
3- Models of Quantum Computation



Models of Quantum Computation

Quantum circuit model (Previous semseter)

Adiabatic Quantum Computation 

Measurement Based Quantum Computation(MBQC) 

Topological Quantum Computation (This semester)



Adiabatic Quantum Computation



s=0

s=1

H0 = H(0)

H0 = H(1)

if |ψ(0)⟩ = |E0(0)⟩

then |ψ(T ⟶ ∞)⟩ = |E0(1)⟩

H(t) = Ĥ(
t
T

) = Ĥ(s)



f(s1, s2, s3, s4) = (s1 ∨ s2 ∨ s3) ∧ (s2 ∨ s3 ∨ s4)

h(s1, s2, s3, s4) = (s1 ∨ s2 ∨ s3) ∧ (s2 ∨ s3 ∨ s4) ∧ (s2 ∨ s3 ∨ s4) ∧ (s2 ∨ s ∨ s4)

g(s1, s2, s3, s4) = (s1 ∨ s2 ∨ s3) ∧ (s1 ∨ s2 ∨ s3)

3-SAT problem



f(s1, s2, s3, s4) = (s1 ∨ s2 ∨ s3) ∧ (s2 ∨ s3 ∨ s4)

H = h1 + h2

h1 = (1 − Z1)(1 − Z2)(1 − Z3)

h2 = (1 − Z1)(1 + Z3)(1 − Z4)

H1 = (1 − Z1)(1 − Z2)(1 − Z3) + (1 − Z2)(1 + Z3)(1 − Z4)



H0 = − X1 − X2 − X3 − X4

|ψ0⟩ = | + , + , + , + ⟩

|ψ1⟩ = { |1,1,1,1⟩, ⋯ | − 1,1,1, − 1⟩, ⋯}

H̃(s) = (1 − s)H0 + sH1

H1 = (1 − Z1)(1 − Z2)(1 − Z3) + (1 − Z2)(1 + Z3)(1 − Z4)



T ≥
Γ2

Δ2

E1(s)

E0(s) Δ

Δ = Δ(N)

Energy Gap



Measurement Based Quantum Computation (MBQC)
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CZ | + , + ⟩ =
1
2 ( |0,0⟩ + |0,1⟩ + |1,0⟩ − |1,1⟩)





|ϕ+⟩ =
1

2
( |0⟩ + eiϕ |1⟩)

|ϕ−⟩ =
1

2
( |0⟩ − eiϕ |1⟩)



|ϕ+⟩ =
1

2
( |0⟩ + eiϕ |1⟩)

|ϕ−⟩ =
1

2
( |0⟩ − eiϕ |1⟩)

|0⟩ =
1

2
( |ϕ+⟩ + |ϕ−⟩)

|1⟩ =
1

2
e−iϕ( |ϕ+⟩ − |ϕ−⟩)



|ψ⟩ = α |0⟩ + β |1⟩ | + ⟩

|ψ⟩ = α |0,+⟩ + β |1,−⟩



|ψ⟩ = α |0,+⟩ + β |1,−⟩

XmHUz(ϕ) |ψ⟩

Mϕ



XmHUz(ϕ) |ψ⟩

Mϕ

Mϕ′￼

Xm′￼HUz(ϕ′￼)XmHUz(ϕ) |ψ⟩

|ψ⟩



ϕ

XmHUz(ϕ)

ϕ1

XmHUz(ϕ3)XmHUz(ϕ2)XmHUz(ϕ1)

ϕ2 ϕ3



XmHUz(ϕ3)XmHUz(ϕ2)XmHUz(ϕ1)

=
Xm3Zm2Xm1HUz((−1)m2ϕ3)Ux((−1)m1ϕ2)Uz(ϕ1)

==
Uz(γ)Ux(β)Uz(α)





Topological Quantum Computation (this semester)



Topological Quantum Computation (this semester)



Gottesmann-Knill Theorem

Clifford Gates are generated by CNOT, H, S

S = (1 0
0 i) = Z

Clifford Gates  U ∈ UσiU† = σjIf

Theorem: Any quantum circuit which is generated by Clifford Gates can be 
efficiently simulated by classical computers. 



4- Quantum Hardware 



Ion Traps 


Superconducting qubits 


Cold Atoms 



Ion traps (Chapter 13, Nakahara and Ohmi)

State preparation, Readout, single qubit gate 

Two qubit operation



Superconducting qubits (Chapter 15 of Nakahara and Ohmi)



Cold atoms (Chapter 14 of Nakahara and Ohmi)



Nuclear Spins (Chapter 12 of Nakahara and Ohmi)



5- Fault Tolerant Quantum Computing



A fault tolerant system (Power plant, Google, Dropbox,…)

Critical errors,  Redundancy,  Cost,  Difficulty of diagnosis,…



Fault tolerant quantum computation

Error threshold 

0 000 000000000

p 3p2 3(3p2)2 = 27p4

Concatenation



|0⟩ ⟶
1

2
( |000⟩ + |111⟩)

|1⟩ ⟶
1

2
( |000⟩ − |111⟩)

H|0⟩

|0⟩

|0⟩

1

2
( |000⟩ + |111⟩)

A simple code



|0⟩ ⟶
1

2
( |000⟩ + |111⟩)

|1⟩ ⟶
1

2
( |000⟩ − |111⟩)

H|1⟩

|0⟩

|0⟩

1

2
( |000⟩ − |111⟩)



H

HLogical

Logical Gate



CNOTLogical

Transversal Gates



Eastin-Knill Theorem

There is no quantum error correcting code for which there is a 
universal set of transversal gates.



Error threshold

100 Logical qubits             Surpassing classical computers, 

100 Logical qubits = Millions of physical qubits 





Computational hardness of preparing ground 
states 


Entanglement dynamics in chaotic quantum 
systems 


Entanglement spreading 


