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New type of quantum liquids: fractons
Higher rank gauge theories
Elasticity

Duality

Further directions



States of quantum matter

« “conventional” ordered states, e.g., AFM, SF, ...
— Local order parameter
— Classified by broken symmetry
— Short-range entangled

— Landau theory description
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 “conventional” quantum ‘liguid” states, e.g., FQHE, spin ice,
toric code, ... 4 |
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— Non-local, fractionalized bulk excitations as ends of strings:
anyons - free fo move but with statistical “interaction”

— Topological order with O(1) ground state degeneracy
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— Long-range entangled

— Gauge theory (Z,, U(1), ...) description
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« “conventional” quantum liguid” states, e.g., FQHE, spin ice,
toric code, ...

— Gauge theory (Zzz u(1), ...) description Hermele, Fisher, Balents
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Geometric frustration
(e.g. “spin-ice rules”)
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String condensate (Wen) Emergent
vanishing line tension electromagnetism!
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* new class of quantum liguids”: Z, fractons, e.g., Haahs code,
X-cube, lattice rofors,...

Fractal operator

— Non-local, fractionalized excitation

* -> at corners of extended objects: fractons - immobile in isolation

* -> at ends of undeformable string: dipoles - subdimensional
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* new class of quantum liguids: Z, fractons, e.g., Haahs code,
X-cube, lattice rotors,...

Fractal operator

— Non-local, fractionalized excitations
-> at corners of extended objects: fractons - immobile
-> at ends of undeformable string: dipoles - subdimensional

— Topological order with O(L) 3d ground state degeneracy
— Long-range entangled

— No (?) field theory description
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classical duality TOPO/ og ical cr YS tal defects
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X-Cube Model

Planar

e Coupled-layers construction . AW~ 3
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* Coupled-chains construction
Ma, Lake, Chen, Hermele, 2017

» Partfon construction
Halasz, Hsieh, et al., 2017

Higher rank tensor gauge theory 0,0;F;; = ps

M. Pretko, 2016
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* U(1) symmetric tensor gauge lattice rotor models

7Z

Rasmussen, You, C. Xu, 2016

M. Pretko, 2016
* Conservation of charges and of dipoles ---> fracton phenomenology!

-> moving charge changes dipole moment -> forbidden by dipole conservation
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-> dipole motion constrained —> (8)
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* U(1) symmetric tensor gauge and electric fields:

P 1= %Ez'jEz'j + %BZB@ (B, Aij] = 16 (x) B’ = ;0 4™

+ Gausss law:  0;0;EY = p
* Gauge freedom: A;; — A;; + 0,0,
 Two gapless gauge modes, with:  w ~ k

* Ofther generalizations (e.g., vector charges,... see M. Pretko)
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Tensor gauge theory
@@-Eij —

A “hidden” extra conservation law:

Charge Conservation Dipole Conservation
@ — /d23:p = j{@ E"da, = /d2a: o— ]{(azi@jEjk g
(boundary term) (boundary term)
Total charge only changes by Total dipole moment only changes by
particles entering/leaving the system particles entering/leaving the system




Elasticity theory and defects

Eulerian phonons: 7= R + ()

! 1 - — 1
Strain: u;; = 5(@'1? Ok S 0 ~ i(azuj + 0;u;)

., . —— 14 s
Hamiltonian: H = 5T T icij,kluijukl = S e )+ §>\ Ui

Topological defects

— Disclinations: V x V8 = s§%(7) = s(7)
(bond angle: 6 = €;,u;; )

— Dislocations: ¥V x Vu; = b;0%(7) = b;(7).
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— Vacancies/interstitials: 0O 00
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Fracton-elasfticity duality

+ Elastic Lagrangian: £ = _ (du')’ - %cij’ffuijukg
==-> BPF— —C’wkea”ak’é — §7rz7rq; — 0'"(0;01; + u( >) + 70y (s + u( ))

 Disclinations:  €*€°0;0,un = s(x)

*  Momentum conservation (Newton) constraint: [0;7" — 8;0" = ()

* Electric, magnetic fields: B' = ¢, EY = ekedtoy,

-> Faraday law: |8tBi + e EX = Ol

-> Gauge fields: B' = ¢;,07 A™ EY = —0,AY — 0,0;¢

-> Gauge freedom: A — Ay + 00,00 ¢ — ¢+ Oz



M. Pretko,

o Fracton-elasfticity duality

. .
17kt
SO i 5upy

: : 1 .
Elastic Lagrangian: - i\2 _
grang iC 2(3tu ) 5

Disclinations: eikeje(?i@juke = S(X)

Electric, magnetic fields: Bl#E g EY = é*elloy,
Bi = EjkajAki Egj = —(’9tA75j e &,@gb

-> Fracton Hamil’ronian: (B, Agj] = 6P (x)
. p— ]
H= C”MEijEke ia 537’31 + po + JV Ay

-> Fracton charges, dipole current currents:
0= J = ¢k I(9,0, — 050 ue = €0,

-> Gausss law, continuity:  9,0,EY7 = p Owp + 0;0; TV =0

1

-> Ampere,s |ClW: 8tEij + %(eikakBj + ejkakBi) = —Ju Ong + (%J;‘i = —Ji'

Marchetti, L.R. 1998
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Fracfon-elasticity dictionary

Fracton
0,-8,- Eij = pP

Magnetic Field B;

Lattice Momentum 7;

OB + e EF = 0. qummp O4m° — 00 =0

Faraday <-> Newton



Fracton condensaton transition 2D

Kosterlitz, Thouless
Halperin, Nelson

Yo Crystal Hexatic Liguid

yARA U 2
2D crystal: U

unbinding of unbinding of

dislocations disclinations
M. Pretko, L. R.,2017 Fracton Dipole Fracton
Insulator | Condensate | Condensate
2D scalar fracton model: U w > T
unbinding of unbinding of
dipoles fractons

i — %B—l(V%)Q — g cos (2—%) ~gp ) cos(by-2x Vo)

6 n=1,288



L R0 Open questions and conclusions

Fracfons are realized as tfopological defects in quantum crystals

« New fracton phases and transitions, e.g., fracton ‘superconductor’ ?

* Supersolid - interplay of vortices and lattice defects ?

*  Quantum melting ?

* Anisotropic crystal melting (Haiperin, Ostiund) ?

 Relation to Z, lattice models via Higgs'ing (Ma, Chen, Hermele ‘18; Bulmash, Barkeshli 18) ?

* Chiral fracton models ? (Pretko, et al. ‘17; Fractional topological elasticity: A. Gromov, arXiv:
1712.06600)

* 3D generalization ?

» Classification of topological crystalline insulators via gauging (Else, Thorngren) ?
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