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Quantum Fisher information (QFI) is a central concept in quantum sciences used to quantify the ultimate
precision limit of parameter estimation, detect quantum phase transitions, witness genuine multipartite entangle-
ment, or probe nonlocality. Despite this widespread range of applications, computing the QFI value of quantum
many-body systems is, in general, a very demanding task. Here we combine ideas from functional theories and
quantum information to develop a functional framework for the QFI of fermionic and bosonic ground states.
By relying upon the constrained-search approach, we demonstrate that the QFI matrix terms can universally be
determined by the one-body reduced density matrix (1-RDM), thus avoiding the use of exponentially large wave
functions. Furthermore, we show that QFI functionals can be determined from the universal 1-RDM functional
by calculating its derivatives with respect to the coupling strengths, thus becoming the generating functional of
the QFI. We showcase our approach with the Bose-Hubbard model and present exact analytical and numerical
QFI functionals. Our results provide the first connection between the one-body reduced density matrix functional
theory and the quantum Fisher information.
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Introduction. The concept of quantum correlations is
transversal for many areas of quantum physics ranging from
condensed matter [1,2] and quantum chemistry [3,4] to high-
energy physics [5,6]. Among different measures of quantum
correlations, the quantum Fisher information (QFI) [7,8] is
a key quantity that not only gives an operational meaning
for multipartite entanglement for quantum-enhanced metrol-
ogy of spins [9], bosons [10–12] and fermions [13], but can
also be used to probe quantum criticality [14,15], nonlocality
[16–18], and quantum geometry [19]. This widespread range
of applications makes QFI a fundamentally important concept
in quantum physics [20–23]. However, due to the problem
of finding an optimal measurement which yields the QFI,
its determination in quantum many-body systems remains an
important theoretical and technological challenge [24,25].

Experimentally, the value of the QFI was extracted, in the
form of a lower bound, and used to prove entanglement of
non-Gaussian many-body states [26] and pair-correlated states
of twin matter waves [27]. For thermal states, the QFI was
directly related to dynamic susceptibilities [15] and to the
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quench dynamics in linear response [13]. With the former
method, the QFI was measured and used to quantify entangle-
ment in a spin-1/2 Heisenberg antiferromagnetic chain [28]
and for a nitrogen-vacancy center in diamonds [29]. Recently,
a method to determine the optimal use of a given entangled
state for quantum sensing was proposed based on the QFI
matrix (QFIM) [30] showing its usefulness to determine opti-
mal quantum technology protocols. Despite this experimental
progress, extracting quantum correlations in many-body sys-
tems, and, thus, quantifying their quantum resources through
QFI, is still hampered by the Hilbert space’s exponential
growth, rendering the computation a formidably demanding
task [31,32].

A strategy to alleviate the cost of computing global quanti-
ties of quantum many-body systems is to estimate them from
local measurements. For instance, artificial neural networks
can be trained to learn the entanglement entropy or the two-
point density correlations of interacting fermions from local
correlations [33–37]. The intuition behind this is that some
physical properties of quantum systems (usually the ones of
ground states) can unambiguously be determined by certain
reduced quantities. Many rigorous theorems establish the ex-
istence of one-to-one maps between ground states |ψ〉 and
appropriately chosen sets of reduced quantities {ϕμ}, such
as the particle density or the reduced density matrix, thus
justifying the functional notation |ψ[{ϕμ}]〉 [38–42]. As a
consequence, all observables of the system’s ground state are
also implicitly functionals of those reduced quantities. Yet,
while this is true, almost all research in functional theories
focuses on developing energy functionals [43–53]. Questions
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about multipartite quantum correlations or nonlocality in the
systems these functionals describe are usually neither ad-
dressed nor even posed [54].

Here we initiate and develop a functional-theoretical
framework for the QFI. We will show that for ground states
of identical particles the QFIM can be determined by the one-
body reduced density matrix (1-RDM) γ , obtained by tracing
out N-1 particles of the N-body quantum state, thus avoiding
the pre-computation of wave functions that expand into ex-
ponentially large Hilbert spaces. This indicates a promising
cross-fertilization of the theory of quantum resources with
concepts and techniques developed in the functional theory of
the 1-RDM (1-RDMFT), as it is currently used in quantum
chemistry (where its fermionic version has been developed
and, so far, mainly employed). We will unveil two surprising
links between 1-RDMFT and the QFI functional theory intro-
duced in this work: (i) the energy functional of the 1-RDM
can be fully reconstructed from the functionals of the QFI
and (ii) QFI functionals correspond to the derivatives of the
1-RDM functionals with respect to the coupling strengths,
thus revealing the ability of 1-RDMFT to capture itself quan-
tum correlations.

The Letter is structured as follows. First, we present a
general framework for the functional theory of the 1-RDM
and recap the concept of QFIM. Next, we present the main
ingredients of our functional theory of QFI, showcasing
our approach for a Bose-Hubbard model. We finish with
conclusions. The Supplemental Material (SM) [55] contains
additional technical details.

Hubbard-like Hamiltonian. We begin with the Hamiltonian

Ĥ = ĥ + Ŵ . (1)

The one-body part ĥ = −∑
〈i j〉 ti j b̂

†
i b̂ j describes the tunnel-

ing, while the two-body term is of the general form

Ŵ = 1

2

∑
i jkl

Vi jkl b̂
†
i b̂†

j b̂k b̂l . (2)

The operators b̂†
j (b̂ j) create (annihilate) a particle on site

j. For a standard Hubbard model with on-site interac-
tion, the couplings are nonzero only when all the indices
are equal Vj j j j = U . We keep the general matrix ele-
ments to take into account nonstandard Hubbard models
accounting, for example, for dipolar couplings [56]. For no-
tational convenience and in order to relate the functional
formalism to quantum information concepts, we define site-
dependent angular-momentum Hermitian operators, i.e., Ĵ i j

α =
1
2 (b̂†

i , b̂†
j ) σα (b̂i, b̂ j )T , where σα , with α = 0, x, y, z, are Pauli

matrices. The two-body operator (2) can be rewritten, up to a
one-body operator that can be incorporated into h as

Ŵ =
∑
α,β

∑
i jkl

ui jkl
αβ

{
Ĵ i j
α , Ĵkl

β

}
, (3)

where {A, B} = AB + BA and u = {ui jkl
αβ } are real coupling

strengths subject to additional constraints stemming from the
symmetry of the operators {Ĵ i j

α , Ĵkl
β }.

One of our results is that the universal interacting func-
tional F[γ; u] that appears in the framework of 1-RDMFT for
describing the ground-state expectation value of Ŵ (3) serves

as a generating functional for the functionals of QFI matrix
elements. We first introduce both concepts (F and QFI) and
then show this connection.

One-body reduced-density-matrix functional theory. Given
a N-body density matrix ρ, we define the 1-RDM as

γ i j
α ≡ Tr

[
ρĴ i j

α

]
. (4)

Here, (α, i, j) is the collective index of the vector γ . Although
this representation of γ is not standard [57], it will be con-
venient to develop our functional formulation of QFI. The
ground-state problem for a many-body Hamiltonian of the
form in Eq. (1) can be solved without resorting to wave func-
tions by proving the existence of a 1-RDM-functional F[γ; u]
[41], which describes the two-body interactions in terms of
γ: for any choice of h the ground-state 1-RDM follows from
the minimization of E[γ] = Tr[hγ] + F[γ; u], where the first
term depends linearly on γ . Since the functional F depends
only on the fixed interaction W (not on the one-particle
Hamiltonians) it is called universal [58]. The constrained-
search approach [59] indicates a route for the calculation of F
by minimizing the expectation value of the interacting energy
over all states |ψ〉 that lead to the same γ . Symbolically,

F[γ; u] = min
ψ→γ

〈ψ |Ŵ |ψ〉

= min
ψ→γ

∑
α,β

∑
i jkl

ui jkl
αβ 〈ψ |{Ĵ i j

α , Ĵkl
β

}|ψ〉. (5)

So far, a few explicit (exact) calculations of this functional
have been carried out for bosonic [60–63] and fermionic
[64,65] systems. Interestingly, the corresponding minimizers
|ψ[γ; u]〉 = argminψ→γ〈ψ |W |ψ〉 do not only correspond to
ground states but to the entire set of (representable) 1-RDMs
[66]. Let us highlight that for W in Eq. (3), the functional (5)
depends explicitly both on the 1-RDM and on the entire set
of coupling constants u. This is a known fact in 1-RDMFT,
recently emphasized by Cioslowski and coauthors [67,68] for
the case of the functional using the repulsive term (2). Below
we show how, when taking (3) instead of (2), the QFI can
be directly extracted from F when the latter is considered
as a generating functional for both repulsive and attractive
interactions.

Quantum Fisher information. Consider a transformation
of the density matrix ρ, describing the state of the quantum
system, using a unitary operator Û (φ). The resulting state
becomes ρ(φ) = Û (φ)ρÛ †(φ). The distance between these
two density matrices (and the response of the quantum state to
perturbations) can be quantified by the QFI. Specifically, for
the response ∂ρ(φ)/∂φa ≡ (ρL̂a + L̂aρ)/2, where L̂a is called
the symmetric logarithmic derivative and φa is the ath param-
eter of the vector φ, the QFIM is Mab = Tr[ρL̂aL̂b]. Since
large QFI implies high sensitivity, originally the QFI was
introduced in the context of quantum metrology and sensing
via the quantum Cramér-Rao lower bound, which quantifies
the ultimate precision limit in estimation protocols [69–71].

We parametrize the unitary with the angular-momentum
operators, i.e., Û (φ) = exp(i

∑
α

∑
i j φ

i j
α Ĵ i j

α ). For pure states,
which are considered in this work, ρ = |ψ〉〈ψ |, the QFIM
becomes the covariance matrix

Mi jkl
αβ [ψ] = 2〈ψ |{Ĵ i j

α , Ĵkl
β

}|ψ〉 − 4〈ψ |Ĵ i j
α |ψ〉〈ψ |Ĵkl

β |ψ〉. (6)
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An impediment to the calculation of this matrix is the prior
knowledge of the quantum state, which involves computations
of such complexity that hampers broad applicability. This
problem, we will now see, can be circumvented by relying
upon the 1-RDMs and the universal functional F .

We note that the QFI is an entanglement measure [10,11]:
for a quantum system of N bosons or spins, the state
exhibits at least (m + 1)-particle entanglement [72] if the
single-parameter QFI surpasses the quantum limit, e.g.,∑

αβ nαnβMi ji j
αβ > sm2 + (N − sm)2, where s is an integer

part of N/m, and m = 1, 2, 3, . . . , quantifies entanglement
depth; the vector n is normalized,

∑
α n2

α = 1. For m = 1,
the right-hand side, equal to N , is the standard quantum limit
[24]. A similar inequality was derived for fermions [13]. If
the inequality is violated, the entanglement structure is not
revealed.

Functional theory of QFIM. The central quantity of the
framework presented above is the 1-RDM. Note that it already
contains information about quantum correlations via the cor-
relation entropy S[γ] = −Tr[γ ln γ] [33,73–75]. Surprisingly,
1-RDMFT is mainly focused on the goal of computing the
ground-state energy and some associated observables [57,76–
81], but this powerful formalism has not been used to scru-
tinize multipartite entanglement or nonlocality. Indeed, the
map γ, u → |ψ[γ, u]〉 can be used for the calculation of func-
tionals of QFIM; by using Eq. (6) one can view QFIM as
explicitly, universal functionals dependent on the 1-RDM

Mi jkl
αβ [γ, u] ≡ Mi jkl

αβ [ψ[γ, u]]. (7)

Let’s emphasize that this functional is defined in a domain
whose degrees of freedom do not scale with the number
of particles. This is our central result. It points out that
QFIM can be defined in the domain of 1-RDMs and shows
that the relevant degrees of freedom of the problem scale
with the dimension of the one-particle Hilbert space. No
reference to the quantum state |ψ[γ]〉 is needed. We now
explain how Mi jkl

αβ can be directly obtained from the universal
functional F .

Generation of QFI and reconstruction of F . The universal
functional is a function of the couplings u, cf. Eq. (5). By
applying the Hellmann-Feynman theorem to the derivative of
the functional [82], we show, as detailed in the SM, that M
can be generated by the total energy functional E by means of
the relation

Mi jkl
αβ [γ; u] = 4

⎡
⎣(

∂E[γ; u]

∂ui jkl
αβ

)
γ

− γ i j
α γ kl

β

⎤
⎦, (8)

where γ is kept fixed in the derivative and we indicated that M
depends on u. We note that one can substitute F here instead
of E , but the latter is accessible experimentally.

It is worth emphasizing that, despite being closely related
to the commonly known two-electron density cumulants that
arise from the differentiation of the functional using Eq. (2),
the QFI matrix elements obtained from Eq. (8) are very dif-
ferent in their physical content. For instance, the real-valued
QFI matrix elements Mi jkl

αβ , equaling certain linear combina-
tions of the two-cumulants (which, in general, are complex
numbers; see Eq. (7) of Ref. [68]), are measurable. They play,

in fact, a fundamentally important role in quantum metrology
with a rich physical interpretation that, in contrast, is only pos-
sible for certain traces and contractions of the two cumulant.

Quite remarkably, many results of 1-RDMFT straightfor-
wardly apply to our framework. First, as a result of the
Hellmann-Feynman theorem, Eq. (8) shows that the (QFI
generating) functional F[γ, u] is positive homogeneous of
degree one in the coupling constants u [67,68,83]. Second,
this implies that the functionals of QFI enter (after adding
a correcting product of 1-RDMs) directly in the universal
functional:

F[γ; u] =
∑
αβ

∑
i jkl

ui jkl
α,β

(
1

4
Mi jkl

α,β [γ; u] + γ i j
α γ kl

β

)
. (9)

Hence, the QFIM, together with its content about quantum
resources, enters into the universal functional. These results
show that the knowledge of the QFIM allows for full recon-
struction of the universal 1-RDM functional. Finally, mirror-
ing an analogous property of the two-cumulant [68], as a result
of the homogeneity of the functional F it follows from Euler’s
theorem that QFIM is zero degree positive homogeneous in
the coupling constants:

∑
αβ;i jkl ui jkl

α,β ∂Mi jkl
α,β [γ; u]/∂ui jkl

α,β = 0.
We note that this does not imply the QFIM is indepen-
dent of u. As shown below for the simplest Hubbard model
with a single coupling strength u, the QFIM depends on the
sign of u.

Two-well Bose-Hubbard model. Two-well Hubbard models
played a historical role as analytical tests for density func-
tional theory in its ground-state [84], time-dependent [85],
and excited-state ensemble [86] versions in order to unveil
analytical properties of the functionals [60,65,87,88]. It was
already used in the context of bosonic Josephson junctions
to obtain quantum resources in terms of spin squeezing and
QFI [26,89]. An advantage of the bosonic model is that,
while it can be filled with an arbitrary number of parti-
cles, the functionals can be visualized as 3D graphs. The
Hamiltonian is

Ĥ = −t
∑
〈i j〉

b̂†
i b̂ j + u

∑
j

n̂ j (n̂ j − 1), (10)

where n̂ j = b̂†
j b̂ j is the particle-number operator in the site

j = r (right) or l (left); the on-site interactions in Eq. (2)
are Vrrrr = Vllll = u and the rest are zero. The term Ŵ =
u

∑
j∈{l,r} n̂ j (n̂ j − 1) is the relevant quantity of what follows.

As only two sites are considered we drop the site indices

γα = 〈ψ |Ĵα|ψ〉, (11)

with
∑

α γ 2
α � N2/4. This means that all 1-RDMs lie inside

the Bloch sphere of radius N/2.
The universal functional contains all the information to

reconstruct one of the diagonals of the QFIM. This is a conse-
quence of the relation between Ŵ and Ĵz:

∑
j∈{l,r}

n̂ j (n̂ j − 1) = 2Ĵ2
z + N̂2

2
− N̂, (12)

where N̂ = n̂l + n̂r . Hence, since |ψ〉 has a fixed number of
particles, we obtain 〈ψ |Ŵ |ψ〉/u = 2〈ψ |Ĵ2

z |ψ〉 + N2/2 − N .
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FIG. 1. Universal functionals of QFIM for the repulsive Bose-
Hubbard model (for all U > 0) for N = 2. The limit Mαβ = 2 is
indicated as a disk in gray.

By replacing ψ → ψ[γ], it follows

Mzz[γ] = 4

(F[γ; u]

u
− γ 2

z

)
− N2 + 2N, (13)

which is a special case of Eq. (8) with a single coupling
strength. It is instructive to write the expression of the func-
tional for N = 2. With real wave functions (γy = 0),

Mzz[γ] = 4

⎡
⎢⎣1 −

1 +
√

1 − (
γ 2

x + γ 2
z

)
2
(
γ 2

x + γ 2
z

) γ 2
x − γ 2

z

⎤
⎥⎦. (14)

In Fig. 1 the exact functionals for Mxx, Myy, Mzz, and
Mxz are presented for U > 0. Since the amplitudes of the
wavefunctions are real and {Ĵx, Ĵy} and {Ĵy, Ĵz} are skew sym-
metrical operators, Mxy = Myz = 0 everywhere. With a gray
disk, we mark the value of the standard quantum limit and thus
the values Mαα > N = 2 signal entanglement. We observe
that for Myy, all the states are entangled apart from the surface
of the Bloch sphere, describing spin coherent states, at which
the quantum limit is not surpassed also for α = x, z, i.e.,
Mαα � N .

We notice that the above results are valid for repulsive in-
teraction, and, therefore, not all quantum states can become a
minimizer. For instance, the NOON state (|2, 0〉 + |0, 2〉)/

√
2

shows up in the functionals with attractive interactions U < 0.
They are sketched in Fig. 2. While some features are similar,
they differ greatly from the functionals in Fig. 1: for the
attractive case, the value of the QFI of most of the ground
states lies above the quantum limit, although there are states
within the Bloch sphere which do not exhibit entanglement.

QFIM functional theory for BEC. Another interesting limit
of the two-well Bose-Hubbard model is the Bose-Einstein
condensate (BEC) state, which has been used for quantum
metrological tasks, spin squeezing, and test Bell correlations

FIG. 2. Universal functionals of QFIM for the attractive Bose-
Hubbard model (for all U < 0) for N = 2. The limit Mαβ = 2 is
indicated as a disk in gray.

[90–93]. Due to the Penrose-Onsager criterion [94], BEC
states lie near the border of the Bloch sphere and it is con-
venient to define the functionals in terms of the angles θ and
ϕ, and the number of particles depleted from the condensate
(i.e., away from the set of spin coherent states): δ = N/2 − γ

(see Fig. 3). Thus, the QFIM functionals can be expressed
as functions of the spherical coordinates Mαβ (δ, θ, ϕ). In
the neighborhood of the condensation point, Mzz reads (see
the SM)

Mzz(δ, θ, ϕ) = M(0)
zz (θ ) − M(1/2)

zz (θ, ϕ)δ1/2

+ M(1)
zz (θ )δ + O(δ3/2). (15)

Here, M(0)
zz (θ ) = N sin2(θ ) represents the mean-

field fluctuations which cannot surpass the standard
quantum limit, i.e., M(0)

zz (θ ) � N , whereas the two

FIG. 3. Representation of γ , parametrized with the angles θ and
ϕ, inside the Bloch sphere of radius N/2. The color code repre-
sents the value of Mzz close to BEC for N = 1000 and δ = 0.1
[see Eq. (15)]. The white line marks the standard quantum limit
Mzz = N .
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beyond-mean field corrections scaling as δ1/2 and δ are
M(1/2)

zz (ϕ, θ ) = 2 sin2(θ ) cos(ϕ)
√

N (N − 1) and M(1)
zz (θ ) =

8 + 2(N − 6) sin2(θ ), respectively. The square-root scaling
of the second term in Eq. (15) yields the diverging BEC
force, that drives nonperturbatively the system away from
the mean-field state [60–62]. Since the first term does not
violate the standard quantum limit, only the next orders can
contribute to genuine multipartite entanglement. In Fig. 3
an example of Mzz(δ, θ, ϕ) is shown for N = 1000 and for
depletion δ = 0.1. To surpass the standard quantum limit, the
mean field contribution should be large, and thus θ ≈ π/2,
so γ lies close to the equator. Next, the third term in Eq. (15)
is always positive, but is significantly overshadowed by
the second term in the region cos ϕ > 0. However, in the
region cos ϕ < 0 it contributes positively, and we observe
enhancement of entanglement.

Conclusion. In this Letter we combined ideas from
functional theories and quantum information to develop a
functional approach to the QFI. In our formalism the elements
of the QFI matrix are functionals of the 1-RDM, thus avoiding
the exponential growth of the Hilbert space in which they
are usually defined. We obtained two main results: (i) the
knowledge of the QFIM allows the full reconstruction of the
universal functional of the 1-RDM and (ii) QFI functionals
correspond to the derivatives of the 1-RDM functional with

respect to the coupling strengths, the latter being upgraded to
the level of generating functional of the QFIM functionals.
These results show a relatively unexplored ability of the 1-
RDM functionals to detect genuine multipartite entanglement.
Since in 1-RDM functional theory approach, we can freely ad-
just single-particle Hamiltonians to move in the landscape of
the functionals, our work shows a way to extract many-body
resources and to determine optimal sensing protocols [30].

The data presented in this article is available from [95].

Acknowledgments. C.L.B.-R. gratefully thanks Jerzy
Cioslowski for insightful discussions and important com-
ments on the manuscript. We acknowledge the European
Union’s Horizon 2020 Research and Innovation program
under the Marie Skłodowska-Curie Grant Agreement No.
101065295-RDMFTforbosons. This research is part of
Project No. 2021/43/P/ST2/02911 cofunded by the Na-
tional Science Centre and the European Union’s Horizon
2020 Research and Innovation program under the Marie
Skłodowska-Curie Grant Agreement No. 945339. For the pur-
pose of open access, the author has applied a CC-BY public
copyright licence to any author accepted manuscript (AAM)
version arising from this submission. This work has been
funded from Provincia Autonoma di Trento.

[1] R. Islam, R. Ma, P. M. Preiss, M. Eric Tai, A. Lukin, M. Rispoli,
and M. Greiner, Measuring entanglement entropy in a quantum
many-body system, Nature (London) 528, 77 (2015).

[2] A. Bergschneider, V. Klinkhamer, J. Becher, R. Klemt, L. Palm,
G. Zürn, S. Jochim, and P. Preiss, Experimental characterization
of two-particle entanglement through position and momentum
correlations, Nat. Phys. 15, 640 (2019).

[3] Z. Huang and S. Kais, Entanglement as measure of electron–
electron correlation in quantum chemistry calculations, Chem.
Phys. Lett. 413, 1 (2005).

[4] C. L. Benavides-Riveros, N. N. Lathiotakis, and M. A. L.
Marques, Towards a formal definition of static and dynamic
electronic correlations, Phys. Chem. Chem. Phys. 19, 12655
(2017).

[5] P. Calabrese and J. Cardy, Entanglement entropy and conformal
field theory, J. Phys. A: Math. Theor. 42, 504005 (2009).

[6] T. Nishioka, S. Ryu, and T. Takayanagi, Holographic entan-
glement entropy: An overview, J. Phys. A: Math. Theor. 42,
504008 (2009).

[7] M. Paris, Quantum estimation for quantum technology, Int. J.
Quantum. Inform. 07, 125 (2009).

[8] S. Amari, Exponential families and mixture families of
probability distributions, in Information Geometry and Its Ap-
plications (Springer, Tokyo, 2016), pp. 31–49.

[9] A. Rath, C. Branciard, A. Minguzzi, and B. Vermersch, Quan-
tum Fisher information from randomized measurements, Phys.
Rev. Lett. 127, 260501 (2021).

[10] L. Pezzé and A. Smerzi, Entanglement, nonlinear dynamics,
and the Heisenberg limit, Phys. Rev. Lett. 102, 100401 (2009).

[11] G. Tóth, Multipartite entanglement and high-precision metrol-
ogy, Phys. Rev. A 85, 022322 (2012).

[12] T. Wang, L. Wu, W. Yang, G. Jin, N. Lambert, and F. Nori,
Quantum Fisher information as a signature of the superra-
diant quantum phase transition, New J. Phys. 16, 063039
(2014).

[13] R. Costa de Almeida and P. Hauke, From entanglement certi-
fication with quench dynamics to multipartite entanglement of
interacting fermions, Phys. Rev. Res. 3, L032051 (2021).

[14] U. Marzolino and T. Prosen, Fisher information approach to
nonequilibrium phase transitions in a quantum XXZ spin chain
with boundary noise, Phys. Rev. B 96, 104402 (2017).

[15] P. Hauke, M. Heyl, L. Tagliacozzo, and P. Zoller, Measur-
ing multipartite entanglement through dynamic susceptibilities,
Nat. Phys. 12, 778 (2016).

[16] A. J. Daley, H. Pichler, J. Schachenmayer, and P. Zoller, Mea-
suring entanglement growth in quench dynamics of bosons in
an optical lattice, Phys. Rev. Lett. 109, 020505 (2012).

[17] A. Niezgoda and J. Chwedeńczuk, Many-body nonlocality as
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