Quantification of correlations in quantum
many-particle systems

Krzysztof Byczuk

Institute of Theoretical Physics, Faculty of Physics
University of Warsaw

March 27th, 2012

QIDDAL iz,
==’
N ___@
Wersyrryars AV
E g =l e smemor: TR www. fuw. edu.pl /byczuk
INNOVATIVE ECONOMY _ EUROPEAN REGIONAL (RS
A INALCORESICNS TRAFEGY '{:;g;gg;:;f; i DEVELOPMENT FUND [

www.fuw. edu.pl/pmss



Quantification of correlations in quantum
many-particle systems

Collaboration

Jan Kunes$ - Prague, Academy of Sciences
Walter Hofstetter - Frankfurt University

Dieter Vollhardt - Augsburg University

Phys. Rev. Lett. 108, 087004 (2012); arXiv:1110.5214



Quantifying correlations in many-body systems

Conventional measures of correlation strength
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Correlation is a statistical concept determined relatively to uncorrelated system
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Quantifying correlations in many-body systems

Many particle systems i =1, ..., N = 1023

(rir;), (r;r;rg), (r;r;rery), ...

two particle correlations, three particle correlations, ..., 10?3 particle correlations...
Applying quantum information theory

Probability distribution vs. Density operator
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Uncorrelated distribution vs. Uncorrelated density operator
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Applying quantum information theory

Shannon entropy vs. von Neumann entropy

Z p(x1, ..y zn)Inp(zy, ..., xn) «— S(p) = —Tr[plnp|

Relative entropy of correlated probability distribution or (density operator)

AS(p|lp1...pn) = S(p1) + ... + S(pn) — S(p)

where
AS(pl|p1---pN) Z p(x1, .y zn)Inp(zy,...;xn) — Inpi(x1)..pn(zN)]
L1y--s TN
and
AS(pllpr @ ... ® pn) = S(p1) + ... + 5(pn) — S(P)
where
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Interpretation: Asymptotic distinguishability of states

Quantum version of Sanov’s theorem:

Let p and & are two states of quantum system (), and we are provided with N
identically prepared copies of (). A measurement is made to determine if the prepared
state is p. The probability that the state & passes this test (i.e. is confused with p) is

Py~ e~ NAS(3115).

as N — oo and the optimal strategy is known and depend only on p.
Relative entropy AS(pl||d) as a 'distance’ between quantum states.

Entropic measure of correlation strength

relative entropy between correlated |corr) and uncorrelated (product) |prod) states

As(ﬁcorr’ ’pAprod)



Application: Correlated fermions within DMFT
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fermionic Hubbard model
P.W. Anderson, J. Hubbard, M. Gutzwiller, J. Kanamori, 1960-63
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Reduced Entropy and Reduced Relative Entropy

Reduced density operator:
pi = Trjsip

S(pi) == pelnpe, AS(Hl) = pr(lnpy — Inpl™?)
k=1 k=1

where, e.g. for 1s orbitals

p1 = ((1-ni)(1—n4y)), p2 = (nir(1-n4y)), p3=((1-nit)niy), pa= (nipngy).

A.Rycerz, (2006); D. Larsson and H. Johannesson, (20006)

Generalized equations for reduced relative entropy
KB, J. Kunes, W. Hofstetter, and D. Vollhardt, (2012)

Expectation values for correlated states are determined from DMFT solution and
expectation values for uncorrelated states are determined from product solutions.



Example 1: Correlation and Mott Transition

Hubbard model, n=1, T =0, d = 3, PM
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Example 2: Correlation and Antiferromagnetic LRO

Hubbard model, n =1, T =0, d = 3, AF

Uncorrelated product states: k; ~ o)
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Example 3: Correlation in Transition Metal-Oxides
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Increase S(p) and S(p=P4)

Doping reduces correlation

S(ptP4) represents number of local states - maximum at d°
S(p) decreased since interaction reduces number of states due to multiplet splittings
Non-interacting system chemistry decides how much TMO is correlated

Quantum contribution to correlations in TMO: P. Thunstrém, I. Di Marco and O. Eriksson (2012)



Summary
e Relative entropy to quantify correlations in interacting many-electron systems.

e Examples for Hubbard model and TMO.

— Different correlations in paramagnetic and in antiferromagnetic cases.
— Reduction of correlation in paramagnetic TMO: MnO—FeO—CoO—NiO

e " Quantification of correlations in quantum many-particle systems’,
K.B., J. Kunes, W. Hofstetter, and D. Vollhardt,
Phys. Rev. Lett. 108, 087004 (2012); arXiv:1110.321.



