="3lQsuv8FSPIqrc2UphO9yrB44j4="></latexit>

Sn(q) ⇠ Sn � 1

2
logL+An �Bn

q2

L
+ Cn

q4

L3



IQHE: Synthetic entanglement spectrum
Expand the EH

as a series:

The term for                 is                                     . 

<latexit sha1_base64="z6B0FAdj2qRS208rhzn7B++wDUg="></latexit>

HA =
X

m2Z
✏(km) : c†mcm :

<latexit sha1_base64="rdwSYqAYWKsSGlilonsu5/PiLj8="></latexit>

HA =
X

j�0

gj

X

m2Z
k
2j+1
m : c†mcm :

<latexit sha1_base64="CP4309GhV0i/cjuKrXkm9kYQ1TY=">AAACFHicbVA9SwNBEN3zM8avqKXNYhCswp1ItFAI2FhGNB+QHGFvs5es2d07dueUcOQn2MY/Yye29v4XCzfJFSbxwcDjvRlm5gWx4AZc99tZWV1b39jMbeW3d3b39gsHh3UTJZqyGo1EpJsBMUxwxWrAQbBmrBmRgWCNYHA78RvPTBseqUcYxsyXpKd4yCkBKz083bidQtEtuVPgZeJlpIgyVDuFn3Y3oolkCqggxrQ8NwY/JRo4FWyUbyeGxYQOSI+1LFVEMuOn01NH+NQqXRxG2pYCPFX/TqREGjOUge2UBPpm0ZuI/3mtBMIrP+UqToApOlsUJgJDhCd/4y7XjIIYWkKo5vZWTPtEEwo2nbktgSYDBnN/pDIRwHX0MsrbuLzFcJZJ/bzklUvl+4ti5ToLLoeO0Qk6Qx66RBV0h6qohijqoVc0Rm/O2Hl3PpzPWeuKk80coTk4X79E259a</latexit>

j = 0
<latexit sha1_base64="5/XIJ3ApKqYmwVxIVdC7jk3QuBI="></latexit>

�e↵ectiveHCFT

Truncating this series can approximate the ES.

E.g.: we fit the ES with the first 4 
terms by choosing the        to minimize 
weighted squares of differences 
between spectrum levels.

<latexit sha1_base64="ZYQLMFTwgK/1GG99QIhpZlIwqO0=">AAACFHicbVDLSsNAFJ3UV62vqks3g0VwVRIX6sJFQRA3QqX2AW0ok+kkHTOThJkbpYR+gtv6M+7ErXu/wh9w4fSxsK0HLhzOuZd77/ESwTXY9peVW1ldW9/Ibxa2tnd294r7Bw0dp4qyOo1FrFoe0UzwiNWBg2CtRDEiPcGaXng99ptPTGkeRw8wSJgrSRBxn1MCRqoF3cdusWSX7QnwMnFmpFTBd7Xv0L2pdos/nV5MU8kioIJo3XbsBNyMKOBUsGGhk2qWEBqSgLUNjYhk2s0mpw7xiVF62I+VqQjwRP07kRGp9UB6plMS6OtFbyz+57VT8C/djEdJCiyi00V+KjDEePw37nHFKIiBIYQqbm7FtE8UoWDSmdviKRIymPsjk6kAruLnYcHE5SyGs0waZ2XnvHx+75QqV2iKPDpCx+gUOegCVdAtqqI6oihAL2iEXq2R9Wa9Wx/T1pw1mzlEc7A+fwFboKKt</latexit>gj

Towers correspond to each m
(black + is ES data, green × is fit)

The IQHE can serve as benchmark 
for ES fitting approaches.



Fractional quantum Hall effect (FQHE)

The fractional quantum Hall effect occurs for partially filled Landau 
levels at certain filling fractions ν in the presence of interactions.
For FQH states captured by a CFT, the entanglement Hamiltonian is:
     

As an example, for Laughlin states (filling fraction                  ),

<latexit sha1_base64="9ddHWZVF8AcbkQLahE6TyFWCQc4="></latexit>

HA =
2⇡v

L

⇣
L0 �

c

24

⌘

| {z }
�effectiveHCFT

+
X

j

gj

⇣
⇡

L

⌘�j�1
Vj

| {z }
more irrelevant terms

<latexit sha1_base64="ZRwPvpeOW4vbGOsa7y0WpV0Jw34=">AAACGnicbVA9SwNBEN3zM8avqKXNYhCs4p1ItFAI2FhGMB+SHGFvs5cs2d07dueUcORX2MY/Yye2Nv4XCzfJFSbxwcDjvRlm5gWx4AZc99tZWV1b39jMbeW3d3b39gsHh3UTJZqyGo1EpJsBMUxwxWrAQbBmrBmRgWCNYHA38RvPTBseqUcYxsyXpKd4yCkBKz21VYJvsXcedwpFt+ROgZeJl5EiylDtFH7a3YgmkimgghjT8twY/JRo4FSwUb6dGBYTOiA91rJUEcmMn04PHuFTq3RxGGlbCvBU/TuREmnMUAa2UxLom0VvIv7ntRIIr/2UqzgBpuhsUZgIDBGefI+7XDMKYmgJoZrbWzHtE00o2IzmtgSaDBjM/ZHKRADX0csob+PyFsNZJvWLklculR8ui5WbLLgcOkYn6Ax56ApV0D2qohqiSKJXNEZvzth5dz6cz1nripPNHKE5OF+/C7uhSw==</latexit>

⌫ = 1/p

<latexit sha1_base64="5a7RLNGFaeOntUWMLPWhW7+bDD0=">AAACKnicbVDLSgNBEJyNrxhfqx48eBkMgqewKxI9KES8iKcEzAOyYZmdTJIhsw9nepWw7Nd4jT/jLXj1Mzw4SfZgEgsaiqpuuru8SHAFljUxcmvrG5tb+e3Czu7e/oF5eNRQYSwpq9NQhLLlEcUED1gdOAjWiiQjvidY0xs+TP3mK5OKh8EzjCLW8Uk/4D1OCWjJNU+eXAvfYUe9SEii1BkQSGqpe++aRatkzYBXiZ2RIspQdc0fpxvS2GcBUEGUattWBJ2ESOBUsLTgxIpFhA5Jn7U1DYjPVCeZPZDic610cS+UugLAM/XvREJ8pUa+pzt9AgO17E3F/7x2DL2bTsKDKAYW0PmiXiwwhHiaBu5yySiIkSaESq5vxXRAJKGgM1vY4kkyZLDwR+LHArgM39KCjsteDmeVNC5LdrlUrl0VK7dZcHl0is7QBbLRNaqgR1RFdURRit7RGH0YY+PTmBhf89ackc0cowUY37+wsafi</latexit>

J0 =
p
pQ̂A

<latexit sha1_base64="JV5fVagAEY1mzstFdBkGZfjI4Uk=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoNgFe5EooVFwEasIpoPSI6wt9lLluztHrtzSjjyE2zjn7ETW3v/i4Wb5AqT+GDg8d4MM/OCWHADrvvt5NbWNza38tuFnd29/YPi4VHDqERTVqdKKN0KiGGCS1YHDoK1Ys1IFAjWDIa3U7/5zLThSj7BKGZ+RPqSh5wSsNLjfVd2iyW37M6AV4mXkRLKUOsWfzo9RZOISaCCGNP23Bj8lGjgVLBxoZMYFhM6JH3WtlSSiBk/nZ06xmdW6eFQaVsS8Ez9O5GSyJhRFNjOiMDALHtT8T+vnUB47adcxgkwSeeLwkRgUHj6N+5xzSiIkSWEam5vxXRANKFg01nYEmgyZLDwRxolArhWL+OCjctbDmeVNC7KXqVcebgsVW+y4PLoBJ2ic+ShK1RFd6iG6oiiPnpFE/TmTJx358P5nLfmnGzmGC3A+foFsD2fmg==</latexit>

Jn is a mode of the bosonic U(1) current, 

topological sectors 

<latexit sha1_base64="LHg9gF/5myjuy3+oTYAj5paq3SA="></latexit>

q =
�

p
+ Z

<latexit sha1_base64="PNfc+13uSg7xM5PqKggZDL3evcE=">AAACKHicbVDLSgNBEJz1GeMrKp68DAbBQwy7ItGDQsCLxwjmAUkIs7MdHTK7s8z0KmHJx3iNP+NNcvU7PDh5HExiQUNR1U13lx9LYdB1R87K6tr6xmZmK7u9s7u3nzs4rBmVaA5VrqTSDZ8ZkCKCKgqU0Ig1sNCXUPd792O//graCBU9YT+GdsieI9EVnKGVOrnjVgASGb2jbqElA4WmEF94nVzeLboT0GXizUiezFDp5H5ageJJCBFyyYxpem6M7ZRpFFzCINtKDMSM99gzNC2NWAimnU7OH9AzqwS0q7StCOlE/TuRstCYfujbzpDhi1n0xuJ/XjPB7k07FVGcIER8uqibSIqKjrOggdDAUfYtYVwLeyvlL0wzjjaxuS2+Zj3AuT/SMJEotHobZG1c3mI4y6R2WfRKxdLjVb58OwsuQ07IKTknHrkmZfJAKqRKOEnJOxmSD2fofDpfzmjauuLMZo7IHJzvX4kFpiM=</latexit>

� = 0, . . . , p� 1

with

(per corrected Li-Haldane)

(central charge                  for Laughlin)
<latexit sha1_base64="Y8rRdkp8Db13vZKgaP1hwJdLScw=">AAACFnicbVA9SwNBEN3zM8avqKXNYhCswp1ItFAI2FhG8JJAcoS9zV6yZHfv2J1TwpHfYBv/jJ3Y2vpfLNwkV5jEBwOP92aYmRcmghtw3W9nbX1jc2u7sFPc3ds/OCwdHTdMnGrKfBqLWLdCYpjgivnAQbBWohmRoWDNcHg/9ZvPTBseqycYJSyQpK94xCkBK/kU32GvWyq7FXcGvEq8nJRRjnq39NPpxTSVTAEVxJi25yYQZEQDp4KNi53UsITQIemztqWKSGaCbHbsGJ9bpYejWNtSgGfq34mMSGNGMrSdksDALHtT8T+vnUJ0E2RcJSkwReeLolRgiPH0c9zjmlEQI0sI1dzeiumAaELB5rOwJdRkyGDhj0ymAriOX8ZFG5e3HM4qaVxWvGql+nhVrt3mwRXQKTpDF8hD16iGHlAd+Ygijl7RBL05E+fd+XA+561rTj5zghbgfP0C8eKfqA==</latexit>

c = 1

<latexit sha1_base64="bJl1qYldUcyhdGHseoNZ7MPAJZA="></latexit>

L0 =
1

2
J2
0 +

X

n>0

J�nJn



MPS on the cylinder for the FQHE

FQHE states are interacting, so this demands a more 
sophisticated numerical approach: MPS

<latexit sha1_base64="bDfsgMLEbXVExennHGJR4CAy38U="></latexit>

| i =
X

{mi}

h↵L|A[m1] · · ·A[mNorb
] |↵Ri |m1, . . . ,mNorbi

<latexit sha1_base64="EhU1vX5XqRsKqfma0kg6ahAKcXQ=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoIUFiY0lJh6QwIXsLXuwYXfvsjunIRd+gy3+GTtja+t/sXCBKwR8ySQv781kZl6YCG7Adb+dwsbm1vZOcbe0t39weFQ+PmmaONWU+TQWsW6HxDDBFfOBg2DtRDMiQ8Fa4eh+5reemTY8Vk8wTlggyUDxiFMCVvI7sseDXrniVt058DrxclJBORq98k+3H9NUMgVUEGM6nptAkBENnAo2KXVTwxJCR2TAOpYqIpkJsvmxE3xhlT6OYm1LAZ6rfycyIo0Zy9B2SgJDs+rNxP+8TgrRbZBxlaTAFF0silKBIcazz3Gfa0ZBjC0hVHN7K6ZDogkFm8/SllCTEYOlPzKZCuA6fpmUbFzeajjrpHlV9WrV2uN1pX6XB1dEZ+gcXSIP3aA6ekAN5COKOHpFU/TmTJ1358P5XLQWnHzmFC3B+foFZNyghA==</latexit>

[mi]Physical indices         correspond to orbital occupation.
Auxiliary indices range from 1 to .
The auxiliary space is the Hilbert space of the edge CFT.
The truncation is at conformal weight  .

<latexit sha1_base64="Ut6MeoFce0soCJdlY8CxcvoNV0Q=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe5EooVFwMYygvmA5Ah7m71kyd7usTunhCN/wTb+GTuxtfa/WLiXXGESHww83pthZl4QC27Adb+dwsbm1vZOcbe0t39weFQ+PmkZlWjKmlQJpTsBMUxwyZrAQbBOrBmJAsHawfg+89vPTBuu5BNMYuZHZCh5yCmBTOrREe+XK27VnQOvEy8nFZSj0S//9AaKJhGTQAUxpuu5Mfgp0cCpYNNSLzEsJnRMhqxrqSQRM346v3WKL6wywKHStiTgufp3IiWRMZMosJ0RgZFZ9TLxP6+bQHjrp1zGCTBJF4vCRGBQOHscD7hmFMTEEkI1t7diOiKaULDxLG0JNBkzWPojjRIBXKuXacnG5a2Gs05aV1WvVq09Xlfqd3lwRXSGztEl8tANqqMH1EBNRNEIvaIZenNmzrvz4XwuWgtOPnOKluB8/QKh66Ad</latexit>�

<latexit sha1_base64="SL97i8b3fdH8xytP80yZRD+RcL0=">AAACGXicbVA9SwNBEN3zM8avqKXNYhCswp1ItLAI2FhGMB+QHGFvs5cs2d07dufUcNyfsI1/xk5srfwvFm6SK0zig4HHezPMzAtiwQ247reztr6xubVd2Cnu7u0fHJaOjpsmSjRlDRqJSLcDYpjgijWAg2DtWDMiA8Fawehu6reemDY8Uo8wjpkvyUDxkFMCVmrXe2lXkpesVyq7FXcGvEq8nJRRjnqv9NPtRzSRTAEVxJiO58bgp0QDp4JlxW5iWEzoiAxYx1JFJDN+Ors3w+dW6eMw0rYU4Jn6dyIl0pixDGynJDA0y95U/M/rJBDe+ClXcQJM0fmiMBEYIjx9Hve5ZhTE2BJCNbe3YjokmlCwES1sCTQZMVj4I5WJAK6j56xo4/KWw1klzcuKV61UH67Ktds8uAI6RWfoAnnoGtXQPaqjBqJIoFc0QW/OxHl3PpzPeeuak8+coAU4X78jwaH+</latexit>

Pmax

<latexit sha1_base64="mt1APdxBY6qxVbIzSAHORbKft7o=">AAACJXicbVA9SwNBEN3z2/gVtbRZDIJVuBNRCwvFxjKi+YDcEfY2E7Nk9+7YndOEI3/FNv4ZOxGs/CMWbpIrjPHBwOO9GWbmhYkUBl3301lYXFpeWV1bL2xsbm3vFHf3aiZONYcqj2WsGyEzIEUEVRQooZFoYCqUUA97N2O//gTaiDh6wEECgWKPkegIztBKreKez7uC+kYo6kM/ofet61ax5JbdCeg88XJSIjkqreK33455qiBCLpkxTc9NMMiYRsElDAt+aiBhvMceoWlpxBSYIJvcPqRHVmnTTqxtRUgn6u+JjCljBiq0nYph1/z1xuJ/XjPFzkWQiShJESI+XdRJJcWYjoOgbaGBoxxYwrgW9lbKu0wzjjaumS2hZj3AmT8ylUoUOn4eFmxc3t9w5kntpOydlc/uTktXl3lwa+SAHJJj4pFzckVuSYVUCSd98kJG5NUZOW/Ou/MxbV1w8pl9MgPn6wciA6V7</latexit>

� ⇠ expSAIn general,

Zaletel, Mong (2012)



Bosonic Laughlin state (        ) MPS results 

B. Oblak, N. Regnault, and B. Estienne, PRB (2021)

FCS

<latexit sha1_base64="NLIQrp2vHl2MIpVUIdinNQbGNGU="></latexit>

bZn(↵) ⇠ p
n�1

2 e! L(an+ bn! 2+ cn! 4)+ O(L! 6)

<latexit sha1_base64="OUxWrK0gJFmi3kC9VK/O9Pttep0=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzGxInfEoIUmJDaWmHhAAheytyywYff2sjunIRd+gy3+GTtja+t/sXCBKwR8ySQv781kZl4YC27Adb+d3Mbm1vZOfrewt39weFQ8PmkYlWjKfKqE0q2QGCZ4xHzgIFgr1ozIULBmOLqf+c1npg1X0ROMYxZIMoh4n1MCVvJjfIcr3WLJLbtz4HXiZaSEMtS7xZ9OT9FEsgioIMa0PTeGICUaOBVsUugkhsWEjsiAtS2NiGQmSOfHTvCFVXq4r7StCPBc/TuREmnMWIa2UxIYmlVvJv7ntRPo3wQpj+IEWEQXi/qJwKDw7HPc45pREGNLCNXc3orpkGhCweaztCXUZMRg6Y9UJgK4Vi+Tgo3LWw1nnTQqZa9arj5elWq3WXB5dIbO0SXy0DWqoQdURz6iiKNXNEVvztR5dz6cz0VrzslmTtESnK9fCamftg==</latexit>

p = 2
analogous to IQHE, though now 
params. not known analytically

<latexit sha1_base64="VxURVdVWsQoehd92S5Agc/WdgFk=">AAACL3icbVA9SwNBEN3z2/gVtdRiMQixiXdB1EIhYGOpYFTIHWFvM5cs2fvI7pwSjjT+Gtv4Z8RGbP0PFm7iFSb6YODx3gwz8/xECo22/WbNzM7NLywuLRdWVtfWN4qbW7c6ThWHOo9lrO59pkGKCOooUMJ9ooCFvoQ7v3sx8u8eQGkRRzfYT8ALWTsSgeAMjdQs7roSAiy7KGQLst6AntPeYdVVot3Bg2axZFfsMehf4uSkRHJcNYtfbivmaQgRcsm0bjh2gl7GFAouYVBwUw0J413WhoahEQtBe9n4iwHdN0qLBrEyFSEdq78nMhZq3Q990xky7OhpbyT+5zVSDE69TERJihDxn0VBKinGdBQJbQkFHGXfEMaVMLdS3mGKcTTBTWzxFesCTvyRhalEoeLHQcHE5UyH85fcVivOceX4+qhUO8uDWyI7ZI+UiUNOSI1ckitSJ5w8kWcyJC/W0Hq13q2Pn9YZK5/ZJhOwPr8BRS2ppg==</latexit>

(÷q = q/2)

<latexit sha1_base64="WuFfwU/vTKWvUE7g/vhYJE54q8A="></latexit>

pq !
e! q2

2! 2

"
2!" 2

, " 2 =
L

2! pv

<latexit sha1_base64="5y1FqDV3hHNi/fBQWVvkgY+ScEQ=">AAACHXicbVBNS8NAEN34WetX1aOXxSLUS0ikVA8KBS8eK9gPaEPZbDft0s0m7E4qJfRveK1/xpt4Ff+LB7dtDrb1wcDjvRlm5vmx4Boc59va2Nza3tnN7eX3Dw6Pjgsnpw0dJYqyOo1EpFo+0UxwyerAQbBWrBgJfcGa/vBh5jdHTGkeyWcYx8wLSV/ygFMCRuqM8D12bLdcLrlX3ULRsZ058DpxM1JEGWrdwk+nF9EkZBKoIFq3XScGLyUKOBVsku8kmsWEDkmftQ2VJGTaS+c3T/ClUXo4iJQpCXiu/p1ISaj1OPRNZ0hgoFe9mfif104guPVSLuMEmKSLRUEiMER4FgDuccUoiLEhhCpubsV0QBShYGJa2uIrMmSw9EcaJgK4il4meROXuxrOOmlc227FrjyVi9W7LLgcOkcXqIRcdIOq6BHVUB1RFKNXNEVv1tR6tz6sz0XrhpXNnKElWF+/SPOhSQ==</latexit>

v = 0 .144(1)

assuming Li-
Haldane,
can extract 
from fits that

<latexit sha1_base64="+l4cmnclfJS7Yt3LCyZo7CKUNj8="></latexit>

Sn (q) ! Sn +
1
2

logL " An ! Bn
q2

L
+ Cn

q4

L 3



Bosonic Moore-Read (MR) state at ν = 1: CFT
In addition to the bosonic U(1) current      , we also have a real fermion      .    

3 topological sectors: two Abelian (vacuum and ψ) and one non-Abelian (σ). 

G. Moore, N. Read, Nucl. Phys. B (1991)

<latexit sha1_base64="NlvWkuQp5UjTsapcUiWrOgCb0Vc="></latexit>

HCFT =
2! v
L

!
L 0 !

c
24

"
=

! v!

L
(JJ )0 !

! v"

L
("#" )0 , where                  .

<latexit sha1_base64="nMo1+g0UdW6A+9uCUWY8iLNunH4=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU02qVA8KBS8eK9gPaEPZbDftkt0k7E6UEvojvNY/4028evO/eHDb5mBbHww83pthZp4XC67Btr+t3Nr6xuZWfruws7u3f1A8PGrqKFGUNWgkItX2iGaCh6wBHARrx4oR6QnW8oL7qd96ZkrzKHyCUcxcSQYh9zklYKQWxXf48qLSK5bssj0DXiVORkooQ71X/On2I5pIFgIVROuOY8fgpkQBp4KNC91Es5jQgAxYx9CQSKbddHbuGJ8ZpY/9SJkKAc/UvxMpkVqPpGc6JYGhXvam4n9eJwH/xk15GCfAQjpf5CcCQ4Snv+M+V4yCGBlCqOLmVkyHRBEKJqGFLZ4iAYOFP1KZCOAqehkXTFzOcjirpFkpO9Vy9fGqVLvNgsujE3SKzpGDrlENPaA6aiCKAvSKJujNmljv1of1OW/NWdnMMVqA9fUL5L6gHw==</latexit>

c = 3 / 2

We can write down U(1)-charged moments for the non-Abelian sector and 
for fixed (even and odd) fermionic parity in the Abelian sectors:

<latexit sha1_base64="9GXfgNeyKkVnOyXh4Uh42whuPGw="></latexit>

!Zn,a (! ) ! p
n ! 1

2
a e! L (an,a + bn,a ! 2 + cn,a ! 4 )+ O(L ! 6 )

prefactor depends on Abelian or non-Abelian sector

, analogous to Laughlin and IQHE

(         and           are the boson and 
fermion velocities, respectively)

<latexit sha1_base64="nS/hHwnDp48ZGK7DgiODBjhn5iM=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBYhV0LtbAICGIjRDQPSZYwO5lNhszMLjN3I2HJV9jGn7ETWxu/wh+wcPIoTOKBC4dz7uXee4JYcAOu++VkVlbX1jeym7mt7Z3dvfz+QdVEiaasQiMR6XpADBNcsQpwEKwea0ZkIFgt6F2P/VqfacMj9QiDmPmSdBQPOSVgpad+q9knOu7yVr7gFt0J8DLxZqRQwncP3z3/ptzK/zTbEU0kU0AFMabhuTH4KdHAqWDDXDMxLCa0RzqsYakikhk/nRw8xCdWaeMw0rYU4In6dyIl0piBDGynJNA1i95Y/M9rJBBe+ilXcQJM0emiMBEYIjz+Hre5ZhTEwBJCNbe3YtolmlCwGc1tCTTpMZj7I5WJAK6j52HOxuUthrNMqmdF77x4fu8VSldoiiw6QsfoFHnoApXQLSqjCqJIohc0Qq/OyHlz3p2PaWvGmc0cojk4n7+No6V0</latexit>v!
<latexit sha1_base64="6tG9p09Ffgy1bwDW268mbQ85YPQ=">AAACF3icbVC7SgNBFJ2NrxhfUUubwSBYhV0LtbAICGIjRDQPSJYwO5lNxszMLjN3I2HJP9jGn7ETW0u/wh+wcPIoTOKBC4dz7uXee4JYcAOu++VkVlbX1jeym7mt7Z3dvfz+QdVEiaasQiMR6XpADBNcsQpwEKwea0ZkIFgt6F2P/VqfacMj9QiDmPmSdBQPOSVgpWq/1YwNb+ULbtGdAC8Tb0YKJXz38N3zb8qt/E+zHdFEMgVUEGManhuDnxINnAo2zDUTw2JCe6TDGpYqIpnx08m1Q3xilTYOI21LAZ6ofydSIo0ZyMB2SgJds+iNxf+8RgLhpZ9yFSfAFJ0uChOBIcLj13Gba0ZBDCwhVHN7K6ZdogkFG9DclkCTHoO5P1KZCOA6eh7mbFzeYjjLpHpW9M6L5/deoXSFpsiiI3SMTpGHLlAJ3aIyqiCKntALGqFXZ+S8Oe/Ox7Q148xmDtEcnM9f/1SkGA==</latexit>v!

<latexit sha1_base64="1vN+IjggK0dB8XK5zj5xTQYbC4c=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi3hqwX5AG8pmO2mX7iZhd6KU0F/gtf4Zb+LVP+B/8eC2zcG2Phh4vDfDzDw/Flyj43xbuY3Nre2d/G5hb//g8Kh4fNLUUaIYNFgkItX2qQbBQ2ggRwHtWAGVvoCWP7qf+a1nUJpH4ROOY/AkHYQ84IyikeqPvWLJKTtz2OvEzUiJZKj1ij/dfsQSCSEyQbXuuE6MXkoVciZgUugmGmLKRnQAHUNDKkF76fzQiX1hlL4dRMpUiPZc/TuRUqn1WPqmU1Ic6lVvJv7ndRIMbr2Uh3GCELLFoiARNkb27Gu7zxUwFGNDKFPc3GqzIVWUoclmaYuv6Ahw6Y9UJgK5il4mBROXuxrOOmleld1KuVK/LlXvsuDy5Iyck0vikhtSJQ+kRhqEESCvZErerKn1bn1Yn4vWnJXNnJIlWF+/DpWevw==</latexit>

J
<latexit sha1_base64="Ez8tgqSFWEiY4UPwR2Ug+9a5yWI=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgFe5EomXQxjKC+YDkCHubvWTJ3u6xO6eEI3/BNv4ZO7G19r9YuJdcYRIfDDzem2FmXhALbsB1v53CxubW9k5xt7S3f3B4VD4+aRmVaMqaVAmlOwExTHDJmsBBsE6sGYkCwdrB+D7z289MG67kE0xi5kdkKHnIKYFM6sWG98sVt+rOgdeJl5MKytHol396A0WTiEmgghjT9dwY/JRo4FSwaamXGBYTOiZD1rVUkogZP53fOsUXVhngUGlbEvBc/TuRksiYSRTYzojAyKx6mfif100gvPVTLuMEmKSLRWEiMCicPY4HXDMKYmIJoZrbWzEdEU0o2HiWtgSajBks/ZFGiQCu1cu0ZOPyVsNZJ62rqler1h6vK/W7PLgiOkPn6BJ56AbV0QNqoCaiaIRe0Qy9OTPn3flwPhetBSefOUVLcL5+AcwuoDs=</latexit>

!



Bosonic MR state: FCS and SREE from MPS

MJA, V. Crépel, N. Regnault, B. Estienne (in prep.)

Fit for small 
<latexit sha1_base64="GpmIkIBox7zBOTTU9MQztc0yPJI=">AAACG3icbVA9SwNBEN2L3/ErammzGASrcCchWlgINpYRjIrJEfY2c8mSvb3L7pwSzvwL2/hn7MTWwv9i4SZeYaIPBh7vzTAzL0ikMOi6n05hYXFpeWV1rbi+sbm1XdrZvTFxqjk0eCxjfRcwA1IoaKBACXeJBhYFEm6D/sXEv30AbUSsrnGYgB+xrhKh4AytdP80eKItCQNabZfKbsWdgv4lXk7KJEe9XfpqdWKeRqCQS2ZM03MT9DOmUXAJo2IrNZAw3mddaFqqWATGz6YXj+ihVTo0jLUthXSq/p7IWGTMMApsZ8SwZ+a9ifif10wxPPUzoZIUQfGfRWEqKcZ08j7tCA0c5dASxrWwt1LeY5pxtCHNbAk06wPO/JFFqUSh48dR0cblzYfzl9wcV7xapXZVLZ+f5cGtkn1yQI6IR07IObkkddIgnCjyTMbkxRk7r86b8/7TWnDymT0yA+fjG8jqokQ=</latexit>

|q| ! 4

<latexit sha1_base64="nSwgUox1cvHSV6hlGWDcfxCMDao="></latexit>

pq,vacuum + pq,!

2
=

pq,even + pq,odd

2
! pq," !

e! q2

2! 2

"
2!" 2

<latexit sha1_base64="q8gtCLuAi1fHnHjP0aAqCSaojC0="></latexit>

! 2 =
L

2" v!

can extract from fits

We expect equipartition in the thermodynamic limit!

<latexit sha1_base64="cLJonelUkO3tc30h+tf7eS65mFU="></latexit>

Sn,a (q) ! Sn,a +
1
2

logL " An,a ! Bn,a
q2

L
+ Cn,a

q4

L 3

<latexit sha1_base64="qrb6iJ9o+oGAXg4FIz3htsRSuEA=">AAACKXicbZDLSgMxFIYzXmu9VQU3boJFcFVmRLyAC8GNywpWhc5QzqSpDc1MQnKmWsa+jNv6Mu7Ura/hwvSysOoPgZ//nMM5+WIthUXff/dmZufmFxYLS8XlldW19dLG5o1VmWG8xpRU5i4Gy6VIeQ0FSn6nDYcklvw27lwM67ddbqxQ6TX2NI8SuE9FSzBAFzVK291G2AWj24KGoLVRj/SgEpw2SmW/4o9E/5pgYspkomqj9BU2FcsSniKTYG098DVGORgUTPJ+Mcws18A6cM/rzqaQcBvlo/v7dM8lTdpSxr0U6Sj9OZFDYm0viV1nAti2v2vD8L9aPcPWSZSLVGfIUzZe1MokRUWHMGhTGM5Q9pwBZoS7lbI2GGDokE1tiQ10OE79I08yicKoh37R4Qp+w/lrbhzZo8rR1WH5/GwCrkB2yC7ZJwE5JufkklRJjTDyRJ7JgLx4A+/Ve/M+xq0z3mRmi0zJ+/wGcLSnLQ==</latexit>

v! ! 2.19

(not fully 
accounting
for corrections to 
Li-Haldane) 

square = σ
dot = vacuum/ψ avg.



Bosonic MR state: synthetic ES

MJA, V. Crépel, N. Regnault, B. Estienne (in prep.)

<latexit sha1_base64="qXeV8Ard8dYPKkGBBaZSyKbSw8Y="></latexit>

HA =
!!

i =0

gi

" L

0
! i (y)dy

We approximate with operators of                 :

can be fit by minimizing the weighted sum of 
squares of differences with the ES from MPS.

<latexit sha1_base64="GiquY4g0TaMkeJoo6r5R0BGR2uQ="></latexit>

i ! i ! i (y)
0 2 (JJ )(y)
1 2 ! ("#" )(y)
2 4 (#J #J )(y)
3 4 ! (#"# 2" )(y)
4 4 ((JJ )(JJ ))( y)
5 4 ! ((JJ )( "#" ))( y)

<latexit sha1_base64="7iU8WpTaSR06NwpDpZQ0QOTa8v8=">AAACFHicbVA9SwNBEN3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs3dZsrt37M4p4chPsI1/xk5s7f0vFm6SK0zig4HHezPMzAsSwQ247reztr6xubVd2Cnu7u0fHJaOjpsmTjVlDRqLWLcDYpjgijWAg2DtRDMiA8FawfBu6reemTY8Vk8wSpgvSaR4yCkBKz1GPd4rld2KOwNeJV5OyihHvVf66fZjmkqmgApiTMdzE/AzooFTwcbFbmpYQuiQRKxjqSKSGT+bnTrG51bp4zDWthTgmfp3IiPSmJEMbKckMDDL3lT8z+ukEN74GVdJCkzR+aIwFRhiPP0b97lmFMTIEkI1t7diOiCaULDpLGwJNBkyWPgjk6kAruOXcdHG5S2Hs0qalxWvWqk+XJVrt3lwBXSKztAF8tA1qqF7VEcNRFGEXtEEvTkT5935cD7nrWtOPnOCFuB8/QLYx5+y</latexit>gi

<latexit sha1_base64="TnbFQm0Ibd09FIxn0ZOWhgOmXdw=">AAACH3icbVDLTgJBEJzFF+IL9ehlIzHxRHaNQQ8eSEgMR0x4JbCS2aGBCbOPzPSqZLP/4RV/xpvxyr94cIA9CFhJJ5Wq7nR3uaHgCi1rZmS2tnd297L7uYPDo+OT/OlZUwWRZNBggQhk26UKBPehgRwFtEMJ1HMFtNxxZe63XkAqHvh1nITgeHTo8wFnFLX0XO3FXYQ3jCuP9STp5QtW0VrA3CR2SgokRa2X/+n2AxZ54CMTVKmObYXoxFQiZwKSXDdSEFI2pkPoaOpTD5QTL65OzCut9M1BIHX5aC7UvxMx9ZSaeK7u9CiO1Lo3F//zOhEO7p2Y+2GE4LPlokEkTAzMeQRmn0tgKCaaUCa5vtVkIyopQx3UyhZX0jHgyh+xFwnkMnhNcjouez2cTdK8KdqlYunptlB+SIPLkgtySa6JTe5ImVRJjTQII5K8kyn5MKbGp/FlfC9bM0Y6c05WYMx+AfdMpIY=</latexit>

HCFT

<latexit sha1_base64="sQTatiBygWQmOaU1auG8tW4Jmds=">AAACInicbVDJSgNBEO2JW4xLoh69NAbBU5iRED14COjBYwSzQBKGnk5N0qRnsbtGCUO+xGv8GW/iSfBTPNhZDibxQcHjvSqq6nmxFBpt+8vKbGxube9kd3N7+weH+cLRcUNHieJQ55GMVMtjGqQIoY4CJbRiBSzwJDS94e3Ubz6D0iIKH3EUQzdg/VD4gjM0klvId+5AInMF7Uh4omW3ULRL9gx0nTgLUiQL1NzCT6cX8SSAELlkWrcdO8ZuyhQKLmGc6yQaYsaHrA9tQ0MWgO6ms8PH9NwoPepHylSIdKb+nUhZoPUo8ExnwHCgV72p+J/XTtC/7qYijBOEkM8X+YmkGNFpCrQnFHCUI0MYV8LcSvmAKcbRZLW0xVNsCLj0RxokEoWKXsY5E5ezGs46aVyWnEqp8lAuVm8WwWXJKTkjF8QhV6RK7kmN1AknCXklE/JmTax368P6nLdmrMXMCVmC9f0L1yekTA==</latexit>

! i ! 4

<latexit sha1_base64="8KdDdYddDK5C5n+dCaRMbMKWt84="></latexit>

Fit coe! cients
g0 g1 g2 g3 g4 g5

1.95318 1.14884 2.36093 1.11988 0.313558 1.50018

This gives         and        accounting for Li-Haldane corrections! 
<latexit sha1_base64="0skjwHWeci3qzDMa1GP9Ty/Hg50=">AAACGnicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoIUFiY0lJvJh4EL2lj3YsHt72Z3DkAu/whb/jJ2xtfG/WLjAFQK+ZJKX92YyMy+IBTfgut9ObmNza3snv1vY2z84PCoenzSMSjRldaqE0q2AGCZ4xOrAQbBWrBmRgWDNYHg/85sjpg1X0ROMY+ZL0o94yCkBKz2Pup0R0fGAd4slt+zOgdeJl5ESylDrFn86PUUTySKgghjT9twY/JRo4FSwSaGTGBYTOiR91rY0IpIZP50fPMEXVunhUGlbEeC5+nciJdKYsQxspyQwMKveTPzPaycQ3vopj+IEWEQXi8JEYFB49j3ucc0oiLElhGpub8V0QDShYDNa2hJoMmSw9EcqEwFcq5dJwcblrYazThpXZa9Srjxel6p3WXB5dIbO0SXy0A2qogdUQ3VEkUSvaIrenKnz7nw4n4vWnJPNnKIlOF+/DIeieg==</latexit>v!

<latexit sha1_base64="LV7s1f/AB+d4A/ynPVdkAiE+6GQ=">AAACF3icbVC7TgJBFJ3FF+ILtbTZSEysyK4xaGFBYmOJiTwS2JDZYRZG5rGZuYshG/7BFn/Gztha+i8WDrCFgCe5yck59+bee8KYMwOe9+3kNja3tnfyu4W9/YPDo+LxScOoRBNaJ4or3QqxoZxJWgcGnLZiTbEIOW2Gw/uZ3xxRbZiSTzCOaSBwX7KIEQxWaoy6ndiwbrHklb053HXiZ6SEMtS6xZ9OT5FEUAmEY2PavhdDkGINjHA6KXQSQ2NMhrhP25ZKLKgJ0vm1E/fCKj03UtqWBHeu/p1IsTBmLELbKTAMzKo3E//z2glEt0HKZJwAlWSxKEq4C8qdve72mKYE+NgSTDSzt7pkgDUmYANa2hJqPKSw9EcqEg5Mq5dJwcblr4azThpXZb9Srjxel6p3WXB5dIbO0SXy0Q2qogdUQ3VE0DN6RVP05kydd+fD+Vy05pxs5hQtwfn6BX44oR4=</latexit>v!

Can calculate topological EE, FCS, SREE, …

MPS 
Fit

(cf.                             from FCS)
<latexit sha1_base64="KIdMDIuMgiGCKGSidamKM7hxnJc=">AAACKXicbZDLSgMxFIYzXmu9VQU3boJFcFVmRLzsRDcuK1gVOkM5k6Y2NDMJyZlqGfsybuvLuFO3voYL08vCqj8Efv5zDufki7UUFn3/3ZuZnZtfWCwsFZdXVtfWSxubN1ZlhvEaU1KZuxgslyLlNRQo+Z02HJJY8tu4czGs33a5sUKl19jTPErgPhUtwQBd1ChtdxthF4xuCxqC1kY90oNKcNoolf2KPxL9a4KJKZOJqo3SV9hULEt4ikyCtfXA1xjlYFAwyfvFMLNcA+vAPa87m0LCbZSP7u/TPZc0aUsZ91Kko/TnRA6Jtb0kdp0JYNv+rg3D/2r1DFsnUS5SnSFP2XhRK5MUFR3CoE1hOEPZcwaYEe5WytpggKFDNrUlNtDhOPWPPMkkCqMe+kWHK/gN56+5cWSPKkdXh+Wz8wm4Atkhu2SfBOSYnJFLUiU1wsgTeSYD8uINvFfvzfsYt854k5ktMiXv8xtygqcz</latexit>

v! ! 2.19



Conclusions

! The Li-Haldane correspondence and entanglement equipartition 
are powerful principles, and their corrections help us understand 
the structure of entanglement

! The quantum Hall states provide an excellent platform for 
exploration of symmetry-resolved entanglement

! IQHE, Laughlin, and bosonic Moore-Read all satisfy entanglement 
equipartition!

! Outlook:
! Can any QH state violate entanglement equipartition?


