arXiv:1212.1572v1 [hep-lat] 7 Dec 2012

Nuclear physics from lattice simulations

Takumi Doi^∗ Theoretical Research Division, Nishina Center, RIKEN, Wako 351-0198, Japan E-mail: doi@ribf.riken.jp for HAL QCD Collaboration

We review recent lattice QCD activities with emphasis on the impact on nuclear physics. In particular, the progress toward the determination of nuclear and baryonic forces (potentials) using Nambu-Bethe-Salpeter (NBS) wave functions is presented. We discuss major challenges for multi-baryon systems on the lattice: (i) signal to noise issue and (ii) computational cost issue. We argue that the former issue can be avoided by extracting energy-independent (non-local) potentials from time-dependent NBS wave functions without relying on the ground state saturation, and the latter cost is drastically reduced by developing a novel “unified contraction algorithm.” The lattice QCD results for nuclear forces, hyperon forces and three-nucleon forces are presented, and physical insights are discussed. Comparison to results from the traditional Lüscher’s method is given, and open issues to be resolved are addressed as well.

The 30 International Symposium on Lattice Field Theory - Lattice 2012, June 24-29, 2012 Cairns, Australia

∗Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

One of the most fundamental question in nuclear physics is how nuclear physics itself emerges from the underlying theory, Quantum Chromodynamics (QCD). To answer this question, nuclear (and hadronic) forces are expected to play a vital role. They correspond to a particular representation of hadronic S-matrices, or scattering phase shifts, and serve as the most fundamental quantities in nuclear physics. Traditionally, nuclear potentials are phenomenologically determined using experimental two-nucleon (2N) scattering phase shifts as inputs. Recent “realistic two-nuclear forces (2NF)” can reproduce several thousands of 2N scattering data with χ^2/dof ∼ 1 with 30-40 fitting parameters. The major challenge imposed on nuclear and particle physics is to determine hadronic potentials in the first-principles method of QCD, such as lattice QCD simulations.

Once hadronic forces are determined directly from QCD, various applications to nuclear and astrophysical phenomena are in order. Some examples include the structures and reactions of atomic nuclei, and the equation of state (EoS) of nuclear matter. The latter is relevant not only to nuclear saturation but also to the physics of neutron stars and supernova explosions. Note, however, that not only 2NF but also other hadronic forces play an important role. For instance, detailed information of hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions is necessary to understand the structure of neutron stars with hyperon core. They are essential inputs to the strangeness physics conducted in the J-PARC experiments as well. Three-nucleon forces (3NF) are other quantities which have vital roles in modern nuclear physics and astrophysics. They have an impact on binding energies of light nuclei, nuclear EoS and the maximum mass of neutron stars. Recently, the effect of 3NF on properties of neutron-rich nuclei, which would be relevant to supernova nucleosynthesis, is also recognized. Since experimental information for YN, YY forces and 3NF are quite limited, lattice QCD predictions are highly awaited.

Traditional approach to obtain hadronic interactions in lattice QCD is the Lüscher’s finite volume method [1]. It can connect the energy of the two-particle system in a finite lattice box to the elastic scattering phase shift. Lattice QCD studies for nuclear physics in this approach are given in Refs. [2 – 13]. In principle, it is also possible to calculate the tower of 2N energy spectra on the lattice and obtain the phase shifts at the corresponding energies, which may be converted to nuclear forces. In practice, however, the computations of energy spectra are usually limited only for a few excited states at most, making potentials out of reach of lattice simulations. One may consider the effective field theory (EFT) approach to ease this problem, while the results could suffer from uncertainties of EFT in baryon sector.

To overcome this problem, a new approach to hadronic interactions in lattice QCD, now called the HAL QCD method, has been proposed recently [14, 15]. Utilizing the Nambu-Bethe-Salpeter (NBS) wave function on the lattice, a potential is extracted through the corresponding Schrödinger equation. Since the information of phase shift is embedded in the NBS wave function at the asymptotic (non-interacting) region, it is guaranteed that the obtained potential is faithful to the phase shift by construction. Resultant (parity-even) 2NF in this approach are found to have desirable features such as attractive wells at long and medium distances and central repulsive cores at short distance. The method has been successfully applied to more general hadronic interactions [16 – 30]. See Refs. [15, 31] for recent reviews.

Up to now, lattice simulations for multi-baryon systems have been carried out at rather heavy quark masses, while ultimate objective is to perform simulations at the physical point with infinite volume extrapolation and continuum extrapolation. Proceeding toward this goal, we have to meet two major challenges. The first one is the so-called signal to noise (S/N) issue. Actually, it is well known that S/N is ruined exponentially for lighter pion mass, larger volume and/or larger baryon number in the system [32]. The second challenge is the computational cost of the multibaryon correlators, namely, the cost of the contractions [33]. Since the cost grows factorially × exponentially for a larger baryon number A in the system, it becomes enormous for systems with A > 2. In this report, we present a recent breakthrough for each of these issues [26, 33].

This report is organized as follows. We first give a brief review of the HAL QCD method in Sec. 2. In Sec. 3, we explain the major challenges of (i) S/N issue and (ii) computational cost issue in lattice simulations for multi-baryon systems, and recent breakthroughs for these issues are given. We present the results of lattice numerical simulations for nuclear forces (Sec. 4), hyperon forces (Sec. 5) and three-nucleon forces (Sec. 6). In Sec. 7, we review the results from the traditional Lüscher’s method. Comparisons between different groups/approaches are given, and open issues to be resolved are addressed. Sec. 8 is devoted to conclusions and outlook.

2. Formalism We explain the HAL QCD method by considering the 2N potential as an illustration. We consider the (equal-time) NBS wave function in the center-of-mass frame,

ϕ^W_{2N} (⃗r) ≡ ⟨0|N(⃗r,0)N(⃗0,0)|2N,W ⟩_{in}, (2.1)

where N is the nucleon operator and |2N,W ⟩_{in} denotes the asymptotic in-state of the 2N system at the total energy of W = 2 √ k^2 + m^2_N with the nucleon mass m_N and the relative momentum k ≡ |⃗k|.

For simplicity, we omit other quantum numbers such as spinor/flavor indices. For the purpose of clarification, we here consider the elastic region, W < W_{th} = 2m_N + m_π , while the method can be extended above inelastic threshold [21, 34]. The most important property of the NBS wave function is that it has a desirable asymptotic behavior [1, 15, 35 – 37],

ϕ^W_{2N} (⃗r) ∝ sin(kr − lπ/2 + δ^W_l ) kr , r ≡ |⃗r| → ∞, (2.2) where δ^W_l is the scattering phase shift with the orbital angular momentum l. Exploiting this feature, we define the (non-local) 2N potential, U_{2N} (⃗r,⃗r^′), through the following Schrödinger equation,

H_0ϕ^W_{2N} (⃗r) + ∫ d⃗r^′U_{2N} (⃗r,⃗r^′)ϕ^W_{2N} (⃗r^′) = E^W_{2N} ϕ^W_{2N} (⃗r), (2.3)

where H_0 = −∇^2/(2μ) and E^W_{2N} = k^2/(2μ) with the reduced mass μ = m_N /2. It is evident that U_{2N} defined in this way is faithful to the phase shift by construction.

Another important property is that, while U_{2N} could be energy-dependent in general, it is possible to construct U_{2N} so that it becomes energy-independent [15, 31, 34]. The outline of the proof can be given as follows. We first introduce a norm kernel N_{Wi,Wj} ≡ ∫ d⃗rϕ^{Wi}_{2N} (⃗r)ϕ^{Wj}_{2N} (⃗r) for W_i,W_j < W_{th}, and define N^{−1} so that it is an inverse of the linearly-independent (sub-)space of N . We then consider the potential given by

U_{2N} (⃗r,⃗r^′) = ∑

W_i,W_j <W_{th}

(E^{Wi}_{2N} − H_0)ϕ^{Wi}_{2N} (⃗r)N^{−1}_{Wi,Wj} ϕ^{Wj}_{2N} (⃗r^′). (2.4)

It is evident that this (trivially energy-independent) potential satisfies the Schrödinger equation (2.3) for all W < W_{th}. It is also possible to show that one can construct energy-independent potential even above inelastic threshold [34]. This “existence proof” of energy-independent potential plays an essential role in the HAL QCD method.

Several remarks are in order. First, a potential itself is not an observable and is not unique. It depends on the definition of NBS wave functions, e.g., the choice of the nucleon operator N. One can also consider another form of U_{2N} instead of Eq. (2.4). Recall, however, that physical observables calculated from different potentials, such as phase shifts, are unique by construction. Therefore, while there exists a “scheme” dependence in a potential, it is not a problematic ambiguity. Rather, it is a freedom at our disposal, analog to the freedom to choose a “scheme” in perturbative calculations. Recall also that modern nuclear calculations often take advantage of the freedom to define the potential [38, 39]. Second, in practical lattice calculations, it is difficult to handle the non-locality of the potential directly, since Eq. (2.4) requires NBS wave functions at all energies below W_{th}. To proceed, we employ the derivative expansion of the potential [40], U_{2N} (⃗r,⃗r^′) = [ V_C(r) +V_T (r)S_{12} +V_{LS}(r)⃗L ·⃗S + O(∇^2) ] δ (⃗r −⃗r^′), where V_C, V_T and V_{LS} are the central, tensor and spin-orbit potentials, respectively, with the tensor operator S_{12}. In this way, we can determine the potentials order by order with a realistic number of NBS wave functions determined on the lattice. In Ref. [23], the convergence of the derivative expansion is examined in parity-even channel, and it is shown that the leading terms, V_C and V_T , dominate the potential at low energies.

Finally, let us address several advantages of the approach based on the potential. The first point is that it is a convenient framework to understand the physics. One of the examples is given in Sec. 5, where we discuss the origin of repulsive core from the viewpoint of Pauli exclusion principle. A potential is also a useful tool to study many-body systems, since various many-body techniques have been developed in nuclear physics based on potentials. This could serve as an alternative approach to dense systems, for which direct lattice QCD simulations are difficult due to the sign problem. Another advantage is that a potential is a localized object, and thus the finite volume artifact is better under control. Actually, once a potential is obtained in a finite lattice box, we can solve the Schrödinger equation in infinite volume. Last but not least, it is possible to extend the HAL QCD method so that the ground state saturation is not required. This point is a significant advantage over the traditional Lüscher’s method, and will be more elaborated in the next section.

3. Challenges toward lattice simulations with realistic setup 3.1 The signal to noise issue

In order to study nuclear physics from lattice QCD, we ultimately have to perform simulations at the physical point with sufficiently large volumes. Toward this direction, a major challenge that lies ahead is the so-called S/N issue. This issue arises since lattice simulations usually rely on the ground state saturation, which is in principle achieved by taking an infinitely large Euclidean time separation in the correlation function of concern. For instance, the NBS wave function of the ground state of the 2N system, ϕ^{W0}_{2N} (⃗r), is extracted from the four-point correlator as

G_{2N} (⃗r,t − t_0) ≡ 1 L^3 ∑_{⃗R}

⟨0|(N(⃗R +⃗r)N(⃗R))(t) (N^′N^′)(t_0)|0⟩ −−→_{t≫t0} A^{W0}_{2N} ϕ^{W0}_{2N} e^{−W0(t−t0)}, (3.1)

ϕ^{W0}_{2N} (⃗r) = ⟨0|N(⃗r)N(⃗0)|2N,W_0⟩_{in}, A^{W0}_{2N} =_{in} ⟨2N,W_0|(N^′N^′)|0⟩, (3.2) where W_0 denotes the energy of the ground state, N (N^′) the nucleon operator in the sink (source). In the practical lattice calculation, however, it is notoriously difficult to achieve the ground state saturation for multi-baryon systems. In fact, for the correlation function of A-nucleon systems, the S/N becomes [32] S/N ∼ exp [−A(m_N − 3m_π /2)(t − t_0)] for t ≫ t_0, where m_π is the pion mass. To make matters worse, there exists another problem for multi-baryon systems on the lattice, i.e., the energy splitting between the ground state and excited (scattering) states becomes (too) smaller for larger lattice volume. For instance, the minimum splitting of the 2N system in a lattice box with a spacial size of L is ΔE ≃ ⃗p^2_{min}/m_N = (2π)^2/(m_N L^2). If we want to carry out simulations with L ∼ 10 fm at the physical point, ΔE ∼ 15 MeV and thus t/a ≫ 100 may be required with a lattice spacing of a ∼ 0.1 fm. While one may employ techniques such as diagonalization of correlation function matrix to ameliorate this problem, this remains a serious issue as the volume gets larger.

In Ref. [26], a novel approach to resolve this issue is proposed, by extending the HAL QCD method. The essential point is that the (elastic) scattering states with different energies on the lattice are governed by the same potential, since an “energy-independent” (non-local) potential is utilized in the HAL QCD method. With this realization, one can construct the method in which an potential is extracted without relying on the ground state saturation. More specifically, we introduce an imaginary-time NBS wave function defined by ψ_{2N} (⃗r,t) ≡ G_{2N} (⃗r,t)/e^{−2mN t} , and consider the time-dependent Schrödinger equation,

H_0ψ_{2N} (⃗r,t) + ∫ d⃗r^′U_{2N} (⃗r,⃗r^′)ψ_{2N} (⃗r^′,t) = ( − ∂ ∂t + 1 4m_N

∂^2 ∂t^2 ) ψ_{2N} (⃗r,t). (3.3)

It is easy to see that Eq. (3.3) is consistent with Eq. (2.3), even when there exist contributions from excited states in ψ_{2N} (⃗r,t). Therefore, in this “time-dependent HAL QCD method”, the ground state saturation is not required any more as far as contaminations from states above inelastic threshold are suppressed. (For extension of the time-dependent HAL QCD method above inelastic threshold, see Ref. [34]). The effectiveness of this new method have been examined in explicit numerical simulations as well. For 2N systems [26] and I = 2 ππ system [29], it is confirmed that reliable potentials and phase shifts can be extracted even with the presence of excite state contributions.

3.2 The computational cost issue

Another major challenge in multi-baryon systems on the lattice is the computational cost of the correlation functions. In particular, it is well known that the cost of the contraction is exceptionally enormous for larger baryon number A, since (i) the number of quark permutations (Wick contractions) grows factorially with A and (ii) the contraction of color/spinor degrees of freedom (DoF) becomes exponentially large for large A. While there has been significant progress toward reducing this computational cost [6, 14, 15, 18, 27, 41], it continues to remain the most time-consuming part of the calculation, particularly for A > 2.

On this issue, we recently developed a novel algorithm, called “unified contraction algorithm,” which achieves a drastic reduction of the computational cost [33]. Essential idea is to consider the Wick contractions and the color/spinor contractions simultaneously. In fact, if the quarks of the same flavor have the same space-time smearing function at the sink and/or source, a permutation of quark operators is equivalent to a permutation of color and spinor indices of the corresponding quark. Since color/spinor indices are dummy indices in the color/spin contractions, we can carry

Figure 1: Parity-even 2NF in^1S_0 and^3S_1 −^3 D_1 channels obtained on the lattice at m_π = 0.70 GeV.

Figure 2: The obtained phase shift in^1S_0 channel in the laboratory frame, with experimental data [26].

out full permutations (i.e., Wick contractions) in advance of the lattice simulation. This procedure amounts to preparing a unified index list for Wick and color/spinor contractions. If there exists any redundancy and/or cancellation among contributions in the original contraction, they are automatically consolidated when constructing the unified index list, thus significant speedup is achieved.

The method is rather general and may be applied to, e.g., the straightforward algorithm, its extension with the determinant algorithm [41] and the block algorithm (see Ref. [33] for these definitions). The last one, in which the baryon block is constructed at this sink, is particularly useful to achieve a large overlap with the state of interest and also to calculate the NBS wave functions. Explicit study [33] shows that a significant reduction in the computational cost is achieved, e.g., by a factor of 192 for^3H and^3He nuclei, a factor of 20736 for the^4He nucleus and a factor of O(10^{11}) for the^8Be nucleus without assuming isospin symmetry. A further reduction is possible by exploiting isospin symmetry, and/or interchange symmetries associated with sink baryons, if such symmetries exist. This algorithm is also useful to study YN, YY forces, where the calculation of coupled channel correlators require considerable computational resources.

4. Two-nucleon forces 4.1 Central and tensor forces in parity-even channel

We present the results for parity-even 2NF in^1S_0 and^3S_1 −^3 D_1 channels, which corresponds to “dineutron” and “deuteron” channels, respectively. We determine the potentials up to the fist order in the derivative expansion, namely, a central force in^1S_0 channel and central and tensor forces in^3S_1 −^3 D_1 channel. Quenched QCD [14, 15] and full QCD [26, 31] studies have been performed, and the results from the latter are presented in this report. We employ N_f = 2 + 1 clover fermion configurations generated by PACS-CS Collaboration [42]. The lattice spacing is a ≃ 0.091 fm and the lattice size of V = L^3 × T = 32^3 × 64 corresponds to (2.9 fm)^3 box in physical spacial size. For quark masses, we take three hopping parameters at the unitary point as κ_{ud} = 0.13700,0.13727,0.13754 for u, d quark masses, and κ_s = 0.13640 for s quark mass. The hadron masses at each κ_{ud} correspond to m_π ≃ 701,570,411 MeV and m_N ≃ 1584,1412,1215 MeV, respectively. For a nucleon operator, N, we employ the standard operator, N(x) = ε_{abc}(q^T_a (x)Cγ_5q_b(x))q_c(x), at both sink and source, and wall quark source is used with Coulomb gauge fixing.

In Fig. 1, we plot the results for the central potential in^1S_0 channel and the central and tensor potentials in^3S_1 −^3 D_1 channel obtained at m_π = 0.70 GeV. In the latter, the central and tensor

Figure 3: Parity-odd 2NF in^3P_0,^3P_1 and^3P_2 −^3 F_2 channels obtained on the lattice at m_π = 1.1 GeV. Left, middle, and right figures show central, tensor and spin-orbit forces, respectively [31].

potentials are extracted from the coupled channel Schrödinger equation between S-wave and Dwave components of the NBS wave function. The obtained potentials reproduce the qualitative features of the phenomenological potentials, namely, attractive wells at long and medium distances, central repulsive cores at short distance and negative tensor force.

To obtain the results for physical observables, we fit the potential with a multi-Gaussian function, and solve the Schrödinger equation in infinite volume. We find that both of dineutron and deuteron are not bound. In Fig. 2, we show the results for the scattering phase shift in^1S_0 channel at m_π = 0.70 GeV. A qualitative feature of the experimental data is well reproduced, though the strength is weaker, most likely due to the heavy pion mass. The scattering length obtained from the derivative of the phase shift at k = 0 becomes a(^1S_0) = lim_{k→0} tan δ (k)/k = 1.6(1.1) fm, which is compared to the experimental value a^{exp}(^1S_0) ≃ 20 fm.

4.2 Central, tensor and spin-orbit forces in parity-odd channel

Nuclear forces in parity-odd channels are important not only in P-wave 2N scattering, but also in many-nucleon systems. In addition, spin-orbit forces attract a great deal of interest recently, since those in^3P_2 channel are considered to be relevant in superfluidity in neutron stars. They are also partly responsible for the magic numbers of nuclei in the nuclear shell model.

The lattice QCD study for parity-odd 2NF is more involved than the study of parity-even 2NF, since non-zero relative momentum has to be injected in the system. We employ a nucleon source operator with a momentum, N^′ = ∑_{⃗x1,⃗x2,⃗x3} ε_{abc}(q^T_a (⃗x_1)Cγ_5q_b(⃗x_2))q_c(⃗x_3) f (⃗x_3) with f (⃗x) = exp[±2πix_k/L], k = 1,2,3. We consider NBS wave functions in J^P = A^−_1 ,T^−_1 ,T^−_2 channels in the cubic group, which correspond to^3P_0,^3P_1,^3P_2 −^3 F_2 in the continuum limit.

Numerical calculations are performed by employing N_f = 2 dynamical configurations with mean field improved clover fermion and renormalization-group improved gauge action generated by CP-PACS Collaboration [43]. The lattice spacing is a^{−1} = 1.269(14) GeV and the lattice size of V = L^3 × T = 16^3 × 32 corresponds to (2.5 fm)^3 box in physical spacial size. For u, d quark masses, we take the hopping parameter at the unitary point as κ_{ud} = 0.13750, which corresponds to m_π = 1.1 GeV and m_N = 2.2 GeV.

We determine the central (V_C), tensor (V_T ) and spin-orbit potentials (V_{LS}) from the (coupled) Schrödinger equations in J^P = A^−_1 ,T^−_1 ,T^−_2 channels. Shown in Fig. 3 are the preliminary results for these potentials from lattice QCD. Their features qualitatively agree with those in phenomenological potentials, as (i) V_C has repulsive core at short distance, (ii) V_T is positive and very small, and (iii) V_{LS} is large and negative at short distance.

Figure 4: The 2B potentials in 27 (upper left), 8_s (upper middle), 1 (upper right), 10 (lower left), 10 (lower middle) and 8_a (lower right) flavor representation, obtained at M_{ps} = 469 MeV on the lattice [24].

5. Hyperon forces

Hyperon is a new DoF in nuclear physics and their interactions are crucial to understand hypernuclei and the structure of neutron star cores. They are also essential inputs to explore exotic multi-quark states such as the H-dibaryon. While YN/YY scattering experiments are difficult because of the short life-time of hyperons, lattice QCD is suitable framework to determine hyperon interactions. The first calculations for hyperon potentials are performed in Ref. [16] for pΞ^0 system in quenched simulations. In this report, we present the latest results for generalized baryon forces in N_f = 3 full QCD simulations [17, 20, 24], and the results in N_f = 2 + 1 full QCD simulations [19].

5.1 Generalized baryon forces in the flavor SU(3) limit and bound H-dibaryon In order to grab the insight of physics, it is convenient to consider the generalized baryon forces (NN, YN, YY forces) in the flavor SU(3) limit. In this limit, two-baryon (2B) systems composed of spin 1/2 flavor-octet baryon can be classified by irreducible representation of SU(3) as

8 ⊗ 8 = 27 ⊕ 8_s ⊕ 1

symmetric

⊕10 ⊕ 10 ⊕ 8_a

anti−symmetric

, (5.1)

where "symmetric" and "anti-symmetric" denotes the symmetry under the exchange of two baryons. For the system with S-wave, Pauli principle imposes 27, 8_s and 1 to be spin-singlet (^1S_0), while 10, 10 and 8_a to be spin-triplet (^3S_1 −^3 D_1). We note that, 2NF corresponds to either 27 or 10, and other 4 representations are purely unique interactions with the presence of hyperons.

We generate N_f = 3 dynamical configurations with O(a) improved clover fermion action and renormalization-group improved gauge action on a 32^3 × 32 lattice at a ≃ 0.12 fm, and at five values of quark hopping parameters, which corresponds to (M_{ps},M_B) = (1170.9(7), 2274(2)), (1015(1), 2030(2)), (837(1), 1748(1)), (673(1), 1485(2)) and (468.6(7), 1161(2)) in unit of MeV, where M_{ps} and M_B denote the masses of the octet pseudoscalar (PS) meson and the octet baryon, respectively. In the calculation of the NBS wave functions, we construct a 2B operator with appropriate Clebsch-Gordan coefficients to respect the irreducible representation of interest.

Figure 5: The coupled channel potentials of the ΛΛ−NΞ−ΣΣ system at (m_π , m_K ) ≃ (875, 916) MeV [31]. (Left) The diagonal parts of the potential matrix. (Right) The off-diagonal parts of the potential matrix.

In Fig. 4, we show the obtained potentials at M_{ps} = 469 MeV for each flavor representation [24]. The upper panels show central forces in the spin-singlet channel, while the lower panels give central and tensor forces in the spin-triplet channel. What is noteworthy is that potentials are highly dependent on the flavor representation. In particular, compared to 2NF sectors, V^{(27)}_C and V^{(10)}_{C,T} , V^{(10)}_C has a stronger repulsive core and a weaker attractive pocket. Furthermore, V^{(8s)}_C has a very strong repulsive core among all 6 channels, while V^{(8a)}_C has a very weak repulsive core. In contrast to all other cases, V^{(1)}_C has attraction at short distances instead of repulsion. These features are found to be well explained from the viewpoint of the Pauli exclusion principle in the quark level [44]. Such agreements between the lattice data and the quark model suggest that the quark Pauli exclusion plays an essential role for the repulsive core in 2B systems.

The potential in 1 channel is particularly interesting, since the existence of an exotic Hdibaryon was proposed in this channel, and lattice QCD results show the existence of an attractive core. We fit the flavor singlet potential and solve the Schrödinger equation in infinite volume. It turns out that, at each quark mass, there is only one bound state with binding energy of 20–50 MeV, with smaller binding energy for smaller quark mass. On the other hand, there appears no bound state in the 27-plet channel (“dineutron”) or the 10-plet channel ("deuteron" ) in the present range of quark masses. We note that, since the binding energy of H-dibaryon is comparable to the splitting between physical hyperon masses and not so sensitive to quark mass, there may be a possibility of weakly bound or resonant H-dibaryon even in the real world. To make a definite conclusion, however, the ΛΛ − NΞ − ΣΣ coupled channel analysis is necessary for H-dibaryon in the N_f = 2 + 1 lattice QCD simulations, as will be discussed in the next section.

5.2 Coupled channel hyperon forces with flavor SU(3) breaking

In the realistic world, SU(3) symmetry is broken due to the heavy strange quark mass, and it is often necessary to study the coupled channel systems above the inelastic threshold. The HAL QCD method can be extended so that the potentials above the inelastic threshold are extracted. For instance, in the case of ΛΛ − NΞ − ΣΣ system, we consider nine NBS wave functions ϕ^{Wi}_X (⃗r) = ⟨0|B_{X1} (⃗r,0)B_{X2} (⃗0,0)|W_i⟩_{in} with X(= X_1X_2) = ΛΛ, NΞ or ΣΣ and three different energies W_i (i = 0,1,2). We consider the coupled channel Schrödinger equation with these NBS wave functions, and extract the energy-independent (non-local) 3×3 potential matrix. For details, see Refs. [21, 31, 34].

We employ N_f = 2+1 dynamical clover fermion configurations generated by CP-PACS/JLQCD Collaborations [45] on a 16^3 × 32 lattice at a ≃ 0.12 fm. We calculate three quark mass setup, corresponding to m_π = 0.66, 0.75, 0.88 GeV with s-quark mass fixed at roughly physical value. We perform a systematic study for S = −1,−2,−3,−4 channels, which cover all 2B systems composed of two octet baryons. (For a single channel study for ΛN and ΣN potentials on a finer and larger volume by PACS-CS configurations, see Ref. [31].) In this report, we present the results in S = −2, I = 0 channel, i.e., ΛΛ − NΞ − ΣΣ system, which is relevant to the H-dibaryon.

In Fig. 5, we show the coupled channel potential matrix obtained at (m_π , m_K, m_N , m_Λ, m_Σ, m_Ξ) = (875(1), 916(1), 1806(3), 1835(3), 1841(3), 1867(2)) MeV [31]. All diagonal components of the potential matrix have a repulsion at short distance, while the strength of the repulsion in each channel varies reflecting properties of its main component in the irreducible representation of SU(3)_f . In particular, the ΣΣ potential has the strongest repulsive core of these three components. Note also that off-diagonal parts of the potential matrix satisfy the hermiticity within statistical errors. We fit the potentials and solve the coupled channel Schrödinger equation, and find that the H-dibaryon is still bound in this setup. The results at smaller quark masses with PACS-CS configurations [42], however, show that H-dibaryon tends to become a resonance with its energy moving from ΛΛ threshold toward NΞ threshold in our setup. In order to obtain the definite conclusion on the fate of the H-dibaryon, it is necessary to further reduce the quark mass toward the physical point.

6. Three-Nucleon Forces Three-nucleon forces (3NF) are considered to play an important role in various phenomena, e.g., the binding energies of light nuclei, deuteron-proton elastic scattering, the properties of neutron-rich nuclei and nuclear EoS at high density relevant to the physics of neutron stars. Together with experimental studies [46], lattice QCD is the most desirable way to determine 3NF.

The HAL QCD method can be extended to determine 3NF by considering the NBS wave functions of three-nucleon (3N). We introduce the imaginary-time NBS wave function of the 3N, ψ_{3N} (⃗r,⃗ρ,t), defined by the six-point correlator as

G_{3N} (⃗r,⃗ρ,t − t_0) ≡ 1 L^3 ∑_{⃗R}

⟨0|(N(⃗x_1)N(⃗x_2)N(⃗x_3))(t) (N^′N^′N^′)(t_0)|0⟩, (6.1)

ψ_{3N} (⃗r,⃗ρ,t − t_0) ≡ G_{3N} (⃗r,⃗ρ,t − t_0)/e^{−3mN (t−t0)} (6.2)

where ⃗R ≡ (⃗x_1 +⃗x_2 +⃗x_3)/3,⃗r ≡⃗x_1 −⃗x_2, ⃗ρ ≡⃗x_3 − (⃗x_1 +⃗x_2)/2 are the Jacobi coordinates. Under the non-relativistic approximation, existence of energy-independent potential for 3N systems can be shown in a manner analogous to Sec. 2 [27, 34], and we can employ the time-dependent HAL QCD method to extract the 3NF without relying on the ground state saturation. To proceed, employing the derivative expansion of the potentials, the NBS wave function can be converted to the potentials through the following Schrödinger equation, [ − 1 2μ_r

∇^2_r − 1 2μ_ρ ∇^2_ρ + ∑

i< j

V_{2N} (⃗r_{i j} ) +V_{3NF} (⃗r,⃗ρ) ] ψ_{3N} (⃗r,⃗ρ,t) = − ∂ ∂t ψ_{3N} (⃗r,⃗ρ,t), (6.3)

where V_{2N} (⃗r_{i j} ) with⃗r_{i j} ≡⃗x_i −⃗x_j denotes 2NF between (i, j)-pair, V_{3NF} (⃗r,⃗ρ) the 3NF, μ_r = m_N /2, μ_ρ = 2m_N /3 the reduced masses. If we calculate ψ_{3N} (⃗r,⃗ρ,t), and if all V_{2N} (⃗r_{i j} ) are obtained by (separate) lattice calculations for genuine 2N systems, we can extract V_{3NF} (⃗r,⃗ρ) through Eq. (6.3).

In our first exploratory study of 3NF, we consider the total 3N quantum numbers of (I,J^P) = (1/2,1/2^+ ), the triton channel. We also restrict the geometry of the 3N. More specifically, we consider the “linear setup”with ⃗ρ =⃗0, with which 3N are aligned linearly with equal spacings of

Figure 6: Obtained 3N wave functions, where red, blue, green points are ψ_S, ψ_M, ψ 3_{D1} , respectively.

Figure 7: The genuine 3NF in the triton channel with the linear setup, determined at each sink time.

r_2 ≡ |⃗r|/2. In this setup, the third nucleon is attached to (1,2)-nucleon pair with only S-wave, and the wave function is completely spanned by only three bases, which can be labeled by the quantum numbers of (1,2)-pair as^1S_0,^3S_1,^3D_1. In this way, the Schrödinger equation can be simplified to the 3 × 3 coupled channel equations with the bases of ψ1_{S0} , ψ3_{S1} , ψ3_{D1} .

While the computational cost of the NBS wave function is enormous, it is drastically reduced (by a factor of 192) using the “unified contraction algorithm” in Sec. 3.2 [33]. We here employ the non-relativistic limit operator for the nucleon at the source, N^′ = ε_{abc}(q^T_a Cγ_5P_{nr}q_b)P_{nr}q_c with P_{nr} = (1 + γ_4)/2, to maximize the gain by the unified contraction algorithm. For the nucleon operator at the sink, which defines the NBS wave function, we employ the standard nucleon operator as in 2NF study, N = ε_{abc}(q^T_a Cγ_5q_b)q_c, so that 2NF and 3NF are determined on the same footing.

In order to extract the genuine 3NF, it is generally necessary to subtract the contributions from both of parity-even and parity-odd 2NF from the total potential in the 3N system. However, parityodd 2NF on the lattice generally suffer from larger statistical errors due to the momentum injection in the system, which could obscure the signal of 3NF. Therefore, we consider the following channel, ψ_S ≡^{1√}_6 [ − p_↑n_↑n_↓ + p_↑n_↓n_↑ − n_↑n_↓ p_↑ + n_↓n_↑ p_↑ + n_↑ p_↑n_↓ − n_↓ p_↑n_↑ ] , which is anti-symmetric in spin/isospin spaces for any 2N-pair. Combined with the Pauli-principle, it is guaranteed that any 2N-pair couples with even parity only, and we can extract 3NF without referring to parity-odd 2NF.

Numerical simulations are performed by employing N_f = 2 clover fermion configurations generated by CP-PACS Collaboration [43], at the lattice spacing of a^{−1} = 1.269(14) GeV, the lattice size of V = L^3 × T = 16^3 × 32, and a quark mass corresponding to m_π = 1.1 GeV and m_N = 2.2 GeV. They are the same configurations employed in Sec. 4.2.

In Fig. 6, we plot the radial part of each wave function of ψ_S = (−ψ1_{S0} + ψ3_{S1} )/ √ 2, ψ_M ≡ (ψ1_{S0} + ψ3_{S1} )/ √ 2 and ψ3_{D1} obtained at (t − t_0)/a = 8, which are normalized by the central value of ψ_S(r_2 = 0). In Fig. 7, we plot the preliminary results for the genuine 3NF obtained at (t − t_0)/a = 7.5, 8.0, 8.5, where results from different sink times are found to be consistent with each other. Here, 3NF are effectively represented in a scalar-isoscalar functional form, as is often employed for phenomenological short-range 3NF. These results correspond to the update of those in Ref. [27], where the method is improved from original (time-independent) HAL QCD method to time-dependent one, so that systematic errors associated with excited states are suppressed.

In Fig. 7, an indication of repulsive 3NF is observed at the short distance, while 3NF are found to be small at the long distance, in accordance with the suppression of two-pion exchange (2πE) 3NF by the heavy pion. Note that a repulsive short-range 3NF is phenomenologically required to

Figure 8: Compilation of ΔE in terms of m^2_π , for dineutron (^1S_0) (upper left), deuteron (^3S_1(−^3D_1)) (upper right),^3H (=^3He) (lower left) and^4He (lower right) channels. Note that some results do not take V → ∞.

explain the properties of high density matter. The origin of the short-range 3NF may be attributed to the quark and gluon dynamics directly. As discussed in Sec. 5.1, the short-range cores in 2B forces are well explained by the quark Pauli exclusion. In this context, it is intuitive to expect that the 3N system is subject to extra Pauli repulsion effect, which could be an origin of the observed shortrange repulsive 3NF. It is also of interest that the analyses with operator product expansion [47] show that 3NF has a universal repulsive core at short distance.

7. Approaches from the Lüscher’s method

In the last few years, a number of lattice studies have been performed by extracting the energy of the system from the temporal correlator, together with the Lüscher’s finite volume method.

Yamazaki et al. [7] performed quenched simulations with the clover fermion at a = 0.128 fm, (m_π ,m_N ) = (0.80, 1.62) GeV with the spacial lattice size of L = 3.1,6.1,12.3 fm. Singlestate analyses were performed with two quark smearing parameters. After the infinite volume extrapolation, they observed that both of dineutron and deuteron are bound. They also studied 2 × 2 diagonalization method with L = 4.1,6.1 fm. The result for the 1st excited state is consistent with the existence of a bound state, where the 2N operator was chosen so that the ground state energy is consistent with single-state analysis. They also performed the study of helium nuclei, using single-state analysis with two smearing parameters. Both of^3He (=^3H) and^4He are found to be bound [6]. Recently, they repeated the study with N_f = 2 + 1 full QCD simulations, with clover fermion at a = 0.09 fm, (m_π ,m_N ) = (0.51, 1.32) GeV with L = 2.9–5.8 fm. Single-state analysis shows that all of dineutron, deuteron,^3He and^4He are bound [8].

NPLQCD Collaboration performed N_f = 2 + 1 clover fermion simulations on an anisotropic lattice at a_s ∼ 0.123 fm (a_s/a_t ∼ 3.5), (m_π ,m_N ) = (0.39, 1.16) GeV with L = 2.5 fm, and found positive (repulsive) energy shifts in both of dineutron and deuteron channels [5], as was observed in their mixed action study [3]. Hyperon interactions were studied as well, and all are found to be repulsive except for ΛΛ interaction [5]. A feasibility study for three-baryon systems were also performed [4, 9]. On the contrary, their study including larger volumes (L = 2.0, 2.5, 2.9, 3.9 fm) [11] found the suggestion of bound dineutron and deuteron where only the results from largest two volumes were used. They also found that H-dibaryon, Ξ^−Ξ^− and nΣ^−(^1S_0) are bound [10 – 12]. Recently, they performed the simulation^1 in flavor SU(3) limit with clover fermion at a ∼ 0.145 fm (isotropic), (m_{PS},m_B) = (0.81, 1.64) GeV with L = 3.4, 4.5, 6.7 fm. They obtained many bound (hyper-) nuclei, including dineutron, deuteron, flavor singlet H-dibaryon and^3H,^4He nuclei [13].

The results of ΔE, which is the energy measured from the (fully-)breakup threshold, for dineutron (^1S_0), deuteron (^3S_1 −^3 D_1),^3H,^4He are summarized in Fig. 8. While there exist differences in lattice setup, we sometimes observe unexpected discrepancies between different results. For instance, at m_π ≃ 0.8 GeV, both of dineutron and deuteron are unbound in HAL QCD [24], while both are deeply bound in NPLQCD [13]. The binding energy of flavor singlet Hdibaryon is also quite different between HAL QCD (ΔE = −37.8(3.1)(4.2) MeV) and NPLQCD (ΔE = −74.6(3.3)(3.3)(0.8) MeV). Since both studies employ N_f = 3 full QCD with a similar cut-off, these discrepancies are open issues to be clarified, which may be related to the difference in the analysis method. The results from Yamazaki et al. [6, 7] at m_π = 0.8 GeV are also quite different from NPLQCD [13], although both groups employ basically the same analysis method. It remains to be investigated whether the difference of simulation setup (namely, N_f = 0 vs N_f = 3) can explain such large discrepancies. Careful investigations on systematic errors should be examined, e.g., excited state contaminations in the case of the traditional Lüscher’s method. Note that, in the case of the time-dependent HAL QCD method, the ground state saturation is no more required, while the convergence of derivative expansion should be examined for each channel of concern.

Finally, we note that a study for the decuplet baryons has been also performed. In Ref. [49], lattice simulations at m_π = 0.39 GeV shows that ΩΩ interaction in J = 0 is weakly repulsive with the scattering length of a = −0.16(22) fm, while J = 2 is highly repulsive.

8. Conclusions and Outlook

We have presented lattice QCD activities for nuclear physics, particularly the progress toward the determination of baryonic forces using Nambu-Bethe-Salpeter wave functions. Major challenges for multi-baryon systems on the lattice have been addressed, (i) signal to noise (S/N) issue and (ii) computational cost issue. Recent breakthroughs on these issues have been given: The S/N issue has been found to be avoided by the time-dependent HAL QCD method, in which energyindependent (non-local) potentials can be extracted without relying on the ground state saturation. For the latter issue, a novel “unified contraction algorithm” has been developed, by which computational cost is drastically reduced. The lattice QCD results for nuclear forces, hyperon forces and three-nucleon forces have been presented, and physical insights such as the origin of repulsive core

1Their algorithm for the computation of correlators [48] is nothing but the “unified contraction algorithm” which was already proposed in Ref. [33].

have been discussed. We have also shown recent results from the traditional Lüscher’s method, and open issues to be resolved have been addressed. Since the current simulations employ rather heavy quark masses, it is crucial to go to lighter quark masses. While there may appear various challenges toward the physical point simulations [50], it is becoming within reach to determine realistic nuclear forces including few-baryon forces from first-principles lattice simulations, which will play an ultimate role in nuclear physics and astrophysics. Acknowledgments We thank authors and maintainers of CPS++[51]. We also thank the PACS-CS, CP-PACS and JLQCD Collaborations and ILDG/JLDG [52] for providing gauge configurations. The numerical simulations have been performed on Blue Gene/L, Blue Gene/Q and SR16000 at KEK, SR16000 at YITP in Kyoto University, PACS-CS and T2K at University of Tsukuba, and T2K and FX10 at Tokyo University. This research is supported in part by MEXT Grant-in-Aid for Young Scientists (B) (24740146), Scientific Research on Innovative Areas (No.2004: 20105001, 20105003), the Large Scale Simulation Program of KEK, the collaborative interdisciplinary program at T2K- Tsukuba, and SPIRE (Strategic Program for Innovative REsearch). References

[1] M. Luscher, Nucl. Phys. B 354, 531 (1991).

[2] M. Fukugita et al., Phys. Rev. D 52, 3003 (1995) [hep-lat/9501024]. [3] S. R. Beane et al., Phys. Rev. Lett. 97, 012001 (2006) [hep-lat/0602010]. [4] S. R. Beane et al., Phys. Rev. D 80, 074501 (2009) [arXiv:0905.0466 [hep-lat]]. [5] S. R. Beane et al. [NPLQCD Coll.], Phys. Rev. D 81, 054505 (2010) [arXiv:0912.4243 [hep-lat]]. [6] T. Yamazaki et al. [PACS-CS Coll.], Phys. Rev. D81, 111504 (2010) [arXiv:0912.1383 [hep-lat]]; [7] T. Yamazaki et al. [PACS-CS Coll.], Phys. Rev. D 84, 054506 (2011) [arXiv:1105.1418 [hep-lat]]. [8] T. Yamazaki, K. -I. Ishikawa, Y. Kuramashi and A. Ukawa, Phys. Rev. D 86, 074514 (2012) [arXiv:1207.4277 [hep-lat]].

[9] S. R. Beane et al., Prog. Part. Nucl. Phys. 66, 1 (2011) [arXiv:1004.2935 [hep-lat]]. [10] S. R. Beane et al. [NPLQCD Coll.], Phys. Rev. Lett. 106, 162001 (2011) [arXiv:1012.3812 [hep-lat]]. [11] S. R. Beane et al. [NPLQCD Coll.], Phys. Rev. D 85, 054511 (2012) [arXiv:1109.2889 [hep-lat]]. [12] S. R. Beane et al. [NPLQCD Coll.], Phys. Rev. Lett. 109, 172001 (2012) [arXiv:1204.3606 [hep-lat]]. [13] S. R. Beane et al., arXiv:1206.5219 [hep-lat].

[14] N. Ishii, S. Aoki and T. Hatsuda, Phys. Rev. Lett. 99, 022001 (2007) [nucl-th/0611096]. [15] S. Aoki, T. Hatsuda and N. Ishii, Prog. Theor. Phys. 123, 89 (2010) [arXiv:0909.5585 [hep-lat]]. [16] H. Nemura, N. Ishii, S. Aoki and T. Hatsuda, Phys. Lett. B673, 136 (2009) [arXiv:0806.1094 [nucl-th]].

[17] T. Inoue et al. [HAL QCD Coll.], Prog. Theor. Phys. 124, 591 (2010) [arXiv:1007.3559 [hep-lat]]. [18] T. Doi [HAL QCD Collaboration], PoS LATTICE2010, 136 (2010) [arXiv:1011.0657 [hep-lat]].

[19] K. Sasaki [HAL QCD Collaboration], PoS LATTICE2010, 157 (2010) [arXiv:1012.5685 [hep-lat]]. [20] T. Inoue et al. [HAL QCD Coll.], Phys. Rev. Lett. 106, 162002 (2011) [arXiv:1012.5928 [hep-lat]]. [21] S. Aoki et al. [HAL QCD Coll.], Proc. Jpn. Acad. Ser. B 87, 509 (2011) [arXiv:1106.2281 [hep-lat]]. [22] Y. Ikeda [for HAL QCD Collaboration], PoS LATTICE 2011, 159 (2011) [arXiv:1111.2663 [hep-lat]]. [23] K. Murano, N. Ishii, S. Aoki and T. Hatsuda, Prog. Theor. Phys. 125, 1225 (2011) [arXiv:1103.0619 [hep-lat]].

[24] T. Inoue et al. [HAL QCD Collaboration], Nucl. Phys. A 881, 28 (2012) [arXiv:1112.5926 [hep-lat]]. [25] K. Murano [HALQCD Collaboration], PoS LATTICE 2011, 319 (2011) [arXiv:1112.2051 [hep-lat]]. [26] N. Ishii et al. [HAL QCD Collaboration], Phys. Lett. B 712, 437 (2012) [arXiv:1203.3642 [hep-lat]]. [27] T. Doi et al. [HAL QCD Coll.], Prog. Theor. Phys. 127, 723 (2012) [arXiv:1106.2276 [hep-lat]]. [28] B. Charron [HAL QCD Collaboration], in these proceedings. [29] T. Kurth et al., in these proceedings.

[30] N. Ishii [HAL QCD Collaboration], in these proceedings.

[31] S. Aoki et al. [HAL QCD Collaboration], Prog. Theor. Exp. Phys. 2012, 01A105 (2012) [arXiv:1206.5088 [hep-lat]].

[32] G. P. Lepage, in From Actions to Answers: Proceedings of the TASI 1989, edited by T. Degrand and D. Toussaint (World Scientific, Singapore, 1990).

[33] T. Doi and M. G. Endres, Comput. Phys. Commun. 184, 117 (2013) [arXiv:1205.0585 [hep-lat]]. [34] S. Aoki et al. [HAL QCD Collaboration], in preparation. [35] C. J. D. Lin et al., Nucl. Phys. B 619, 467 (2001) [arXiv:hep-lat/0104006]. [36] S. Aoki et al. [CP-PACS Collaboration], Phys. Rev. D 71, 094504 (2005) [arXiv:hep-lat/0503025]. [37] N. Ishizuka, PoS LAT2009, 119 (2009) [arXiv:0910.2772 [hep-lat]]. [38] S. K. Bogner, T. T. S. Kuo and A. Schwenk, Phys. Rept. 386, 1 (2003) [nucl-th/0305035]. [39] S. K. Bogner, R. J. Furnstahl and R. J. Perry, Phys. Rev. C 75, 061001 (2007) [nucl-th/0611045]. [40] S. Okubo and R.E. Marshak, Ann. Phys. (NY) 4, 166 (1958).

[41] D. Kaplan, Talk given at Workshop on “Domain Wall Fermions at Ten Years”, Mar. 2007, RBRC,

https://www.bnl.gov/riken/dwf/talks/files/Kaplan_BNL_talk.pdf

[42] S. Aoki et al. [PACS-CS Collaboration], Phys. Rev. D 79, 034503 (2009) [arXiv:0807.1661 [hep-lat]]. [43] A. Ali Khan et al. [CP-PACS Coll.], Phys. Rev. D 65, 054505 (2002) [E: D 67, 059901 (2003)]. [44] M. Oka, K. Shimizu and K. Yazaki, Prog. Theor. Phys. Suppl. 137, 1 (2000); Y. Fujiwara, Y. Suzuki and C. Nakamoto, Prog. Part. Nucl. Phys. 58, 439 (2007) [arXiv:nucl-th/0607013].

[45] T. Ishikawa et al. [CP-PACS and JLQCD Collaborations], Phys. Rev. D 78, 011502 (2008) [arXiv:0704.1937 [hep-lat]].

[46] K. Sekiguchi et al., Phys. Rev. C 83, 061001 (2011) [arXiv:1106.0180 [nucl-ex]]. [47] S. Aoki, J. Balog and P. Weisz, JHEP 1005, 008 (2010) [arXiv:1002.0977 [hep-lat]]; ibid., JHEP 1009, 083 (2010) [arXiv:1007.4117 [hep-lat]]; ibid., New J. Phys. 14, 043046 (2012) [arXiv:1112.2053 [hep-lat]]; ibid., arXiv:1208.1530 [hep-lat].

[48] W. Detmold and K. Orginos, arXiv:1207.1452 [hep-lat].

[49] M. I. Buchoff, T. C. Luu and J. Wasem, Phys. Rev. D 85, 094511 (2012) [arXiv:1201.3596 [hep-lat]].

[50] "http://www.jicfus.jp/field5/en/"
[51] Columbia Physics System (CPS), "http://qcdoc.phys.columbia.edu/cps.html"

[52] "http://www.lqcd.org/ildg", "http://www.jldg.org"