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Problems to solve

typically combinatorial optimization problems
graph colouring, SAT logical problems
traveling salesman problem, knapsack problem

complexity classes:
examples of NP-complete problems – particularly hard to solve
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Energy landscape of a Spin Glass

optimization problem related to physics of magnetism
N spins, which can take only values ±1 (or ↑, ↓)
energy of the system is our cost function
(increases for a pair of misplaced objects)

H = E(s1, . . . , sN) = −
∑

ij

Jijsisj −
∑

i

hisi

competing links connecting spins: F or AF causes frustration
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Annealing in Spin Glass problem

Classical vs. Quantum:
Classical simulated annealing relies on thermal fluctuations to hop
over high energy barriers. Quantum annealing utilizes quantum
tunneling to pass through narrow, high barriers.

This is the foundational idea behind Analog Quantum Computers
(Quantum Annealers) built by companies like D-Wave.
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The Great Debate: quantum vs. classical computation

Here we show that superconducting quantum annealing processors can
rapidly generate samples in close agreement with solutions of the
Schrodinger equation – performed on D-wave hardware

Here we show that by evolving lattice-specific tensor networks (...)
state-of-the-art accuracies can be reached with modest computational
resources.
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Physical reality and NP-completeness (*)

Scott Aaronson’s Conjecture
In his paper “NP-complete Problems and Physical Reality”, Aaronson
postulates a fundamental impossibility:

“There is no physical means to solve NP-complete problems
in polynomial time.”

If this is true, nature fundamenally forbids it. Not even quantum
mechanics (or potentially quantum gravity) can provide a shortcut.

The Consequence:
If we try to solve 3-SAT on a quantum annealer, the physics must
bottleneck the computation. Let’s see exactly where this physical
bottleneck occurs.
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Spin as qubit – elementary building block

states of the form: α| ↑⟩+ β| ↓⟩ (spin computational basis)
important state: | →⟩ = 1√

2
(| ↑⟩+ | ↓⟩)

random results along z, oriented along x

Spin operators:
along z-axis: sz | ↑⟩ = | ↑⟩, sz | ↓⟩ = −| ↓⟩
along x-axis: sx | ↑⟩ = | ↓⟩, sx | ↓⟩ = | ↑⟩
simple check: what is sx | →⟩ =?
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Quantum spins engineering

TARGET: quantum form of the spin-glass problem

H1 = −
∑

ij

Jijsz
i sz

j −
∑

i

hisz
i

the corresponding ground state is |GS⟩1 = |s1, s2, . . .⟩ where {si}
minimizes the target function E(s1, s2, . . . , sN).

FLUCTUATIONS: most democratic state as the groundstate of

H0 = −
∑

i

sx
i

with |GS⟩0 = |→1,→2,→3⟩
= 1√

23 (|↑, ↑, ↑⟩+ |↑, ↑, ↓⟩+ |↑, ↓, ↑⟩+ |↑, ↓, ↓⟩+ . . .)

for N = 3 as an example.
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The adiabatic Hamiltonian

We define a time-dependent (parameter-dependent) Hamiltonian:

H(λ) = (1 − λ)H0 + λH1

where we control the “experimental knob” λ ∈ [0,1].

Initial state (λ = 0):
H0 is chosen so its ground state is a trivial superposition (easy to
prepare):

H0 = −
∑

i

σx
i

Final state (λ = 1):
H1 is our target optimization problem (the spin glass):

H1 = −
∑
⟨i,j⟩

Jijsz
i sz

j −
∑

i

hisz
i
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The Adiabatic Theorem and the gap

The Adiabatic Theorem:
If a quantum system begins in the ground state of H0 and the
Hamiltonian evolves slowly enough, the system will remain in the
instantaneous ground state of H(λ).

The Bottleneck:
We must avoid exciting the system. The probability of jumping to a
higher energy state depends heavily on the energy gap between the
ground state E0 and the first excited state E1:

∆E(λ) = E1(λ)− E0(λ)

The point where ∆E is smallest (avoided crossing) is the most
dangerous part of the computation.
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The speed limit of computation

How slowly must we change λ? The speed limit is governed by the
Landau-Zener formula:

dλ
dt

∝ (∆E(λ))2

We define the total running time of the Adiabatic Quantum Computer
(TAQC) as:

TAQC =

∫ 1

0

dλ
v(λ)

=

∫ 1

0

dλ
[∆E(λ)]2

Note: The derivation and simulation of the Landau-Zener transition
probability is an excellent topic for a presentation!
(check: https://arxiv.org/abs/2306.11633 “Landau Zener problem in the classroom”)
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Final remarks

one wants to study the scaling of TAQC with N
few analytical results exist eg. database (unstructured) search
TAQC ∝

√
2N (as in Grover algorithm for circuit QC)

efficient solution of the optimization problem for TAQC ≤ P(N)
(BQP class)
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few analytical results exist eg. database (unstructured) search
TAQC ∝

√
2N (as in Grover algorithm for circuit QC)

efficient solution of the optimization problem for TAQC ≤ P(N)
(BQP class)

trotterization gives the mapping:
adiabatic evolution → circuit model
adiabatic QC idea is useful as a sub-routine e.g. in QC studies of
molecules (VQE, QAOA approaches)
amazing link with quantum phase transitions (QPT):
∆E → 0 for N → ∞ at QPT

Our optional reading material provides some more explanations:
J. Rodriguez-Laguna and S. N. Santalla, Am. J. Phys. 86, 360 (2018).
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