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Abstract: Ground state degeneracy is an important characteristic of topological order. It is a natural question under what conditions such topological
degeneracy extends to higher energy states or even to the full energy spectrum of a model, in such a way that the degeneracy is preserved when the
Hamiltonian of the system is perturbed. It appears that 1sing/Majorana wires have this property due to the presence of robust edge zero modes.
Generalized wire models based on parafermions also have edge zero modes and topological degeneracy at special pointsin parameter space, but the
stability of these modes is a much more intricate question. These models are related to Hopf algebras or tensor categories in several ways. In
particular they are "golden

chain" type models based on fusion categories for boundary defects of Abelian TQFTSs. As such they are part of a much larger class of Hopf algebra
based chain models with edge modes. It is natural to ask which of these have stable edge zero modes and/or full spectrum degeneracy.
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Full spectrum of 6 site chain with f = 0
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Energy
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Order 1 resonances for odd N, 8=0 (similarly for 6=11/N)
Order 2 resonances for even N, =0 (order 1 for 8=11/N)

Slightly less simple. N=3 at 8=11/6
Need to change multiple walls for resonance.

With resonances, have to consider virtual processes
between all states in the degenerate bands
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Perturbation theory

At ¢ = 0:
First order processes
For large L, splitting AE o |
At ¢ # 0 (off-resonant):
No first or second order processes

Numerically no processes to 8
order

Bands for 6 site system

All orders are consistent
With error in PT expansion
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N =3 full spectrum splitting

Maximum energ)
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Resonance points
The a and b bands cross at two values of ¢ given by:
ij_v—1 cos("%)(a]— — b))

S tsin(3E) (a — by)

tan(¢) =

Resonance points for 8 site chain.
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Resonance points
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Resonance points of 9 site chain for f = 0

Pirsa: 17080012 Page 20/29



Pirsa: 17080012 Page 21/29



Third order process

Third order splitting at for 8 site chain at ¢ = tan‘%%)

here €g+2¢; = 3e€o
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100 (N=3)

Resonance Points for L
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Qualitatively different

Have completely overlapping bands (different sets of domain walls with same energy at all ¢)

This always happens
If N is not prime

10.0

5.0

Resonances for 7 site chain
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Z., model

Qualitatively different
Overlapping bands cause splitting everywhere
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Max difference for 5 site chain with f = 0.01.
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Can rewrite this model in terms of 2 coupled Ising (N=2) chains
These decouple at 8=0, 8=m1/2 and the model is solvable there

y 3 L-2 L-1 L . —_
1 2 ’3 e = 2 At solvable points (only) o = —=(c'Ta} — e iaf)
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FIG. 13. Maximal energy splitting between g-sectors at N = 4, as J cos(20) ‘ 1wz S 12
a function of # (for ¢ = (). The maximum 1s taken over the entire f rr;
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with f = 0.01 J cos(20) S R

Pirsa: 17080012 Page 28/29



Pirsa: 17080012 Page 29/29



