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Abstract:

I will talk about the 1D quantum breakdown model in boson and spin systems,
charge decaying exponentially in space. We show that the ground state of the model
symmetric paramagnetic phase to a quantum breakdown condensate phase
symmetry. Unconventionally, the condensate phase does not have gapless
symmetry breaking stable at zero temperature in 1D. The condensate phase also has
degeneracy, which resembles a quantum glass but requires no disorder.
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Outline

» Introduction: exponential U(1) symmetry

« The 1D bosonic quantum breakdown model

* The 1D spin quantum breakdown model

o b |

i |
g
'.? b BL, PRB 107, 115171 (2023),
{ , Yumin Hu, BL, PRB 112, L100504 (2024-25),
! ! ’ ‘ Yumin Hu, Zhaoyu Han, BL, to appear (2025)
Yu-Min Hu Zhaoyu Han
(MPI-PKS) (Harvard)
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Symmetry

Symmetry plays a central role in modern theoretical physics.
Symmetry group G: symmetry charge (group generator) Q

[Q,H]=0. (H: Hamiltonian)

Examples of on-site symmetry in a /attice (sites j),

» U(1)symmetry — electrical charge: Q =2X;n;

* Rotational symmetries: Snowflake
SO(2)=U(1) (about z axis): @ = 3,57 S = SgavnEIey
Cy = Ly: Qv = I1;X;, Xj = EXP(E%SJ'Z)

Spontaneous symmetry breaking (SSB): Unbroken symimetry Spontaneousty broken symmetry

Ground state Q1Q) # A|Q) (A €Q)

¢ SSB — ground state degeneracy.

* Goldstone theorem for global continuous symmetry G:

SSB. — gapless Goldstone modes. Picture credit: Adrian Cho (Science 2012)
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Modulated Symmetry

Modulated symmetry: symmetry charge that depends on spatial position j:

@ =2;fjn; (n;: particle number, f;: charge) Sala, You, Hauschild, Motrunich 2024

* Dipole symmetry: Bergholtz, Karlhede 2008,
Nakamura, Wang, Bergholtz 2012,
Conserved dipole charge (1D) Q= Z}.jnj . g;l;u:;, E:logéezyé Mogssher. Eelmdnni2 1S,

Dipole conserving models:  H = —] ¥(a]_,a?a],, + h.c.)

A
Spin model: ajT -5, a5 . /\/\/\“/\/\/\

jit+t1

Realization: 1) quantum Hall models in the thin-torus limit )
QH (momentum conservation)

2) particles in a linear potential

*  Multipole symmetry:

Conserved k-th multipole charge (1D) @ = ij"‘nj : Linear potential

(energy conservation)
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Exponential Symmetry

Exponential U{1) symmetry: conserved charge (in a chain of length L)

Q= ZJL-=1qL‘j n; (n;: particle number on site j, q # 1)

» Chargeonsitej: gt/ BL 2023

Sala, You, Hauschild, Motrunich 2024
*  Model: quantum breakdown model|, ...

Exponential 7.,, symmetry (not discussed in this talk): Conserved charge:

0=Tk(x)"", (x)"=1. (em

* Charge defined mod N .
Hu, Watanabe 2023,
o Watanabe, Cheng, Fuji 2023,
* Model: clock models (exhibiting SPT phases) Delfino, Chamon, You 2023,

Han, Lake, Lam, Verresen, You 2023
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Electrical breakdown

Electrical breakdown: Townsend avalanche

In a dielectric gas, an ionized electron is
accelerated by the E field, hitting more
molecules and ionizes more electrons,

inducing an avalanche (chain reaction).

Visualisation of a Townsend Avalanche

Anode

V1SR

I‘-.\ X ."\\\7 J ‘-.‘7:“\ 4 ‘ +
LTI
LY B A DC Voltage
Electric __ I\x_“ . Source
field \./ =

— Original ionisation event

Key

Cathode

lonising eleciron path

lonisa tion event

Liberated electron path

Lightning (New York)
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Electrical breakdown

Electrical breakdown: Townsend avalanche Visualisation of a Townsend Avalanche

In a dielectric gas, an ionized electron is Anode

accelerated by the E field, hitting more VVUWA K A

\-.\ h 99 Yo ‘ \.' \“1' +
molecules and ionizes more electrons, UV -
inducing an avalanche (chain reaction). Electric _ A\ A Source

field L/ =

— Original ionisation event

Cathode
Key

lonisa tion event

lonising eleciron path

Liberated electron path

Cathode

Ancde wire

7 Cathode

Lightning (New York)

Application: Quantum measurement (Geiger counter)
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Quantum breakdown model

Chain reaction in electrical breakdown: a particle turns into 2 particles

i . BL 2023, Hu, BL 2024
when moving to the next layer (mean free path) to the right. y

A 1D bosonic quantum breakdown model:
Electric field E

Lpvo L U —
H=-7J) [aj(&}ﬂ)ﬁ 1 (@j41) ] + [ pt + 5 (R — 1)]
3=1 j=1 gy
e
« ] >0: breakdown interaction (x E field) Ay = @J@J ' ""\/,ﬁ./_ .
* u: chemical potential : P

* U > 0: Hubbard interaction (energy barrier to create particles)

particle avalanche

Exponential U(1) symmetry: symmetry charge
L
=1

Mapping to a spin quantum breakdown model: a;r -5, a8 Hu, Han, BL (to appear)
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Boundary conditions

The U(1) exponential symmetry is boundary condition dependent. Hu, BL 2024,
Hu, Han, BL (to appear)
Lpvo I U
H=-J Z {&j(&jﬂy + &;(&jJrl } + Z [ pi; + n:; (7 — 1)]
=1 j=1

The exponential symmetry transformation:

— i — L - 5
U(p) = e'?®, Q= Zj=1 v n; ° P P < ©
1 2 L

under which  U()a;U(p)" = exp(i2-¢)a;.

open boundary condition

* Open boundary condition (OBC):

No restrictionon ¢ € [0,2m), — U(1) exponential symmetry. 1

* Periodic boundary condition (PBC):
exp(i2p) = exp(ip), — (2"—1)¢p =0 (mod2n),

—  Z,L_, exponential symmetry, almost U(1) (?)
periodic boundary condition

PBC also has a translation symmetry T:  TU ()T~ ' = U(2¢) .
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Review of the Bose-Hubbard model

The Bose-Hubbard model with U(1) symmetry Fisher, Weichman, Grinstein, Fisher, 1989
(symmetry charge: total boson number ¥ ; n;)

L—1 L
) R U E
H=- Z [qfa;'”Ham + h.cl + Z [ [ifden + nm(nm -1)
m=1 m=1
1/U A
3
. N> =3
Mean-field theory ground states: we\ «
N-3 Superfluid’'s gapless
Small y/U: symmetric Mott insulator (MI) phase 2 ND =2 goldstone mode
MI
- =="7= BF
Large y/U: Bose-Einstein condensate (superfluid) phase " 2//
with U(1) SSB. g s NIy
MI \5._ -
Order parameter:  (a;) = ae® #0 MU w0
p (@) . L\ - yU
. Phase tranSition: znd Order. Unbroken symmetry Spontaneously broken symmetry

+ SSB leads to a gapless Goldstone mode.

* In 1D, the gapless Goldstone mode restores the
broken U(1) symmetry (Mermin-Wagner theorem).

Mermin, Wagner, 1966
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Phases of quantum breakdown model

The bosonic quantum breakdown model:

2
Lr-\(j L U B
i I MI
—J Z [aJ J-‘rl '13+1 ] + Z { pig + nJ(nJ 1)] o
=1 "
Mean-field theory (Gutzwiller wavefunction) ground states: t‘% I MI
Small j/U: symmetric Mott insulator (MI) phase ({&;) = 0) 0
=
Large J/U: Quantum breakdown condensate phase L Mott insulator (MI)
with U(1) SSB. , . | .
) 0 0.2 0.4 0.6 0.8
Order parameter:  (&;) = aexp(i2"778) # 0 JjU
Ground state phase diagram aty =0
» SSB breakdown condensate: o IIU =05, /U =05 JU =02, gfU =15
i 3
uniform particle density in the bulk. E " 1
£ a = |(a)
» Phase transition: 1st order. 0 0 T
0 10 20 0 10 2 R
Can it become 2nd order? (Answered later) pSC OEC {sborder bransition

Density on site m
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Absence of Goldstone modes

The quantum breakdown condensate: SSB of U(1) (OBC) or Z,._, (PBC) exponential symmetry.

However, no gapless Goldstone modes)! Hu, BL 2024,

Hu, Han, BL (to appear)
Fluctuation in order parameter: (@) = aexp(i2k=78 + i56;)

2
Goldstone effective Lagrangian: L=53:[90(0:06;)* —g1(68; —250;+1)?]

+ Inthebulk, 3,(86; —266;,,)" = X;2(86; — 86j,1)" + 662 ~ [ dx[2(3,80)? + 562]

kinetic mass

E:> The bulk spectrum of Goldstone action is gapped.

term term
E(k)
*  OBC: the U(1) exp symmetry as a zero mode
near edge site j = 1: zero mode 56
L _ Exp U(1) SSB
66; =380;_; = 21-7 580, . (absent in PBC) excitation spectra
i

k
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Absence of Goldstone modes

Alternative understanding of absence of Goldstone modes:

Wy
Y
R\
R
TN

Perform a transformation 86; = 2‘f¢j .

I

Vo NN
[IT7]

(L]
aggt

N
Effective Lagrangian L =3[90(0:605)% — 91(86; —266;,1)?) SR

S
1 :
=2 27 [go(08))" — g1(y — $y01)°] = J dx e go (0:)° — 92 (0:6)°]
i)

e s

&7

Spacefime massless £ = i
metric Klein-Gordon " In2
Euler-Lagrange equation (“non-Hermitian®): (go8? — g,0% + 2§ 9,)¢p = 0 E(k)
U

All bulk excitations are gapped: w = v/ 2+k2  §0(x,t) = §hgetT it

Exp U(1) SSB
excitation spectra

In this picture, the Goldstone mode gap (mass) is acquired from a curved
spacetime background (metric).

k
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Absence of Goldstone modes

JIU = 0.5, u/U =05
The SSB phase Bulk gap is verified by exact diagonalization (ED). " Mean field ﬂ':e;ry gap

HU, BL 2024 CeEET————m———
ED spectrum (PBC)

(3]

-- Reason for the exponential U(1) symmetry to violate the
Goldstone theorem:

* Discrete symmetry Z,._, in PBC?

; 1
(No, generic SSB of Zy symmetry has gap A « 17) 0.5 . i = [7
=6
e =5
~ . _ o [ =4
* Non-commuting with translation 7?  TU(@)T™* = UQ2¢) 0s . .
we /(21
(Probably, but not a guarantee) HIESR =)
Dipole symmetry: non—commufing with T, but has gapless E(k)
Goldstone modes (E o k?). _
Lake, Hermele, Senthil 2022,
Stahl, Lake, Nandkishore 2022
Exp U(1) SSB
excitation spectra
k
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Rokhsar-Kivelson line

The bosonic breakdown model has an exactly solvable Rokhsar-Kivelson (RK) line.

Lpvo

L
e 7
) Hem) Z [Gj(a}+l)2 %+1 ] + Z [ K + J'('”'J' - 1)] Hu, Han, BL (to appear)
=1

i=1

TheRK line:  upU = —2J?
Rokhsar, Kivelson 1988

Redefining a = 2] /U allows us to rewrite H (up to boundary terms)
into a frustration-free non-negative form Hgy = 0 :

Il M1
*+ Two families of ground states satisfying O;|¥) =

T = R
‘\Ilsym> = ]0>a ‘Ilbbb H exp Ga;[‘)|0>; =y 1 MI
l, l 0 RK line
(@)=0 (8;) = aexp(i2t~7p) S
! Mott insulator (MI)
» Indication: the RK line is a 1st order phase boundary. o 0.2 0.4 06 08

J/U
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Inevitable first order SSB transition

Ground states on the RK line (phase boundary): Hu, Han, BL (to appear)
L L
Vaym) =10}, [Tss(8)) = [ ] exp (ae™"*%a]) 0),
j=1

Each charge sector contributes a SSB ground state:
* PBC(Z,._, symmetry, 6 € = Zor_, ): No=2'-1

* OBC(U(1) symmetry, 6 € 27R/Z ): N, diverges for boson model (exponential in L if
on-site Hilbert space is finite)

-

SSB phase: exponentially many ground states! (verified by ED) — entropy density S/L > 0

Symmetric Ml phase: entropy density §/L =0

g MI (S /L = 0) SSB (S/L > 0)
° > ]
The SSB phase transition is in general inevitably first order, 1st order phase boundary
due to discontinuous jump in S/L . (RK point)
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The spin breakdown model

A spin (S = 1) version of the breakdown model (finite on-site Hilbert space) S;E = 8% + 157
7 Lpvo L g2 3
2 z
H_Wzl[s (851 + 57 ( ;+1 Z[)\S Sm(ZS J)
J: :

* Mappable to boson model in the § — oo limit:
Si=S—n;, Sf =87 = /25—, <
<L

boson model with U = (1 — M)A, p=—(1+ A)h/2. 57 Sfe

M

* Exponential U(1) (or Z,._,) symmetry:

L L—jQz
; LTS (OBC)
(b)=e @ { o1 28798 mod (28 —1). (PBC)

Number of charge sectors (exponentially large):

Ng = 25(2* — 1) + 1 for OBC, N, = 2% —1 for PBC.

Hu, Han, BL (to appear)
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Spin model ED spectra

Hereafter we set A = 1 (different A are qualitatively the same): Hu, Han, BL (to appear)
Lpio
_ +(S z
H=- {23 ’!/2 Z 7+1 +S J+1 hzs b

7j=1

SSB occurs robustly for spin § > 2 (numerically in ED & DMRG).

-33¢ : : :
0.4 0.5 0.6 0.7

ED spectrum for § =5, h = 1: SSB transitionat /] = J; ~ 0.52 o

o 80 BV oefuTmogfaeie

S Dl o i s |
PBC .. OBC
oLd/h=01 M J/h=0.1
-0.5 0 0 )
Q/(2% - 1) Q/(2" - 1)
Symmetric SSB Symmetric SsB
paramagnetic (PM) phase Breakdown condensate paramagnetic (PM) phase Breakdown condensate
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Boundary condition dependence

SSB energy spectrum vs. PBC or OBC:

Egs(Q) — Egs(Qo) = D (Q;‘?U)z

) All 2¢ — 1 ground states span
Q/(2F-1) an order 1 bandwidth W .
10“’ E . . . .
| ‘ Spin expectation vs. site j: red: global ground state (GS)
103 1 analogy to non-Hermitian grey: GS in other Q sectors
1079 L:‘\‘ | skin effect. 2 R N YO )
By e - *xy | . . . . PM
10°) +L=6 | 5[AA-A-B A L] T | o 50
4 6 8 10 - PM e i —B—a—E7 SSB zero mode &6,
S ey o2 N T SO
_ = | —8—a—8-—8—= 9 21
Bandwidth W vs. & 0 SSB | = 073
. . b -~ .4 ]
system size L & spin § § 5 5 46 J
& 2 4 6
J
2 4 6 o
j OBC: gapless many-body edge mode near site j = 1
PBC: uniform magnetization (From the boson zero mode + interaction)
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Finite temperature phase diagram

1D quantum breakdown model, SSB with a gapped spectrum:

¢ Robust SSB at zero temperature T = 0 (no Mermin-Wagner)

*  Symmetry restored at temperature T > 0. o

1st order phase boundary at T = 0: should extendto T > 0.

Specific heat C,/L & entropy density §/L for spin quantum
breakdown model (spin S = 5):

First order boundary up to temperature T, = 0.3

! |6
| Lr Tebid
I4 ‘_b-:]“
43
2 0.5
— L=6
0 e T Y
C, L=4
0.4 05 J 06 %.3 045 J 06
Heat capacity (L = 6) Specific heat T > T,

K(Je; Te)

Glass
0 PM ) SSB
Jo

Expected phase diagram

Hu, Han, BL (to appear)

S c,/L
R o

-i

j \ 0.45 J 0.55
0 : ‘

0.5 J 0.6

Specific heat & entropy density T < T,
indicating first order transition
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Pomeranchuk effect

The slope of the 1st ordered phase boundary:

Pomeranchuk effect (higher temperature phase is less symmetric). x(J., Tc)

Pomeranchuk 1950
B~

Reason: the less symmetric (SSB) condensate phase has a higher

entropy density § = L1n 2, yielding a lower free energy Glass
0 PM SSB
F=E-TS. Ji

) i Qtm breakdown model phase diagram
+ Estimation:

Ground state level crossing Pomeranchuk effect in He-3:

solid state is at higher temperature

E;ﬁ"' _Egs(QU) = Ugs(J_JU)L R a1 - than liquid state

kel 4 %
s \ | SOlId{bCC) \
-331L 4 . J |
0.4 0.5 0.6 0.7 3 \#Supmluld

g -
- g 3
J = A phage 4
First order transition at T = T;: 2 y o
ﬁ Superfluid
T Bphase. / Normal liquid
1+
T<T Vas(Jo — J
§: 0’ ( < -I), szmax{g(o )’ O}
L In2 (T > Ty) In2 0 i : e
0.0001  0.001 0.01 01 1 10

lemperature (K)
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Breakdown condensate as a quantum glass

Finite entropy density makes the SSB breakdown condensate
look like a quantum glass, but requires no disorders. *(J., Tc)
By
* Spin configuration of a coherent SSB ground state: -
highly random. (\Glass,’
0 PM % SSB

e e
order parameter (S) = age? 7?

J Jo

Qtm breakdown model phase diagram
In-plane spin direction:  6; = 26;,; (mod 2m)

\ The Bernoulli map:
L=16, B=2nk/(2"-1)

(a chaotic map governing
Poincaré section of the

A oa \ S \ S ‘ X\ / \ / \ /‘ k=11026 Lorenz strange attractor)

x = 2x(mod1)

mANINSNI NS N SN S e

—_—— — — — — — — — — — — — — —& — K=

2 4 6 8 10 12 14 16
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A disorder-free quantum glass

Hu, BL 2024,

Does the SSB quantum breakdown condensate fulfill the definition of a glass?
Hu, Han, BL (to appear)

* Exponentially many competing ground states in order-1 energy window (Yes)

* Non-thermalizing dynamics (Yes)

%1073
3 10

= [T iR S =
= =
= o0
L‘Q &2 8 (=] 9’
! &
@ 1 e o -10
2 s e "% Y% |- Q=-6—-Q=0 —Q=10

s il 0 50 100

-15 -5 5 1 Wt
Q Persistent oscillation in time autocorrelation

L _ i T T
2% — 1 ground states span an order 1 bandwidth W . Cxx(t) = (bo|SE(#)SE(0)[vo)

« Absence of off-diagonal long-range order: (Yes)

If
o

Long-range order 2-point function: <S;_(Sj_+1)2!)

f

vanishes when 2! > 2§

e
Order parameter: (S) = age? 9,
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Dynamical breakdown, false vacuum

The quench dynamics of breakdown model basonpumberom:sismat fimedt:

has a dynamical breakdown transition.

(T (£))

Time evolution of single-particle initial state:

—
iz

0
wo) — al [0) s

t))

X
o= 3

Dynamical breakdown: -
* If ground state is in MI phase: yparticie svalanehs:

No dynamical breakdown.

* If ground state is in the SSB phase: 0 Amyp = T — g
: 1
May or may not have dynamical breakdown. Dynamical :
y y Y breakdown Dynamical
breakdown

l

|_— transition

Initial s_tate (MI + 1 particle) is in 3 Gioifid Bl
a quasi-stable false vacuum. -~" transition
Reason: the SSB state is gapped in the bulk, so =
the M state is quasi-stable if it is in the gap. -6 ” — False
0 1 2 vacuum
JIL
Hu, BL 2024 Dynamical phase diagram from ED
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Summary & outlook

* The exponential U(1) symmetry: sensitive to boundary conditions.

* SSB of exponential U(1) symmetry in quantum breakdown model: \/

gapped bulk spectrum, violating the Goldstone theorem. Exp (1) SSE

excitation spectra

* Boson model: solvable on the Rokhsar-Kivelson line.

* Exponentially many SSB ground states: enforcing a first order phase
transition. The SSB state gives a disorder-free quantum glass.

* Mott insulator can become a false vacuum state stable against
dynamical breakdown.

Future questions:

o x(J., )
* Classification of such ground states?
A =
* Experimental realization (cold atoms)?
A Glass
* Connection with quantum information & measurement? o PM $_S55B |

Jo

BL, PRB 107, 115171 (2023), Yumin Hu, BL, PRB 112, L100504 (2024-25), Yumnin Hu, Zhaoyu Han, BL, to appear (2025)
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