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fracton order

* fracton excitation: restricted mobillity ” %“
* robust quantum memory against temperature h

* tensor gauge theory (space dim >= 3) 0,0,k =p
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X-Cube model
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tensor network state representation
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X-Cube model
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U(1) tensor gauge theory

* Organising principle: charge /dipole conservation

* Partial confinement: subsystem charge conservation

* Higgs U(1)
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Xu, Wu, 08; Pretko 17; Ma, Hermele, Chen 18; Bulmash Barkeshli 18; Seiberg, Shao, 21; ...
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3D Toric Code
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phase transitions & deformations

3D Ising*
universality
Hamiltonian
deformation z=1
. RG flow
toric paramagnet
code
Z>2
2D Ising
wavefunction , ¢> universality
Ardonne, Fendley, Fradkin (2004), Castelnovo, ST, Troyer (2010),
Castelnovo & Chamon (2008), Fendley (2008) Isakov, Fendley, Ludwig, ST, Troyer (2011)
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wavefunction deformations



tensor network wavefunction
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solvable lImits
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tensor network calculations



tensor network compression
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3D PEPS 3D tensor network 2D IPEPS 1D MPS OD number
wavefunction _ boundary fixed point boundary fixed point order parameter
tensor network state representation 2D iPEPS optimization

He, Zheng, Bernevig, Regnault 2018 Vanderstraeten, Haegeman, Corboz & Verstraete 2016
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classical models & tactorization
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schematic phase diagram

fluctuations commute
independently controlled
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guantum-classical mapping & diagnostics
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Quantum toric-code
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m-loop condensation SRR,

condensation length scale deconfined charge fraction (dual Ising order)
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fracton confinement €p=—f’ZTI:IT

confinement length scale monopole condensate fracton quadrupole “free energy”
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Zn X-Cube & toric code @@
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M-loop condensation @

3D Zn vector gauge model

e N=2, Ising”

e N=3, weak 1st order
* N=4, Ising™2

e N>4, XY~

o

IPEPS D=2, chi=80

Bhanot & Creutz, 1980
Borisenko, Chelnokov, Cortese, Gravina, Papa & Surzhikov, 2014
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fracton confinement

confinement lengthscale monopole condensate fracton quadrupole “free energy”
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fracton confinement
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A_for deconfined fracton phase even in limit N — oo

0 0.2 0.4 1/N

04+ ¢ quadrupole
A monopole _ A~

0.2 , confinement length scale fracton quadrupole monopole condensate
= : diverges linearly vanishes quadratically keeps jumping
at critical point at critical point to a finite constant (?)

0.2

1/N ccontinuous phase transition
non-LGW transition
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Phase diagram Zy—Ul) @@ N- oo

e exact tensor network wavefunctions

X-cube phase shrinks
to a critical line
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finite-t confinement transition

fracton pairs glued by
critical fluctuating m-loop

f f

fracton dipole ~ m particle

h-perturbation confines fractons into dipole
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summary




summary

exact tensor network state phase diagram
spatial conformal quantum critical points
fracton confinement
first-order to continuous transition

m-loop condensation

continuous transition separates deconfined fracton & toric codes

Outlook
* direct calculation for U(1) fracton QPT?
* generalise to fractal liquid or twisted fracton order
 Hamiltonian deformation path?

e realization in quantum processor?

arxiv:2203.00015

fracton confinement
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realized by Google 2021
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