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Please excuse Wednesday. She’s allergic to color.
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1. Discovery of new a law or equation
e.g.: KPZ equation
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Few- to many-body physics

High energy theory
e Spacetime and gauge symmetry

* Diagonalize Lagrangian

, particle content, Feynman
rules

 Scattering amplitudes
e pertrubative

Condensed matter theory
e Lattice and local Hilbert space

* Diagonalize Hamiltonian

, quasiparticles, S-
matrix

e Correlation functions
e Strongly correlated
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Challenges

* Frustration 1 1 . 3
e Geometric AI'—",.":' - _Q(Si = 55)° - 2
* Quantum Voo / ? I
* Heisenberg Hamiltonian h; ;. = 5} - 5} ./\o @
lowest energy eigenstate |4, |, 1) — ||, 1:,1) TMT

* Fluctuation — mean field picture breakdown
<Uﬂc0y> # <Ja:><0y>

On the bright side:
* Low threshold — combinatorics, linear algebra, qguantum mechanics, Mathematica, Adobe Illustrator
* Low risk of being scouped!
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Outline

* (incomplete) survey of models with colour d.o.f.
e SU(N) spin chain
e Simplex matryoshka
* Beyond area-law ground states via color

* Colored loop models and sub-area-law entanglement
* Hilbert space fragmentation
* Tower of exact excited states
* Topological entangelement entropy
* Non-intersecting bicolor loop models
e Balasubramanian—Lake—Choi model

 Summary and outlook



Colored spin chain

* Heisenberg chain 7 = ZP@ i1 = H = Z XiXin +YiVip + AZiZial XXZ chain

1=1

. Multl—component generallzatlon

aa 2
H = ZPHH %H—i—z V4 ZA ( )Eibl) : Aabzsgn(a—b)+g(b—a)

a,b=1
Sutherland, Phys. Rev. B, 75’ Babelon, de Vega, Viallet, Nucl. Phys. B, 82’
* . . 1l - a a
Pa rtlaILIr]tegrablllty Pis1= ) e ® ey, P i41(vi ® vig1) = Vig1 @ v;
a,b=1
H=> [Piit1+2AC; 1] ) . .
— 1,1 (2Y Z’Z+1 Z Eaa) ®€7(;ici) (e(a ))Cd — 5?5d
a=1

Kiwata, Akutsu, Sato, J Phys. Soc. Japan, 94’, 95, 96’
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Bethe states with anti-symmetrized basis

Zhang, Mussardo, PRB, '22

 Reduced frustration
13,5>= 100000> - °0000>+ 07000

|i1,i2, ,Zn> - Z Sgn(0)|i1,i2, ...,in;J(CQ C3 --- CL—n)> B l‘ ...>+ |‘.. .> ) |... .>
O'GGL—'N, _S_+_1 L_n
|
— i1, ey i), j #ia,iq —1,Va F . : ‘.
i1,y ooy i), J =g =lqs1 —1 s { . )

€y — €EGS — EXXZ

Also works for symmetrized basis

Finite energy density of excited states
Decomposition of entanglement entropy

Sa—SXXZ (21 — n)log(2l —n) — Z X% (na) (1 —na)log(l —na) + (1 —n+mna)log(l —n+na)).

na=n—I

Slow thermalization X

Solve YBE as eq.s of momenta — Solitonic excited states: e.g. i = pi; =2 — u_



Rainbow chain and entanglement blossom

* Stong disorder RG =P effective long range interaction

Vitagliano, Riera, Latore, New J Phys "10

Ramirez, Rodriguez-Laguna, Sierra, J Stat Mech, ‘14, ’15
Rodriguez-Laguna, et al, J Phys A, '17

MacCormack, Liu, Nozaki, and Ryu, J Phys A, "19

* AdS metric #

ZZ, Annals of Physics, '23

* all-to-all Hamiltonian
diagonalized by group algebra — Young operators



Colored vertex and dimer/tiling models
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Topological entanglement entropy

S=alL —~vy+--- v =logD

Stopo =S4 + 5B +Sc — Sap — Spc — Sac + Sasc

Kitaev, Preskill, PRL, ‘06

Exa m ple: TO riC COde Kitaev, Annals of Physics, ‘03
R I |
j€Estar(s) jE€boundary(p)

Hy = =) A, — ) B, S
s p




Sub-area law entanglement

* 2D conformal quantum critical points: S = alL — fSlog L + O(1)

* Universal: 3= (XA +xB — xaup) for smooth boundaries

I (12T Y tog 1
for sharp corner with interior angle ”/ B = oAr \ ,y_ 08

Fradkin, Moore, PRL, '06; Casini, Huerta, Nucl. Phys. B, '07; Hirata, Takayanagi, JHEP, '07; Stoudenmire et al., PRB, ‘14

e quantum dimer, vertex, and loop models

p:i 6|5 4]3 2|1 0 el
(L/2) 921615 413 211 . —0.41 + 0.59N — 0.161n N
1 1 9 4 5]6[5 4[3 2 .
S<Llog2—-logL+-log= L 3[45[6[54][3 R .
2 2 o 2 3|4 5|6]5 4 |
Zhang, Rgising, J Phys. A, ’23 112 3 45 6? 2.51
0 1/2 3|4 5[6




Bicolor toric code

* S;invariant Hamiltonian

3
* Vertex: ; _ _ZAE)Q) LA, Plaquette: ZB
a=1
AW = T[ 2, fora=1,2,3, By = [ X,
jE+o jely
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Piet Mondrian artwork displayed
upside down for 75 years

(® 28 October 2022

HENNING KAISER/GETTY

| "Does that look right to you?"

By Paul Glvnn
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Ground state degeneracy

42=16 topological sectors: 4 for each direction
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Ground state degeneracy

42=16 topological sectors: 4 for each direction

{10),[r}, [b), [rb)}
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But what about these two?

(@)  _ (a) _
CEpe = 1] X", fora=1,2,3.
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Hilbert space fragmentation

Similarity to Reidemeister moves
D O=->0 =D

111, >< «—»w(
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Hilbert space fragmentation

Similarity to Reidemeister moves
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Exact excited states
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Upper bound on entanglement entropy

GS)= Y /PslGSu(0)) ®[GSs(0)) n _

o€{¢,r,b}®2!

L i j 20—i—j) 4

i,j=0 mod 2

h
=

21

21 o
21 v J
(1+ s +8p)" = Z (z j 21—@'—]')81"8‘0

i+5=0

1
Do = N m)  S; = —Zpalogpa = 2[log 3|— log 4+ €

Agrees with quantum dimension



Non-intersecting bicolor loop model

* Honeycomb lattice
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Topological sectors

{10,0,) ,
[02) @ {[ry) , [by) , [rby) , [rbrby) , ...},
{lrz), [ba) s [rba) , [rbrba) ... } @ |0y)
{Irz,12) , [bg, ba), [tbs, rhy) , [rbrb,, rbrb,) , ... }},

Upper bound on entanglement entropy

(1 1 1 0 0\ |P)
1 1 0 01 Ir)
Transfer matrixmethod 7 =11 0 1 1 0], b)
0O 0 1 10 rb)
0100 1) |
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Balasubramanian--Lake--Choi model

arxiv: 2305.07028 Creation/annihilation
(a) a) [ \\‘\
=I b
"-©5)1@9) €5 - ey
(b) A Vertical link — g —
/—@: Vac. Blue Red nd ud I I
G 1) () [m) [d) [®)
é)_ - - —
Horizontal link O - o
Vac. Blue Red
—) 1) =) %) T>] . =" Surgery moves
.
C Isotopy moves
() My Ms . M3 . Py

— b .L_ — d {f ~ 3 Only creation/annihilation + isotopy moves,
No surgery moves!

Loop nucleation Corner expansion Face expansion



Sub-leading logarithmic contribution

Bijective mapping to colored random walks
l

bbb bbb Bl )
§\/<_\ Saddle-point approximation
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BLC ™ ur /sl o 2,/5l

(2ys+ 1)
2v/2rl

Emergent height function

4
2y/s+1

Serc = 21 log(2f+ 1) — — log(ZZ) — — log



Summary and Outlook

* Long range entanglement in colored loop models can be reflected in
the (upper bound on) entanglement entropy in 3 different ways

* Coloring toric code breaks exact sovablitity, results in a kinetically
constrained model with towers of exact excited states

Spectrum generating algebra for the tower states?
Spectral gap and loop correlation
Topological invariant to classify Krylov subspace

Generalization of anyonic excitations

A S

Fault tolerant quantum computation of qgtrits



Thank you for your attention!



