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Introduction

« Challenging problem: simulating quantum many-body
systems

« Quantum states exponentially large in the size of the
system:
~n

» Concrete idea:
* 40 spins — 4 TB of memory

« Available RAM in a common laptop: ~16 GB

« New quantum-inspired simulation techniques

— Tensor networks (TNs)
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Tensor network (TN)

o’@ Simulation of large many-
body quantum systems

» with good approx:mat/o% 4 yereal index
Q |p) modelledasa TN \

® Entanglement described by , | | Bonjd indgx
® the network structure (with dimension )

@ Reduction of computational
complexity #parameters: O(poly(n)poly(x))
= Efficient!
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» Factorization of a rank-n tensor into a chain-like product of lower-rank tensors:

~— Bond dimension
Y: ~2" = exponentialinn

« Overall size:{

MPS: ~2ny2, ., = linearinn

separable state = y =1

- ¥ representing the entanglement: {highly entangled state = y > 1

o )(max~21”/ 2l — Introducing some approximation: truncation of the bond dimension

values
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Quantum emitters

« TN application: waveguide QED
- quantum technology \

v

implementations @ @
e quantum light-matter interactions

and other interesting physical
phenomena _ 1D waveguide

— well-understood in the Markovian Electromagnetic field
setting (Lindblad Master Equation)

e Much less is known in the non-Markovian regime:

T2y 1 [Howto address wQED ‘)j

non-Markovian dynamics

* Timedelay:t = d /v,

- Spontaneous emission characteristic time : y 1
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wQED: Non-Markovian dynamics

e Collision model:
- Set a coarse-graining time interval: At << y~!

- Decompose the evolution: U =[], U, = [], e~

« Dynamical map:

.
9 tir)) = expd =i | D 0560 | bl ()
j=1

< >
t T = [At t

where: s _ ~N
At each time step, each

o (7j(tk) = /%‘t&j [e‘i(j_l)qbf?;_(j_l)m emitter pair interacts with
i(j-1)p pt 4 different collision units
+e B | +Hc

‘¢=k0d=(l)07:

— 7
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MPS model for Waveguide QED
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Results: Entanglement Entropy

Von Neumann Entropy
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Results: 6 emitters
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Conclusions

» Tensor Network methods efficiently address many-body
quantum system time evolution

» Simulation of the non-Markovian dynamics of a 2D

wavequide QED platform with 4 emitters via Tensor
Network, varying

« Formation of a Bound State in the continuum (BIC):
« Entanglement generation

- Photon trapping

« Entanglement entropy analysis







Results: Entanglement Entropy

Von Neumann Entropy
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Results: Field auto-correlation functions

2.00

0.010




MPS model for Waveguide QED

(1) Waveguide QED

/

0,
k

(2) Reverse

k + 31

(3) MPS model
k + 3l k + 21




Numerical Convergence
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TN diagram for a Quantum State

j1'j2 """ jn

» Coefficients of a tensor ¥ with n indices

» The indices j; are called physical indices
\(physical dimension of the subsystem i)

/.{Cj - — d"™ complex numbers\
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TN diagram for a Quantum State

» Aim = reduction of computational complexity

- How? = replacing the «big» tensor W with a TN of smaller-rank tensors

IPhysicaI index
J2

1
J2_

P JL Bond index
Ja

T w

with dimension y)

~—

[ # parameters: 0(d") } [ # parameters: O(poly(n)poly(x)) }

= Inefficient = Efficient!




TN algorithm for Quantum Simulations

» TEBD algorithm = simulation of the time evolution of quantum systems
with short-ranged Hamiltonian

« Key idea = decomposing the evolution operator into localgates[l]
U(t) = et

Hamiltonian:

even i

H = z hll+1 + z hll+1

~

odd i

\»

s

uzuki-Trotter formula:

U(t) ~ ( 1_[ o—ihiis1AL 1_[

eveni odd i

[1] S. Paeckel, T. Kohler, A. Swoboda, S.
Manmana, U. Schollwock, C. Hubig;
10.48550/arXiv.1901.05824 (2019)

with At = t/n

&
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TN algorithm for Quantum Simulations

« Time evolution decomposed into «blocks» = quantum circuit representation

« Every quantum circuit is in one-to-one correspondance with a tensor network

/Any n-qubit gate F can be
reshaped into a rank-2n
tensor F:

F e =
\ F € @2)(2)(---)(2 j
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Time-evolving block decimation (TEBD)

- TEBD algorithm =
series of contraction
operations

i |

After each contraction
step, MPS form of the
evolving state restored




Singular value decomposition (S5VD)

« SVD of a matrix A € C"™*™ = factorization of A into the product of 3 matrices
A = USVT

such that:
1. U € C™ ™ ynitary

2. Ve C™" unitary
3. S eR™™ § > 0diagonal in the computational basis:

singular values of A
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