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Avalanche of entanglement and 
correlations at quantum phase 
transitions
Konstantin V. Krutitsky, Andreas Osterloh   & Ralf Schützhold

We study the ground-state entanglement in the quantum Ising model with nearest neighbor 
ferromagnetic coupling J and find a sequential increase of entanglement depth d with growing J. This 
entanglement avalanche starts with two-point entanglement, as measured by the concurrence, and 
continues via the three-tangle and four-tangle, until finally, deep in the ferromagnetic phase for J = ∞, 
arriving at a pure L-partite (GHZ type) entanglement of all L spins. Comparison with the two, three, and 
four-point correlations reveals a similar sequence and shows strong ties to the above entanglement 
measures for small J. However, we also find a partial inversion of the hierarchy, where the four-point 
correlation exceeds the three- and two-point correlations, well before the critical point is reached. 
Qualitatively similar behavior is also found for the Bose-Hubbard model, suggesting that this is a 
general feature of a quantum phase transition. This should be taken into account in the approximations 
starting from a mean-field limit.

Entanglement is one of the main reasons for the complexity of quantum many-body systems: the more entangled 
a quantum system is the more complex its description becomes. If we consider e.g. ground states of lattice 
Hamiltonians and have no entanglement between the lattice sites i, the quantum state is fully separable 

ψΨ = ⊗i i . As a result, it is possible to employ a mean-field description where observables Âi and B̂j at different 
lattice sites i and j are uncorrelated 〈 〉 = 〈 〉〈 〉ˆ ˆ ˆ ˆA B A Bi j i j . However, except for very few special cases (e.g., 
Kurmann-Thomas-Müller point1, 2), such a description is not exact. It is possible to improve this mean-field 
ansatz by adding some amount of entanglement. This can be achieved either directly3 or with matrix product 
states4, 5 or tree-tensor networks6–8. These descriptions make sense only if the entanglement is bounded in a suit-
able way as highlighted in ref. 9. However, one should be aware that this criterion does not apply in most relevant 
cases, where the reduced density matrix is of full rank, even though some of the eigenvalues may be small. Thus, 
its application requires approximations such as (2).

On the other hand, many interesting phenomena in condensed matter are associated with and occur at or 
close to quantum critical points, where typically the entanglement becomes relevant. As one of the simplest yet 
prototypical examples10, let us consider the one-dimensional Ising model of length L in a transverse field
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where σ̂i
x y z, ,  denote the spin-1/2 Pauli matrices acting on the lattice site i and periodic boundary conditions 

σ σ α= =α α
+ x y z, , , ,L 1 1  are imposed. For L → ∞, we have a symmetry-breaking second-order quantum phase 

transition from the paramagnetic phase at |J| < 1 to ferromagnetism at J > 110. For J = 0, we have the separable 
paramagnetic state → → → …  without entanglement while for J → ∞, the ground state corresponds to the 
ferromagnetic state ↑ ↑ ↑ … + ↓ ↓ ↓ …( )/ 2  with GHZ-type multi-partite entanglement between all L 
spins. We want to mention that this GHZ state, however, would not survive small added field in the (y, z) 
plane. Here, |→〉 is the eigenstate of σx and ↑  that of σz to the eigenvalue +1. At the critical point Jcrit = 1, the 
entanglement entropy between the left and the right half of the Ising chain diverges as ln L11.

However, this large amount of entanglement cannot be explained by entanglement of pairs alone12, as meas-
ured by the concurrence. Together with the entanglement monogamy relation13, 14 (see also refs 15–18) this 
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strongly suggests the emergence of multipartite entanglement19, 20 (triples and quadruples etc.), which will be 
studied in the following section (see the results in Fig. 1). Multipartite quantum correlations will be analyzed later 
on, also with reference to another prototypical model of quantum phase transitions, the Bose-Hubbard model.

Entanglement
In order to study the multipartite entanglement during the quantum phase transition of the Ising model, we 
employ its exact solution via Jordan-Wigner and Bogoliubov transformation to a free fermionic model21, 22 which 
allows us to obtain the reduced density matrices of two ρ ρ=ˆ îj2 , three ρ ρ=ˆ îjk3 , and four ρ ρ=ˆ îjkl4  neighboring 
spins19, 21. After diagonalizing these matrices, we find that they all possess two dominant eigenvalues p1 and p2 
while the sum of the remaining sub-dominant eigenvalues stays below 2.5% (see supplementary information). 
Thus, we approximate the two-point reduced density operators as

ρ ψ ψ ψ ψ≈ + −ˆ p p(1 ) , (2)ij ij ij ij ij1
1 1

1
2 2

and analogously for ρ̂ijk and ρ̂ijkl. Actually, the accuracy of this approximation should be even better than 2.5% in 
the weights of the density matrix: while the multi-partite entanglement of the first ψ…

1  and the second ψ…
2  eigen-

vectors can interfere destructively with each other, we checked that this is not the case for the third eigenvector 
ψ…

3  which has a different structure: for three and four spins, the state(s) of the central spin(s) are fixed to |→〉 
while the two boundary spins form a Bell state – i.e., ψ…

3  contains bipartite entanglement only, which here does 
not interfere with the multipartite entanglement of ψ…

1  and ψ…
2 . As a result, we expect that the accuracy of this 

approximation is around 0.5% or even better. Entanglement measures scale like p  since this is the weight of how 
the states are added23; therefore, this corresponds to an error of about 7%. For two spins, we checked this approx-
imation by comparing the exact concurrence with that derived from (2) and found that they are virtually indis-
tinguishable24. The approximation (2) as motivated by the dominance of the two largest eigenvalues is a great 
simplification, because we obtain rank-two density matrices, for which the three-tangle τ3 and the four-tangle(s) 
τ4 (see Methods) can be calculated exactly23, 25 for this model. Note that for the three-tangle an exact extension to 
arbitrary mixed states by the convex roof is not known so far.

In analogy to the three-tangle τ3, we call four-tangles those polynomial SL-invariants that are zero for arbi-
trary product states26 and use the notation τ i

4
( ), i = 1, 2, 3, for powers that scale linearly in the density matrix. All 

three of them essentially lead to the same output, and therefore τ4 will represent the four-partite entanglement 
content of the model. This four-partite entanglement would hence be essentially of GHZ-type because only the 
GHZ entanglement is measured by all three measures in the same way26–28. Together with the results from ref. 29 
this is an evidence for GHZ class entanglement also for four sites (for three sites see ref. 20). The quantifiers τ3 (for 
the tripartite entanglement in ρ̂3) and τ4 (for the quadripartite entanglement in ρ̂4) are shown in Fig. 1 for nearest 
neighbors. For various reasons, it is advantageous to consider τ3  instead of τ3. First, this quantity τ3  is an entan-
glement monotone30. Second, it is a homogeneous function of degree one in the density matrix ρ̂3, as the other 
measures C2 and τ4 considered here – or more general measures with the properties of probabilities. Third, this 
power τ3  facilitates a direct comparison to the correlations, see Fig. 2. For completeness, we also included the 
pairwise entanglement of nearest neighbors, as measured by the concurrence C2.

As is well-known, the concurrence first grows as a function of J until it reaches a maximum at ≈ .J 0 796 and 
later decreases again (with an infinite slope at the critical point31). The three-tangle τ3  starts to grow much 
slower at small J and reaches its maximum later than the concurrence at ≈ .J 0 89. The four-tangle(s) τ4 are even 
zero until ≈ .J 0 55 and reach their maximum yet a bit later at ≈ .J 0 94. Even though having no results for more 
spins, we conjecture that this sequence or avalanche of entanglement continues until finally, deep in the ferromag-
netic phase, we get pure L-partite entanglement of all spins. This is clear since we have the L-particle GHZ-state 
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Figure 1. The entanglement between two, three, and four neighboring spins measured by the concurrence C2 
(black), the three-tangle τ3  (green), and the four-tangle τ4 (blue) as a function of J. For the latter two, the 
approximation (2) was used. They take their maximum values at ≈ .J 0 7962

max , ≈ .J 0 8903
max , and ≈ .J 0 944

max , 
respectively – which shows the sequential increase of entanglement depth (avalanche of entanglement).
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as a ground state of the Hamiltonian. The GHZ-state is a stochastic state (local density matrix is proportional to 
{\mathbb{1}}) connected to a minimal length of 2 (see ref. 32) and therefore will maximize at least one (virtually 
all) SL-invariant homogenous polynomial measure of entanglement30. This feature survives in the odd sector of 
the symmetry group 2 of the transverse Ising model.

Entanglement versus correlations
As already mentioned before, a pure state without any entanglement is fully separable ψΨ = ⊗i i  and observ-
ables Âi and B̂j at different lattice sites i and j are uncorrelated. In the following, we shall study the relation between 
entanglement and the resulting correlations for more general states. To this end, we start with the reduced density 
matrices for one ρ ρ=ˆ î1 , two ρ ρ=ˆ îj2 , three ρ ρ=ˆ îjk3 , and four ρ ρ=ˆ îjkl4  spins and separate correlated parts via 
ρ ρ ρ ρ= −ˆ ˆ ˆ ˆij ij i j

corr , and analogously for more spins (see Methods). The correlation between the two observables 
= −ˆ ˆ ˆ ˆ ˆ ˆA B A B A Bi j i j i j

corr
 can be written as ρ=ˆ ˆ ˆ ˆ ˆA B A BTr{ }i j i j ij

corr corr  and similarly for three or more sites.
Since correlations such as ˆ ˆA Bi j

corr
 and ˆ ˆ ˆA B Ci j k

corr
 obviously depend on the observables Âi, B̂j, and Ĉk, it is 

convenient to derive an estimate directly from the correlated density matrices such as ρ̂ij
corr. For observables Âi 

and B̂j (such as the Pauli spin matrices) whose eigenvalues squared are bounded by unity (spectral norm) ≤^ �Ai i
2

 
and ≤^ �Bj j

2
 which implies for their expectation values ≤ˆ ˆA B 1i j , we obtain

∑ ∑ρ λ χ χ λ ρ= = ≤ =ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ{ }A B A B A BTr ,
(3)

i j i j ij
I

I ij
I

i j ij
I

I
I ij

corr corr corr

1

where λI and χij
I  are eigenvalues and eigenvectors of ρ̂ij

corr. Equation (3) shows that the Schatten one-norm 

ρ̂ij
corr

1
 of the correlated density matrix ρ̂ij

corr yields an upper estimate for the correlations ˆ ˆA Bi j
corr

 of all observ-

ables with ≤^ �Ai i
2

 and ≤^ �Bj j
2

. Obviously, this relation can be generalized to three or more sites in complete 
analogy. In the following, we shall focus on ρ̂q

corr

1
 for different number of sites q.

For two spins, it is well-known that the largest correlation function for pure states coincides with the concur-
rence33. For mixed states, this becomes an upper bound, i.e., the maximum correlation is larger or equal to the 
concurrence ρ ≥ˆ Cij

corr

1
2. Unfortunately, for three or more spins, such a rigorous bound is not known. Thus, let 

us consider a system of three spins. A pure state of the system can be represented modulo local SU(2) transforma-
tions as the normalized superposition of five local basis product states34, 35

ψ ≅ + + + +ϕA a a e a a a[ 000 100 101 110 111 ], (4)i
3 0 1 2 3 4

with 0 ≤ ai ≤ 1 and 0 ≤ ϕ < π. We generate the parameters ai and ϕ from the corresponding uniform random 
distributions and choose A such that the resulting state is normalized. Then we calculate its three-tangle τ3 and 
ρ̂3

corr
1
. The results presented in Fig. 2 for 40.000 randomly chosen states ψ3  show that τ3  is almost always 

upper bounded by ρ̂3
corr

1
. There are, however, some states for which τ3  is slightly larger than ρ̂3

corr
1
. The reason 

for this slight deviation and the characteric properties of these states will be the subject of future investigations. 
Again we consider τ3  and not τ3 because the former is a homogeneous function of degree one with respect to the 
density operator ρ̂3 and, therefore, has the same scaling properties as ρ̂3

corr
1
. Similar calculations for four spins 

Figure 2. Plot of the three-tangle τ3  versus the three-point correlation bound ρ3
corr

1
 for a random selection 

of 40.000 pure states (4) from the generalized Schmidt decomposition34, 35. Each dot in the figure corresponds to 
a single state. The thin black line corresponds to τ ρ= ˆ3 3

corr
1
. Most of the states satisfy the inequality 

ρ τ≥3
corr

1 3  (as in the case of two spins where ρ ≥ C2
corr

1 2 is valid for all pure states) but some of them 
slightly deviate from it. The lower red (a) and upper blue curve (b) are obtained for GHZ states that are made of 
two α β↑ ↑ ↑ + ↓ ↓ ↓( ) and four α β↑ ↑ ↑ +( W ) product basis elements, respectively, where 
| 〉 = |↓ ↑ ↑〉 + |↑ ↓ ↑〉 + |↑ ↑ ↓〉W ( )/ 3.
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indicate that ρ‖ ˆ ‖ijkl
corr

1 is also only an approximate upper bound for the four-tangle τ4. However, since the available 
phase space for four spins is much larger, the statistics is rather poor24.

In summary, while the two-point correlation ρ̂ij
corr and the pairwise entanglement C2 are related via the exact 

bound ρ ≥‖ ˆ ‖ Cij
corr

1 2, we only find analogous approximate relations between the three- and four-point correla-
tions ρ̂ijk

corr and ρ̂ijkl
corr on the one hand and the corresponding entanglement measures τ3  and τ4 on the other hand.

Correlations for the Ising model
Motivated by the above findings, let us study the Schatten one-norms of the correlated density matrices for two, 
three, and four neighboring spins. Note that we used the exact results for the reduced density matrices without the 
approximation (2). The results are plotted in Fig. 3. As expected from stationary perturbation theory24, 
ρ ∼ −‖ ˆ ‖ Jq

qcorr
1

1 for small J, where q = 2, 3, 4 is the number of the neighboring sites. Thus, for small J, the correla-
tions obey the same hierarchy ρ ρ ρ ˆ ˆ ˆ2

corr
1 3

corr
1 4

corr
1
 as the entanglement measures in Fig. 1, except that 

ρ̂4
corr

1
 does not vanish for finite J in contrast to τ4. However, at ≈ .J 0 8, i.e., well before the critical point, this 

hierarchy is violated as the four-point correlation ρ̂4
corr

1
 exceeds the three-point correlation ρ̂3

corr
1
. The 

two-point correlation ρ̂2
corr

1
 is still dominant in this region – this only changes near the critical point. This inver-

sion of the hierarchy, i.e., the dominance of ρ̂4
corr

1
 over ρ̂3

corr
1
 in a region within the symmetric paramagnetic 

phase, should be relevant for approximation schemes which truncate the hierarchy of correlations at some 
order36–42.

Bose-Hubbard model
One might suspect that this inversion of the hierarchy is a rather specific result due to the integrability of the 
model under consideration or may be induced by the fact that deep in the ferromagnetic (broken-symmetry) 
phase, the three-point correlation vanishes whereas the four-point and two-point correlators approach constant 
non-zero values (note that an inversion of the two-point and four-point correlations just happens at the critical 
point). In order to investigate whether the inversion of the hierarchy is a general phenomenon or indeed a pecu-
liar feature of the Ising model, let us consider the other prototypical example for a quantum phase transition10, 43, 
the Bose-Hubbard model

∑ ∑= − + +
=

+ +
=

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ† † † †( )H J b b b b b b b b1
2 (5)i

L

i i i i
i

L

i i i i
1

1 1
1

that is believed to be non-integrable44–47. Here ˆ
†

bi  and b̂i are the bosonic creation and annihilation operators at the 
lattice site i. As before, we impose periodic boundary conditions. Note that the hopping rate J is dimensionless 
because we measure it in units of the on-site interaction energy (usually denoted by U).

At unit filling =n̂ 1i , there is a quantum phase transition (in the thermodynamic limit L → ∞) between the 
Mott insulator regime where the on-site repulsion dominates (in analogy to the paramagnetic state for the Ising 
model) and the superfluid phase where the hopping rate J dominates (analogously to the ferromagnetic state). 
Deep in the Mott phase at J = 0, the ground state factorizes Ψ = ⊗ 1i i, i.e., it is not entangled. For increasing J, 
on the other hand, we get correlations such as ˆ ˆ†

b bi j  which are somewhat analogous to the ferromagnetic corre-

lations σ σˆ ˆi
z

j
z .

Unfortunately, for the Bose-Hubbard model, entanglement measures in analogy to the concurrence are 
not yet available. There exist genuine bipartite and multipartite entanglement measures for bosons, but they 

Figure 3. Norms of correlated reduced density operators for two ρ̂2
corr (red), three ρ̂3

corr (green), and four ρ̂4
corr 

(blue) neighboring spins in the transverse Ising model. At ≈ .J 0 8, i.e., well before the critical point, the 4-point 
correlations exceed the 3-point correlations. The 2-point correlations dominate both until the critical point is 
reached, afterwards the 4-point correlations prevail. The horizontal dashed lines represent the asymptotic values 
for J → ∞.
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are known only for special cases such as Gaussian states or pure states (see refs 48, 49 and references therein). 
Hence, we focus on the reduced density matrices and their correlated parts. We consider a system of finite 
size (12 bosons on 12 lattice sites) and obtain the ground state numerically for arbitrary J by exact diagonali-
zation. This allows to calculate exactly the reduced density matrices. We find that they contain, in contrast to 
the Ising model, in general more than two non-negligible eigenvalues, i.e., the approximation (2) would not 
apply here.

In analogy to Fig. 3, we plot the Schatten one-norms of the correlated parts of the reduced density matrices 
in Fig. 4. We find that – again in contrast to the Ising model – all three curves are monotonically growing and 
approach finite asymptotic values for J → ∞ which correspond to the limit of a free (ideal) Bose gas and can be 
calculated analytically. Similarly to the Ising model, we find ρ ∼ −‖ ˆ ‖ Jq

qcorr
1

1 with q = 2, 3, 4 for small J, as 
expected from strong-coupling perturbation theor y24.  This scaling imposes the hierarchy 
ρ ρ ρ ˆ ˆ ˆ2

corr
1 3

corr
1 4

corr
1
 at small values of J. However, in analogy to the Ising model, this hierarchy is 

partially inverted at ≈ .J 0 16 and ≈ .J 0 21, i.e. both well before the critical point is reached (here around 
≈ .J 0 3crit , see ref. 50 for a recent review).

Conclusions and Discussion
For the Ising model (1), we studied the entanglement of two, three, and four neighboring sites in the ground state 
by means of the approximation (2) based on the dominance of two eigenvalues. In the calculations of the respec-
tive tangles for up to four sites, we find a sequential increase of entanglement depth with growing J which we call 
avalanche of entanglement (see Fig. 1). Whereas an interpretation of the results is unambiguous up to three sites, 
for four sites there are three filter invariants τ i

4
( ), i = 1, 2, 326. They give essentially the same result, which together 

with previous analysis29, 32 is providing evidence that a state inside the GHZ class will be the main carrier of entan-
glement. We conjecture that this avalanche continues until finally pure L-partite (GHZ type) entanglement 
emerges for J = ∞. This avalanche might also explain the ln L divergence of the entanglement entropy at the 
critical point, which will be subject of future work.

Using the Schatten one-norms of the correlated reduced density matrices as rigorous upper bounds for the 
correlations (3), we find that they also yield approximate upper bounds for the corresponding entanglement 
measures (see Fig. 2). We find a partial inversion of the hierarchy of correlations well before the critical point 
is reached. Comparison with the Bose-Hubbard model as another prototypical example reveals a qualitatively 
similar behavior.

This inversion of the hierarchy is relevant for approximation schemes based on truncation36–42. One can try to 
successively improve the accuracy of these approximations by shifting the truncation to higher orders, i.e., by 
including more correlations. As an example, let us consider a quantity σ σ σ σi

x
j
x

k
x

l
x  relevant for the Ising model. 

To lowest order (mean-field limit), one could approximate it via σ σ σ σ σ σ σ σ≈i
x

j
x

k
x

l
x

i
x

j
x

k
x

l
x , i.e., by 

neglecting all correlations. As a possible first-order correction, one could include two-point correlations such as 
σ σ σ σi

x
j
x

k
x

l
xcorr

. This first-order approximation allows us to derive, e.g., the magnon dispersion relations. 
While this successive approximation procedure works well for small J, we found here that it fails for larger J, even 
well before reaching the critical point.

It might be also interesting to study the possibility of more general approximation schemes such as (2) 
based on the dominance of two or more eigenvalues of the reduced density operator. In a time-dependent 
setting one could analyze how this entanglement avalanche is affected by non-adiabatic dynamics during a 
sweep through the critical point. In fact, the number of non-zero values for the transverse Ising chain has been 
seen to grow up to four in the case of equal bipartition51, such that the approximations applied here could 
survive further.

Figure 4. Norms of correlated reduced density operators for two ρ̂2
corr (red), three ρ̂3

corr (green), and four ρ̂4
corr 

(blue) neighboring sites in the Bose-Hubbard model with 12 particles in 12 lattices sites. The horizontal dotted 
lines represent the limit of the ideal Bose gas (J → ∞). The hierarchy of correlations (first two-point, later three-
point and even later four-point correlations) is present for small J. The four-point correlations overtake the 
three-point correlations well before the critical point (here ≈ .J 0 3crit ).
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Methods
Entanglement measures. We consider pure states of q spins with two internal degrees of freedom (qubits). 
For each number of spins q, there are corresponding SL-invariant multipartite entanglement measures. In the case 
of two spins (q = 2), the entanglement measure is unique and is given by the concurrence C2 which coincides with 
the largest correlation function for pure states33.

For three spins, the appropriate entanglement measure is called three-tangle τ3 (see ref. 13 for the definition). 
Since we want to compare it to ρ̂3

corr
1
, we consider its square root τ3  because this is also a homogeneous func-

tion of degree one with respect to ρ̂3 (for the entanglement related questions, see refs 30 and 52).
In the case of four spins, there are three in general different entanglement measures (see ref. 28)

τ τ τ= = = ., , (6)s4
(1)

1
(4)

4
(2)

2
(4)

4
(3)

3
(4)3 4 6  

Here the index s symbolizes the symmetrization with respect to the symmetric group. They possess the same 
homogeneous degree as τ3  and C2 in the density matrix.

Correlations. We consider the Hamiltonian for a system of L lattice sites of the form

∑ ∑= +
≠ 

 





ˆ ˆ ˆH H H ,
(7)1 2

1 2

where 


Ĥ  and 
 

Ĥ
1 2

 are local and two-site operators, respectively; the indices label the lattice sites. The state of the 
whole system can be described by the density operator ρ ψ ψ=ˆ . In order to study parts of the system, we intro-
duce reduced density operators for q lattice sites via averaging (partially tracing) over all other sites:

ρ ρ=… …+ 

 

ˆ ˆTr , (8)q q L1 1

where all … …  L, , : {1, , }L1  are distinct. Information about all possible spatial correlations of the lattice sites 
… q1  is directly contained in the correlated parts ρ … 

ˆ corr
q1
 of the reduced density operators. For q = 2, 3 they are 

explicitly given by

ρ ρ ρ ρ

ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ

= −

= − − − − .
     

                 

ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ (9)

corr

corr corr corr corr
1 2 1 2 1 2

1 2 3 1 2 3 1 2 3 1 3 2 2 3 1 1 2 3

The operators ρ … 

ˆ corr
q1
 are hermitean and their traces vanish: ρ =… 

ˆTr 0corr
q1

. They allow to calculate (connected) 
correlation functions of local operators 



Ô  as

ρ… = … .… 

 

 

ˆ ˆ ˆ ˆ ˆ( )O O O OTr (10)
corr corr

q q q1 1 1

In order to obtain quantitative estimates of the q-point correlations, it is convenient to consider the Schatten 
p-norms

∑ρ ρ λ= ≡








… … …

   

 

ˆ ˆ: Tr ,
(11)p

p

I

I p
p

corr corr ( )
1/

q q
p

q1 1 1

where λ … 

I( )
q1
 are the eigenvalues of the correlated density operators ρ … 

ˆ corr
q1
. The Schatten one-norm is also known 

as the trace norm and the two-norm is often called the Frobenius norm or the Hilbert-Schmidt norm. Note that 
the quantities ρ … 

‖ ˆ ‖p
corr

q1
 are homogeneous functions of degree one with respect to ρ … 

ˆ corr
q1
.

Assuming that the quantities …
 

ˆ ˆI O O I
q1

, where |I〉 are the eigenstates of the operator ρ … 

ˆ corr
q1
, are 

bounded by unity (or another finite number), which is the case if the eigenvalues of the operators …
 

ˆ ˆO O
q1
 are 

bounded by unity (spectral norm), it is easy to see that

∑

∑

ρ

λ

λ

ρ

… = …

= …

≤

= .

…

…

…

…

   

 

   

 

 

ˆ ˆ ˆ ˆ ˆ

ˆ ˆ

ˆ

{ }O O O O

I O O I

Tr

(12)

I

I

I

I

corr corr

( )

( )

corr

1

q q q

q q

q

q

1 1 1

1 1

1

1

Eq. (12) shows that the Schatten one-norm ρ … 

ˆ corr

1q1
 of the correlated density matrix ρ … 

ˆ corr
q1
 yields an upper bound 

for the correlations …
 

ˆ ˆO O
corr

q1
.



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 3634  | DOI:10.1038/s41598-017-03402-8

References
 1. Kurmann, J., Thomas, H. & Müller, G. Antiferromagnetic long-range order in the anisotropic quantum spin chain. Physica A 112, 

235–255 (1982).
 2. Giampaolo, S. M., Adesso, G. & Illuminati, F. Separability and ground-state factorization in quantum spin systems. Phys. Rev. B 79, 

224434 (2009).
 3. Osterloh, A. & Schützhold, R. Monogamy of entanglement and improved mean-field ansatz for spin lattices. Phys. Rev. B 91, 125114 

(2015).
 4. Vertraete, F., Murg, V. & Cirac, J. I. Matrix product states, projected entangled pair states, and variational renormalization group 

methods. Adv. Phys. 57, 143–224 (2008).
 5. Verstraete, F. & Cirac, J. I. Continuous matrix product states for quantum fields. Phys. Rev. Lett. 104, 190405 (2010).
 6. Pižorn, I., Verstraete, F. & Konik, R. M. Tree tensor networks and entanglement spectra. Phys. Rev. B 88, 195102 (2013).
 7. Tagliacozzo, L., Evenbly, G. & Vidal, G. Simulation of two-dimensional quantum systems using a tree tensor network that exploits 

the entropic area law. Phys. Rev. B 80, 235127 (2009).
 8. Shi, Y.-Y., Duan, L.-M. & Vidal, G. Classical simulation of quantum many-body systems with a tree tensor network. Phys. Rev. A 74, 

022320 (2006).
 9. Vidal, G. Efficient classical simulation of slightly entangled quantum computations. Phys. Rev. Lett. 91, 147902 (2003).
 10. Sachdev, S. Quantum Phase Transitions (Cambridge University Press, 1999).
 11. Vidal, G., Latorre, J., Rico, E. & Kitaev, A. Entanglement in quantum critical phenomena. Phys. Rev. Lett. 90, 227902 (2003).
 12. Amico, L., Osterloh, A., Plastina, F., Fazio, R. & Palma, G. M. Dynamics of entanglement in one-dimensional spin systems. Phys. Rev. 

A 69, 022304 (2004).
 13. Coffman, V., Kundu, J. & Wootters, W. K. Distributed entanglement. Phys. Rev. A 61, 052306 (2000).
 14. Osborne, T. J. & Verstraete, F. General monogamy inequality for bipartite qubit entanglement. Phys. Rev. Lett. 96, 220503 (2006).
 15. Regula, B., Martino, S. D., Lee, S. & Adesso, G. Strong monogamy conjecture for multiqubit entanglement: The four-qubit case. Phys. 

Rev. Lett. 113, 110501 (2014).
 16. Regula, B., Martino, S. D., Lee, S. & Adesso, G. Strong monogamy conjecture for multiqubit entanglement: The four-qubit case. Phys. 

Rev. Lett. 116, 049902, Erratum (2016).
 17. Regula, B. & Adesso, G. Entanglement quantification made easy: Polynomial measures invariant under convex decomposition. Phys. 

Rev. Lett. 116, 070504 (2016).
 18. Regula, B., Osterloh, A. & Adesso, G. Strong monogamy inequalities for four qubits. Phys. Rev. A 93, 052338 (2016).
 19. Hofmann, M., Osterloh, A. & Gühne, O. Scaling of genuine multiparticle entanglement close to a quantum phase transition. Phys. 

Rev. B 89, 134101 (2014).
 20. Osterloh, A. Upper bound for SL-invariant entanglement measures of mixed states. Phys. Rev. A 93, 052322 (2016).
 21. Pfeuty, P. The one-dimensional Ising model with a transverse field. Ann. Phys. 57, 79–90 (1970).
 22. Lieb, E., Schultz, T. & Mattis, D. Two soluble models of an antiferromagnetic chain. Ann. Phys. 16, 407–466 (1961).
 23. Osterloh, A., Siewert, J. & Uhlmann, A. Tangles of superpositions and the convex-roof extension. Phys. Rev. A 77, 032310 (2008).
 24. See Supplementary Information for details.
 25. Lohmayer, R., Osterloh, A., Siewert, J. & Uhlmann, A. Entangled three-qubit states without concurrence and three-tangle. Phys. Rev. 

Lett. 97, 260502 (2006).
 26. Osterloh, A. & Siewert, J. Constructing n-qubit entanglement monotones from anti-linear operators. Phys. Rev. A 72, 012337 (2005).
 27. Osterloh, A. & Siewert, J. Entanglement monotones and maximally entangled states in multipartite qubit systems. Int. J. Quant. Inf. 

4, 531–540 (2006).
 28. Đoković, D. Ž. & Osterloh, A. On polynomial invariants of several qubits. J. Math. Phys. 50, 033509 (2009).
 29. Osterloh, A. & Schützhold, R. The four-concurrence in the transverse XY spin-1/2 chain. ArXiv:1512.06010 (2015).
 30. Verstraete, F., Dehaene, J. & De Moor, B. Normal forms and entanglement measures for multipartite quantum states. Phys. Rev. A 68, 

012103 (2003).
 31. Osterloh, A., Amico, L., Falci, G. & Fazio, R. Scaling of entanglement close to a quantum phase transition. Nature 416, 608–610 

(2002).
 32. Osterloh, A. & Siewert, J. The invariant-comb approach and its relation to the balancedness of multipartite entangled states. New J. 

Phys. 12, 075025 (2010).
 33. Verstraete, F., Popp, M. & Cirac, J. Entanglement versus correlations in spin systems. Phys. Rev. Lett. 92, 027901 (2004).
 34. Acín, A. et al. Generalized schmidt decomposition and classification of three-quantum-bit states. Phys. Rev. Lett. 85, 1560 (2000).
 35. Acín, A., Andrianov, A., Jane, E. & Tarrach, R. Three-qubit pure-state canonical forms. J. Phys. A 34, 6725–6739 (2001).
 36. Moter, K. G. & Fishman, R. S. Correlation of fluctuations in the Blume-Capel model. Phys. Rev. B 45, 5307–5314 (1992).
 37. Fishman, R. & Liu, S. H. Onset of long-range order in a paramagnet. Phys. Rev. B 45, 5406–5413 (1992).
 38. Jensen, J. 1/z renormalization of the mean-field behavior of the dipole-coupled singlet-singlet system HoF3. Phys. Rev. B 49, 

11833–11841 (1994).
 39. Queisser, F., Navez, P. & Schützhold, R. Sauter-Schwinger-like tunneling in tilted Bose-Hubbard lattices in the Mott phase. Phys. Rev. 

A 85, 033625 (2012).
 40. Navez, P., Queisser, F. & Schützhold, R. Quasi-particle approach for lattice Hamiltonians with large coordination numbers. J. Phys. 

A 47, 225004 (2014).
 41. Queisser, F., Krutitsky, K., Navez, P. & Schützhold, R. Equilibration and prethermalization in the Bose-Hubbard and Fermi-Hubbard 

models. Phys. Rev. A 89, 033616 (2014).
 42. Krutitsky, K. V., Navez, P., Queisser, F. & Schützhold, R. Propagation of quantum correlations after a quench in the Mott-insulator 

regime of the Bose-Hubbard model. EPJ Quantum Technology 1, 12 (2014).
 43. Lewenstein, M., Sanpera, A. & Ahufinger, V. Ultracold Atoms in Optical Lattices: Simulating quantum many-body systems (Oxford 

University Press, 2012).
 44. Buchleitner, A. & Kolovsky, A. R. Interaction-Induced Decoherence of Atomic Bloch Oscillations. Phys. Rev. Lett. 91, 253002 (2003).
 45. Kolovsky, A. R. & Buchleitner, A. Quantum chaos in the Bose-Hubbard model. EPL (Europhysics Letters) 68, 632–638 (2004).
 46. Hiller, M., Kottos, T. & Geisel, T. Wave-packet dynamics in energy space of a chaotic trimeric Bose-Hubbard system. Phys. Rev. A 79, 

023621 (2009).
 47. Kollath, C., Roux, G., Biroli, G. & Läuchli, A. M. Statistical properties of the spectrum of the extended Bose–Hubbard model. Journal 

of Statistical Mechanics: Theory and Experiment 2010, P08011 (2010).
 48. Amico, L., Fazio, R., Osterloh, A. & Vedral, V. Entanglement in many-body systems. Rev. Mod. Phys. 80, 517–576 (2008).
 49. Holweck, F. & Lévay, P. Classification of multipartite systems featuring only |W〉 and |GHZ〉 genuine entangled states. J. Phys. A 49, 

085201 (2016).
 50. Krutitsky, K. V. Ultracold bosons with short-range interaction in regular optical lattices. Physics Reports 607, 1–101 (2016).
 51. Canovi, E., Ercolessi, E., Naldesi, P., Taddia, L. & Vodola, D. Dynamics of entanglement entropy and entanglement spectrum 

crossing a quantum phase transition. Phys. Rev. B 89, 104303 (2014).
 52. Viehmann, O., Eltschka, C. & Siewert, J. Rescaling multipartite entanglement measures for mixed states. Appl. Phys. B 106, 533–541 

(2012). Spring Meeting of the German-Physical-Society, Dresden, Germany (2011).



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 3634  | DOI:10.1038/s41598-017-03402-8

Acknowledgements
This work was supported by the SFB 1242 of the German Research Foundation (DFG).

Author Contributions
K.K., A.O., and R.S. contributed to the research described in this manuscript and to its preparation. The authors 
declare that they have no conflict of interest.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03402-8
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03402-8
http://creativecommons.org/licenses/by/4.0/

	DocumentServlet-1.500.552.502.230
	document



