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2D Toric Code

Z A e Square lattice with periodic boundary
~E——£ condition
z B
1 bit h edge
. N
| A | Qubits on eac g

« Hamiltonian

H=—2Av—23p
v p

X = 0y, Y = gy, Z =0,
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2D Toric Code

* [4,,A,/] = |A,, By| = By, B,/| =0

 The Ground states of the toric code are +1 eigenstates of all
the A,’s and B,’s.

* One of such states can be constructed easily:

Q) o 1_[(1 +B,)]0-0)

p
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2D Toric Code

 [f one act a X or Z operator on a certain edge, it result the
rise of the energy because such X or Z operator does not
commute with edge or plaquette operators in the

Hamiltonian.

P

P

. energy excitation
(The eigenvalues of

corresponding vertex or
plaguette operators turn to -1)
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D) Toric Code

« We can deform the

excitation without

raising up the energy

] _’V, v,“ —xvz XV: v]" .—sz xv3 any mor_e by
1 successively
— e
” multiplying X or Z
operators.

« We can recognize the

" iy ‘™ . excitations in the
e p,”" Tp, b i P

z endpoints of these
2 string operators as

(quasi-)particles.
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2D Toric Code

|t two quasi-particles are carried to the same vertex
(plaguette), the excitations are annihilated

P
*
*
*
*

=

 Ground state degeneracy

Non-trivial X- or Z-loop operators map ground states to
ground states.

X Zyy = —Z15Xy, X121 = —Z;1X;,, 0ther operators commute
They acts on GS’s like 2-qubit Pauli operators == GSD = 27
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X-cube Model

e, |
e Z e ’
Z Z. RATL ™ X e,
—— - X /
Zezr»e Ze /l\/ es X %6
e Z € /‘
Z - ‘ ZZe /1X X e, X e,
| | |

e Hamiltonian

One of the 3D generalizations of 2D toric code
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X-cube Model

[xtxt)=x+z%=z%2°"1=0
0X+2 =/ 0 2 =1

« The ground states of 3D toric code are +1 eigenstates of all
the X*'s and Z @ ’s.

* One of the ground states can be constructed easily:

Q) o 1_[(1 +X*)[0 - 0)

X

29/21



X-cube Model

 Non-trivial rigid loop operators map ground states to ground

states.

« Non-trivial loop operators embedc
ground states to ground states.

Z

Z

Z

Z

Z

Z

ed in a certain plane map

GSD = 22Lx+2Ly+2LZ_3
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Fracton, Linenon and

Planor

S

Fracton Lineon Planon

« Lineon: the endpoint of rigid string operators cannot bend

without increasing the energy.

o el «
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o« il

/ Vi Vv, / vV,
V'i

e Fracton: the corner of membrane operators Cannot move
alone without increasing the energy.

* Planon: dipole of lineons or fractons can

only move in a plane.
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p 4
Z
%l
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