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Digital Rydberg simulation of dynamical quantum 
phase transitions in the Schwinger model



THE PROBLEM: real time out-of-equilibrium dynamics on noisy quantum hardware

in collaboration with S. Pascazio, P. Facchi, F.V. Pepe,
G. Magnifico, D. Pomarico, R. Cioli, F. Dell’Anna  



the model -  
static phase diagram & real-time dynamics



  1d QED: lattice  Schwinger model   ℤn

Lattice discretization: continuum space is replaced by a regular lattice 
fermions defined on lattice sites  
gauge fields on links  
Schwinger’s staggered fermions:  index J for a “physical site”  
is split in two,+/- energy solutions  
      J =

✓
 x

 x+1

◆

J

Ex,x+1
<latexit sha1_base64="lV0EEmrFVFPB7hKAd3nU39IHidY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIStmtgh6LInisYD+kXUo2zbahSXZJstKy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39uo4SRWiNRDxSzQBrypmkNcMMp81YUSwCThvB4GbiN56o0iySD2YUU1/gnmQhI9hY6fG2kw7PhqfeuFMouiV3CrRIvIwUIUO1U/hqdyOSCCoN4VjrlufGxk+xMoxwOs63E01jTAa4R1uWSiyo9tPpwWN0bJUuCiNlSxo0VX9PpFhoPRKB7RTY9PW8NxH/81qJCa/8lMk4MVSS2aIw4chEaPI96jJFieEjSzBRzN6KSB8rTIzNKG9D8OZfXiT1csk7L5XvL4qV6yyOHBzCEZyAB5dQgTuoQg0ICHiGV3hzlPPivDsfs9YlJ5s5gD9wPn8AEEOP7A==</latexit>

 x
<latexit sha1_base64="q0Wni1yecr1rclkf0asGln/Ed2I=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0q6LHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3U7CaG9556pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRGV0HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSbNa8c8r1buLcu06j6MAx3ACZ+DDJdTgFurQAAoP8Ayv8IYUekHv6GPeuoLymSP4A/T5A7j9jzk=</latexit>

 x+1
<latexit sha1_base64="N9qi326FTiDSZBHifah8XVjG16s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEYwTwwWcLspJMMmZ1dZmbFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YhK80jem3GMfkgHkvc5o8ZKD51Y8276dOZNusWSW3ZnIMvEy0gJMtS6xa9OL2JJiNIwQbVue25s/JQqw5nASaGTaIwpG9EBti2VNETtp7OLJ+TEKj3Sj5QtachM/T2R0lDrcRjYzpCaoV70puJ/Xjsx/Ss/5TJODEo2X9RPBDERmb5PelwhM2JsCWWK21sJG1JFmbEhFWwI3uLLy6RRKXvn5crdRal6ncWRhyM4hlPw4BKqcAs1qAMDCc/wCm+Odl6cd+dj3ppzsplD+APn8wdcNZC1</latexit>

+m -m

Zn Quantum Model:   Weyl quantisation scheme,unitary finite-dim representation

Ux,x+1(⌘) = e�i⌘Ax,x+1

Vx,x+1(⇠) = e+i⇠Ex,x+1

Hx,x+1 = {|vki , k = 1, 2, · · · , n}

V (x, x+ 1)|vki = eı
2⇡
n k|vki

U(x, x+ 1)|vki = |vk+1i
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J

Gx ≡ ψ†
x ψx +

1
2

[(−1)x − 1] − (Ex,x+1 − Ex−1,x) ≈ 0



PHASE DIAGRAM  Density Matrix Renormalization Group Algorithm (DMRG) 
The DMRG code strictly enforces Gauss law 
We work up to $L=N/2=40$ couples of sites & 1000 DMRG states 
Open boundary conditions
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(large n, i.e U(1) limit)
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STRING BREAKING  
Real time evolution of the string excitation:  

       does it break? N = 80 ℓ = 20

E ≠ 0
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breaking but no spreading

m=0.1,g=0.1 m=0.3,g=0.8 m=3.0,g=1.42

no breaking & no spreading breaking & spreading

ℤ3



DYNAMICS OF PAIR PRODUCTION  Quench protocol:     system prepared in Dirac vacuum (m large) 
                                     evolving with H with a chosen value of m 
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non-equilibrium dynamics & 
dynamical phase transitions 
om noisy Rydberg platform



    Schwinger model on 2 sites  . ℤ3

[ℋ, P] = 0gauge-invariant subspace ℋ commutes with parity

We consider only the even sector,  
to which Dirac vacuum belongs 



LOSCHDIMT ECHO & DYNAMICAL PHASE TRANSITIONS  

Quench protocol:                                                                𝒢(t) = ⟨ψ0 |eiℋ1t⟩ |ψ0⟩

L.E = probability to return to initial state, in terms  of dynamical free energy density  λ(t)

ℒ(t) = |𝒢(t) |2 = e−Nλ(t)

DPTs = points of non-analyticity of  -> isolated zeros of  λ(t) ℒ(t)

Signatures od QDPTs, such as Zeros of the L.E.,
 can be identified already for very small lattice sizes, 

whose dynamics can be simulated with high fidelity 
on a realistic noisy quantum computer



NON-INTERACTING CASE  (g = 0)

quench:   - it can be solved exactlym̄ → m

ω = m2 + J2

ℒ(tc) ∼ 0 ⇔ m̄m + J2 = 0 , tcω ∼ 1



|ψ0⟩ = |vac⟩0

INTERACTING - CASE 1 

loci for ℒ = 0

periodic Rabi oscillations: 
the initial Dirac vacuum evolving 

only in the subspace spanned  
by itself and the  

mesonic ground state 

-

Δ = − 2m

long-time 
dynamics



INTERACTING - CASE 2 

- −m

−3m

−m

0

periodic Rabi oscillations:
additional oscillation of the 

initial Dirac vacuum, 
evolvingin the subspace 
spanned by itself and the 

fourth  state

loci for ℒ = 0
|ψ0⟩ = |vac⟩0

long-time 
dynamics



N=4INCREASING THE SIZE dimℋ+ = 7

CASE 1 3-states  
Rabi oscillations

CASE 2

CASE 2’

2-states  
Rabi oscillations

between 1st and 4th

between 1st and 6th

CASE 2’’ between 1st and 7th



simulations on a noisy Rydberg atom device



CIRCUIT DESIGN
Trotter evolution on positive-parity sector, by writing  as composition of Pauli strings

Circuit compression with Qiskit
ℋ+

ONE TROTTER STEP

ARBITRARY  TROTTER STEPS (stable structure, different parameters)
G. Vidal and C. M. Dawson, Universal quantum circuit for two-qubit transformations with three controlled-not gates, Phys. Rev. A 69, 010301(R) (2004)



PULSE SEQUENCE DESIGN

ℋryd = ∑
i≠j

C6

r6
ninj

ℋi =
Ω(t)

2 (Xi cos ϕ − Yi sin ϕ) −
δ(t)
2

Zi

PASQAL’s platform, PULSER emulator



PASQAL’s platform, PULSER emulatorEMULATION
NOISE MODEL (100 realizations)

state preparation errors (with probability )
measurement errors (with false negative rates  and false positive rates )
Doppler damping (  that induces a Doppler shift due to thermal motion)
Amplitude fluctuations (standard deviation of )

η = 5 × 10−3

ϵ = 10−2 ϵ′￼ = 5 × 10−2

T ∼ 50 μK
0.05 μm

CASE 1 CASE 2

100 noisy simulations



== THANK YOU ==

FINAL REMARKS

•Proof of concepts validation 

•Encouraging preliminary results 

• Extending to larger sizes 

• Experiment on a real device  


