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 in long-range systems 
and beyond

- Constructing effective theories of  (universal) phenomena-
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“Strong” long-range
 interacting systems

Low dimensional 
quantum systems

Quantum systems with 
effective fractional
 dimension

3Constructing Effective (low-energy) Theories 

1) “Long-range interacting quantum systems”,  ND et al. arXiv:2109.01063, invited review by Rev. Mod. Phys.
2) “Out-of-equilibrium dynamics and criticality of quantum systems with long-range interactions”, ND, A. Lerose, S. Pappalardi, invited review by Phys. Rep.

• ND et al., Phys. Rev. B 96, 174505 (2017)
• G Bighin, ND, et al., Phys. Rev. Lett. 123, 100601 (2019).
• W Rządkowski, et al., New J. Phys. 22, 093026 (2020).
• ND, A Trombettoni, D Zappalà, Nucl. Phys. B 964, 115295 (2021)

• ND, A Trombettoni, A Codello, Phys. Rev. E 92, 
052113 (2015)

• ND, A Trombettoni, S Ruffo, Phys. Rev. B 94, 
224411 (2016)

• ND, A Trombettoni, S Ruffo, Phys. Rev. B 96, 
104432 (2017).

• ND, T Enss, JC Halimeh, Phys. Rev. B 100, 014434 
(2019).

• ND, G Morigi, L Dell'Anna, T Enss, Phys. Rev. B 
100, 184306 (2019).

• M Syed, T Enss, ND, Phys. Rev. B 103, 064306 
(2021).

• AP Millán, G Gori, F Battiston, T Enss, ND, Phys. 
Rev. Res. 3, 023015 (2021).

• ND, T Enss, M Kastner, G Morigi, Phys. Rev. Lett. 
121, 240403 (2018).

• ND, Proc. Nat. Acad. Sci. 118, e2101785118 (2021).
• ND, Comm. Phys. 4, 150 (2021).

• G Giachetti, ND, S. Ruffo, A. Trombettoni, Phys. 
Rev. Lett. 127, 156801 (2021).

• PA Murthy, ND, et al., Science 365, 268-272 (2019).
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Long-range interactions across experiments

V(r) ∼ r−α

α
d d + 20

1) “Long-range interacting quantum systems”,  ND et al. arXiv:2109.01063, invited review by Rev. Mod. Phys.
2) “Out-of-equilibrium dynamics and criticality of quantum systems with long-range interactions”, ND, A. Lerose, S. Pappalardi, invited review by Phys. Rep.



6My scientific path



Long-range quantum Ising model α < d

Long-range interactions:
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8Quasi-Stationary-States

1) “Long-range interacting quantum systems”,  ND et al. arXiv:2109.01063, invited review by Rev. Mod. Phys.

0.0

0.5

1.0

m
z

N = 107

N = 109

N = 1012

N = 1014

100 101 102 103 104

t

0.0

0.5

1.0

m
z

mz = ⟨∑i σz
i ⟩/N

lim
t→∞

mz = 0

lim
t→0

mz = 1

Hf = − ∑
l<j

Jljσx
l σx

j

Initial State

Final Hamiltonian



9Discrete Spectrum
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10Effective models I: Kitaev Chain
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11Quench Dynamics

Quench from the normal phase  to the topological phase hi ≫ 1
hf < 1

α < 1α > 1
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Long-range quantum Ising model

Long-range interactions:
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Terra
Incognita
0 < α < ∞

Tuneable 
defect 

formation

Open Dynamics of
Quasi-Stationary States

Non-ergodicity

Entanglement Scaling
in Quantum Circuits

Classical 
Long-Range

Quantum
Flat (α = 0)

A new world, full of  treasures 14

Quantum 
Finite Range

Classical 
Finite Range



15New tools are needed 

Theoretical understanding is limited as the scaling of  couplings 
becomes super-extensive

All to all couplings severely reduce numerical performance



16My solution

A. P. Millán, G. Gori, F. Battiston, T. Enss, N. Defenu, Phys. Rev. Res. 3, 023015 (2021).

Regular lattice 

in -dimensiond p ∼

1
rα
ij

Self-averaging graph

structure

Additional random 
bonds 

~  new bondsN



17The universality conjecture

G. Bighin, T. Enss, N. Defenu, arXiv:2211.13302 (2022).

Match the low-energy 
spectra
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Reproduce the universal 
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18My goal

Advantages:
• Fast entanglement spreading inherited by long-range couplings


• Amenable numerics thanks to sparse coupling matrices


• Universal tool to describe long-range interacting systems

VS

Fully connected Sparse



19Methodology

Synergy of  

theoretical 


tools

Γk=Λ

(Out-of-equilibrium) 
RG study at α > d

Γk=0

-expansion at 1/N α < d

+ +

(Variational) Quantum MC 
simulations at all α
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20Entering a new era of  quantum information


Manipulate fundamental physics laws via complex 
geometric structures

Tuneable Spectrum Strong Interactions

Novel fundamental 

physics phenomena

Novel proposals for 

Quantum Technologiesh(t)

ERC-Stg rating: A (Excellent) (2022)


