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States of wosonico mattfer: Landau paradigm

« “conventional” ordered states: cow, AFM, SE liguid crystals..

— local order parameter, S(r)
— classified by patterns of sponfaneously broken symmefry  Lev Landau

— Shorf-range entangled

.\\ No low-energy modes
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o States of gquantum matter

rl/fg'ev (beyond symmetry breaking)

Sachdev

Fishers “conventional” quantum Yiguid” states, e.qg., FQHE, spin ice,
toric code, ... 1=l =T

Example: U(1) Spin Liquid

a

— Gauge theory (Z,, U(1), ...) description

b
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Geometric frustration 1
(e.g. “spin-ice rules”) _ Lem = —IFWFW
String condensate (Wen) Emergent

vanishing line fension electromagnetism!
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B. Yoshida, 2013

S. Vijay, L. Fu, 2015, ‘16

* new class of quantum liguids” Z, fracfons, e.g., Haahs code,
X-cube, lattice rotors,...
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— Non-local, fractionalized excitations with restricted mobility and
exponential topological degeneracy, beyond TQFT description,...

« -> at corners of extended objects: fractons - /immobile in isolation
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fracton

« -> at ends of undeformable string: dipoles - subdimensional
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X- Cube mOdel Vijay, Haah, Fu, 2015, 2016
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X-cube model

Vijay, Haah, Fu, 2015, 2016
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X' Cllbe mOdel Vijay, Haah, Fu, 2015, 2016
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X-cube model
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X.— Cube mOdel Vijay, Haah, Fu, 2015, 2016
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X- Cube mOdel Vijay, Haah, Fu, 2015, 2016
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S. Vijay, et al., 2015, ‘16

M. Pretko, 2016, 17 F f d / f
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K. Slagle, Y. B. Kim, 2017

H. Ma, et al., 2017

X. Chen, et al., 2017, ‘18

 "gauging” global Z, subdimensional symmetry spin model

- ? B =oigioiof o
4 S. Vijay, J. Haah, L. Fu, 2016
J B giojoion,
l B

X-Cube Model

* Coupled-layers construction ARdWA," .
Tf,,,,,,,”ﬂ' /
* Coupled-chains consfruction a4
Ma, Lake, Chen, Hermele, 2017
A'/
\ /
A\
e Parton construction

Halasz, Hsieh, et al., 2017

Higher rank fensor gauge theory Q); 8j Ei; = py

M. Pretko, 2016



Outline

Crystal elasticity - fensor gauge theory duality
(With Pretko PRLs 2018, 2018)

Fractons in vecfor gauge theories
(with Hermele, PRL 2020)

Quantum smectic and its vector gauge dual

Higgs crystal to smectic gauge dual transition
(L.R. PRL 2020, and with Zhai PRB 2020)



Rasmussen, You,

cxi 206 Fractons via fensor gauge theory

Pretko, 2016
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« U(1) symmetric tensor gauge theory (2+y: b
! 1 o] 5(2) i J Ak
H = §EijEij + §BiBi [E*, Agj] = 16" (x) B =¢€pd’A
* Gauss’ law: af,;ﬁjEw — pP Pretko, 2016

* Conservation of charges and of djpoles ---> fracfon phenomenology!

-> moving charge changes dipole moment -> forbidden by dipole conservation

- Immobile @
@

-> dlpole motion consfrained : ®

- subdimensional




Fractons

¢ any physical realizations ?

YES: 2D quantum crystal!
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L. R.

ermee,  Fracfons via vectfor gauge theory

PRL 2020
* Reformulate elasticity into 3 flavored coupled xy models:

1 1 1 1
H = 577';% = 50(82114{ . Heik)Q 5 §L2 N §K(V9)2

* Dualize to 3 coupled U(1) vector gauge theory:(Ay;) = enAix)

3 Ji I 1 1
s — §C‘Ek‘2—|— §(V X Ak)2—|— §K\e\2+ §(V X a—A[z’j])Q _Ak JZ _a'js
- Gauss' law: V.-e = s V - E, =0 (Pr = pr — ex)

- Gauge redundancy: A, — Ap + Ve, Aor — Aok + Otk

0 o T Xk, G0Tealo THEL!
- fractons:

gauge invariance demands Owpy +V - Jp = j —— J = ()



Zhai, L. R., 2018 . T,
> Fracfon condensation fransition 2D
Fracton Dipole Fracton
Insulator Condensate | Condensate
2D scalar fracton model: \Ij W > T
unbinding of unbinding of
dipoles fractons
~ 1 1 ol 27 y
H=-B (V°¢)° —gscos| —¢ | — gp Z cos (b, - 2 x Vo)
P 0
) ' J n=1,2,3 | ' j
charges dipoles

KT, Halperin, Nelson, Young ‘79
b — gp COS 5)¢ 2D melting
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ﬁ-;jeg;gzmg 2410 Quantum melting fractons T

* Fracton dipoles b, = vnae'’" condense: -> super-hexafic
7:Zcr : ‘(Zv B PkAk)wk‘Q B V(wk) + ﬂMaa: [Ak7 Ek]

Higgs transition - condensation of x,y-dipoles (dislocations)

Ve, #0, ¥, #0 — A, , ~0 Higgs’ed/gapped
Quantum melting: crystal = superfluid

1
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Commensurate Crystal - T
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mobilit p S fluid A1 AT
4 . Hexatic . bLbJr L
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Quantum liguid crysfals
Quantum Hall rogler;, et al. ‘96, Moessner, Chalker ‘96, Fradkin, Kivelson ‘99,
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SDW, CDW, PDW in doped Mott insulators w—
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L.R PRL 2020

L.R., Z. Zhai
AOP 2021

quantum crystal:
elasticity theory

I

crystal — smectic — gauge duality

duality
P

quantum crystal:
vector gauge theory

melting | x-dislocations

condense

A4

quantum smectic:

—m P P\

elasticity theory

duality

Higgs | y-dipoles
transition | condense

vector gauge theory




CRPRLZ0%0 Anisotropic gquantum melting Tt W
AOP 2021

& 1
* Crystal: H.. = 5“"23' v §7T2

» Condense x-dislocations: b, = \/nge’’> -> super-smectic
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Z. Zhai,

Crao0 OMectic elasticity — gauge duality

* Super-smectic:

C K 1 1 I U
He = —30Vu, RO TN/ 2 T2 | _ 77N v ) )2 e, 2
5 (Vuy =037+ S (VO 4 5w + 5124 5(V6,)" 4 g
¥ i
quantum smectic elasticity bosonic atoms

* Dualize to U(1) vector gauge theory:

~

1 1 1 1
Hsm:§CE2+§(V><A)2+§Ke2+§(vxa—y-A)Q—A-J—a-j
-Gauss'law: V- -E=n,+x-e V.-e=ng

- Gauge redundancy: A — A+ Vy, Ay— Ag+ 0:x

a—a+Vo—xx, ag — ao+ 0o
- restricted mobility:

gauge invariance demands Oinpy +V -J=%x-j] — ] =



n Se 2020 Higgs'ing crystal gauge dual -> smectic gauge dual

AOP 2021 - 0000009 LVenesne 00 -0
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> Higgs transition - condensation of y-dipoles (x-dislocations)

Ve =0, ¥, #0 — Ay =0 gapped

~

* Smectic gauge dual: H,,,,|A”" a] ~ H..|A*, AY =0, a]

~

1 1 1 1
Hsm:§CE2+§(V><A)2+§Ke2+§(Vxa—y-A)Q—A-J—a-j



aisk 20 Restricted disclination mobility
AOP 2021

gauge Invariance demands Oop+V -J=%x-] — ] T — 0

* Fractonic restricted dynamics via disclination microscopics:

==

=N . \\

requires a nonlocal process of adding a pair smectic half-layer
per lattice constant of disclination separation



L.R PRL 2020 ' g . / Gromoy, Lucas,
L.R., Z. Zhai Anomalous diffusion Nandkishore
AOP 2021 2020

* Fractonic restricted dynamics -> anomalous hydrodynamics
-> continuity: Oyp+ V -J = J, oon+V-j=0
-> Fick’s law for dipoles: J = —’}/VP = vvaxn
> jp =V -J=9V?0,n

> 6’tn—|—fn:() > Fk:Dk‘;qukf;

n(t) ~t=3/4



Summary and conclusions

* Fracfons - elasticity duality
realized as defects in quantum crystal

* Fractonic phases and fransitions:
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Lattice Momentum 75

* Fracfonic smectic via anisotropic melting -> Higgs, dualize
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X-cube model

Vijay, Haah, Fu, 2015, 2016
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X' Cllbe mOdel Vijay, Haah, Fu, 2015, 2016
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Haah, Fu, 201
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X.— Cube mOdel Vijay, Haah, Fu, 2015, 2016
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X- Cube mOdel Vijay, Haah, Fu, 2015, 2016
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Rasmussen, You,

cxi 206 Fractons via fensor gauge theory

Pretko, 2016
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« U(1) symmetric tensor gauge theory (2+y: b
! 1 o] 5(2) i J Ak
H = §EijEij + §BiBi [E*, Agj] = 16" (x) B =¢€pd’A
* Gauss’ law: af,;ﬁjEw — pP Pretko, 2016

* Conservation of charges and of djpoles ---> fracfon phenomenology!

-> moving charge changes dipole moment -> forbidden by dipole conservation

- Immobile @
@

-> dlpole motion consfrained : ®

- subdimensional




Fractons

¢ any physical realizations ?

YES: 2D quantum crystal!



L. R., 2016

wssia auaity  1OPOlOgical defects in a crystal

vecfor gauge theory

e Disclination:

immobile

* Dislocation climb: , oy §
constrained by ___fciimb
v/i diffusion b

* Dislocation glide:
subdimension (d-1)
motion




ey TOpological defects in a crystal

a) ' ,'il b) { \‘
- Disclination: J / \
immobile |
/
* |
- Dislocation climb: 448
constrained by ____ fciimb
v/i diffusion b

* Dislocation glide:

subdimension (d-1)
motion




Elasticity theory and defects

Eulerian phonons: 7= R + ()

Strain: Uy

] .
= 5((91}2 : 8]R > 57,]) ~ (&,uj o 8Juz)

DN | —

1

. . il
Hamiltonian: H = — 7 = §C’ij,kluijukl

Topological defects

— Disclinations: V x V6 = s§%(7)
(bond angle: @ = 72 f/jd,-uj)

— Dislocations: V x Vu; = biéz(

%

— Vacancies/interstitials: O 00
il 00000

OO0




Dasgupta, Halperin
Fisher, Lee

Superfluid

o5 Srg topological
' y N winding
vortices +¥ (:\ 15 '
J'&L A pt V X J=2p
\l\|~—>/‘;|7I
b T

J=V¢

Goldstone mode
1
H= - /d% [|Vo|* + n?]

[n7¢] =1

Boson-vorfex duality

Maxwell Gauge Theory (with matter)

Gauss’s law:

V-E=p

particles
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L. R. 2016

Lr.wemee  Fractons via vector gauge theory

PRL 2020

* Lattice fractonic vecfor gauge theory:

Ec1 Eb e [Azk, Ejk’] = —i(Sij(SkkﬂQ(x > X/>,

N~

[CAL@', éj] = —7:(52'3'(52 (X = X/) &

bx

- Gauss’ law:

(k =a, b)
y ¥ o 1 > 2 2 b ‘s
gauge invariance demands Oipr + V - Jp = jp —— j —ail)

‘Fractons via higher-form symmetry breaking”
Qi, L. R., Hermele, AOP 2020



L. R. 2016

Lr.wemee  Fractons via vector gauge theory

PRL 2020

* Lattice fractonic vector gauge theory:
EO Eb e [Aik,Ejk/] = —i5ij5kk/52(x b X’), i
[&i; éj] = —i5ij52(x — X/) L/by
€
’ be an
- Gauss' law:
€a Eja:c Ca
(k =a, b)
> U, K
H=="3 Byt o> e+ > (VXA
EELI@ EEL Dk

K, ZCOS [(V S a7 (= Ayw(gy)}
[]

‘Fractons via higher-form symmetry breaking”
Qi, L. R., Hermele, AOP 2020



Zhai, L. R., 2018 . T,
> Fracfon condensation fransition 2D
Fracton Dipole Fracton
Insulator Condensate | Condensate
2D scalar fracton model: \Ij W > T
unbinding of unbinding of
dipoles fractons
~ 1 1 ol 27 y
H=-B (V°¢)° —gscos| —¢ | — gp Z cos (b, - 2 x Vo)
P 0
) ' J n=1,2,3 | ' j
charges dipoles

KT, Halperin, Nelson, Young ‘79
b — gp COS 5)¢ 2D melting
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- 2o Quanfum melting fracfons - o
* Fracton dipoles b, = Vnae'’" condense: -> super-hexafic
= %EZQJ — %Bf — cos(0:0 — AQist- gicoslo; 0, 0= A, ;) =
®© © 06 ¢ o 0 © o o ‘T X
® o o, & oh® © © ATAT =l
o o OI: . :lo o o bbb—b& —
e o o e o o T
: e o o © © o o o o 4‘-' T;
XK
| L re

Commensurate Crystal

Fua)

Vortex

mobility Srely

Hexatic

SCq

Superfluid
SC

Supersolid

F

Dislocation mobility Cp



Quantum liguid crysfals
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CRPRLZ0%0 Anisotropic gquantum melting Tt W
AOP 2021

& 1
* Crystal: H.. = 5“"23' v §7T2

» Condense x-dislocations: b, = \/nge’’> -> super-smectic
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L.R PRL 2020

L.R., Z. Zhai
AOP 2021

quantum crystal:
elasticity theory

I

crystal — smectic — gauge duality

duality
P

quantum crystal:
vector gauge theory

melting | x-dislocations

condense

A4

quantum smectic:

—m P P\

elasticity theory

duality

Higgs | y-dipoles
transition | condense

vector gauge theory




n Se 2020 Higgs'ing crystal gauge dual -> smectic gauge dual

AOP 2021 - 0000009 LVenesne 00 -0

-0 0006009 | 00000 000

90000000 | 0:00:-00:0:0

0066660660 00 000000

oo oeée 0 000000 0

Yy -0 0060 oo o0 o0 00

26000060 9000000

??%*ﬁ.".“."." [ “o0 000 000
crystal 7 smectic ~
° Crysfal gauge dual: x-dislocations condense y-disl

A 1 1 1
0 — §C}Ek\2+ 5(V % Ap)? + §K\e\2 (Ve a—Auj)?—Ay-J)—a-j

7:Zcr 4 ‘(Zv B pkAk)¢k‘2 i V(wk) BT 7:(Maa: [Aka Ek‘]

> Higgs transition - condensation of y-dipoles (x-dislocations)

Ve =0, ¥, #0 — Ay =0 gapped

~

* Smectic gauge dual: H,,,,|A”" a] ~ H..|A*, AY =0, a]

~

1 1 1 1
Hsm:§CE2+§(V><A)2+§Ke2+§(Vxa—y-A)Q—A-J—a-j



aisk 20 Restricted disclination mobility
AOP 2021

gauge Invariance demands Oop+V -J=%x-] — ] T — 0

* Fractonic restricted dynamics via disclination microscopics:

==

=N . \\

requires a nonlocal process of adding a pair smectic half-layer
per lattice constant of disclination separation



L.R PRL 2020 ' g . / Gromoy, Lucas,
L.R., Z. Zhai Anomalous diffusion Nandkishore
AOP 2021 2020

* Fractonic restricted dynamics -> anomalous hydrodynamics
-> continuity: Oyp+ V -J = J, oon+V-j=0
-> Fick’s law for dipoles: J = —’}/VP = vvaxn
> jp =V -J=9V?0,n

> 6’tn—|—fn:() > Fk:Dk‘;qukf;

n(t) ~t=3/4



Menoi. et <. 2920 Tearing fracfons in membranes

* Vector-charge rank-2 ftensor gauge theory

(a) Tear defect (b) Fold defect




Bulbul Chakraborty, et al 2020

Fragile solids
* Stress-stress correlation function <O‘ij O'kl>

-> vector-charge rank-2 tensor gauge theory

0i0ij(r) = fi(r) > O,E;; = p,,

qy (2m/L)

qy (27/L)
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Summary and conclusions

New class of fracfonic quantum liguids —
excitations w/ restricted/fractionalized mobility ™ =3B+ 5E;

|=> Q . (:) Fra cf?n -
0,' 0j B = P
immobile e - VA
Fracfons - elasticity duality
realized as defects in quantum crystal Digole

Fractonic phases and fransitions:

A "y /
,

Commensurate Crystal

1 2 1 2
Disclination

VAVAVAVAVAY/

FU(l) - imimimimimimtmemtm e memtmememememe
Electric Field E;;
::5:;; Superflud - B
supersolid sC Magnetic Field B;
SCy f
F
60000
-6 00-0
Dislocation mobility -$-90-@
Quantum melting criticality? YOO bbb
QH smectic ? (anisotropic melting, via Higgs transitions, LR PRLZ20) :::::::. L 00-0.0.0-000
: : _— I A
Elastic nonlinearities : chstal - Ty

Classification, relation fo Z, models, higher form symmetfries, ...?
Animation dynamics and editing of fessellated surfaces ?

x-dislocations condense

y-dislec



L_R- 488G 20 [-R br eak/'ng fractfons ﬁﬁfﬁiﬂ 2018

* Wigner crystal in B-field elasticity (also vortex lattice)

A > .
kKl o :
i — 50” U j Uk ug (r), uy (v')] = il?6%(r — r').
* T-R breaking fracton phase

A 1 1
L = §B X atB — §Cz°7k€Ez‘jEkg



M. Pretko, L. R.,2017

ol O Fracfon-elasticity duality
* Elastic Lagrangian: - %(atu’i)Q = %Cij’“uijuw

1 o 1 - . » )
aa—> Fr— 50%,@0”0“ = §7Tl7ri — o (0;t; + u,gj)) + w0 (s + ug ))

» Disclinicity:  €*e%0;0,upy = s(x) + 2 - V x b(x)

*  Momentum conservation (Newton) constraint: [9;7" — 9;0% = ()

* Electric, magnetic fields: B* = ¢, EY = ¢ eitay,

-> Faraday law: I@tBi + e B = O‘

-> Gauge fields: B = ejkﬁjAki Egj = —@Ai‘j — 0;0;9
-> Gauge freedom: A — Ajj + 0,000 ¢ — ¢+ O

-> Peach-Koehler force: F; = E; p;



Fracton-Elasticity Duality

M. Pretko and L.R., PRLs 2018,
Z. Zhai and L.R. arXiv 2019

\% L.R. and Hermele,. arXiv 2019 |
l S M. Pretko, Z. Zhai, and L.R. arXiv 2019

$: NSF-MRSEC, Simons Investigator Physics Colloquium, Caltech, October 3, 2019



"White lies” about phases of condensed matter

pressure

critical
point

Gas

temperature

>T
P <




L. R., 2016

anssiat auctity  JOPOlOgical defects in a crysfal

1 ¥ 1
He = 5B(uij)Q —_— H = 513>—1(v2¢)2 —ip(s+ 2-V x b)

R : g) _ ,'il b) (/ \H
» Disclination: A
immobile |
|,
+ Dislocation climb: 93998 __ ERLY
constrained by ____Jciimb
v/i diffusion b

* Dislocation glide:

subdimension (d-1)
motion




it oo Fracton-elasticity duality
* Elastic Lagrangian: £ = %(c?tui)2 = %Cij’%ijuw

e Disclinicity: €*e€70;0,upe = s(x) + 2 - V x b(x)

* Momentum conservation (Newton) constraint: |9,7" — ;0" =

* Electric, magnetic fields: B'=¢"m; EY = ¢ edoy,

-> Faraday law:  |0;B" + €10’ EX* = ()

-> Gauge fields: B'=¢j 0’ A" EY = —9,AY — 9,0,¢
-> Gauge freedom: A;; — A;; +9;0;a ¢ — ¢+ O

-> Peach-Koehler force: F; = E; p;



i, Fracfon-elasticity duality
* Elastic Lagrangian: = %(@ui)Q = %Cij’“uijuw

* Disclinations: e*eI£0;0,ure = 5(x)

S E|€C'|'I"iC, magnefic fields: B = Eijﬂ'j Eéj = eikejeakg
Bi = Ejk-ajAki Eéj — —675Aij - 82(93¢

-> Fracton Hamiltonian: [E, Ayj] = 16 (x)
[— — 1
fr — §OZJkEEijEk€ < §BZBZ + po + JwAz'j

-> Fracton charges, dipole currents:
p=S J4 = eikeﬂ(@t@k — OO )uy = ey,

-> Gauss’ law, continuity: 0;0;EY = p Owp + 0;0;J9 =0

-> Ampere's law: 6.E7 + i(e”ﬂakBﬂ + 59,8 == JU Ong + 0;J5 = —J°

1

Marchetti, L.R. 1998




Caeoy  Fracton dual “superconductor”

PRLs 2018

* trace over fractons and dipoles:

1 1
L = §Efj - 533 — cos(0f — Ag) + gcos(0;0;0 — A;j)

* Fractons in “normal” Coulomb phase (crystal)

e Higgs transition out of fracton phase (/iguid)



L. R. 2016

Fractons via vector gauge theory ?

* Flavored xy model -> vector gauge duality (no fractons)

1 1 E 1 1
H = 5”% = §|V¢k|2 — H = §(V x Ap)® + §|Ek|2

Reformulate elasticity into coupled xy models: u;x — O;ux
1 1 1 1

1 1
= §w2 + iCu?k — H=gm+ 5C(0mx — gleir)* + 5L2 - 5K(V@)Q

* Target space rotational symmetry:

ot
T

-> u; = x(cosf — 1)+ ysinb

-> uy = —xsinf + y(cosf — 1)



L. R. 2016

Fractons via vector gauge theory !

* Reformulate elasticity into flavored coupled xy models:

1

1 1 1

* Dualize to a coupled vector gauge theory: (4. = €irdix)

b I 1 1 1
= ic‘EkPJr §(V x Ap)? + §K\e\2+ §(V xa+gA.)’ —Ag-Jp —a-j°
- Gauss' law: V.-e = s V - E, =0 (Pr = pr — ex)

- Gauge redundancy: A, — Ap + Ve, Aor — Aok + Otk

0 o T Xk, G0Tealo THEL!
- fractons:

gauge invariance demands Oy +V -Jpy=jr — J =0



L. R,

Hermele Fractons via vecfor gauge theory

2019

* Lattice fractonic vector gauge theory:

[Ailm Ejk’] — —i5ij5kk'52(x - x'),

[CALi, éj] — —7;57;3'(52 (X - X/) 1YY

- Gauss’ law:

V-e=s V-Ek:ek

U Ue
5 DT D _teL, Egﬂ T e

+52 [ >0, (VX AL)? +2.0, (VX Ay)?| =K meos |(Vxa)o+Auy — Aya)



L. R. 2019

Vecfor-fensor gauge theory equivalence
* Dualize to a coupled vector gauge theory: (Ao = €ixAir)

w1 1 1 1
H = SOIEl + o (V x Ap) + s Klel’ + 5(V x a+gAd)* — Ap-Jf—a-§°
- Gauss' law: V-e = s V- -E, = ps (Pr = pr — ex)

- Gauge redundancy: A — A+ Vi, Aor — Aok + Orxk
ag = ap -+ Op® — Xk, ap — ag + 3¢

- Vecfor -> fensor gauge theory:
»+ gauge away ay: choose Xi = ax --> gaps out A, --> symmetrizes Ay

« generalized Gauss’ law: V- 9, E, = p (p=s+V-p)

« recover fensor gauge theory



Pg A 2o Bosonic crysftal i

 Coupled elasticity and bosonic vacancies/interstitials:

A 1 1 ., 1 A 1
H — —,0_1’7/'\('2 4+ _Oz]keﬁijﬁkf b _K(v¢)2 " _X—lﬁQ
2 2 2 2
+91V@ - T + ganily
-> Commensurate (Mott-insulating) crystal S0
-> Incommensurate (supersolid) crystal 00000

nd:_Xat90:n+92v'ua jd:KVSOZJ'—glatua

Ong +V 'jd =Ng20gV - Us @V o U = J,,

Pt |

. .,
J = ge el (0,0 — Ok0t)ur = geik Vb,
Marchetti, L.R. 1998



M, PG, 2> Bosonic crysfal

L. R., PRL2018
* Coupled elasticity and bosonic vacancies/interstitials:
~ J, L A It .
H =g@i st st + Vo)t + st Voua +nu;
2 2 2 2
i v ) { Y J { v J
elasfticity vacancies/interstitials coupling
T 00000
38| | 06 00
L 00600
00000

-> Commensurate (Mott-insulating) crystal

-> Incommensurate (supersolid) crystal

L

___fClimb Oing + Ods = —J° Marchetti, L.R. 1998

(= Amperes law)



s 20 Symmetry-enriched fracfons une o

* Hybrid U(1) vector-tensor gauge duality

1 1
M = 5 (E5 + BY) + 5 (€ +1) + g(B - + Egb) +J" Ay +
| J \
T ' I

elas’rici’ry bosons “axion“coupling charges

-> supersolid -> “fracton superfluid” (mobile djpoles) F

-> normal crystal -> ‘fracton Mott insulator” (confined dipoles) F ;)

bl r—|-yAac & :) 'i>® bl r+x6$areiAw
v,
* Vortex condensation: F --> F ﬁ;";ﬁ’;,f’;?fﬁ,ﬁit il

-> fracfon dipole dimensional confinement magnetic monopoles
-> superfluid fo Mott-insulating fractfon transition



N Fracton superfluid: supersolid
* Hybrid U(1) vector-tensor gauge duality
1.9 1 § W 1
— Ukt F B D . e 7
H = 5 C9™E;;Epy + 5B'Bi + s Ke e + 5b

g (ORI ) ] (G, SR,
with "mutual axion” electrodynamics
-> supersolid -> fracton superfluid (mobile djpoles)

-> normal crystal -> fracton Mott insulafor (confined dipoles)

* Vortex condensation
-> fracfon dipole dimensional confinement

-> superfluid fo Mott-insulating fractfon fransition

* Fracton dipole condensation

-> Superhexatic

2D



Berezinskii

Kestrlitz, Thoutess F7AC fon condensation fransition <8
Y:uzzrm, elson
Crystal Hexatic Liquid

i i > T
2D CI"YS'I'GlI U U

unbinding of unbinding of

dislocations disclinations
Z- Zhalemes, <013 Fracton Dipole Fracton
Insulator | Condensate | Condensate
2D scalar fracton model: W U > T
unbinding of unbinding of
dipoles fractons
L 27 .
H=-B (V¢)" —gscos | —o | — g Z cos (b, - 2 x Vo)
- 6 n—1 28

L. R., 2016



P il Fractfon 'sliding phase”
Incompressible crystal -> ‘fractfon Mott insulator”
Fuw | 1

H= Z { il iSoowlly (I hANERE, TNER | §CijE§j

,r+Xx 37 e y,r+y 2

* dispersionless along lines

+ stability to inferactions? it

AT
* Deiimb ~ € 2/T << Dyjige




