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Motivation

r

Can we exploit trapped-ions as quantum simulators for high-energy physics?

M. Bañuls et al., Eur. Phys. J. D 74, 165 (2020).

           S. P. Jordan, K. S. Lee,                            . 
               and J. Preskill, Science 336, 1130 (2012)

th

       E. Zohar, et al., PRL 109, 125302 (2012) 
  D. Banerjee, et al., PRL 109,175302 (2012)

th

R. Feynman, Int.J.Th.P. 21, 467 (1982).
(Conjectured

C. Bauer et al., PRX Quantum 4, 027001 (2023).
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The ride

r.f. quadrupole 
trap

Laser & sympathetic cooling 

Laser & sympathetic cooling 
Motional sidebands and 

light shifts

Optical pumping
Hyperfi
clock qubits

Quantum Computation & fault tolerance

XHV vacuum
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Magic states 

Topological 
Quantum Error Correction



The ride



Practical applications of quantum computers in general require large resources in qubit # and T-gate counts    

Goal   

Motivation

(Shor)
(non-Shor)

Many-body physics
Chemistry & material science
Financial (portfolio, risk)



Goal   

Motivation

Gates are noisy, & current quantum error correction approaches increase the resources even further

pL = 10−12

p
p

p

≈



And yet …     

Motivation

T. Scholten, et al., arXiv:2401.16317 



We may benefit from “opening the black box” & exploiting the native d.o.f.     

T. W. Hansch, Nobel prize ’05 You Tuber

4’20’’

Motivation

Goal   

https://www.youtube.com/watch?v=bkYXNeJ8IP0


Trapped-ion “Art brut” or “made by theorists who are untrained and untutored  
                                                      in the traditional beauty of experimental physics”     

25Mg+ 285nm

Motivation



get coupled by Coulomb interaction (2nd order dipole-dipole) 

 symmetry         “Local” vibrations as bosonic particles”U(1)

ωα,i

ωα,i

⋯

 K. R. Brown, et al., Nature 471, 196 (2011)
J. M. Harlander, et al., Nature 471, 200 (2011)

D. Porras and J.I. Cirac, PRL 93, 263602 (2004)

One bosonic mode per ion and trap axisH. Heizen and D. Wineland,  PRA 42, 2977 (1990)

Motivation

Jα
c,ij



D.H. Dunlap and V.M. Kenkre., PRB 34, 3625 (1986).

h = D/w

Dressing possiblethe microscopic parameters in solids by external fields is sometimes 

t ≪ Δ

Floquet engineering and  Peierls’ phases for phononsU(1)

H = − t∑
⟨i,j⟩

c†
i cj + ∑

i

Δ i cos(ωt)c†
i ci Hdressed = − tJ0(η)∑

⟨i,j⟩

c†
i cj



H = − t∑
⟨i,j⟩

c†
i cj + ∑

i

Δ i c†
i ci + ∑

i

Δ̃ cos(Δk ⋅ xi + ωt)c†
i ci

the tunnelling against a gradient by absorbing photons from a drive introduces Assisting 

Floquet engineering and  Peierls’ phases for phononsU(1)

recoil

AB, T. Schätz, and D. Porras, PRL 107, 150501 (2011)

M. Aidelsburger, et al., PRL 107, 255301 (2011)

th

We gain control of a Peierls’ phase defifi

ei e
ℏ ∫𝒞 dx⋅Aeff

Plane wave

Stokes’ th

Beff

(atoms)

t ≪ Δ

Hdressed = − tJ1(2η sin Δka)∑
⟨i,j⟩

e−iΔk⋅xic†
i cj ω = Δ Resonant recoil kick

𝒞 = ∂S

S



Floquet engineering and  Peierls’ phases for phononsU(1)

One bosonic mode per ion and trap axis

get periodically modulated by crossed-beam ac-Stark shifts 

 symmetry         gets “gauged” by Floquet engineeringU(1)

ωα,i

ωα,i

⋯

AB, T. Schätz, and D. Porras, PRL 107, 150501 (2011)

 M. Mielenz et al., Nat. Comm. 7, 11839 (2016)

J. Niedermeyer, et al., Oxford seminar (2024)

Optical version 
of parametric drive



Floquet engineering and  Peierls’ phases for phononsU(1)

One bosonic mode per micro trap and axis

get periodically modulated by crossed-beam ac-Stark shifts 

 symmetry         gets “gauged” by Floquet engineeringU(1)

ωα,i

ωα,i

⋯

F4 = 0

F4 = p

F4 F4

 P. Kiefer et al., PRL 123, 213605 (2019)ex

Real life is not that simple (noise, heating…)



H =
1
2 ∫ dDx(ϵ0 Ê2

eff(t, x) +
1
μ0

B̂2
eff(t, x))

But hold on… we were aiming for toy models that could address…

The ride

ei e
ℏ ∫𝒞 dx⋅Âeff(t,x) Stokes’ th

B̂eff(t, x) ; Êeff(t, x)
Maxwell

Quantum links Gauge-invariant quantum dynamics

B̂2
eff(t, x)Ê2

eff(t, x)

 parallel transporter



Parametric drivings and  gauge theories for phononsℤ2

Hℤ2
= h∑

i

Xi + ∑
i

[ZZZZ]i

“Ising gauge theory” is a paradigm of confi

[Hℤ2
, Gi] = 0, ∀i

Local symmetry

Gauss’ law
[XXXX]i |ψ⟩ = + |ψ⟩

Gi = [XXXX]i

h
Pi = [ZZZZ]i F. Wenger, J. Math.Phys. 12, 2259 (1971).

h−1
c = 3.044

h−1

Xi ZZZZ

XXXX

XXXX

ZZZZ
Fradkin & Kogut, PRD 17, 2637 (1978).



Parametric drivings and  gauge theories for phononsℤ2

Hℤ2
= ∑

i

(a†
i Ziai+1 + H . c.) − h∑

i

Xi

1+1 models become non-trivial by introducing dynamical matter (moving charges as sources/sinks)

[Hℤ2
, Gi] = 0, ∀i

Local symmetry

Gauss’ law Xi−1(−1)a†
i aiXi |ψ⟩ = |ψ⟩

ai+1
Focus on a chain

 charges connected electric strings ℤ2

Wannier-Stark confi

XiZi

Xi−1 Xi

a†
i

a†
i aîẐẐZ

+





Parametric drivings and  gauge theories for phononsℤ2

We assumed that all ions where in the same electronic state under the crossed-beam ac-Stark shifts, but…

Differential crossed-beam ac-Stark shifts Beatnote tilting w.r.t. trap symmetry axes

Zi

1 2

bx,i
by,i

HL ≈ − ΩL ∑
i

∑
α,β

ηαηβ cos(Δk ⋅ r0
i − ωLt)b†

α,ibβ,ib†
α,ibβ,i



Parametric drivings and  gauge theories for phononsℤ2

Synthetic “dimension” ladder

?

Synthetic  link

ΔωL ≈ ωx − ωy

Spin-dependent tunneling

Laser beat note for parametric frequency conversion

bx,i

b†
y,i phonons

spin

O. Bazavan, S. Saner…,  Comm. Phys. 7, 229 (2024)thHeff = (Jeff b†
x Z by + H . c . ) − hXXZb†
x by +

Jy
c,ij

Jy
c,ij



Parametric drivings and  gauge theories for phononsℤ2

The single-excitation maps to correlated spin-phonon 
exchange (detuned Rabi oscilations)

Other analogies to quantum optical schemes (Lambda drives, dark states, mater/gauge entanglement,
squeezed  charges, phase-space dynamics* …)ℤ2 O. Bazavan, S. Saner… A.B, Comm. Phys. 7, 229 (2024)th

S. Saner, O. Bazavan,…, A.B, R. Srinivas, arXiv:24xx.SOONex

                   * cat states and  LGTs,  J. Del Pino et al., Phys. Rev. Lett. 130, 171901 (2023)ℤ2



Parametric drivings and  gauge theories for phononsℤ2

Trapped-ion “Art brut” or “made by theorists who are untrained and untutored  
                                                      in the traditional beauty of experimental physics”     

88Sr+ 422nm



 link in the lab: gauge invariance and error suppressionℤ2

An alternative scheme  is to use “interference” of two orthogonal and detuned state-dependent forces

[Fx, Fy] ≈ Z b†
x by eiΔφei(ωx−ωy−δ)t + H . c .-force  xσx | | -force  yσy | |

|+⟩

|−⟩

⟨x⟩

⟨px⟩
|+⟩

|−⟩

⟨y⟩

⟨py⟩

|+i⟩

|−i⟩
+

δ ≈ ωx − ωyForces for parametric freq. conversion

Modelling 
imperfections

R.T. Sutherland, R. Srinivas,  PRA 104 032609 (2024)

new schemes w/ transverse fi

Z b†
x by



Phase noise is a typical source of errors that break gauge invariance

 link in the lab: gauge invariance and error suppressionℤ2

+δω(t) Z
[Heff, Gi] ≠ 0, G2

1 = G2
2 = 𝕀

G1 = (−1)b†
x bxX, G2 = X(−1)b†

y by

Heff(t) = (Jeff b†
x Z by + H . c . ) − hX

ℋ

ℋphys

{Gi} = + 1, + 1

{Gi} = − 1, − 1

ℋerr
Z

stabilizers (Gauss’ law) 

QEC would require QND measurement of bosonic spin-dependent parity

Dynamical decoupling require effectively implementing  
                                                                                             the gauge transformation

🤬

🫣

X ↦ XZ ↦ − Z b†
x ↦ − b†

x by ↦ by b†
x by ↦ − b†

x by

XZb†
x by +

X Xb†
x bx b†

y by

X XZ Z b†
x byb†

x by



Phase noise can be refocused while preserving gauge invariance

 link in the lab: gauge invariance and error suppressionℤ2

|ψσ⟩

|ψb,x⟩ Δφ → π + Δφ

Ry(π/2)

|ψb,y⟩

σz tunn

π pulse

phase reversal

σz tunn Combined spin-echo that refocuses
slow components phase noise 

δω(t) ∼ δω0 ∈ N[0,σ2]

Heff ≈ (Jeff b†
x Z by + H . c . ) − hX

ℋ

ℋphys

{Gi} = + 1, + 1

{Gi} = − 1, − 1

ℋerr
Z

Only valid for phase noise with                  (otherwise QEC required) τc ≫ t

XZb†
x by +



 link in the lab: gauge invariance and error suppressionℤ2

 S. Saner, O. Bazavan et al., arXiv:24xx.SOONex

                   (Floquet-Hubbard atoms) C. Schweizer et al., Nat.Phys. 15, 1168 (2019)

⟨X⟩

⟨b†
αbα⟩

t(μs)

x y

No fi
(Independent characterization of noise
heating, state-dep force imperfections)



 link in the lab: gauge invariance and error suppressionℤ2

⟨b†
x bx⟩

t(s)

x y teff

(h
−

h 0
)/

2π
(k

H
z)

t(s)

⟨X⟩

x y

Finite electric fi

(h
−

h 0
)/

2π
(k

H
z)

gaugecharge

 S. Saner, O. Bazavan et al., arXiv:24xx.SOONex



 LGT in a chain and a chain of  loopsℤ2

Dynamical Aharonov-Bohm effect

The gauge-invariant states in the B-fi

|Φ+⟩ ⊗ |11,02⟩

|Φ−⟩ ⊗ |01,12⟩ |Ψ−⟩ ⊗ |01,12⟩

|Ψ+⟩ ⊗ |01,12⟩

π0

(1 + 1)h

(1 − 1)t1,e1
(1 + 1)t1,e1

(1 − 1)h

Const. AB interference Dest. AB interference

More ions and normal modes

Gauge theory on a loop

0 πei e
ℏ ∫𝒞 dx⋅Aeff



 LGT in a chain and a chain of  loopsℤ2

More ions and normal modes

Gauge theory on a loop

Dynamical Aharonov-Bohm effect

 S. Saner, O. Bazavan et al., arXiv:24xx.SOONex

ei e
ℏ ∫𝒞 dx⋅Aeff



 LGT in a chain and a chain of  loopsℤ2

More ions and normal modes

Gauge theory on a loop E-fifi

Dynamical Aharonov-Bohm effect

“Confi“Deconfi

ei e
ℏ ∫𝒞 dx⋅Aeff



 LGT in a chain and a chain of  loopsℤ2

More ions and normal modes

Gauge theory on a loop
Gauge theory on a chain Gauge theory on a chain loops

“dimensional reduction” →

π π

“AB interf. & deconfi
E. Domanti, et al, arXiv:24xx.SOON

↪ →

→

ei e
ℏ ∫𝒞 dx⋅Aeff



 LGT in a chain and a loop chainℤ2

More ions and normal modes

Gauge theory on a loop
Gauge theory on a chain

Gauge theory on a chain loops

“dimensional reduction” →

π π

AB interf. & deconfi
E. Domanti, et al, arXiv:24xx.SOON

↪ →

→

B̂eff(t, x)



 LGT in a chain and a loop chainℤ2

Hloopℤ2
= t∑

i
∑

n=1,2

(a†
i Zi,nai+1 + H . c.) + h∑

i
∑

n=1,2

Xi,n + J∑
i

Zi,1Zi,2ai+1 Xi,n Zi,1Zi,2a†
i Zi,n

We can now study the competition of electric & magnetic terms in the presence of AB interference

Si =
1
2 (σi,1 + σi,2)

→

→ →

π

Fully disconnected sites

Singlet Connected/disconnected sites depending J/t, J/h

Triplet

Effective S=1 gauge theory (not q-link model)

trivial S=0 

(2(Sx
i−1)

2 − 1)(−1)a†
i ai(2(Sx

i )2 − 1) |ψ⟩ = |ψ⟩Sx
i−1 Sx

i
a†

i ai

|Ψ−⟩

|Φ+⟩

|Φ−⟩

|Ψ+⟩
0 π



 LGT in a chain and a loop chainℤ2

π ππ π

Diluted 2-site dimersPacked 3-site trimers

2 particles 2 particles 2 particles 2 part

Let’s focus fi
 in the presence of AB interference h = 0

π0 0 0 0 π π π0 0 0

2 part

2/3 fi 2/3 fi

2/3 fi

Fully connected

0 0 0 0 0 0

1 N
∑ i

⟨Z
i,1

Z i
,2

⟩

Average 
magnetic fl

2

Break down of translational invariance 
                                                   (recalls Peierls’ instability)



 LGT in a chain and a loop chainℤ2

Let’s now switch on quantum fl h ≠ 0

π π

Dimers start moving 

ππ π π0 0 0

h ≪ J, t

|Φ+⟩ ⊗ |11,02⟩

|Φ−⟩ ⊗ |01,12⟩ |Ψ−⟩ ⊗ |01,12⟩

|Ψ+⟩ ⊗ |01,12⟩

π0

(1 + 1)h

(1 − 1)t1,e1
(1 + 1)t1,e1

(1 − 1)h

Const. AB interference Dest. AB interference

0 π

π πππ π π0 0 00

π πππ π π0 0 00 π

Heff = teff ∑
i

(c†
i ci+1 + H . c.) + Veff ∑

i

nini+2

h ≪ J, t

c†
i = a†

i Sz
i a†

i+1 ‘mesons’ move with them 



 charges confi
mesons show a power-law decay (free-ish quasiparticles) 
ℤ2

 LGT in a chain and a loop chainℤ2

This connects adiabatically with the standard confi h ≫ J, t

Heff = teff ∑
i

(c†
i ci+1 + H . c.) + Veff ∑

i

nini+2

c†
i = a†

i Sz
i a†

i+1

In both cases  

‘Mesons’ start moving 

t, J ≪ h

| + ⟩ | − ⟩

| − ⟩| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

t, J ≪ h

| + ⟩ | − ⟩

| − ⟩| − ⟩ | − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

Instead of moving by flfl
 electric fi

Veff = 2teff

Luttinger liquid phase for the repulsive Bose-Hubbard model

¡

{Similar to the standard  chainℤ2
U. Borla, et al, PRL 124, 120503 (2020)



 charges confi
mesons show a power-law decay (free-ish quasiparticles) 
ℤ2

 LGT in a chain and a loop chainℤ2

This connects adiabatically with the standard confi h ≫ J, t

c†
i = a†

i Sz
i a†

i+1

‘Mesons’ start moving 

t, J ≪ h

| + ⟩ | − ⟩

| − ⟩| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

t, J ≪ h

| + ⟩ | − ⟩

| − ⟩| − ⟩ | − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

| + ⟩

| − ⟩

Luttinger liquid phase for the repulsive Bose-Hubbard model

¡
{Similar to the standard  chainℤ2

U. Borla, et al, PRL 124, 120503 (2020)

g(r) = ⟨c†
i ci+r⟩



 LGT in a chain and a loop chainℤ2

A novelty is that lowering the magnetic plaquette term J, we fi ℤ3

Luttinger

  Mottℤ3

Trimerization of entanglement entropy



 LGT in a chain and a loop chainℤ2

A novelty is that lowering the magnetic plaquette term J, we fifi

Luttinger

  Mottℤ3Deconfi



 LGT in a chain and a loop chainℤ2

Luttinger

  Mottℤ3Deconfi

A novelty is that lowering the magnetic plaquette term J, we fifi



 LGT in a chain and a loop chainℤ2

Luttinger

  Mottℤ3Deconfi

A novelty is that lowering the magnetic plaquette term J, we fifi



 LGT in a chain and a loop chainℤ2

A novelty is that lowering the plaquette term J, we fifi g(r) = ⟨a†
i ∏

ℓ

Sz
i+ℓ ai+r⟩

Confi

Deconfi



Conclusion and outlook

Can we exploit trapped ions for lattice gauge theories?

AMO

The ride


