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What are Fibonacci anyons?

Anyons: Quasiparticles with fractional charges

FQHE, 2d magnetic models (Kitaev model), ... é
1. Abelian anyons: acquire a phase factor e'? under braiding
2. Non-abelian anyons: unitary rotation in the ground space 6

Fibonacci anyons: Read-Rezayi state, Levin-Wen model

> quantum dimension: d, = (1 + V/5)/2

[Fusionrule:'rXfr:1+'r 1><'r:'r]

Precise meaning: There are two possible quantum states for two Fibonacci anyons.
1 has trivial statistics, 7 has the braiding properties of a single Fibonacci anyon.

11 N
Fibonacci#: Fy ~ (d.)
T 3/2
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Golden chain of Fibonacci anyons

® ® ® ® a> &,
The ground state has a macroscopic
® ® degeneracy ~ ¢ (¢ : golden ratio)
® ® a~ &n
® ® Anyons approach each other and interact.

Soup of anyons The interactions will lift the degeneracy.

 1d array of anyons (pinned) A. Feiguin et al., PRL. 98, 160409 (2007).

Penalize fusion
outcome 1 or .

Numerical results:
g.S. = unique, critical
Low-energy physics
- minimal CFT (c<1)

* Mapping & exact solution
Anyonic spin chain = Integrable RSOS model (Andrews-Baxter-Forrester)
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Anyonic Hilbert space
* Fusion tree basis Orthonormal basis

roT T T T T EE |€0,71,22,83,.) (ri=lorr)

o xr1 T2 I3

Hilbert space is spanned by all possible fusion paths.

» Example:
T T T T
1 T 1 1 T Constraint:
T T T T T T .CU?: — — 1
| ] | ] | ] T .
dimHy = Fibyy1 ~ ¢
T 1 T T T 1 T T T

© : golden ratio
171), |177), |r71), |717), |77T)

Exclusion constraint < Rydberg blockade!
Rydberg FF/-kBFibonacci anyon DEE
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What is special about Rydberg atoms?

Rydberg atoms are atoms in which one of the electrons is in

the excited state with a very high principal qguantum number (n). Q/\?“
m -
Radius ~ n2ag é A00 b

Life time oc n° or n° 80us n = 40

« Spin-1/2 representation

T, 5 m— 7y =] 1) = (1) Single-atom Hamiltonian
Laser A 0 (Rotating-wave approximation)
N\ N\N\NM
I AN :> 0 H =0, + An
Laserp A Rabi frequency Detuning
WV \N\N\NM
no, s

0
D=10=(7)  w=( o) n=(5 0
« Strongly exaggerated interaction

Rydberg atoms in s-states interact via van-der-Waals type interaction

Cos Cﬁ 0. ¢ nll
V(Rl N RQ) - |R1 — R2|6 For typical n-values (n=40-80), the interaction is
10 orders of magnitude stronger
tens of MHz (|R|~um)

than that of ground-state atoms.



Rydberg lattice gas & blockade Wm int.
- Atoms trapped in 1d optical lattice
- Interaction decays quickly (~ r9) \/W\/\/\/\/
—> Consider only up to n.n.n. interaction O O O O 0
1%
« Hamiltonian v %

N N N v
Hpyq = QZG? + AZ?’L@' +Vznini—|-1 + aznini+2
i—1 i—1 i—1 i—1

Connection to Fibonacci anyons
* Hilbert space (with exclusion constraint) No adjacent 1s

Fusion rule (reminder): 7 x 7 =1 +7 No adjacent Rydberg states

Fibonacci chain Rydberg atom
Physical T T T T T T Fictitious

O 1 1 Y Y
R
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Rydberg lattice gas & blockade van-der-Waals int.
- Atoms trapped in 1d optical lattice blockade
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« Hamiltonian - %

N N N v
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Rydberg lattice gas & blockade van-der-Waals int.
- Atoms trapped in 1d optical lattice blockade
- Interaction decays quickly (~ r°) W\@Q@Z\/\/\/
- Consider only up to n.n.n. interaction 0 0 0 0
« Effective Hamiltonian(|V|>>|Q)|,|4A]): Lesanovsky, PRL (11, ‘“12)

N N v & P =1
x p. L Yoy T
Heff :Q;P@_laz Pz—|—1+A;n@+ 64 ;n%?’l@+2 P?,|7q>z :0’ P?,|g>’b — |g>z

Connection to Fibonacci anyons
* Hilbert space (with exclusion constraint)

i - No adjacent 1s
Fusion rule (reminder): 7 x 7 =1+T7 J

No adjacent Rydberg states

Fibonacci chain Rydberg atom
Physical T T T T T T T T Fictitious
Fictitious ‘ 1 ‘ THAT 1 T ‘ 1 Physical

7)
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e
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Practical implementation
H.ny = Hryq When | Q=—Jp 32 A=—J(p ?-3p 1), V=-64xJop

= (1+V5)/2

» Parameter region

Q A
Ql, |A V —|~0. —| ~0.
2, [AT < V] ‘V‘ 0013 ‘V‘ 9923 The blockade can work!

« Sign of Rydberg-Rydberg interaction
Both positive and negative coeficient V are available.
Negative V: R. Low et al., PRL 106, 170401 (2011).

: : Low-energy spectra
- Effect of imperfections gy sp

- _, () 5 pietand:defmetat, AR
- Non-perfect blockade @) () () @ , i '...‘.”g:;:;'.,_,m, ; :?‘::i“ ?i
02 3 T T T S . ff?\i-:::ﬁl:.i f‘? il V%' :
h A AN tAR vl .
Hy = v [2?% - 5%”@4—2 ! I ! 2 ! T-,‘;:;’ \‘22 ¥ 'i
i 11 T \Jf oo \.; Vi
' — NI | H, »>0Y L f H 00 '
IP%—l(O'z' Oit1 T 0;410; )PH-?I 01 23 456 01234556
- Longer-range interactions Wasl S8 Tminfiey Al
ey 207 ¢ i TUTE wma o -.‘:. ‘_‘,
o 1ty o Lt LTl Lt e 1_:
Hir =V Z e SN AT A I F R
|i— J|>2 J 10| “'\;:;’ ."“_!; v AR
/ o4 : ]

Negative V (AFM: c=7/10): critical g.s. = Robust! 0-5"H M‘f' VA N N

Positive V (FM: c=4/5): critical g.s. - Gapped ottt 4

K K
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Measurement of anyonic observables

- quantity of interest is e.g. fusion outcome of neighboring anyons
1 2 3 4 o 6 N-1 N r 7

r 1 Ti-1  Tiq1
r) —@— @ @ @ g 111), [177), |rr1), |717), |7rr)

|1171), |L77), |r71), |717), |777)
1
Qrs I |a> O
: M, = 0
:r " (P—Q 90—3/2
) —¥— 9 0 32 !
RinR, n=(1+0%)/2
- need to perform projective measurement (M) = 1—=1
(M) = 0=

- collect three independent single site measurements

Projective measurement of a single atom
E. Urban et al., Nature Phys. 5, 110 (2009).
A. Gaetan et al., Nature Phys. 5, 115 (2009).



Summary

T T
« Realization of Fibonacci anyons ‘ ‘
1. Rydberg blockade - restricted Hilbert space Ti1 X Tigl
2. Anyonic degrees of freedom are encoded in multiple atoms.
3. Experimental simulation of the anyonic Heisenberg chain. e
4. Measurement scheme for fusion outcomes

Rydberg atom system -2 Platform for the study of interacting anyons O

Future directions

- Fibonacci anyononic J1-J2 chain (2-body & 3-body interactions)
S. Trebst et al., PRL 101, 050401 (2008).

[ . |
H = cost I : + sin 6 P = Stable critical phases

- two-leg ladders, higher-‘spin‘ models, two-dimensional models, ...

- Other class of exotic systems with Rydberg atoms
Zamolodchikov's Ising field thery (Eg symmetry and boud states)
cf) CMT realization: CoNb,Oq , Coldea et al., Science 327, 177 (2010).



Supplement: ground state phase diagram

N N N
H=Q Z P;_10fP;11+ Azni + Vs Z NiMN;42

The same model also describes trapped atoms in a tilted optical lattice.
P. Fendley, K. Sengupta & S. Sachdev, PRB 69, 075106 (2004).

ecocecosecoe V5 /9 - Rokhsar-Kivelson line
Zy ordered Igor Lesanovsky, PRL 106, 025301 (2011);
| disordered Igor Lesanovsky, PRL 108, 105301 (2012).
( _.Potts criticgl point M QO 5 A
T~ (Vg) V5 Z kK
. e —A/Q &
— — == — Q
el TN Prp= |z Pe1 |0k + & tnp 4 € Prg
--'.‘.gﬁ disordered ehHe
Z,, ordergd "@gricritical point M2 - RK ground state
SN BN EeR IR B¢ "*\ 1 L
. &) = ——TI1(1 = €P_10 Poya) 14d . 1)
I '}Qitﬁg;ifmder - Exact 1st excited state is also obtained

= === Ising second order

chiral transition
<™ incommensurate region




