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Triangular lattice antiferromagnet

H:J;SS

Nearest-neighbor model has non-collinear Neel order
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RVB: Z; spin liquid
Read and Sachdev (1990); Wen (1991)

The simplest stable spin liquid (which need not break time-reversal) is
the deconfined phase of a Zs gauge theory. There are ‘spinon’ excitations
which carry unit Zs electric charges, and ‘vison’ excitations which carry m
Z.o magnetic flux.

Anyon e (spinon) | € (spinon) | m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, €, m are mutual semions.

These anyons are ‘topological’: they cannot be created individually by any
local operator, and their existence implies a four-fold ground state degen-
eracy on a large torus.
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e A single spinon carries
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RVB: Z; spin liquid

The € spinon is a fermion.
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Quantum phases of Rydberg atoms on a kagome lattice,
Rhine Samajdar, Wen We1 Ho, Hannes Pichler, M. D. Lukin, and S. S.,
Proceedings of the National Academy of Sciences 118, ¢2015785118 (2021); arXiv:2011.12295

Emergent Z, gauge theories and topological excitations in Rydberg atom arrays,
Rhine Samajdar, Darshan G. Joshi, Yanting Teng, and S. S., arXi1v:2204.00632

Mikhail Hannes T
: Darsh '
L ukin Dichler Jacl;:hian Yanting Teng

Rhine Samajdar
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QP Tsin a Rydberg quantum simulator

1013 nm V 420 nm

9) = [0)
r) = B'|0)
"0 -
Z 5 (Bg + B}Z) — Ang + Z ‘/]g_g/‘ngng/ 1
I - A4 ‘/'W_E,‘ ~
Ny = BZBg |€ o €/|6

ny = 0,1 ‘hard core’ bosons

S. Sachdey, K. Sengupta, and S.M. Girvin, PRB 66, 075128 (2002)
FSS model P Fendley, K. Sengupta, S. Sachdev, PRB 69, 075106 (2004)



From the F'SS model to an emergent Z, gauge theory
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B+ B < Z
Ny < (1—Xg)/2

/ will become the Zs gauge field
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R. Samajdar, Wen We| Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)
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From the F'SS model to an emergent Z, gauge theory

253

be(i,g) -

Q

A

2 , w 4
ST 2T + 5 X + ) (1— X,)(1— Xp)

- €<€/

Introduce Zs matter fields on ‘2 sites’. Gauge Invariance: 7,° — 0;77°, Z;; — 0iZ;i;0;,

70— T, Xo — Xy, 05 = =T

1. Gauss law constraint: G; = 7° [ |,., Xg = 1.

€ lattice

_MT

R. Samajdar, Wen We| Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)



From the F'S5 model to an emergent Zy gauge theory

Q ., ., A Vie—e|
H = Z 5%‘ 2 T; 2X£ +Z 1 (1= X¢)(1 — X¢)
le(i,g) - X4

Introduce Zo matter fields on ‘2 sites’. Gauge invariance: 7° — 0;7;°, Zi; — 0iZ;;0;,
Tt — 1%, Xo — Xy, 0; = £1. Gauss law constraint: G; = 7° | [,., X¢ = 1.
O O O O O

O O O O
ﬂattice .

- \ | A’\
¢-lattice O O Q O

V: @t

1-lattice
/
O O O O
O O O

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)® R.Verresen, M. D. Lukin, A.Vishwanath, PRX 11,031005 (2021)




From the F'S5 model to an emergent Zy gauge theory

253

be(i,g) -

(2

A

s e Vie—e|
§T,L- ZgTj | 2Xg —I—Z 4 (1—Xg)(1—Xg/)

- £<£l

Introduce Zo matter fields on ‘2 sites’. Gauge invariance: 7° — 0;7;°, Zi; — 0iZ;;0;,

70— T, X — Xy, 05 = =

-1. Gauss law constraint: G; = 7° | [,., X¢ = 1.
O O O O O

ﬂattice v
ol A
e T

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)® R.Verresen, M. D. Lukin, A.Vishwanath, PRX 11,031005 (2021)



From the F'S5 model to an emergent Zy gauge theory

253

be(i,g) -

(2

A

s e Vie—e|
§T,L- ZgTj | 2Xg —I—Z 4 (1—Xg)(1—Xg/)

- £<£l

Introduce Zo matter fields on ‘2 sites’. Gauge invariance: 7° — 0;7;°, Zi; — 0iZ;;0;,

70— T, X — Xy, 05 = =

-1. Gauss law constraint: G; = 7° | [,., X¢ = 1.
O O O O O

° ° ° ¢ ﬂattice
2
v 8‘—\lattice ® ® k\q
i-lattice : V \§
/
O O —O—
O O O

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)® R.Verresen, M. D. Lukin, A.Vishwanath, PRX 11,031005 (2021)



From the F'S5 model to an emergent Zy gauge theory

253

be(i,g) -

(2

A

s e Vie—e|
§T,L- ZgTj | 2Xg —I—Z 4 (1—Xg)(1—Xg/)

- £<£l

Introduce Zo matter fields on ‘2 sites’. Gauge invariance: 7° — 0;7;°, Zi; — 0iZ;;0;,

70— T, X — Xy, 05 = =

-1. Gauss law constraint: G; = 7° | [,., X¢ = 1.
O O O O O

ﬂattice v
ol A
e T

R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, S. Sachdev, PNAS 118,e2015785118 (2021)® R.Verresen, M. D. Lukin, A.Vishwanath, PRX 11,031005 (2021)



Rydberg atoms on site-kagome lattice: theory

Disordered

(c) Nematic: 0 = 3.3, Ry = 1.7 (d) Staggered: 6 = 3.3, Ry = 2.1

5/9)

R. Samajdar, Wen Wei Ho, H. Pichler; M. D. Lukin, and
S.Sachdev, PNAS 118,e2015785118 (2021)



Rydberg atoms on site-kagome lattice: theory

Disordered

(c) Nematic: 0 = 3.3, Ry = 1.7 (d) Staggered: 6 = 3.3, Ry = 2.1

Topological spin liquid
R. Samajdar, Wen Wei Ho, H. Pichler, M. D. Lukin, and described by emergent
S.Sachdev, PNAS 118,e2015785118 (2021) 7o gauge theory ?




Probing Topological Spin Liquids on a Programmable Quantum Simulator

G. Semeghini, H. Levine, A. Keesling, S. Ebadi, T. T.Wang, D. Bluvstein, R.Verresen, H. Pichler; M. Kalinowski, R. Samajdar,
A. Omran, S. Sachdev, A.Vishwanath, M. Greiner,V.Vuletic, M. D. Lukin, Science 374, 1242 (2021).
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Microscopic evolution of doped Mott

insulators from polaronic metal to Fermi
liquid

Joannis Koepsell, Dominik Bourgund, Pimonpan
Sompet, Sarah Hirthe, Annabelle Bohrdt, Yao Wang,
Fabian Grusdt, Eugene Demler, Guillaume Salomon,
Christian Gross, Immanuel Bloch

Science 374 (2021) 82
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Paramagnon theory of the Hubbard model

Z t’LJ C’LJC]U T U Z (n’LT ;) (nzi, ) H Z CigCio

1<

We use the operator equation (valid on each site 7):

1 1 2U U
U(TLT 2) (T% 2) — 2 52 | 1

Then we decouple the interaction via

2U 3 oo _
exp (?Z/d753> :/D(I)i(T) exp (Z/dT @@2 D, - (:T 7-2 Cio’ )

This yields the ‘Scalapino-Pines-Chubukov-Schmalian...” theory for a ‘paramagnon
quantum rotor’ ®; coupled to otherwise free termions c;,.




Paramagnon theory of the Hubbard model
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Paramagnon theory of the Hubbard model
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(Quantum
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Each rotor has elgenvalues gl(l +1)/2, degeneracy 20+ 1,/ =0,1,2...
Restrict to the £ = 0, 1 states, and represent each rotor by 2 “ancilla qubits”,
S = 1/2 spins Si; and Sy;, with an antiferromagnetic coupling J, = g

L;=51;+ 52

(I) — 7 (SQZ Slz)



Ancilla theory of the Hubbard model
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Ancilla theory of the Hubbard model

density
1+p
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Performing a Schrieffer-Wolff transformation in powers of 1/.J,, we obtain

_ RPN o Toot [ Tep
1 — ngcljfwcpa + UZ CipCit | |CiyCit| T JZ Cic 5 Cio' | " |Cjp
- : -

i.e. we recover a Hubbard-Heisenberg model with no ancillas and

[ — SJ[Q( | 3]?( | 7 J%((J1—|—J2)
8J, 16J%2 T 4.J2




Ancilla theory of the Hubbard model
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Small Fermi surface.

Ancilla theory of the Hubbard model
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FL* in a one=-band model “Fermi arc” spectral functions

|AC (wzoak;lt,ky )|/A0
1.0

0.8

0.6

0.4

0.2

FL* Hamiltonian: [(SU(2); xSU(2)g)/Z2|xU(1)em is broken to U(1)q4iae by Higgs condensate ®:

= th Ci:aCjia T Ztl,ij 13; a\Ijlj o T Z (I) Ci. a\Ijlz o T \Ijlz o Ci: a)



Photoemission at small p

. CaZ—xNaxCu02C12
- . a

“Fermi arcs’”

Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,
Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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Photoemission at small p
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FL* in a one=-band model Electronic dispersion
Anti-node: k, = Node: k, = 2
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Dynamic consequences of the spin liquid
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The only singular gauge fluctuations are those in the spin liquid of the Ws.
We can compute their influence on the electronic spectrum perturbatively
in the exchange couplings in terms of the dynamic spin susceptibility yg.
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Summary

e Probing Zs spin liquid with Rydberg atoms:
Two-state Rydberg atoms on the kagome and ruby
lattices can be written exactly as a Zo gauge theory.
Fvidence for deconfined phase of Zs gauge theory on
the ruby lattice.

e Ancilla theory of FL* for the pseudogap metal of the
cuprate high temperature superconductors:
Don’t fractionalize the mobile electron, but fraction-
alize the ‘paramagnon rotor’ into ‘ancilla qubits’.
Predicts electronic spectra in good agreement with
observations in both nodal and anti-nodal regions.



