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Condensed Quantum
Matter Information
Strongly correlated quantum Exotic phases of matter

many body systems to support Ql processing
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Tensor Networks

Brief Introduction
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SVD
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Assume:
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U. Schwollock, Rev. Mod. Phys. (2005)







Tensor network algorithms

Describe ground states ( ) and
(1D, short range) many-body quantum systems.

H=) H;+H(t)
49
Access to local quantities, correlators (space and time),

entanglement (0;) <OAZ-OAJ-> Tr|U) (P

Extension to open quantum systems dynamics
Q. trajectories, MPO, and A. Werner et.al. 1412.5746

Optimal control of many-body quantum system

H=Hp+ At)Hc IilgicF()\,H,...)

P. Doria, T. Calarco, SM PRL (2010), S. Lloyd, SM PRL (2014)



Applications

Phase Il

Phase |

Quantum Phase Transition
dynamics
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Light-harvesting
dynamics

Optimal experimental protocols






INCERENE

Quantum correlations

S = Tr{palogpa}

S o NP '(log N)

Representable entanglement in MPS states
Seclogm = moc O(Polyl N}

Ground states of local Hamiltonians obey area laws

J.Eisert, M. Cramer, M.B. Plenio Rev. Mod. Phys. 2009



Time evolution

§ - P. Calabrese and J. Cardy,
Highly ex.0|ted e 1 J. Stat, Mech. (2005)
dynamics:

G. De Chiara, SM, P.

+ localization effects: S x log(t) Calabrose, R. Fazio,
J.Stat.Mech. (2006)

Adiabatic or quasi-adiabatic

: S ~ const
dynamics:

What can be simulated can be S. Lioyd. SM
controlled B


http://lanl.arxiv.org/find/cond-mat/1/au:+Chiara_G/0/1/0/all/0/1
http://lanl.arxiv.org/find/cond-mat/1/au:+Montangero_S/0/1/0/all/0/1
http://lanl.arxiv.org/find/cond-mat/1/au:+Calabrese_P/0/1/0/all/0/1
http://lanl.arxiv.org/find/cond-mat/1/au:+Fazio_R/0/1/0/all/0/1

Lattice Gauge
Tensor Networks



Models

Local degrees of freedom

Rk o

T, T+ g

matter field gauge field

Gauge symmetry generator [G;]

Gauge invariant dynamics

H=J) ($lUsos1%2q1+he)

abelian non abelian

H=1t) U2 9o +hc]

x,a,b

 Kogut-Susskind Hamiltonian formulation of LGT
 Condensed matter models

 Benchmarking of quantum simulations



* Charge field: spinless
fermions/bosons

. . two-level
system (qubit)

Effective move:

Matter jumps right/left, gauge
field flips to the left/right.

Simplest example



Two examples of A
the allowed
configurations:

Total allowed
configurations: 10

hd

d’Ox,x+&’) |90Phy8> =0

z

Lattice gauge generator (Gauss’ law)




Dynamics commutes with the gauge symmetry

int )

[H[QED] Gx] —0 Va




Quantum link formulation

Schwinger representation




Schwinger represenation

{Cw, C;L} = 5x,y Schwinger fermions (rishons)

[ cl

y] = 5:,;7,9 Schwinger bosons

Spin representation:

Ny y = chy +cley




Quantum link + Tensor Networks

e Standard approach with additional symmetry
 Gauge satisfied via local Hilbert space definition (also

non abelian):

 Additional Abelian symmetry (rishons per site) that can
be exploited for computational speedup.



Gauge invariant TN

Gauge invariant local bases g =0

Projection over rishons number

Qw,w—l—l S5 Z B‘Laz]ch(gﬂ,c;;%l] |8L><8L|w & |8R><5R|:1:—|—1 F}:}gz_l’qw — 5.79c7.7/m : Z[:I:]qw—l’jflc : V[x]qujw
R q

MPO




Numerical Results



Phase diagram (cartoon)

Gauge invariant states:
0@ o

Spin-1/2 representation:

| = 1/2) | +1/2)

no e - > e
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odd-sites even-sites

Vacuum (reference) state:
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Phase diagram li
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0.6 ] p>0: E=) Eppp1 #0

Total electric flux
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Second order phase transition: Parity and charge
conjugation spontaneously broken (Ising universality class)

Central charge:

Maximum overlap of
the electric flux curve | D T (1/6) log, L |
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T. Pichler, E. Rico, M. Dalmonte, P. Zoller, SM PRL (2014)




Real-time dynamics

Spin 1 representation

—t Z (wlsﬂtwrlwwrl + w;r}+1sa:_,m—|—1T¢$)

+mZ 1)l e, + L Z(si,mﬂ)?,

€T

Exhibits string-breaking

T. Pichler, E. Rico, M. Dalmonte, P. Zoller, SM 1505.7?77?7



Gauge invariant Hilbert space

(1) fermions

(lll) gauge
invariant
states

G|¥) =0

Local states

A)vacuum @—O0—@—C0O0—0@—0O—0O
B)string OHOHUBAHUOHOIHUOHOWO
(C) pairs OHUO—OHUO—0OUO—0«4uO
(D) mesons  OH4@—@—0O0—0@—0O0—0OHO
(E) antipairs O—@MO—@M-O—@MHO—0
(F) antistring O—CPFOPOMPOMON-O—O

Many-body
classical states




Primary SB  SecondarySB  (FE,)

String breaking

Real-time dynamcis
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State diagram




Schwinger mechanism
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Mesons scattering

real-time simulation
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Robusthess

against gauge-invariant errors in quantum simulation platforms




Conclusions & Outlook

Versatile tools that enables real-time lattice gauge
investigations (1+1d)

Non abelian LGT: SU(2) in progress
Tensor network extensions in 2+1d
Condensed matter models

Real-time scattering dynamics
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