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Abstract: We demonstrate that 1+1D conforma symmetry emerges in critical spin chains by constructing a lattice ansatz Hn for (certain
combinations of) the Virasoro generators Ln. The generators Hn offer a new way of extracting conformal data from the low energy eigenstates of
the lattice Hamiltonian on afinite circle. In particular, for each energy eigenstate, we can now identify which Virasoro tower it belongsto, as well as
determine whether it isaVirasoro primary or a descendant (and similarly for global conformal towers and global conformal primaries/descendants).
The central charge is obtained from a simple ground-state expectation value. Non-universal, finite-size corrections are the main source of error. We
propose and demonstrate the use of periodic Matrix Product States, together with an improved ground state solver, to reach larger system sizes. We
uncover that, importantly, the MPS single-particle excitation ansatz accurately describes all low energy excited states.
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critical spin chains
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mode expansion of hamiltonian density

CFT spin chain

Hi= %% /U dz (T(z) + T(z))
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mode expansion of hamiltonian density

CFT spin chain
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mode expansion of hamiltonian density
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mode expansion of hamiltonian density
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mode expansion of hamiltonian density
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mode expansion of hamiltonian density

CFT spin chain

N
I L -
H = o ./U dz (T(z) + T(z)) H = JZ; i

T(x)+ T(x) =27 T L B 1 . com
(@) +T(@) =2r ) 3 . oI I
£ Nn
TL
l -.L . 27 / ’ .
H, = o diee it ('f['(.‘f.‘) + T(:!T))
< JO
N
our proposal n =1 € L
g=1

Pirsa: 17040033 Page 17/109



N e —— —
1 L 2 } v ® @ o @
= —" — < s o o 8
N =14 | .
. he :
=y s = 0 | 3 1
N = 64

£ & ¢ & 5 s

Matrix Product States on the circle
to reach larger systems

Pirsa: 17040033 Page 18/109



N e 1 —
1 L 2 } v ® @ o @
= —" — < s o o 8
N =14 | .
. he .
=4 =9 ) = 0 | 3 1
N = 64

£ & ¢ & = s

Matrix Product States on the circle
to reach larger systems

Pirsa: 17040033 Page 19/109



outline

emergence of 2D conformal symmetry
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outline

emergence of 2D conformal symmetry

extracting conformal data using H,
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conformal symmetry in 141D
emergence on the lattice
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critical many-body systems
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extracting conformal data: the spectrum
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Conformal towers: Ising CFT

14 - ® ® ] ® ® - Ca:

1
7

primary field A s symbol

identity 0 0 [

| o 1 ,
spin 5 0 o
e energy density | 0 ¢
T T T T T T T T
. — 9 — 2 : |

ladder operators
L?’L? L’n,
\ 4

conformal towers

Pirsa: 17040033 Page 33/109



ladder operators (Virasoro generators)
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ladder operators (Virasoro generators)
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ladder operators (Virasoro generators)
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ladder operators (Virasoro generators)
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Ising CFT: energy-momentum tensor
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Ising CFT: identity tower
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lattice ladder operators

in critical spin chains




mode expansion of hamiltonian density

CFT spin chain

N
I L -
H = o ./U dz (T(z) + T(z)) H = JZ; i

T(x)+ T(x) =27 T L B 1 . com
(@) +T(@) =2r ) 3 . oI I
£ Nn
TL
l -.L . 27 / ’ .
H, = o diee it ('f['(.‘f.‘) + T(:!T))
< JO
N
our proposal n =1 € L
g=1

Pirsa: 17040033 Page 44/109



mode expansion of hamiltonian density
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Ising spin chain energy eigenstates
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Ising spin chain: primary states

Hla) = E,|a)

primary states cannot be lowered (up to finite-size corrections)

(B|H1 + H_-1 + Hy + H_s|a)
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Ising spin chain: conformal towers
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Ising spin chain: conformal towers
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Ising spin chain: normalization
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Ising spin chain: conformal towers
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Ising spin chain: conformal towers
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Ising spin chain: central charge
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Ising spin chain: central charge
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Ising spin chain: central charge
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Ising spin chain: central charge
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3-state Potts spin chain: spectrum
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3-state Potts spin chain: towers
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3-state Potts spin chain: finite-size scaling
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3-state Potts spin chain: central charge
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checkpoint!

Hamiltonian mode expansion acts as conformal generator on
finite spin chains

Pirsa: 17040033 Page 73/109



checkpoint!

Hamiltonian mode expansion acts as conformal generator on
finite spin chains
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we can identify energy eigenstates L1
with conformal fields without any | *
assumptions about the CFT 5

Pirsa: 17040033 Page 74/109



checkpoint!

Hamiltonian mode expansion acts as conformal generator on
finite spin chains

H

we can identify energy eigenstates L1
with conformal fields without any | [ *
assumptions about the CFT 5

0 [

e 0N g

||||||

we can estimate the central
charge from ground state
expectation values

::::::

Pirsa: 17040033 Page 75/109



checkpoint!

Hamiltonian mode expansion acts as conformal generator on
finite spin chains
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MPS on the circle
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White, Phys. Rev. Lett. 69 2863 (1992)

Verstraete, Porras, and Cirac, Phys. Rev. Lett. 93 227205 (2004)
Pippan, White, and Evertz, Phys. Rev. B 81, 081103 (2010)
Pirvu, Verstraete, and Vidal, Phys. Rev. B. 83 125104 (2011)

excited states

Rommer and Ostlund, Phys. Rev. B 55, 2164 (1997)
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MPS on the circle
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MPS

extracting conformal data

finite MPS with OBC

usual finite-size-scaling techniques apply

infinite MPS (finite entanglement scaling)
Tagliacozzo, de Oliveira, Iblisdir, and Latorre, Phys. Rev. B 78 024410 (2008)
Pirvu, Vidal, Verstraete, and Tagliacozzo, Phys. Rev. B 86, 075117 (2012)

Stojevic, Haegeman, McCulloch, Tagliacozzo and Verstraete,
Phys. Rev. B 91 035120 (2015)
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MPS on the circle

scaling dimensions of the Ising model
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MPS on the circle

scaling dimensions of the Ising model
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MPS on the circle

scaling dimensions of the Ising model

A, =10.125 Ay = CFT result

_ _ MPS on the circle (FSS):
A, =0.124998 A, = 0.999987 <36 N < el

: _ , from infinite MPS: y < 64
Ay = 001246 A =0.998  stojevic et al., Phys. Rev. B 91 035120 (2015)
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MPS on the circle

conformal data with H,,
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MPS on the circle
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MPS on the circle
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Matrix Product States on the circle
local gradient descent
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“gauge” freedom
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ground states via /local gradient descent

(i

L

e
A

work in “center gauge”
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ground states via /local gradient descent

’a (7\-5 A, Td_c- Arg Ac Ae AE )

work in “center gauge”
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ground states via /local gradient descent
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ground states via /local gradient descent
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ground states via /local gradient descent

‘A_f'_
e . / 1_‘_1. ,
/ = c ~ 66 /\E
“_ﬁC,)’ *E} x FL!—,' ™ "“Af; I
f_% time cost
O(Nx°)
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conclusions

Hamiltonian mode expansion acts as conformal generator on
finite spin chains
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conclusions

Hamiltonian mode expansion acts as conformal generator on
finite spin chains i

we can identify energy eigenstates
with conformal fields without any
assumptions about the CFT s

<3 . 4 o :

rrrrrrr
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conclusions

Hamiltonian mode expansion acts as conformal generator on
finite spin chains o

we can identify energy eigenstates t=
with conformal fields without any /|7 *
assumptions about the CFT 3
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we can estimate the central
' charge from ground state
expectation values
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conclusions

Hamiltonian mode expansion acts as conformal generator on
finite spin chains i

we can identify energy eigenstates
with conformal fields without any
assumptions about the CFT s

<3 . 4 o :

rrrrrrr

||||||

we can estimate the central
e charge from ground state
expectation values

' '
0010 0015 0020
1/N?

our identification method is independent of
diagonalization technique

and MPS on the circle are a great choice!
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