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Entanglement-enhanced learning

Aimed at a classically-hard problem and FTQC

Project inspired by Robert Huang 

and John Preskill presentation & 
discussions at CIFAR QIS

Aimed at sampling complexity
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Graph coloring: Proper vertex k-coloring

Example: Graph GTask: Assign colors to the nodes 
such that no two adjacent vertices 
share the same color

We use graph coloring all the time

All colorings of G for k = 2 colors: red, blue

All colorings of G for k = 3 colors: red, blue, green

No proper colorings of G for k = 1 colors
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Chromatic polynomial: Proper vertex k-colorings of a graph

All colorings of G for k = 2 colors: red, blue

All colorings of G for k = 3 colors: red, blue, green

k

(1, 0)

(2, 2)

(3, 12)

No proper colorings of G 

for k = 1 colors

Colors

The chromatic polynomial χ(G, k) of 

each graph G interpolates through the 

number of proper colorings for k colors.  

Number of 

proper 

colorings

χ(G, k)
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k

Chromatic polynomial: Proper vertex k-colorings of a graph

Number of 

proper 

colorings

χ(G, k)

Different

graphs
(non-isomorphic)

G G’

G’’

G’’’

Graphic based 

on T. Husfeldt
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k

χ(G, k)

Classical hardness of chromatic polynomial
• Extremely well studied in complexity theory for 50+ years

• Complexity of computing the chromatic polynomial is completely understood

• #P-hard, #P-complete 

• Calculating P(G,k) exactly involves counting all possible valid colorings, a task 

that generally requires exponential time in the size of the graph for arbitrary G

• Calculating the number of k=3 colorings of a graph χ(G,3) is the canonical 
example of a #P-complete problem

• More generally, calculating the chromatic polynomial χ(G, k) is 
#P-hard (typically exponential or worse runtime) 
for all k (including negative integers and even all complex numbers)

• Even planar graphs are #P-hard

• No efficient classical approximation algorithms for computing 

χ(G, k) are known for any k, except for the three easy points k = 0, 1, 2

• And, no fully polynomial randomized approximation scheme (FPRAS) exists for rational k>2 

• BQP-complete (decision version): additive approximation of the 

chromatic polynomial on a planar graph can be achieved with a 

polynomial-time quantum algorithm 

• Possible path to quantum advantage?

• Relation Fibonacci string-net condensate? Image: 

Freepik

Bencs, et al., Approximating the chromatic polynomial is as hard as computing it exactly. Comp.  Complexity  (2024)

Goldberg, et al., Inapproximability of the tutte polynomial, Information and Computation (2008)
Goldberg , et al., Inapproximability of the tutte polynomial of a planar graph, computational complexity (2012)

Graphic: 

T. Husfeldt

D. Vertigan, The Computational Complexity of Tutte Invariants for Planar Graphs, SIAM J. Comput. (2005) 

Aharonov, et al. Polynomial Quantum Algorithms for Additive approximations of the Potts model and other 
Points of the Tutte Plane. (2007)

https://www.flaticon.com/free-icon/magic-ball_867891?term=crystal+ball&page=1&position=19&origin=search&related_id=867891
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Can the chromatic polynomial be encoded in an 

efficiently-preparable many-body state and 

sampled on near-term hardware?

First proof-of-principle protocol and experiments
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Qubit

Topological matter and QEC

Start with something we know: Toric Code

<latexit sha1_base64="nKohGwgzYM85k9ZMK9JXj4G/qG8="></latexit>

Bp =

Y

j∈p

Zj

<latexit sha1_base64="51PYmxoJox3md8WYDd+uzTd1wW0="></latexit>

H = −

X

v

Av −

X

p

Bp

Vertex

Plaquette 

Hamiltonian

Commute

<latexit sha1_base64="fRAuhlMWE9tlkL5RnXKm1b+aHBM="></latexit>

Av =

Y

j∈v

Xj

Primary 
lattice

<latexit sha1_base64="s9dHSE6s9CGNecpZNbzRrDrnd+Y="></latexit>

[Av, Bp] = 0

Toric code: 
Kitaev, Proceedings of the 3rd Intl. Conf. of Quantum Comm. and Measurement (1997)
Kitaev, "Anyons in an exactly solved model and beyond". Annals of Physics. 321 (1): 2–111 (2006)

Josiah Sinclair
Morning session
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Qubit
in |1>

Topological matter and QEC

String nets in the Toric code

Toric code: 
Kitaev, Proceedings of the 3rd Intl. Conf. of Quantum Comm. and Measurement (1997)
Kitaev, "Anyons in an exactly solved model and beyond". Annals of Physics. 321 (1): 2–111 (2006)

<latexit sha1_base64="nKohGwgzYM85k9ZMK9JXj4G/qG8="></latexit>

Bp =

Y

j∈p

Zj

<latexit sha1_base64="51PYmxoJox3md8WYDd+uzTd1wW0="></latexit>

H = −

X

v

Av −

X

p

Bp

Vertex

Plaquette 

Hamiltonian

<latexit sha1_base64="fRAuhlMWE9tlkL5RnXKm1b+aHBM="></latexit>

Av =

Y

j∈v

Xj

Dual 
lattice

Qubit
in |0>

String loops Example of individual qubit 

state configuration (graph!) 010000111100

Example minimizes the B-plaquette term of Hamiltonian H.

All topologically-equivalent trivial loops on dual lattice have same energy, 

as the all zero state.

X

X

X
X
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Qubit
in |1>

Topological matter and QEC

Ground state

Dual 
lattice

Qubit
in |0> Topological ground (vacuum) states 

of Toric code with periodic b.c. on torus. 

Image: D. Kufel

Toric code: 
Kitaev, Proceedings of the 3rd Intl. Conf. of Quantum Comm. and Measurement (1997)
Kitaev, "Anyons in an exactly solved model and beyond". Annals of Physics. 321 (1): 2–111 (2006)

X

X

X
X
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Qubit
in |1>

Topological matter and QEC

Ground state

Dual 
lattice

Qubit
in |0> Topological ground (vacuum) states 

of Toric code with periodic b.c. on torus. 

Image: D. Kufel

Ground state is a 
condensate of closed strings

Each string graph has
same phase and amplitude!

Topological: Robust to local 

errors/perturbations
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Topological matter and QEC

Quasiparticle excitations: Abelian anyons

X

X

m

m

Ze

e

Z
Z

Anyons at the ends of broken strings

Properties topological, several flavors

Braiding → logical Clifford gates

No native universal gates 

See recent advances 
“Quantum error correction 

below the surface code 

threshold” by Google team

Toric code: 
Kitaev, Proceedings of the 3rd Intl. Conf. of Quantum Comm. and Measurement (1997)
Kitaev, "Anyons in an exactly solved model and beyond". Annals of Physics. 321 (1): 2–111 (2006)
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Plaquette 

Levin-Wen model

Vertex

<latexit sha1_base64="51PYmxoJox3md8WYDd+uzTd1wW0="></latexit>

H = −

X

v

Av −

X

p

Bp

Qubit
in |1>

Qubit
in |0>

<latexit sha1_base64="nKohGwgzYM85k9ZMK9JXj4G/qG8=">AAAjJXictVrrctvGFWbSSxI2bZ32V6d/NlbYWiOSBinLTpRhxpajRJ7asSor8YVkNQtgScJcYBHsQiKFYPoQfYZO/7VP0n+dznSmM32JPkDP2QUogIRku2U5Ng3sfueyZ89tl7ZD7kllWf946+3vff8HP3zn3ffqP3r/xz/56bUPfvaNFHHksK8dwUX0zKaScS9gXytPcfYsjBj1bc6e2tP7OP/0lEXSE8Gxmods6NNx4I08hyoYOrn2i72TkPTIIIyEe5K8HHgBCVNCXpy8PLm2YbUt/SGrD53sYePugz/88+47T98/PPngw38PXOHEPguUw6mU/Y4VqmFCI+U5nKX1BhnE     ViZrXqR6payMqlWkenGlLKsg63xBNXFeXCULsvqFrPOiEY+EemYIj7L9PkIX7Es4EzLYtO1m3low9yIjJRdmmqGjlBk+f0OGVonhfJXhizdgaK0wPNcM119kTq5tdJb/V8jqwzfddud2+/ZvrY27ezXzebf2y9r12o1ap3andrd2UDusfV1zar+v/bH259pfrv/p+l+v/+363w307bcymp/XSp/r//oP+ns0Og==</latexit>

Bp

<latexit sha1_base64="fRAuhlMWE9tlkL5RnXKm1b+aHBM=">     0HhquMYfjT8ZfzH+uvbntX+s/XPtXxr69ls5z6+NymftP/8FfTQ1pg==</latexit>

Av =

Bp is a twelve-qubit 

interaction – hard! 

<latexit sha1_base64="fRAuhlMWE9tlkL5RnXKm1b+aHBM="></latexit>

Av =

<latexit sha1_base64="nKohGwgzYM85k9ZMK9JXj4G/qG8="></latexit>

Bp

String nets

Projection

Golden ratio hidden inside

Hamiltonian

M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110 (2005). 

M. Levin and X.-G. Wen, Rev. Mod. Phys. 77, 871 (2005). 
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M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110 (2005). 

M. Levin and X.-G. Wen, Rev. Mod. Phys. 77, 871 (2005). 

Geometry rules and deforming graphs

String-net condensation offers a general mechanism to study 
party- and time-reversal invariant topological phases

…

Branching rules

F-move

R-move
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<latexit sha1_base64="LHIVZQmD+xyBCvjcGqOA54NdvQI=">AAAja3ictVpbc9vGFWbSW8LenGamD20fNmHYSiOSBijLTpRhxpajWJ7YsSrL8UVgNAtgSay5wCLYpUQKwT/pT+lrf0T/QWc6nb6k7z27C1AACcl2qnJsGtjznQvOntuCdmNGhbSsv7/19o9+/JOf/uydd5s//8Uvf/Xra+/95mvBp4lHnnic8eSZiwVhNCJPJJWMPIsTgkOXkafu5K6iPz0hiaA8OpTzmAxDPI7oiHpYwtLxtWPnlPpEUuaT1NkXNFu7t/5Nf+CMEuzpBX2fmUtHkplMT7CXqbUcZAMxDuhGP3O8ADABlum9rGPW1o+vtayepT9o9cLOL1q3b//7H3/97V8+ 2j9+74PvHZ9705BE0mNYiCPbiuUwxYmkHiNZs42cqSAx9iZ4TI7gMsIhEcNU+yJDbVjx0Ygn8DeSSK82SxwpDoWYhy4gQywDsUxTi3W0o6kcfTxMaRRPJYk8o2g0ZUhypByLfJoQT7I5XGAvoWAt8gIMHpLg/uayGmWcyCqrcTAX1FtaxP7LqZAun2WoYo3EsMMd/4TG In/+mXFAs9m+io+SgqYQF6IbwuNw0WPz2RWJbjpjxl3MHMajseOTkUMFfKeOeoKIfPtt1l6FhC07ddSuuKO0ZWe1kEBhXM58tcGcpToWNVMSaqZatj1vgdnreb1azAFkB49JgiVPlL/TA1KLux8u4e6HtbjDZAl3mNTiTvAy8Gtcj4SoGy9B1VItVsQ4OlkCq7Va8KN4CfkorsU9XsY9rsdFPAl54sNWpdvG7wR2KgT9HkntcJq17PJdtl0rZbcIB9i13cxhZCSPgDGh40AOa/2zgPv1/pMlgKxFKIipi+eSKky1XE9LkKd1CPBbrKobZnXUCZHqUdUDflc8oJPgaMwIqsO7CS7wDjOwgu27C/BaRau/whRS32fku1b/1VpBhFZcSFGmnsQBjiSH zIPWUJFQUVTC2Vmhq9bUift/VgCP8Ch3RmvzEncUV5uv4ZhJmpOdD/KLWs1ummsCGLsQRl5Cnzfx5GEGgX+cvsy+WQQYEOtLHHkZsYvZIqa5mlfZOvTkIa6qYbSR6W7baB8mAkSlQDxWAwxcR0gG0H3zkQHpmaGH9qBHkw6KuEQRIT6MBNCnfb6txofbdJS3UcYxkBats43eTaGxI0dpeWQUHPL9vBUvt9ys4DOMr9WdkWrjsCMwrekF6CNiyqT2VpbuHT58kKV37u7ad77IqrjnmJEdNiUFyBrd8D/pZ2rP0OOAT5mPDBwJmfAJQTiCKYgyZiYggWLMGJFEVMXCt70kso2Unm2kNOrLFY5+wXHL629tYuA4IP42ehpQMZmrnccrLJsFyyZWTMBy LyEk2kY7lLmYX2nonU3CYxXZxx4PQx5d2dDyOYHYSsgj5n8Bw9tdEA4+hnljBE1ANTXM1FAH94IkVIVHPq5kP/zp9PM8BCnb6CvqEQQCEzpDXT3fwthPBTohHiRDZEge7O/SgCyh6EA3TSA3hmkECCMD4rCNDA1aNuRN9zMQMSEquZDg6g9ccDg6nMIsC8ux4esgIr3eMnMIaYS4K7gKMZWSfatvd+BCSIJ9BOYgMICcQgZC6qrQNNKWbNWYrsJ0DL5rYEuGl+fjKkE56aG+y7M3LYksS4TsUocrSBDlMQcIXrGfZ1GYpVAEXjAsJxxFFb8n/FSbDyE9DaMmQqhGp1qGz4gmQnaBo5NfAlMnp3ncJ13YxO6CggbIMekyTvA8uwCo9FeBWTNbtt9b sd+Yq2IFhrPXsfpNTK2xIFmxQBn++uqV097EAXm/QbruojVNlS5DeZSs63rknHkwunmEMU0/UtzD1Op9spVl59YaQXcBhdaAYV2nWgBRTKNxIQZmcrCjRsqymAOwVolJ1q+0wh3e//IF+iOKx6OYQWRfXZfdu/M5OnyE9h9AD0J7uwe7yCXeFEP60pGqB2MOlQCP4ESLvp1C4tPJGWQ5GhMJWYFIksD2ttF95OHoTxL2cjxNoC5Mgeqqb18bixx9iE6d/YPdOw93Huzu3zncu75UtXuSQJJWUl1pWzoxj0cTMs9PzIrMKIxwyTyFKcfLC0V5GYOBpzVwF+SNEz6N/BpizAVVIQr7v0oUAY6J6Jh/emPCQ6LKcLEQUuFdxHSOXkUUzlUNHvylLoWc M5Iyl2WDIxpFsAPgh0HX6vXJbAhxp2ostAH1hgYx7BK29M6hCJbcg/ldoVBNCi6Rp9CT/4d2tRRQ7bwZK/OPY/9qgxX80n3DD7Aok76CeVAgZZQu5YUrEA1jqBowKVa7Uh531bVF5JnlmthbJVQCaZW8GhXtVaX5Fubrl21i+4c4qPKKCTJWvVVUb9bg9DRV79YQHCygAepU0aEGHIUV8DRQxN9caa0heqMeYpgkdNzrIpzvkpn3Q5yM4RIGGwwVOA6aKtLwjIrrPc0xMA2lbb7RY3qm6rdpKafUl8HAMSJAgr7P+007IOpIN+jTqFOR8Ow5EiUh7XlIo0HX7m110GIFzwYbaiVfmCmI1bPO7wFg96wFwOchVpBtu+h2AocxjCSDrQUTiWDohJMK DeHUM5DJlFTteqz900V4BpOMEaLcgJg5CyhXyIB6k0LeOKH+IMQveVIvZzYvyocRpm9yQakacAeOgFGXLSaUuUFEBEP/BUWiIMwuILRnFZlzEdCRHFhk1ilktucXImpt1u+9jaW5brNyidUEJtu58VSONTpiWe8WRsYk8guf6Juq+BHnEk6bBIKEZPUytBMWBnqTV/tW 71OOJdEYotbq2V64INNohWzdvHkOME8JgT653sNxXDJaramAJoOPF16H8ET6xRvKq4ixeGBDjOtPEyls++qyPM/Zu3A4IclS5qL7UQAHKRgjEh7mOVYwvH4KiIGnhV+wqzrSC+Gz6obodzsd6BFewJPBKRHyPOarSJhuTsgCKaBwBtnFe9+eqZuBQ8JYzhcRX10zQ+2VOLlZGh8iHpHK/GCF4bAMmCmfAUK9rujoulEh60oJ5PQBhup/lAfdVsdU1M1h1r2QUkiDxxIS+i5OfHDinCQC6V9soJj3dE/WZzLVP1EgZSy2r19Xy1T2xlQGU7dH+fWWNxWSh7r3+OZUrkWlxB+bq2yVFsFBokSDdmXUl6a/zoK/s0B3VIlWk6ga/dUmmXeQfoJPj8wj obWWvb6xsdbqb0N29tdh2zY2YLHftT+2YKl/Yz0r2MGRpsKntmWphhpNQxf2go+K0t/MP23dwRkWEk1jH5y6rQ7VN7rWrZz0gMPJWnvMJdAeCbRFKnrAeBVRU4mg8gziMu4FIobMJIVTVK6psDmFU9CtWObPqhNE1bS0WhoNdUeJ2YGDhUl27c4dqHz3oDsd5VnFQSeVc6hp/WyY2ltZemMLdC7wd0BvgdVnsUFC/I5pfHmLX5gGAj6xMvUXfD67TMZYvZe6XIoWMr9MiMugTV8ooxBx1jRFVcnR7oLcecCjdBpnuZ5PV4k+P42ytJs/zaclESpkj3QpGiIs0do0Xkdper4R6CPz5twyb60/+whlhQLNCjB+aliVEs18kv8QQ8IMrUqyVySt2juD nVaPcm6t0aYEGGUKoZS1ncBo64O2vNCiitZZyeSyjnmho6rC/BikdcxzHRVxcyMuMy+ASHRCEx6pl8gptBkdocaM1HEJTIqV2D8qDEywT6fQI3t9dN53IS+ZVH1zgeJS/+A+6PatYmBEqBTh54tQHSUph1GFYMLJ7tmxLNaH5pEXKaVvc8vzDYHGX81cAynl4rPY1LTHSsk+h7J5NEy1RjtLN/JoU0G7MStzhZdwdUtc3TLX81fqsnJd8zLXK3XlXN0y14tLdVklXWcLrsB7cZkuqOrnus7KTjzg8plhPMj3+0CF4JGAMyGBTdvsFKMF8c8rUnruppkKlKrA528o0KoInK8KfPEGAq0VgWda4NU3meNrLXv5f4WsXnzd79k3ezf/bLVu7zTM553G 7xsfNtYaduNW43Zjr7HfeNLwGn9r/LPxfeM/H/6r9X7rd60/GOjbb+U87zcqn1b7vy//Tjo=</latexit>

eΨ(G)2 =
Ψ(G)2

Ψ(vac)2
=

1

φ+ 2
χ(Ĝ,φ+ 2)

Fibonacci string-net condensate (Fib-SNC) vacuum

The Fib-SNC vacuum can be expressed as a condensation (superposition) 

of all closed-string network configurations (string diagrams) satisfying 

the branching (fusion) rules.

Qubit
in |1>

Qubit
in |0>

L. Fidkowski, et al., From String Nets to Nonabelions, Commun. Math. Phys. (2009). 

P. Fendley and E. Fradkin, Realizing non-Abelian statistics in time-reversal-invariant systems, Phys. Rev. B (2005). 

Golden

ratio

Chromatic polynomial 

of the dual graph

Trivalent 
subgraph G

The exact evaluation of the wavefunction amplitude Ψ(G) is #P-hard.

P. Fendley and V. Krushkal, Tutte chromatic identities from the Temperley–Lieb algebra, Geometry & Topology (2009). 

P. Fendley and V. Krushkal, Link invariants, the chromatic polynomial and the Potts model, Adv. in The. and Math. Phys. (2010). 

Relative sampling probability 

of vacuum bitstrings
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Excitations: Fibonacci anyons as a universal FQTC primitive 

Logical qubit encoding

Logical non-Clifford gates

– Universal gate set for fault-tolerant quantum computation

– No need for any additional gates for fault-tolerant quantum 

computation (FQTC) (unlike Toric, surface, LDPC, etc.)

– Highly-entangled states, hard to simulate classically

– Rooted in Fibonacci sequence and golden ratio

– Non-abelian topological order and QEC

– Beyond stabilizer codes (Toric, surface, …)
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Fibonacci string-net condensate and anyons for universal FQTC
Goal 1 Goal 2

Braid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)
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Despite successful implementation of topological states with 
Abelian anyons [1, 2] and even non-Abelian Ising [3, 4] and D4 
anyons [5], whose braiding is restricted to Clifford gates at 
best. Recent attempts [6] showed promise, but 12-qubit 

operators forced the use of approximations, making graph 
condensation exploration practically infeasible.

The challenges

Unreachable so far. Why?

– Bp is a 12-qubit operator
Circuit depths are incredibly large

– Operations require many F-moves, requiring 

high-weight controlled operations

[1] Science, 374 1242 (2021);   [2] Science 374, 1237 (2021);   [3] Nature 618, 264 (2023);   
[4] Chinese Phys. Lett. 40, 060301 (2023);   [5] Nature 626, 505 (2024);  [6] Nature Phys. 20, 1469 (2024)

Goal 1 Goal 2

Braid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)

2

5

8
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Solution! Overcoming the challenges

Dynamical string-net preparation (DSNP)

- Scalable, suited for hardware
- Efficient in qubits / gates - few qubits can represent full plaquette
- General for any string nets. See paper for explanation
- Exact, no approximations!Braid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)

How? 
- Based on reconfigurable graphs + some theory team magic :)
- Build graphs in virtual not physical space (see manuscript)

Static lattice,
Hamiltonian

Qubit



Zlatko Minev

IBM Quantum

Solution! Overcoming the challenges

Dynamical string-net preparation (DSNP)

- Exact, no approximations!
- General for any string nets. See paper for explanation
- Efficient in qubits / gates - few qubits can represent full plaquette
- Scalable, suited for hardwareBraid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)

Qubit

+ Many execution improvements 

- new SOTA hardware with low-crosstalk
- optimized compiling and error aware-layout

- composite error-mitigation
- see supplemental information

- … 
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Experiment

Heron device
Fast flux gates, low x-talk

Real-time benchmarking

Optimized 
layout using 

real-time 

benchmarking 
data

(see appendix)
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Preparing a 2D Fib-SNC with dynamic string-net preparation (DSNP)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)

Dynamical string-net 

preparation (DSNP)
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Two-dimensional four-plaquette Fib-SNC vacuum

Dynamical string-net 

preparation (DSNP)

Start small 
and simple
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+2 ancillas to simplify multi-control Toffolis -> 11 qubit 

Two-dimensional four-plaquette Fib-SNC vacuum

Dynamical string-net 

preparation (DSNP)
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Transpiled to device topology and native gates: Deep Circuits

After highest optimization level with more than 20 retries (see appendix for optimization details)
(Circuit for t1 braiding, but representative of idea)
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Raw experiment data: Sampling the Fib-SNC

Bitstring configuration / String-net graph 211 = 2048

Invalid configurations
(violate branching rules)

Valid configurations
(easy to check)

No error mitigation, 
other than readout!

Bulk EM: None;   Readout EM: M3;   DD: XY-4;   Twirl:  1200;   Shots: 30 x 106;
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Data: Sampling
Fib-SNC

Bitstring configuration
211 = 2048

Bulk EM: None;   Readout EM: M3;   DD: XY-4;   Twirl:  1200;   Shots: 30 x 106;

Experiment averaged 
over graph class

Ideal
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Bitstring configuration

Bulk EM: None;   Readout EM: M3;   DD: XY-4;   Twirl:  1200;   Shots: 30 x 106;

<latexit sha1_base64="LHIVZQmD+xyBCvjcGqOA54NdvQI=">    7xsfNtYaduNW43Zjr7HfeNLwGn9r/LPxfeM/H/6r9X7rd60/GOjbb+U87zcqn1b7vy//Tjo=</latexit>

eΨ(G)2 =
Ψ(G)2

Ψ(vac)2
=

1

φ+ 2
χ(Ĝ,φ+ 2)

Golden

ratio

Chromatic polynomial 

of the dual graph

Relative sampling probability 

of vacuum bitstrings



Zlatko Minev

IBM Quantum

Bitstring configuration

Bulk EM: None;   Readout EM: M3;   DD: XY-4;   Twirl:  1200;   Shots: 30 x 106;

<latexit sha1_base64="LHIVZQmD+xyBCvjcGqOA54NdvQI=">   </latexit>

eΨ(G)2 =
Ψ(G)2

Ψ(vac)2
=

1

φ+ 2
χ(Ĝ,φ+ 2)

No error mitigation in bulk!
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<latexit sha1_base64="LHIVZQmD+xyBCvjcGqOA54NdvQI=">AAAja3ictVpbc9vGFWbSW8LenGamD20fNmHYSiOSBijLTpRhxpajWJ7YsSrL8UVgNAtgSay5wCLYpUQKwT/pT+lrf0T/QWc6nb6k7z27C1AACcl2qnJsGtjznQvOntuCdmNGhbSsv7/19o9+/JOf  CfkorsU9XsY9rsdFPAl54sNWpdvG7wR2KgT9HkntcJq17PJdtl0rZbcIB9i13cxhZCSPgDGh40AOa/2zgPv1/pMlgKxFKIipi+eSKky1XE9LkKd1CPBbrKobZnXUCZHqUdUDflc8oJPgaMwIqsO7CS7wDjOwgu27C/BaRau/whRS32fku1b/1VpBhFZcSFGmnsQBjiSHzIPWUJFQUVTC2Vmhq9bUift/VgCP8Ch3RmvzEncUV5uv4ZhJmpOdD/KLWs1ummsCGLsQRl5Cnzfx5GEGgX+cvsy+WQQYEOtLHHkZsYvZIqa5mlfZOvTkIa6qYbSR6W7baB8mAkSlQDxWAwxcR0gG0H3zkQHpmaGH9qBHkw6KuEQRIT6MBNCnfb6txofbdJS3UcYxkBat s43eTaGxI0dpeWQUHPL9vBUvt9ys4DOMr9WdkWrjsCMwrekF6CNiyqT2VpbuHT58kKV37u7ad77IqrjnmJEdNiUFyBrd8D/pZ2rP0OOAT5mPDBwJmfAJQTiCKYgyZiYggWLMGJFEVMXCt70kso2Unm2kNOrLFY5+wXHL629tYuA4IP42ehpQMZmrnccrLJsFyyZWTMByLyEk2kY7lLmYX2nonU3CYxXZxx4PQx5d2dDyOYHYSsgj5n8Bw9tdEA4+hnljBE1ANTXM1FAH94IkVIVHPq5kP/zp9PM8BCnb6CvqEQQCEzpDXT3fwthPBTohHiRDZEge7O/SgCyh6EA3TSA3hmkECCMD4rCNDA1aNuRN9zMQMSEquZDg6g9ccDg6nMIsC8ux4esgIr3e MnMIaYS4K7gKMZWSfatvd+BCSIJ9BOYgMICcQgZC6qrQNNKWbNWYrsJ0DL5rYEuGl+fjKkE56aG+y7M3LYksS4TsUocrSBDlMQcIXrGfZ1GYpVAEXjAsJxxFFb8n/FSbDyE9DaMmQqhGp1qGz4gmQnaBo5NfAlMnp3ncJ13YxO6CggbIMekyTvA8uwCo9FeBWTNbtt9bsd+Yq2IFhrPXsfpNTK2xIFmxQBn++uqV097EAXm/QbruojVNlS5DeZSs63rknHkwunmEMU0/UtzD1Op9spVl59YaQXcBhdaAYV2nWgBRTKNxIQZmcrCjRsqymAOwVolJ1q+0wh3e//IF+iOKx6OYQWRfXZfdu/M5OnyE9h9AD0J7uwe7yCXeFEP60pGqB2MOlQCP4ESL vp1C4tPJGWQ5GhMJWYFIksD2ttF95OHoTxL2cjxNoC5Mgeqqb18bixx9iE6d/YPdOw93Huzu3zncu75UtXuSQJJWUl1pWzoxj0cTMs9PzIrMKIxwyTyFKcfLC0V5GYOBpzVwF+SNEz6N/BpizAVVIQr7v0oUAY6J6Jh/emPCQ6LKcLEQUuFdxHSOXkUUzlUNHvylLoWcM5Iyl2WDIxpFsAPgh0HX6vXJbAhxp2ostAH1hgYx7BK29M6hCJbcg/ldoVBNCi6Rp9CT/4d2tRRQ7bwZK/OPY/9qgxX80n3DD7Aok76CeVAgZZQu5YUrEA1jqBowKVa7Uh531bVF5JnlmthbJVQCaZW8GhXtVaX5Fubrl21i+4c4qPKKCTJWvVVUb9bg9DRV79YQHCyg  OLlZGh8iHpHK/GCF4bAMmCmfAUK9rujoulEh60oJ5PQBhup/lAfdVsdU1M1h1r2QUkiDxxIS+i5OfHDinCQC6V9soJj3dE/WZzLVP1EgZSy2r19Xy1T2xlQGU7dH+fWWNxWSh7r3+OZUrkWlxB+bq2yVFsFBokSDdmXUl6a/zoK/s0B3VIlWk6ga/dUmmXeQfoJPj8wjobWWvb6xsdbqb0N29tdh2zY2YLHftT+2YKl/Yz0r2MGRpsKntmWphhpNQxf2go+K0t/MP23dwRkWEk1jH5y6rQ7VN7rWrZz0gMPJWnvMJdAeCbRFKnrAeBVRU4mg8gziMu4FIobMJIVTVK6psDmFU9CtWObPqhNE1bS0WhoNdUeJ2YGDhUl27c4dqHz3oDsd5VnFQSeV c6hp/WyY2ltZemMLdC7wd0BvgdVnsUFC/I5pfHmLX5gGAj6xMvUXfD67TMZYvZe6XIoWMr9MiMugTV8ooxBx1jRFVcnR7oLcecCjdBpnuZ5PV4k+P42ytJs/zaclESpkj3QpGiIs0do0Xkdper4R6CPz5twyb60/+whlhQLNCjB+aliVEs18kv8QQ8IMrUqyVySt2juDnVaPcm6t0aYEGGUKoZS1ncBo64O2vNCiitZZyeSyjnmho6rC/BikdcxzHRVxcyMuMy+ASHRCEx6pl8gptBkdocaM1HEJTIqV2D8qDEywT6fQI3t9dN53IS+ZVH1zgeJS/+A+6PatYmBEqBTh54tQHSUph1GFYMLJ7tmxLNaH5pEXKaVvc8vzDYHGX81cAynl4rPY1LTH Ssk+h7J5NEy1RjtLN/JoU0G7MStzhZdwdUtc3TLX81fqsnJd8zLXK3XlXN0y14tLdVklXWcLrsB7cZkuqOrnus7KTjzg8plhPMj3+0CF4JGAMyGBTdvsFKMF8c8rUnruppkKlKrA528o0KoInK8KfPEGAq0VgWda4NU3meNrLXv5f4WsXnzd79k3ezf/bLVu7zTM553G7xsfNtYaduNW43Zjr7HfeNLwGn9r/LPxfeM/H/6r9X7rd60/GOjbb+U87zcqn1b7vy//Tjo=</latexit>

eΨ(G)2 =
Ψ(G)2

Ψ(vac)2
=

1

φ+ 2
χ(Ĝ,φ+ 2)

Bulk EM: None;   Readout EM: M3;   DD: XY-4;   Twirl:  1200;   Shots: 30 x 106;
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Fibonacci anyons
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Fibonacci Anyons: Excitations of Fib-SNC

The Fib-SNC is equivalent to the combined vacuum of a time-reversed pair of topological quantum field theories (TQFTs). 

Each copy of the TQFTs is represented as a green sheet (each resembles TQFT for filling-factor 12/5 quantum Hall state). 
Each wormhole connects the two copies. When encircled by the vacuum loop, these wormholes are effectively closed. 
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Creating  Fibonaci anyon pairs and certifying their anyon charges
Theory (grey bars) vs. 

experiment (colored bars) 
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Braid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)
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Non-Clifford logical gate: τ1 anyon braiding experiment

Vacuum

Anyons

Braid

Fuse

Non-Clifford logical gate
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Non-Clifford logical gate: τ1 anyon braiding experiment
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Bootstrap resampled experiment distributions

Non-Clifford logical gate: τ1 anyon braiding experiment

Experiment: |1⟩⟨1| / |0⟩⟨0| = 1.65 ± 0.14

Ideal: 0.328

Experiment:

0.30 ± 0.025

Bulk EM: dZNE;   Readout EM: TREX;   DD: XY-4;   
Twirl:  200;   Shots: 4 x 105;
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Summary & Outlook

Braid non-Abelian Fibonacci anyons 

to perform logical gate that is non-Clifford (universal)

Realize faithful Fibonacci string-net condensate 

to sample chromatic polynomials (classically hard)

– Scalable approach to generating and 

manipulating Fib-SNC 

– Not static, but dynamic graph preparation

– New pathways for the realization of 

complex quantum states

– Create, measure, and braid Fibonacci anyons

– Experimentally viable to sample the Fib-SNC to 

estimate the chromatic polynomial

– New path to quantum advantage? 

– Sampling complexity? Bounds? Evaluate 

polynomial at other points? Optimize prep? 

Hybrid quantum-classical acceleration?

– DSNP: exciting avenues for the exploration of 

topological phases of matter and their 

application to FTQC



Zlatko Minev

IBM Quantum

Some future directions

Dynamic circuits Improved EM



Fibonacci anyons

Graph coloring
Chromatic polynomial

Image Thore 

Husfeldt

Many-body physics / QEC
Topological string-net

Number of qubits
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quantum 

assist

(noise 

accounted)

1

(for fixed resources)

no 

quantum 

assist

0

Overcome 

ancilla noise

Entanglement-enhanced learning

Project inspired by Robert Huang and John Preskill 

presentation at CIFAR QIS meeting
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Thank 

you!
IBM Quantum
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