arXiv:1112.2215v1 [cond-mat.str-el] 9 Dec 2011

Quantum Entanglement and Detection of Topological Order in Numerics

Tarun Grover Department of Physics, University of California, Berkeley, CA 94720, USA

“Topological ordered” phases such as gapped quantum spin-liquids and fractional quantum Hall states possess ground state degeneracy on a torus. We show that the topological nature of this degeneracy has interesting consequences for the entanglement structure of the degenerate ground states. This leads to a simple method for detecting topological order, which is ready-made for numerical schemes such as density matrix renormalization group. The method is valid for phases that do or do not possess edge states alike. We demonstrate it by calculating the entanglement spectrum and the topological entanglement entropy for a chiral spin-liquid state on a 18 site system.

PACS numbers:

Entanglement properties of the ground state wavefunctions have lead to a significant progress in our numerical ability to tackle strongly correlated systems and have also shed light on the conceptual foundations of such systems [1]. In the realm of gapped quantum phases, one of the most interesting discoveries has been the fact that the so-called “topologically ordered phases” [2–9], that is, phases that have anyonic excitations in the bulk, exhibit long-range entanglement in their ground state wavefunction [10–14]. One manifestation of the long range entanglement is a non-zero Topological Entanglement Entropy (TEE) γ_{topo} [11–13]: the entanglement entropy S corresponding to the ground state of a two dimensional topologically ordered system for a disk-shaped region A of linear length L with smooth boundaries scales as S(L) = L − γ_{topo} + O(1/L) (1) The number γ_{topo} is a robust property of the gapped phase itself and equals log(D) where D is the total quantum dimension [12, 13]; it does not change if the diskshaped region A is deformed in any way, while maintaining its topology and keeping the boundaries smooth. This expression has been verified numerically for various topologically order states [15–20]. We also note that when the topological ordered state has gapless edge modes, an elegant and powerful way to identify topological order is to study the entanglement spectrum [21] i.e. the spectrum of eigenvalues of the reduced density matrix ρ_A associated with region A.

As an another application of the entanglement structure of ground state wavefunctions, the numerical methods such as density matrix renormalization group (DMRG) [22, 23] and multiscale entanglement renormalization ansatz (MERA) [24] implement a real-space renormalization group that successively coarse-grain the system on the basis of the entanglement between a subregion and the rest of the system. In particular, and what suffices to note for our purposes, DMRG involves dividing the total system, often a cylinder or a torus, into two halves (say A and B) that share a boundary of length L, and as an output, yields a Schmidt decomposed variationally optimized ground state wavefunction |Ψ⟩:

|Ψ⟩ = ∑ α √ λ_α |u_α⟩^A ⊗ |v_α⟩^B (2)

Here {λ_α} and {|u_α⟩, |v_α⟩} are the Schmidt eigenvalues and eigenvectors respectively. This decomposition not only provides one with the correlations of various local operators, it also readily yields the Renyi entropies S_n = −^1_{n−1} ln( ∑ α λ^n_α) as well as the von Neumann entropy S_{vN} = − ∑ α λ_α ln λ_α associated with the bipartition.

Juxtaposing these two developments, namely, a nonzero γ_{topo} for topologically ordered phases and the advent of methods such as DMRG, one would think that entanglement based numerical techniques could be used to search for new topological phases, especially when quantum Monte Carlo can not be performed because of fermionic sign problem. Indeed, search for quantum spin-liquids using methods that exploit entanglement is an active area of research [25–29]. In particular, Ref. [29] has suggested that the kagome lattice antiferromagnet Heisenberg model (KAH) is a gapped quantum spinliquid. The authors of Ref. [29] also found an almost degenerate set of two lowest lying states on a cylinder, which is consistent with Z_2 spin liquid ground state. However, to establish topological order, it is desirable to extract a number such as γ_{topo}, especially because one already has direct access to the entanglement spectrum {λ_α} in DMRG. Unfortunately, there are at least a few practical obstructions for using DMRG to extract γ_{topo}. Eqn.1 suggests that one may be able to extract γ_{topo} by calculating S as a function of system size L for L ≫ ξ, the correlation length and extrapolating it to L → 0 to obtain γ_{topo}. In practice, this is rather difficult to implement because the two-dimensional DMRG is typically limited to cylinders or strips of width L ≲ 10 lattice spacings and the finite size effects incurred while extrapolating could be significant. A much more accurate method to extract TEE is to divide the total system into regions A, B, C and D and calculate the following tripartite entanglement associated with regions A, B and C [12, 13]: −γ_{topo} = S_A +S_B +S_C −S_{AB} −S_{BC} −S_{CA} +S_{ABC} (3)

The above expression cancels out the leading ‘area-law’ term and indeed yields an expression for γ_{topo} that is accurate upto O(1/L). However, calculating expression such as Eq.3 within DMRG is rather challenging and has not been attempted so far to the best of our knowledge. Furthermore, since this method involves dividing the system into four parts (compared to two in a conventional DMRG setting) and calculating their entanglement, the finite size effects can spoil the extraction of γ_{topo} as they will be determined by the smallest of the regions A-D.

In this paper, we devise a technique that can be used to cancel out the non-universal leading area law term to extract γ_{topo}, without resorting to the calculation of an expression such as Eq.3, and which can be implemented directly within DMRG or its variants. To begin with, we note that apart from the presence of a non-zero γ_{topo}, one other important consequence of topological order is that it results in a degenerate set of ground states, |ξ_i⟩, on a non-trivial manifold such as a torus or a cylinder (i = 1- N where N is the ground state degeneracy). The set of degenerate ground states have the property that in the thermodynamic limit, the expectation value of any local operator Ô has the form ⟨ξ_i|Ô|ξ_j ⟩ = O δ_{ij} , where is O is a number that is independent of the index i, j. In a recent paper [19] it was shown that one can extract the braiding and statistics of anyonic quasiparticles from the TEE of the degenerate set of ground states. We now show that the generic properties of the entanglement spectrum of degenerate ground states impose strong constraints on the full entanglement entropy itself. This could allow one to detect topological order just using the bipartite entanglement in a finite sized system, provided the correlation length of local operators ξ ≪ L, the system size, and the splitting of ground state degeneracy is negligible compared with the gap above the ground states.

We assume that the entanglement entropy of a gapped phase in two dimensions may be separated as: S = S_{local} + S_{topo} (4) Here S_{local} is obtained by patching local contributions from the entangling surface and therefore admits a curvature expansion [30]. On the other hand, S_{topo} cannot be obtained in the same way, and hence is appropriately identified as the topological part of the entanglement entropy −γ_{topo}. We note that Eq.4 is not merely a definition of S_{topo} and it will be violated if, for example, there are terms of the form S_{local} × S_{topo}. To leading order, Eq.4 is known to hold for all gapped phases in two dimensions and this will be sufficient for our purposes. Since the degenerate set of ground states are locally indistinguishable and possess the same correlation functions for all local operators, S_{local} is same for all degenerate ground states. However, S_{topological} in general does depend on the ground state, if the boundary of the region A is non-contractible [19, 31]. In the following, we will restrict ourselves to states that only have excitations with abelian statistics.

Let us therefore consider a topologically ordered state that has N degenerate ground states on a torus or cylinder. We are interested in the bipartite entanglement entropy of the ground states for an entanglement cut similar to the one shown in Fig.1 that divides the system into two halves. As introduced in Ref.[19], there exist a special set of ground states, dubbed ‘minimum entropy states’ (MES) |Ξ_i⟩, i = 1-N, for which the entanglement entropy is minimum (or in other words, the magnitude of the TEE is maximum). Each MES |Ξ_i⟩ is associated with a distinct particle type threading perpendicular to the entanglement cut. As a concrete example, in the case of quantum Hall systems on a torus, |Ξ_i⟩’s are eigenstates of the Wilson loop operator of the Chern-Simons gauge field that threads flux normal to the entanglement cut; while for the discrete gauge theories on a torus, |Ξ_i⟩’s are the eigenstates of the operators that thread an electric and magnetic field normal to the cut [19, 31]. In an abelian theory, one is free to permute the particle labels arbitrarily; therefore the Renyi TEE, and hence the full entanglement spectrum is same for all |Ξ⟩_i. Furthermore, the same considerations imply that the Schmidt states for different MESs are orthogonal to each other:

|Ξ_i⟩ = ∑ α √ λ_α|u^i_α⟩ ⊗ |v^i_α⟩ (5)

where ⟨u^i_α|u^j_β ⟩ = ⟨v^i_α|v^j_β ⟩ = δ_{ij} δ_{αβ} . The factor of δ_{αβ} follows from the definition of Schmidt decomposition while the factor of δ_{ij} follows from the fact that each Schmidt state |u^i_α⟩ carries the distinct quantum number associated with the operator that measures the quasiparticle type threading the entanglement cut (here, i). It follows from Eq.5 that a generic wavefunction |Ψ⟩ = ∑ i c_i|Ξ_i⟩ = ∑ iα c_i √ λ_α|u^i_α⟩ ⊗ |v^i_α⟩ is already Schmidt decomposed when expressed in terms of the MES [32]. Therefore, the n’th Renyi entropy corresponding to the entanglement bipartition such as that shown in Fig.1, for the wavefunction |Ψ⟩ is,

S_n = − ln( ∑ i λ^n_α) n − 1 − ln( ∑ i |c_i|^{2n}) n − 1 = S_{n.local} − b_0 ln(D) − ln( ∑ i |c_i|^{2n}) n − 1 (6) In deriving Eqn.6 we have used the fact that S_{n,local} is same for all degenerate ground states and that the TEE for MESs equals b_0 ln(D) where b_0 is the number of connected components of the boundary of region A (for example, b_0 = 1 (2) when the overall geometry is a cylinder (torus) [34]). Eqs. 5 and 6 can be used to establish topological order and extract TEE from bipartite entanglement entropy. We note that Eq.6 agrees with the

FIG. 1: Bipartition for the CSL state for which Schmidt decomposition is performed. Regions A and B each are of size 3 × 3 and the spins are located at the vertices of the shown lattice. The wavefunction |0, 0⟩ and |0, π⟩ are obtained by imposing periodic-periodic and periodic-antiperiodic boundary conditions respectively for the slave fermions along the x̂, ŷ directions.

topological entanglement entropy of Chern-Simons gauge theory calculated in Ref.[31].

We emphasize that the dependence of S_n on the ground state wavefunction in Eq.6 results solely from the fact that the boundary of region A is non-contractible and therefore, is of topological nature. For contractible boundaries, all topologically degenerate ground states will have the same entanglement entropy. This, along with Eq.5, provides a sharp distinction between a topologically ordered phase and a short-range entangled phase where the ground state degeneracy may result from spontaneous symmetry breaking [33].

As a demonstration of the ideas developed above, we first note that the Eqs.5 and 6 are readily satisfied by fixed point wavefunctions that have zero correlation length, such as the ground states of the toric code model [10] on a torus or cylinder [19]. As a non-trivial test, we consider the entanglement spectrum of an SU(2) spin symmetric Chiral Spin Liquid (CSL) state [35–37] on a rectangular lattice of size 6 × 3 (Fig.1). Note that, unlike toric code model [11], we do not have access to the MES apriori. The topological order in the CSL state has already been established numerically in Ref.[18] by calculating γ_{topo} and verifying that it matches the theoretical value γ_{topo} = log(2)/2. The ground state wavefunction for the CSL state are obtained using a slave particle construction where one writes the spins as bilinears in fermions ⃗S =^1_2 f^†_σ[⃗σ]_{σσ}′ f_σ′ , and assumes a chiral d-wave state for the fermions [35, 36] with a mean-field BCS gap Δ. To obtain a spin wave function, one Gutzwiller projects the d_x2_{−y}2 +id_{xy} superconductor to one fermion per site. The degenerate ground states are obtained by putting the system on a torus and choosing periodic or anti-periodic boundary conditions for the slave fermions along the two torus directions [3, 5, 35, 36]. We denote the ground states by the mean field fluxes in the x̂ and ŷ directions as |φ_1, φ_2⟩, φ_{1,2} = 0, π. The two fold degeneracy of the CSL implies that only two of the four ground states |0, 0⟩, |π, 0⟩, |0, π⟩, |π, π⟩ are linearly independent. To obtain the entanglement spectrum for a given ground

FIG. 2: Above: Renyi entropy S2 for the state |Φ⟩ = cos(ϕ) |0, 0⟩ + sin(ϕ) |0, π⟩ for different values of the gap Δ that enters the CSL wavefunction. The dotted curve is the theoretical prediction in the thermodynamic limit: S2 = C(Δ) − ln(cos^4(ϕ) + sin^4(ϕ)) where we C(Δ) is a nonuniversal constant (here we chose C = 1.35 so as to facilitate the comparison with the numerical data). Further, S2,max − S2,min ≈ 0.67 independent of Δ which is close to the expected result of ln(2) in the thermodynamic limit. Below: The difference between S2 for two sets of two different Δ’s as a function of the angle ϕ. The difference S2(Δ1) − S2(Δ2), is nearly ϕ independent in agreement with the theoretical prediction, since in it equals S_{2,local}(Δ1)−S_{2,local}(Δ2) (see Eq.6).

state, we divide the system into two halves A and B, each of size 3 × 3 and express the corresponding wavefunction as |Ψ⟩ = ∑ ij ψ_{ij} |a_i⟩ ⊗ |b_j ⟩ (7) where |a_i⟩ and |b_i⟩ are the basis states for the region A and B. If the regions A and B have N/2 spins each, then ψ_{ij} is the ij’th element of a 2^{N/2} × 2^{N/2} matrix. The Schmidt decomposition of the wavefunction |Ψ⟩ (see

FIG. 3: Eigenvalues λα of the density matrix corresponding to the two states |0, 0⟩ and |π, 0⟩. Since very large number of eigenvalues have a very small value, only few of them are visible. The spectrum for the two states shown is identical within computer precision.

Eq.2) is obtained by performing the Singular Value Decomposition (SVD) of the matrix ψ_{ij} numerically.

For the system size considered (6×3 lattice), the MESs are found to correspond to the states |Ξ_1⟩ = |0, 0⟩ and |Ξ_2⟩ = |0, π⟩ (Fig.2) . Because of finite size effects, the orthogonality of these states is not perfect for this system size with ⟨0, π|0, 0⟩ ≈ 0.03 − 0.07 for the range of mean-field gap Δ considered. Despite this, we find that the entanglement spectrum of these two states is identical (Fig.3) in agreement with Eq.5. We do not resolve the momentum along the cut for the Schmidt states, since it is not needed for our purposes. Further, we find that the Schmidt states |u^1_α⟩, |u^2_α⟩ corresponding to same value of the density-matrix eigenvalue λ_α are orthogonal in agreement with Eq.5. However, because of lack of the complete orthogonality of the two MES, the Schmidt states for non-identical eigenvalues are found to be not always orthogonal.

Fig.2 shows the Renyi entropy S_2 for the linear combination |Φ⟩ = cos(ϕ) |0, 0⟩ + sin(ϕ) |0, π⟩ for different values of the mean-field d-wave BCS gap Δ, that enters as a parameter in the CSL wavefunction. We notice that the difference S_{2,local}(Δ_1, ϕ)−S_{2,local}(Δ_2, ϕ) is nearly independent of ϕ in agreement with Eq.6: the difference depends only on S_{local}(Δ_1) − S_{local}(Δ_2), thereby being only a function of Δ_1, Δ_2. Perhaps most interestingly, Eq.6 predicts that for the CSL state, S_{2,max} − S_{2,min} = 2 γ_{topo} = ln(2) ≈ 0.69. We find that the numerical value of the same quantity equals ≈ 0.67, in close agreement with the theory, and remains essentially constant as Δ is changed. We note that though the curve S_2(ϕ) in Fig.3 does not agree with the theoretical prediction in the thermodynamic limit completely because of the aforementioned finite size effects , the overall agreement it is still remarkable with a system size of only 18 sites.

Since the matrix ψ is non-sparse, the numerical cost of performing SVD on a 2^{N/2} × 2^{N/2} is nearly equal to the cost of exact diagonalizing the whole system for a local Hamiltonian. Therefore, our scheme can be implemented exactly on system sizes upto N = 30 − 40 sites for spin S = 1/2. Of course, the detection of topological order in such sizes will be contingent on whether the correlation length of various local operators ξ ≪ L, the linear length of the system. As mentioned in the introduction, it is rather fortuitous that one of the best current methods of choice to solve strongly correlated systems, namely DMRG, happens to provide one with the entanglement spectrum of the ground state wavefunction(s). Given the hints of topological order in KAH with two nearly degenerate ground states and the short correlation length of one-two unit cells observed in Ref.[29], it may be worthwhile to apply the method described in this paper to KAH using DMRG and exact diagonalization as well.

Finally, some the considerations developed above are also applicable to the so-called “quantum-ordered” phases, namely, phases with emergent gapless gauge bosons that may be coupled to bosonic/fermionic matter [2]. As an example, consider the U(1) spin-liquid in three dimensions (see, e.g. Ref.[38]). The low-energy spectrum of this spin-liquid contains analog of topological degenerate states whose gap scale as ∼ 1/L with the system size L. One might think that this renders them difficult to distinguish from the excitations corresponding to fluctuations of emergent photons whose gap also scales as 1/L. However, based on the discussion in this paper, entanglement properties can, in fact, distinguish states that correspond to these two distinct types of excitations. In particular, for a given entanglement cut, using the states that are analog of topological degeneracy, one may again construct a set of minimum entropy states that will satisfy Eq.5, while such a relation will generically not hold for the other low-lying states.

To summarize, we described a method that can be used to detect topological order from the Schmidt decomposed degenerate ground states. The essential part consists in noticing that the non-universal leading term in the entanglement entropy is identical for all degenerate ground states and thus can be canceled out so as to extract the subleading universal constant, whose form is dictated by Eq.6, when the boundary of the bipartition is non-contractible. We also demonstrated the method by performing exact Schmidt decomposition of a topologically ordered state, the chiral spin liquid state. We believe that this method can be put to practical use in numerical methods such as DMRG and exact digonalization.

Acknowledgements: I thank Ari Turner, Ashvin Vishwanath, Masaki Oshikawa, Michael Levin, Michael

Zaletel and Yi Zhang for very stimulating and helpful discussions.

[1] see e.g. J. Eisert, M. Cramer, M. B. Plenio, Rev. Mod.

Phys. 82, 277306 (2010).

[2] Xiao-Gang Wen, Quantum field theory of many-body systems, Oxford Graduate Texts, 2004.

[3] X.-G. Wen, Phys. Rev. B, 40, 7387 (1989) [4] X.-G. Wen, Int. J. Mod. Phys. B4, 239 (1990). [5] N. Read and B. Chakraborty, Phys. Rev. B 40, 7133 (1989).

[6] X.-G. Wen, Phys. Rev. B 44, 2664 (1991). [7] N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991); S. Sachdev, Physical Review B 45, 12377 (1992).

[8] T. Senthil and M. P. A. Fisher. Phys. Rev. B 62, 7850 (2000).

[9] R. Moessner and S. L. Sondhi, Phys. Rev. Lett. 86, 1881 (2001).

[10] A. Kitaev, Ann. Phys., 303, 2 (2003).

[11] A. Hamma, R. Ionicioiu, and P. Zanardi, Phys. Lett. A 337, 22 (2005); Phys. Rev. A 71, 022315 (2005).

[12] M. Levin, X.-G. Wen, Phys. Rev. Lett. 96, 110405 (2006). [13] A. Kitaev, J. Preskill, Phys. Rev. Lett. 96, 110404 (2006). [14] Xie Chen, Zheng-Cheng Gu, Xiao-Gang Wen, Phys. Rev.

B 82, 155138 (2010).

[15] S. Furukawa and G. Misguich, Phys. Rev. B 75, 214407 (2007).

[16] Masudul Haque, Oleksandr Zozulya, and Kareljan Schoutens Phys. Rev. Lett. 98, 060401 (2007); O. S. Zozulya, M. Haque, K. Schoutens, and E. H. Rezayi, Phys. Rev. B 76, 125310 (2007).

[17] Hong Yao and Xiao-Liang Qi, Phys. Rev. Lett. 105, 080501 (2010).

[18] Yi Zhang, Tarun Grover, Ashvin Vishwanath, Phys.

Rev. Lett. 107, 067202 (2011); Yi Zhang, Tarun Grover, Ashvin Vishwanath, Phys. Rev. B 84, 075128 (2011).

[19] Yi Zhang, Tarun Grover, Ari Turner, Masaki Oshikawa, Ashvin Vishwanath, arXiv:1111.2342v1.

[20] Sergei V. Isakov, Matthew B. Hastings, Roger G. Melko, Nature Physics 7, 772 (2011).

[21] Hui Li and F. D. M. Haldane , Phys. Rev. Lett. 101, 010504 (2008).

[22] Steven R. White Phys. Rev. Lett. 69, 2863 (1992). [23] see e.g. U. Schollwock , Rev. Mod. Phys. 77, 259 (2005). [24] G. Vidal, Phys. Rev. Lett. 99, 220405 (2007). [25] Luca Capriotti, Douglas J. Scalapino, Steven R. White, Phys. Rev. Lett. 93, 177004 (2004).

[26] M. Q. Weng, D. N. Sheng, Z. Y. Weng, Robert J. Bursill, Phys. Rev. B 74, 012407 (2006).

[27] H. C. Jiang, Z. Y. Weng, D. N. Sheng, Phys. Rev. Lett.

101, 117203 (2008).

[28] G. Evenbly, G. Vidal, Phys. Rev. Lett. 104, 187203 (2010).

[29] Simeng Yan, D. A. Huse, S. R. White, Science 332, 1173 (2011).

[30] T. Grover, A. Turner and A. Vishwanath, Phys. Rev. B 84, 195120 (2011).

[31] Shiying Dong, Eduardo Fradkin, Robert G. Leigh, Sean Nowling, JHEP 0805:016(2008).

[32] Eq.5 also leads to an interesting observation. Consider toric code [10] where there exists a one-to-one correspondence between a Schmidt state and the state of the spins located at the entanglement cut. Eq.5 seems to lead to an erroneous (and unpleasant) conclusion that in general, there exist 2 × 2^L (4 × 2^L) states in the Schmidt basis |u^i_α⟩ when the system is put on a cylinder (torus). This apparent contradiction is resolved by noticing that the Schmidt decomposition of each MES contains less basis states than the allowed maximum of 2^L, precisely because the topological order results in a global constraint on the boundary spins. As an example, for a Z2 topological state on a cylinder (torus), the Schmidt expansion for each of the two (four) MESs contains 2^{L−1} (2^{L−2}) states, and a generic state therefore requires only 2 × 2^{L−1} = 4 × 2^{L−2} = 2^L Schmidt states, as expected.

[33] As an example, consider an Ising-model in the symmetry broken phase with the two ground states |ψ1⟩ = ∏ i | ↑⟩i and |ψ2⟩ = ∏ i | ↓⟩i. The entanglement entropy of a region A for the linear superposed ground state c1|ψ1⟩ + c2|ψ2⟩ will have {ci} dependence identical to Eq.6 independent of the fact whether the boundary of region A is contractible or not. Of course, to distinguish symmetry breaking order from topological order, one would need to look at system sizes bigger than the correlation length of the fluctuating order parameter. Further, the Schmidt states of symmetry broken degenerate ground states will generically not satisfy Eq.5 with ⟨u^i_α|u^j_β ⟩ = ⟨v^i_α|v^j_β ⟩ = δij δ_{αβ} unless the order parameter corresponds to a conserved quantity.

[34] For Eq.6 to be useful for the cylinder geometry, to begin with, one of course needs to make sure that the topological phase indeed admits degenerate ground states on a cylinder.

[35] V. Kalmeyer and R. B. Laughlin, Phys. Rev. Lett. 59, 2095 (1987); V. Kalmeyer and R. B. Laughlin, Phys. Rev. B 39, 11879 (1989).

[36] X. G. Wen, Frank Wilczek, and A. Zee, Phys. Rev. B 39, 11413 (1989).

[37] Darrell F. Schroeter, Eliot Kapit, Ronny Thomale, and Martin Greiter, Phys. Rev. Lett. 99, 097202 (2007).

[38] Michael Hermele, Matthew P. A. Fisher, Leon Balents, Phys. Rev. B 69, 064404 (2004).