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…some people say “Quantum computers are a nice game that 
theorists will keep playing for a while, until they get tired.  But 
there are optimists.  I am one of those optimists for no logical 

reason, it is simply a gut feeling.”

…”Will there be quantum computers of reasonable size 10 
years from now?  As I said earlier, I have no logical 
arguments or vision arising from deep insights…”

2009, 2020?



Quantum science
• $$: 

• Microsoft Quantum: probably > $300M per year. 

• Many others!



Quantum science
• People:  

• Compare arXiv “new” listings:  

• 172 CM vs 131 Quantum 

• Experimentalists going to private sector 

• Theorists mass movement to QI: 

• Let’s look at UCSB faculty



Not QI



What is it good for?
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Application to quantum 
materials?

• Try to apply quantum algorithms to actual quantum 
problems 

• For example: how would we obtain S(k, ) on a quantum 
computer?

ω

R. Dally et al, PRL (2020).



Quantum Ising chain

H = ∑
i
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Solitons = the simplest example 
of non-local excitations



Quantum theory done classically

• Qualitative and 
quantitative 
understanding of 
complex spectrum 
based on strongly 
interacting flat band 
solitons

Leonie Woodland 
Oxford

Radu Coldea 
Oxford Izabella Lovas 

KITP

CoNb2O6

L. Woodland et al, PRB 2023



Possible quantum approaches

• Direct time evolution? Q: Isn’t that what a quantum computer 
is good at? 

• A: Maybe a special purpose simulator, but a digital 
quantum computer like google machines can’t.  They apply 
controlled 1 and 2 qubit gates 

• You can Trotterize but this introduces substantial errors that 
can only be improved by scaling to many gates. 

• Instead we will try to use a variational approach to obtain 
eigenstates.



VQE
• Variational quantum eigensolver:

Peruzzo et al, 2014

|Ψ({θi})⟩ = U({θi}) |Ψ0⟩

Evar = ⟨Ψ |H |Ψ⟩ ≥ E0

quantum 
circuit

measure

Ground state





SS VQE
• Subspace Search VQE: for excited states

|Ψn({θi})⟩ = U({θi}) |Ψn,0⟩
Choose N 
orthogonal 
initial states

⟨Ψn′ |Ψn⟩ = ⟨Ψn′ ,0 |Ψn,0⟩

Evar = ∑
n

wn⟨Ψn |H |Ψn⟩ wn > 0

Just repeat the VQE with the same circuit on N initial 
orthogonal states and minimize (weighted) energy sum.

K. Nakanishi et al, 2019



Elementary excitations
• Transverse field Ising chain 

• Excitations at J<<h:
| −i ⟩ = | + + ⋯ −i + ⋯ + ⟩

|k⟩ =
1

N ∑
i

eikxi | −i ⟩ Momentum eigenstates

ϵk = 2 h2 + J2 − 2hJ cos kExact energy

? Can we get this from (SS) VQE?



VQE for Ising chain
• Natural circuit: preserve translational symmetry

H1 H2

Example 
circuit



VQE for Ising chain



VQE for excited states?
| −i ⟩ = | + + ⋯ −i + ⋯ + ⟩

|k⟩ =
1

N ∑
i

eikxi | −i ⟩

ϵk = 2 h2 + J2 − 2hJ cos k

For J/h << 1

Issue: translation operator T cannot be generated with a 
finite depth circuit (depth proportional to L). 

c.f D. Gross et al, 2012
Amount of translation is a “topological index” for 1d 
quantum cellular automata



VQE Attempt 1
• Let’s not worry about it and just initialize a momentum state. 

• Generate  

• Momentum conservation helps: k is conserved as is P = ⊗i Xi

|ψ0(k)⟩ =
1

N ∑
i

eikxi | −i ⟩

|ψ(k)⟩ = U({βi}) |ψ0(k)⟩



VQE Attempt 1
Simulations with QISkit

Works!



VQE attempt 2
• Make the system generate k state 

• Trick 1: Parity conservation .P = ⊗i Xi

Ground state P=+1, k=0 |GS⟩ = U+ | + + ⋯ + ⟩

Excited state P=(-1)N, k=0 |k = 0⟩ = U− | − − ⋯ − ⟩
Generates quasiparticle state if N odd!

• In general this U depends on J/h (and is non-trivial 
even for J/h=0).



VQE attempt 2
• It works! |GS⟩ = U+ | + + ⋯ + ⟩

|k = 0⟩ = U− | − − ⋯ − ⟩

2.0

0.2

Δ



VQE attempt 2
• Generate other k values? 

• Trick 2: for ideal single spin-flip state, can change k via 
local unitary 

|k⟩0 = Uk |k = 0⟩0 |k = 0⟩0 =
1

N ∑
i

| −i ⟩

• So we have a protocol

|k⟩ = Uint |k⟩0 = Uint Uk U0
− | − − ⋯ − ⟩



VQE attempt 2

This also works!



VQE attempt 3
• Can we work in real space instead of k space? 
• What if we initialize to a localized excitation?

|x = 0⟩0 = | + + ⋯ −x=0 + ⋯ + ⟩ = Z0∏
i

| + ⟩i

• Evolved state

|x = 0⟩ =
1

N ∑
k

U |k⟩0 =
1

N ∑
k

|k⟩

• Since U is translationally invariant and parity 
conserving, we have 

|x = 0⟩ = U[{βi}] |x = 0⟩0



VQE attempt 3

• Variational energy
⟨x = 0 |H |x = 0⟩ =

1
N ∑

k,k′ 

⟨k′ |H |k⟩ =
1
N ∑

k

⟨k |H |k⟩

★ Minimum is reached only if it is reached for each k state 
individually!

• Quantum parallelism!  Just running VQE on this 
single state encodes the entire band of excited 
states!



VQE attempt 3
• Variational energy of this state gives the mean 

energy of the band

With some work we can extract the entire band, but 
we’re still trying to make it efficient 

• Physically, we are generating 
the interacting analog of a 
Wannier state.

Ex=0 − EGS =
1
N ∑

k

ϵk

2.75

• We can also look at the state itself

⟨x
=

4|
X

| x
=

4⟩

2.0

Δ/h

“The quasiparticle”



VQE attempt 3
One can investigate many more aspects of the quasiparticle, since we 
have its wavefunction.  For example, we can ask what is the probability 
distribution of the number of spin flips? 

Can also extract “bandwidth”.  

|ψ⟩ =
1

2
( |x⟩ + |x + 1⟩)

⟨ψ |H |ψ⟩ − ⟨x |H |x⟩ = ∫
dk
2π

ϵ(k)cos k .



Domain wall QPs

Slightly modified 
algorithm produces 

localized soliton



Conclusions
• VQE can generate an “exact” (in the sense of variational 

convergence) localized quasiparticle state  

• This procedure benefits from quantum parallelism and unitarity 
to encode the entire band of quasiparticle states in the 
localized state 

• Extensions to many other quasiparticles seem possible. 

• Q: is there a classical algorithm that can do the same, i.e. 
directly produce the maximally localized exact quasiparticle 
state? 



Is a QC useful for quantum 
materials?

But maybe this.

I’m still not 
sure about 

this

$$


