SCIENTIFIC REPLIRTS

Entanglement structure of the
two-component Bose-Hubbard
“model as a quantum simulator of a
ey’ Heisenberg chain

Published online: 01 July 2019 cro
ublished ontine i I. Morera?, Artur Polls*2 & Bruno Julia-Diaz%3

We consider a quantum simulator of the Heisenberg chain with ferromagnetic interactions based on

the two-component 1D Bose-Hubbard model at filling equal to two in the strong coupling regime. The
entanglement properties of the ground state of the two-component Bose-Hubbard model are compared
to those of the effective spin model as the interspecies interaction approaches the intraspecies one.

A numerical study of the entanglement properties of the two-component Bose-Hubbard model is
supplemented with analytical expressions derived from the effective spin Hamiltonian. When the

pure ferromagnetic Heisenberg chain is considered, the entanglement properties of the effective
Hamiltonian are not properly predicted by the quantum simulator.

The Bose-Hubbard model is almost ubiquitous nowadays in the interpretation of ultracold atomic gases exper-
iments with optical lattices’. It provides the prime ingredient that allows ultracold atomic setups to mimic
well-known many-body problems!?. In particular, it makes these systems extremely competitive for building

* quantum simulators of a wide range of notably difficult physical problems®*. A particularly relevant example is

. the use of a two-component Bose-Hubbard (TCBH) model as a quantum simulator of spin models*~. As pointed
out in refs>®. different spins, e.g. 1/2, 1, etc, can be simulated depending on the filling factor of the two species in
the chain. In the present article we concentrate on the specific configuration of filling one for both species, i.e.
equal number of atoms of both species in the chain, in which case the TCBH can be mapped into a ferromagnetic
Heisenberg spin —1 model®.

In general terms, a quantum simulator is defined as an experimentally feasible and versatile setup which is able
to mimic a target Hamiltonian in different parameter regimes. In this way, for instance, the low energy physics of
both the target Hamiltonian and the quantum simulator should be very similar. One could, however, be interested
in other properties of the target system such as simulating the quantum correlations present in the ground state.
The entanglement spectrum, characterizing the pairwise entanglement present in the system, provides a powerful
witness of the presence of quantum correlations®. This seems a relevant goal for near-future applications of quan-
tum entanglement to a variety of quantum technologies, see for instance’.

In this article we consider the question: To what extent does the quantum simulator exhibit similar entan-
glement properties to the simulated Hamiltonian? In particular, we focus on critical regimes where specific
entanglement properties universally characterize the phase of the system. The analysis will be performed in the
strongly interacting regime, where the interaction strength of both species is equal and much larger than the tun-
neling rate. We will study the entanglement properties of the system as the interspecies interaction is increased
towards the point where all interactions are equal. In this way, the effective spin model goes from an anisotropic
Heisenberg model into the isotropic Heisenberg one. Analytical results using perturbation theory will be com-
plemented with numerical calculations using DMRG (density matrix renormalization group). In this way we can
compare the entanglement present in the TCBH with that of the spin model, paying particular attention to the
critical phases which appear in the latter.
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Figure 1. (Left panel) Entanglement spectrum of the TCBH (black dots) at fixed total size L =48 as a function
of U, for fixed value of U= 50 obtained with DMRG. Continuous red lines represent analytical results from
Eqgs (2) and (3), see text. The analytical model predicts a closing of the entanglement gap at U,z = U—2/U,
which corresponds to —log(1 — U,/ U) A~ 7.13. (Right panel) von Neumann entropy Si as a function of Uy

for fixed U= 50 and for two different system sizes L. The solid red line is the analytical result obtained with
perturbation theory.

Model
We consider two bosonic species with contact-like interactions in a 1D optical lattice at zero temperature. We
assume the system to be described by the TCBH Hamiltonian,

At
H=-t} > (bi,abiJrl,a + h-C-) + EZ > (i o(Ay g — 1) + Upp)  Aiafiip,
i a—AB 25 oZAB i ey
where b, (l;il) are the annihilation (creation) bosonic operators at site i=1, ..., L for species a = A, B, and };,, are
their corresponding number operators. We have assumed equal tunneling strength, t > 0, and equal repulsive
intra-interaction strength, U > 0, for both components. For the rest of the work we set the energy scale to t=1.
The ground state (GS) of Eq. (1) in the strong-coupling regime (U>> U,j, t) is a Mott insulator (MI) with a total
filling v=N,/L+ Np/L=v,+ v3. In this work we fix v, =15 =1.

We define the entanglement properties through the reduced density matrix obtained tracing out the right half
of the system p;, = Trg|1)) (4|, where |¢)) is the ground state of the TCBH. The amount of entanglement is quan-
tified with the von Neumann entropy S; = —Trp, ,l0gp; ,,. Finally, the entanglement spectrum (ES)!? is defined in
terms of ;= —log\,;, where ), are the eigenvalues of the reduced density matrix.

Results

Perturbative regime. In the strong-coupling regime (U>>t), the ES can be obtained perturbatively follow-
ing!'!. In order to organize the ES we introduce the quantum numbers 6N, =N,,;,, — L/2, with a« = A, B. They
measure the excess (6N, > 0) or absence (ON,, < 0) of bosons with respect to the MI with filling v, =13 =1 on the
left subsystem (of size L/2). In Fig. 1 we report the obtained entanglement spectrum as a function of the interspe-
cies interaction, U,p, for a fixed, large, value of U= 50. For U,z =0 the ES of the single-component Bose-Hubbard
model is recovered, with clearly separated levels corresponding to different orders in perturbation theory on
1/U". For non-zero values, U, > 0, some entanglement values exhibit an explicit dependence on this interaction.
The entanglement values associated with 6N, ==+1; 6Nz =0 and 6N, = 0; SNy ==*1 are given by,

51(2) =2logU — log2, )

and do not show an explicit dependence on U, at the order studied. Furthermore, these ones are completely
analogous to the first ones obtained for the single-component Bose-Hubbard. The lowest entanglement value
associated with N, = 6N = 0 gets a contribution £ 0(2) = 8/U? due to the renormalization of the wavefunction.

Genuine second-order contributions are of two different kind: (4), corresponding to 6N, = 6Ny, which favor
the movement of two different bosons through the boundary in the same direction and, (—), N, = —6Njp, which
favor the hopping of two different bosons through the boundary in opposite directions. Unlike {1(2), these ones are
absent in the single-component Bose-Hubbard model as they are directly related to the presence of two different
components. Specifically, configurations with 6N, = —dNjy are associated to the phase separation of the two com-
ponents through the boundary. An analytic formula can also be obtained,

f) = 4log(U) + 2log(1 £ U,/U) — log4. 3)

The two different branches, (+) and (—), have a very different behavior as U, is increased. The (—) one is seen
to decrease as U,/ U— 1. This is expected as, in absence of tunneling, the system becomes highly degenerate at
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U,s= U. We predict a closing of the entanglement gap - difference between the two lowest entanglement values!?
—at Uyp=U—2/U, see Fig. 1 (left panel). The fact that the entanglement gap closes is reflected in an increase of
the von Neumann entropy S, see right panel in Fig. 1. The analytical predictions are in very nice agreement with
the DMRG calculations. Note also that the structure of the ES changes dramatically as we approach this point,
with higher order processes becoming comparable to the lowest entanglement value. These higher order pro-
cesses also show a logarithmic dependence as found for £ ® with a slope that indicates the order of the perturba-
tion theory at which they are found. At this point we expect the system to enter in a critical regime. In this regime
the von Neumann entropy Sg increases as we commented previously, but it also starts to depend on the system
size, see Fig. 1.

The TCBH as a quantum simulator.  Interesting physics appears as (U— Uy) ~ 1/U. As discussed above,
the system enters in a critical regime which cannot be described by the simple perturbation theory. Instead
one has to consider a degenerate perturbation theory. For the general case of n atoms per site, the low-energy
Hilbert space is described by an effective spin S=n/2 where A and B are taken as a pseudo-spin 1/2. The effective
Hamiltonian describing this low-energy spin subspace is given by superexchange processes at second-order in
the hopping®”1?

Hye = —J) 88i, + DY_(S7Y

i i 4)
where J=—4#*/U and D= U — U, . Working with a fixed number of total bosons v, = vz =1 maps in the spin
picture to the sector with null total magnetization in the z-axis 3", S/ = 0 and an on-site total spin S=1.

The model (4) has been extensively studied'*-'® and presents different phases depending on the ratio D/]. Here,
we consider D > 0. For D/J — oo (large —D phase) all spins tend to be in the zero z—projection and performing a
perturbation theory calculation over this ground state at first-order in ] leads to the same entanglement value £ ?)
previously found for the TCBH. At D/] ~ 1 the system enters in a critical XY ferromagnetic phase characterized by
a conformal field theory (CFT) with central charge c=1'>"7. Finally, for D = 0 the system is in the isotropic point
where its properties are governed by the SU(2) symmetry of the Hamiltonian (4).

In the limit of zero hopping, t =0, and isotropic interactions, U= Uy, the spectrum of the Hamiltonian (1)
has different degenerated subspaces separated by an energy scale of order U. The introduction of a small hopping
/U < 1 and a small anisotropy |U — U, | < U breaks the degeneracy of these subspaces. Considering degenerated
second-order perturbation theory in the hopping, one can write an effective Hamiltonian (4) which describes the
degeneracy breaking inside the lowest energy subspace. In this way, the Hamiltonian (1) is mapped into the
Hamiltonian (4). This is what allows one to term the TCBH a quantum simulator of the Heisenberg model. But
what happens with observables? We deal with this question by using degenerated perturbation theory, see e.g."’.
We split the TCBH Hamiltonian in two pieces, H= H;,+ H,, corresponding to the interaction part, H;,, and the
tunnelling piece, H,, respectively. The lowest energy degenerated subspace of H,,, is the one defining the subspace
P, with energy E{. The remaining states, which are separated by a gap proportional to U, define the Q subspace.
In our case, the effective spin Hamiltonian (4) acts on the P space, while the TCBH acts on the complete Hilbert
space, P@ Q. Given the complete wave function |1/), one can obtain the projection on the P subspace, [¢/F) = P|4)),
where the projector reads, 1? = Y,cp l)(al and |av) are eigenstates of H;,. The inverse problem is formally writ-
tenas|t)) = Q|p"), where Q is called wave operator. One can write expressions for { at a specific order in pertur-
bation theory. Since the mapping between H and H,ghas been obtained at second-order in the hopping, it is
sufficient to express 2 at first-order in the hopping®,

A 18)(B
Q=1+ ———H,
%%—M (5)

where Eoﬂ are the eigenenergies of H;, corresponding to the eigenstate | 3). In terms of the wave operator one can
write the explicit expression Hy; = PHQP which ensures that if H|¢) = E|¢) then H,g|¢) = E|¢7), with
16°) = Plg).

Finally, the reduced density matrix j, , associated to the groundstate of the complete Hamiltonian (1) [¢)gs)
can be expressed in terms of the groundstate of the effective one (4) [/ %) as,

Py = Trellsh (W} = TrlQude) (U&IQT) = Trel o) ()} ©)

Thus, the question of how well the entanglement properties are reproduced in a quantum simulator is rewrit-
ten as: can {2 introduce some extra structure which affects the universal entanglement properties?

Entanglement in the critical regime. The scaling of the von Neumann entropy can be used to character-
ize the different phases of the system. From a CFT description this is a well-known result®**' and the magnitude
AS=Sg(L) — Sg(L/2) captures the scaling behavior properly®?. Following the known behavior of the effective
model, Eq. (4), one expects to go from AS— 0 in the large —D phase, to AS=(c/6)log2 in the critical XY phase
with ¢=1. This is exactly what is seen in Fig. 2, where we observe the crossover between the two regimes in the
TCBH as we vary U(U — U,p) ~ D/J, with a very nice agreement with the results obtained for the effective spin
model®. Furthermore, these results are mostly independent of U, for sufficiently large U. Therefore, we can con-
clude that the transition in the spin picture from a large —D to a critical XY ferromagnetic phase is captured by
the transition observed in the TCBH. On the other hand, as U— U,3— 0 a dependence on U starts to appear.
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Figure 2. Main panel: Entanglement scaling AS of the TCBH as a function of the universal coupling

U(U — U,p) for different values of the interaction U= 50,100,150 at fixed total system length L =48. The upper
dashed line represents the value predicted by the ferromagnetic (FM) Heisenberg model AS=(1/2)log2 and the
lower one represents the CFT prediction AS=(c/6)log2 with central charge c= 1. The shaded area represents
the region where the quantum phase transition between the large —D phase and the XY-FM phase is expected,
extracted from*.

Isotropic point. In the spin model, the isotropic point D=0 is the end of the conformal line c=1 describing
the critical XY phase, and the system only exhibits scale invariance?**. The SU(2) symmetry fully determines the
ground state of the system, which is composed by a superposition of all the states belonging to the multiplet with
maximum total spin. For a chain formed by L spins S, this multiplet is obtained by applying the lowering operator
§™ =3, S; tothe fully polarized state|S;. = SL, Sf = SL) = |F). For specific sectors with fixed total magnetiza-
tion S = SL — M, the ground state of the system is |1)’) = (S)™|F), which is a superposition of all spin con-
figurations in the chain satisfying that the total magnetization is S7. Therefore, considering a bipartition of the
system A of length [ the ES is organized by eigenstates with well defined magnetization S; = SI — m in the sub-

system A with eigenvalues
(zsz)[ZS(L - l>]
mJ/\M-m

) ) o

24,26,27

§m(M, S, L, 1) = —log

with m=0, ..., 28], which is a natural extension of the results presented in
From Eq. (7) an asymptotic expression for the von Neumann entropy S can be obtained considering /=L/2
andS; =0

1 SLm 1 — log2 1
Sp = —log|=——| + ——=Z + O ™.
£ ZOg[z] 2 @) (8)

Notice that in the thermodynamic limit any small anisotropy D > 0 will restore the conformal symmetry.
For finite systems a smooth crossover between the CFT and the scale invariant prediction (8) is expected?, see
Fig. 2. In this region is where a non-universal behavior of the TCBH model is observed and we obtain different
scalings of Sy, for different values of the interaction U. Furthermore, we observe that in the limit (U— U,) — 0
the scaling mostly depends on the value of the interaction U and does not coincide with the value predicted by
the spin model, Eq. (8).

In order to understand the dependence of the scaling of the entanglement entropy on the interaction U at
U= U,3, we examine the ES of the TCBH model (1) and compare it with the analytical prediction for the spin
model (7). The ES represented in Fig. 3 displays a parabolic dependence as a function of N, — 6Ny (which is
analogous to §§° = Sf — S in the effective spin model). This parabolic dependence is also expected from the
spin picture, see Eq. (7), but the curvature is considerably different. This curvature is directly related with the
entanglement gap and one can observe that in both situations it depends linearly on the inverse of the system size
L, see Fig. 3. But this linear dependence is different in the two models. Specifically, from the spin picture we obtain
that 6 — 4/L, so it closes in the thermodynamic limit L — co. Conversely, in the TCBH model the gap does not
close in the thermodynamic limit for finite values of the interaction. Furthermore, the ES predicted by the spin
model (7) has a well defined magnetization 6S% meaning that for each value of the magnetization there is a unique
entanglement value ¢ . On the other hand, the ES of the TCBH model shows a richer structure with different

parabolic envelopes for the same magnetization. Focusing on this extra structure we observe that the second
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Figure 3. Left panel: Entanglement spectrum of the TCBH model (1) at U=50= U, (top) U=100= U,
(bottom) and L =48 as a function of the relative excess of bosons, blue circles, computed with DMRG. Red
dashed lines represent parabolic fittings to the DMRG results and the continuous blue one is the analytic
prediction given by the effective spin model. Right panel: Entanglement gap as a function of the inverse of the
system length L for two different values of the interaction U considering the critical point U,z = U. Continuous
lines represent linear fittings and the dashed one is the analytic behavior predicted by the effective spin model.
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Figure 4. Main panel: Effective central charge (see main text) as a function of the inverse of the interaction U
considering U,z = U for different system sizes L. Inset: Entanglement entropy scaling for different values of the
interaction. Continuous lines represent linear fittings.

parabolic envelope has associated a half-integer magnetization ¢S, unlike the first one which has integer magnet-
ization. This can be understood expanding the wave operator at first-order, see Eq. (5), €2 ~ (1 — H,/U), where
H, is the hopping term of the Hamiltonian (1). The second envelope is obtained by the application of H,|1ls) over
the frontier which defines the bipartition of the system used to compute the ES. Therefore, these entanglement
eigenstates correspond to having an extra particle or hole YN = =1 for any of the two species which explains the
half-integer nature of 6S,. Notice that this component of the ground state wavefunction is reminiscent of the first
entanglement eigenstates with eigenvalue 51(2), Eq. (2). But now, due to the non-trivial entangled structure of the
ground state, for each value of the subsystem magnetization we have this particle-hole excitation over the frontier
which gives a large number of states, of order L. We have checked that the gap between the first two parabolic
envelopes closes like 2logU and does not show an explicit dependence on the system length L.

The effect of including H,|1/’) in the wavefunction has large effects on the von Neumann entropy. The main
reason is that the number of entanglement states given by H, |1’ is of order L which is the same than the number
of entanglement states in |¢/). Therefore, the contribution of both parts to the von Neumann entropy is logL and
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we can estimate the total contribution as Sy (1/2 — A/U?)logL, with A some constant value. In order to verify
that, we define the slope c.g(L) = 6(Sg(L) — Sg(L,))/(log(L/L,)) with a reference size L, =50, for which finite size
effects will be reduced”. In Fig. 4 we see that there is always a logarithmic behavior and the slope c(L) shows a
clear dependence on 1/U? which confirms our predictions.

Conclusions

The extent to which a quantum simulator of a well-known spin system captures the entanglement properties of
the ground state of the effective Hamiltonian has been scrutinized. We have considered the entanglement prop-
erties of the ground state of the two-component 1D Bose-Hubbard model in the strong-coupling regime for total
filling v, = vz = 1. This model acts as a quantum simulator of the spin 1 Heisenberg model with ferromagnetic
interactions. In the regime in which the spin system is in a critical XY phase (U — U,z ~ £/ U) the two-component
Bose-Hubbard model shows a universal (independent of the interaction U) scaling of the von Neumann entropy,
which matches the CFT prediction expected for the effective spin system. On the other hand, we observe that this
universality is lost as we approach the isotropic point U= U, where the effective spin model loses the conformal
invariance. By comparing the ES of the quantum simulator with the effective spin model, which has been analyt-
ically obtained, we observe large discrepancies between the two of them for large values of the interaction U. In
particular, magnitudes which should display a universal behavior (like the slope of the scaling in the entangle-
ment entropy) strongly depend on the interaction U. This dependence has been analytically predicted construct-
ing the wavefunction of the two-component Bose-Hubbard model using the wave operator.

References
1. Lewenstein, M., Sanpera, A. & Ahufinger, V. Ultracold Atoms in Optical Lattices: Simulating Quantum Many-body Systems (Oxford
University Press, Oxford, UK, 2012).
2. Bloch, I, Dalibard, J. & Zwerger, W. Many-body physics with ultracold gases. Rev. Mod. Phys. 80, 885-964, https://doi.org/10.1103/
RevModPhys.80.885 (2008).

. Bloch, I, Dalibard, J. & Nascimbene, S. Quantum simulations with ultracold quantum gases. Nat. Phys. 8, 267 EP (2012).

4. Gross, C. & Bloch, I. Quantum simulations with ultracold atoms in optical lattices. Sci. 357, 995-1001, https://doi.org/10.1126/
science.aal3837 (2017).

5. Kuklov, A. B. & Svistunov, B. V. Counterflow superfluidity of two-species ultracold atoms in a commensurate optical lattice. Phys.
Rev. Lett. 90, 100401, https://doi.org/10.1103/PhysRevLett.90.100401 (2003).

6. Duan, L.-M., Demler, E. & Lukin, M. D. Controlling spin exchange interactions of ultracold atoms in optical lattices. Phys. Rev. Lett.
91, 090402, https://doi.org/10.1103/PhysRevLett.91.090402 (2003).

7. Altman, E., Hofstetter, W., Demler, E. & Lukin, M. D. Phase diagram of two-component bosons on an optical lattice. New J. Phys. 5,
113 (2003).

8. Amico, L., Fazio, R., Osterloh, A. & Vedral, V. Entanglement in many-body systems. Rev. Mod. Phys. 80, 517-576, https://doi.
0rg/10.1103/RevModPhys.80.517 (2008).

9. Acin, A. et al. The quantum technologies roadmap: a european community view. New J. Phys. 20, 080201, https://doi.
org/10.1088/1367-2630/aad1ea (2018).

10. Li, H. & Haldane, E. D. M. Entanglement spectrum as a generalization of entanglement entropy: Identification of topological order
in non-abelian fractional quantum hall effect states. Phys. Rev. Lett. 101, 010504, https://doi.org/10.1103/PhysRevLett.101.010504
(2008).

11. Alba, V,, Haque, M. & Liuchli, A. M. Boundary-locality and perturbative structure of entanglement spectra in gapped systems. Phys.
Rev. Lett. 108, 227201, https://doi.org/10.1103/PhysRevLett.108.227201 (2012).

12. Anderson, P. W. Theory of magnetic exchange interactions:exchange in insulators and semiconductors. Solid State Phys. 14, 99-214,
https://doi.org/10.1016/S0081-1947(08)60260-X (1963).

13. Botet, R., Jullien, R. & Kolb, M. Finite-size-scaling study of the spin-1 heisenberg-ising chain with uniaxial anisotropy. Phys. Rev. B
28, 3914-3921, https://doi.org/10.1103/PhysRevB.28.3914 (1983).

14. Glaus, U. & Schneider, T. Critical properties of the spin-1 heisenberg chain with uniaxial anisotropy. Phys. Rev. B 30, 215-225,
https://doi.org/10.1103/PhysRevB.30.215 (1984).

15. Schulz, H. J. Phase diagrams and correlation exponents for quantum spin chains of arbitrary spin quantum number. Phys. Rev. B 34,
6372-6385, https://doi.org/10.1103/PhysRevB.34.6372 (1986).

16. Papanicolaou, N. & Spathis, P. Quantum spin-1 chains with strong planar anisotropy. J. Physics: Condens. Matter 2, 6575 (1990).

17. Degli Esposti Boschi, C., Ercolessi, E., Ortolani, F. & Roncaglia, M. On c=1 critical phases in anisotropic spin-1 chains. The Eur.
Phys. ]. B - Condens. Matter Complex Syst. 35, 465-473, https://doi.org/10.1140/epjb/e2003-00299-7 (2003).

18. Chen, W, Hida, K. & Sanctuary, B. C. Ground-state phase diagram of s=1 XXZ chains with uniaxial single-ion-type anisotropy.
Phys. Rev. B 67, 104401, https://doi.org/10.1103/PhysRevB.67.104401 (2003).

19. Lindgren, I. & Morrison, J. Atomic Many-Body theory (Springer-Verlag, 1998).

20. Holzhey, C., Larsen, F. & Wilczek, F. Geometric and renormalized entropy in conformal field theory. Nucl. Phys. B 424, 443-467,
https://doi.org/10.1016/0550-3213(94)90402-2 (1994).

21. Calabrese, P. & Cardy, J. Entanglement entropy and quantum field theory. J. Stat. Mech. Theory Exp. 2004, P06002 (2004).

22. Lauchli, A. M. & Kollath, C. Spreading of correlations and entanglement after a quench in the one-dimensional bose-hubbard
model. J. Stat. Mech. Theory Exp. 2008, P05018 (2008).

23. De Chiara, G., Lewenstein, M. & Sanpera, A. Bilinear-biquadratic spin-1 chain undergoing quadratic zeeman effect. Phys. Rev. B 84,
054451, https://doi.org/10.1103/PhysRevB.84.054451 (2011).

24. Castro-Alvaredo, O. A. & Doyon, B. Permutation operators, entanglement entropy, and the xxz spin chain in the limit A — —1". ].
Stat. Mech. Theory Exp. 2011, P02001 (2011).

25. Castro-Alvaredo, O. A. & Doyon, B. Entanglement entropy of highly degenerate states and fractal dimensions. Phys. Rev. Lett. 108,
120401, https://doi.org/10.1103/PhysRevLett.108.120401 (2012).

26. Popkov, V. & Salerno, M. Logarithmic divergence of the block entanglement entropy for the ferromagnetic heisenberg model. Phys.
Rev. A 71, 012301, https://doi.org/10.1103/PhysRevA.71.012301 (2005).

27. Salerno, M. & Popkov, V. Reduced-density-matrix spectrum and block entropy of permutationally invariant many-body systems.
Phys. Rev. E 82, 011142, https://doi.org/10.1103/PhysRevE.82.011142 (2010).

28. Chen, P. et al. Entanglement entropy scaling of the xxz chain. J. Stat. Mech. Theory Exp. 2013, P10007 (2013).

29. Koftel, T., Lewenstein, M. & Tagliacozzo, L. Entanglement entropy for the long-range ising chain in a transverse field. Phys. Rev. Lett.
109, 267203, https://doi.org/10.1103/PhysRevLett.109.267203 (2012).

w

SCIENTIFIC REPORTS |

(2019) 9:9424 | https://doi.org/10.1038/s41598-019-45737-4 6


https://doi.org/10.1038/s41598-019-45737-4
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1103/PhysRevLett.90.100401
https://doi.org/10.1103/PhysRevLett.91.090402
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1088/1367-2630/aad1ea
https://doi.org/10.1088/1367-2630/aad1ea
https://doi.org/10.1103/PhysRevLett.101.010504
https://doi.org/10.1103/PhysRevLett.108.227201
https://doi.org/10.1016/S0081-1947(08)60260-X
https://doi.org/10.1103/PhysRevB.28.3914
https://doi.org/10.1103/PhysRevB.30.215
https://doi.org/10.1103/PhysRevB.34.6372
https://doi.org/10.1140/epjb/e2003-00299-7
https://doi.org/10.1103/PhysRevB.67.104401
https://doi.org/10.1016/0550-3213(94)90402-2
https://doi.org/10.1103/PhysRevB.84.054451
https://doi.org/10.1103/PhysRevLett.108.120401
https://doi.org/10.1103/PhysRevA.71.012301
https://doi.org/10.1103/PhysRevE.82.011142
https://doi.org/10.1103/PhysRevLett.109.267203

www.nature.com/scientificreports/

Acknowledgements
The authors thank V. Ahufinger, G. De Chiara, J.I. Latorre, M. Lewenstein, J. Martorell and L. Tagliacozzo for
useful comments and discussions. This work is partially funded by MINECO (Spain) Grant No. FIS2017-87534-P.

Author Contributions
I.M. and B.J.-D. conceived the idea, I.M. performed the calculations and B.J.-D., .M. and A.P. analyzed the results
and wrote the manuscript.

Additional Information
Competing Interests: The authors declare 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

SE ] icense, 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) 2019

SCIENTIFICREPORTS| (2019) 9:9424 | https://doi.org/10.1038/s41598-019-45737-4 7


https://doi.org/10.1038/s41598-019-45737-4
http://creativecommons.org/licenses/by/4.0/

	Entanglement structure of the two-component Bose-Hubbard model as a quantum simulator of a Heisenberg chain

	Model

	Results

	Perturbative regime. 
	The TCBH as a quantum simulator. 
	Entanglement in the critical regime. 
	Isotropic point. 

	Conclusions

	Acknowledgements

	Figure 1 (Left panel) Entanglement spectrum of the TCBH (black dots) at fixed total size L = 48 as a function of UAB for fixed value of U = 50 obtained with DMRG.
	Figure 2 Main panel: Entanglement scaling ΔS of the TCBH as a function of the universal coupling U(U − UAB) for different values of the interaction U = 50,100,150 at fixed total system length L = 48.
	Figure 3 Left panel: Entanglement spectrum of the TCBH model (1) at U = 50 = UAB (top) U = 100 = UAB (bottom) and L = 48 as a function of the relative excess of bosons, blue circles, computed with DMRG.
	Figure 4 Main panel: Effective central charge (see main text) as a function of the inverse of the interaction U considering UAB = U for different system sizes L.




