arXiv:1207.6958v2 [hep-th] 3 Dec 2012

Josephson vortices and the Atiyah-Manton construction

Muneto Nitta^1 1 Department of Physics, and Research and Education Center for Natural Sciences, Keio University, Hiyoshi 4-1-1, Yokohama, Kanagawa 223-8521, Japan (Dated: December 5, 2012)

Abstract

We show that sine-Gordon solitons appear in the low-energy effective theory of a domain wall in a U(1) gauge theory with two charged complex scalar fields with masses, if we introduce the Josephson interaction term between the scalar fields. We identify these sine-Gordon solitons as vortices or CP^1 sigma model instantons in the bulk, which are absorbed into the domain wall world-volume. These vortices can be called Josephson vortices since they appear in Josephson junctions of two superconductors. This setup gives a physical realization of a lower dimensional analogue of Atiyah-Manton construction of Skyrmions from instanton holonomy.

I. INTRODUCTION

The Skyrme model was proposed to describe nucleons as solitons (Skyrmions) in the pion effective field theory or the chiral Lagrangian [1]. Although the nucleons are now known as bound states of quarks, the idea of the Skyrme model is still attractive. In fact, the Skyrme model is still valid as the low-energy description of QCD, for instance, in holographic QCD [2, 3]. One of the difficulties of the Skyrme model is that no Skyrme solutions are available because of the non-integrability of the equation of motion, though construction of approximate solutions was proposed [4]. Among several proposals, Atiyah and Manton gave a particularly interesting proposal that Skyrmion solutions can be approximated by the holonomy of Yang-Mills instantons [5]. It has been applied, for instance, to calculate the force between two Skyrmions from the two-instanton holonomy [6]. While the physical meaning of this ansatz was unclear for long time, a physical “proof” of the Atiyah-Manton ansatz was presented some years ago [7]. One can consider a non-Abelian domain wall in a certain U(2) gauge theory in d = 5 + 1 dimensions [8], the low-energy effective theory of which is the chiral Lagrangian at the leading order in its d = 3+1 dimensional world-volume. The next leading order contains the Skyrme term [7], which implies that the domain wall world-volume theory is the Skyrme model admitting Skyrmions within it. It was shown that these Skyrmions are nothing but Yang-Mills instantons in the bulk point of view. Since we perform the integration along the codimension of the wall to obtain the effective wall world-volume theory, it gives a physical explanation of the Atiyah-Manton ansatz.

On the other hand, a lower dimensional analogue of the Atiyah-Manton ansatz was also proposed [9, 10]. It was proposed that the sine-Gordon soliton can be approximately constructed as the holonomy of a CP^1 instanton in d = 2 + 0 dimensions or a lump in d = 2 + 1 dimensions. Since exact solutions of the sine-Gordon solitons are available, the lower dimensional Atiyah-Manton ansatz can be checked analytically, unlike the original Atiyah-Manton construction. It may help us to understand better or to refine the original proposal by Atiyah and Manton.

In this paper, we give a physical realization of the lower dimensional Atiyah-Manton construction. We consider the U(1) gauge theory coupled with two charged complex scalar fields ϕ_1 and ϕ_2 with masses in d = 2+1 dimensions, which reduces to the CP^1 model in the strong gauge coupling limit. This model can be supersymmetric by properly adding bosonic and fermionic fields [11]. This model is known to admit a domain wall solution [12, 13]. We add a deformation term ϕ^{1∗}ϕ^2 in the original Lagrangian which breaks supersymmetry. This term is known as the Josephson term in the Josephson junction of two superconductors with two condensates ϕ^1 and ϕ^2. We show that this term induces the sine-Gordon potential in the effective theory of the d = 1 + 1 dimensional domain wall world-volume. We find that the sine-Gordon soliton in the domain wall world-volume is nothing but an instanton or a lump in the CP^1 model or a vortex in the gauge theory in the d = 2 + 1 dimensional bulk. We call this object the Josephson vortex. This terminology is borrowed from the Josephson junction.

Kinks inside a domain wall were also studied in supersymmetric gauge theories [14– 17]. In particular, our work is closely related to a previous work [16], in which an N = 1 supersymmetry preserving deformation term of N = 2 supersymmetry was considered in d = 3 + 1. The domain wall is precisely the same as ours [12, 13] without the deformation. In that model too, the effective theory of the domain wall is the sine-Gordon model, and the flux absorbed in the domain wall is a sine-Gordon soliton. However the crucial difference with ours is that the minimum flux inside the domain wall is half-quantized in their case, while it is unit quanta in our case.

In the limit that the domain wall is infinitely heavy, our model is close to a Josephson junction of two superconductors of two condensations ϕ_1 and ϕ_2 sandwiching an insulator. Vortices in the bulk are absorbed into the insulator, becoming Josephson vortices or fluxons; see Ref. [18] as a review. As in our case, dynamics of Josephson vortices can be described by the sine-Gordon equation. Josephson vortices also appear in high-T_c superconductors with multi-layered structures [19] and in two coupled Bose-Einstein condensates [20].

In addition, a kink inside a domain wall appears in several systems in condensed matter physics: a Bloch line in a Bloch wall in magnetism [21], chiral p-wave superconductors, and a Mermin-Ho vortex within a domain wall in^3He superfluid (see Fig. 16.9 of Ref. [22]). Therefore, our method of a field theoretical approach may be applied to these condensed matter systems.

This paper is organized as follows. After our model is given in Sec. II, we present the main results in Sec. III; we construct the domain wall effective theory by the moduli approximation of Manton [23] and find it to be the sine-Gordon model when we add the Josephson term in the original theory. We then construct sine-Gordon kinks, and show that they carry instanton (lump) charge in the bulk. Section IV is devoted to a summary and discussion. An application to the Atiyah-Manton construction is briefly discussed.

II. THE MODEL

We consider the U(1) gauge theory coupled with two charged complex scalar fields ϕ^1(x) and ϕ^2(x) with masses and real scalar field Σ(x) in d = 2 + 1 dimensions. The Lagrangian which we consider is given by L = − 1 4e^2 F_{μν} F^{μν} + 1 e^2

(∂_μΣ)^2 + |D_μΦ|^2 − V (1) V = e^2 2 (Φ^†Φ − v^2)^2 + Φ^†(Σ1_2 − M)^2Φ − β^2Φ^†σ_xΦ (2)

where e is the gauge coupling, complex scalar fields are written as Φ^T = (ϕ^1, ϕ^2), and the masses are given by M = diag.(m_1, m_2) with m_1 > m_2.

We refer to the last term in the potential

L_J = β^2Φ^†σ_xΦ = β^2ϕ^{1∗}ϕ^2 + c.c. (3)

as the “Josephson” interaction term, because it appears in the Josephson junction of two superconductors with two condensations ϕ^1 and ϕ^2. In the limit β = 0, the model enjoys N = 4 supersymmetry (with eight supercharges) in d = 2 + 1 with appropriately adding scalar fields Φ̃ = (ϕ̃^1, ϕ̃^2) and fermion superpartners. In this case, the Josephson term breaks supersymmetry explicitly. In this paper, supersymmetry is not essential apart from technical reasons [37].

For explicit calculation, we work in the strong gauge coupling limit e^2 → ∞ in which the model reduces to the CP^1 model with potential terms, but the results in this paper do not rely on this limit. By rewriting Φ^T = (1, u)/ √ 1 + |u|^2 with complex projective coordinate u, the Lagrangian becomes L = ∂_μu^∗∂^μu − m^2|u|^2 (1 + |u|^2)^2

+ β^2D_x, D_x ≡ u + u^∗ 1 + |u|^2

, (4)

with the mass m ≡ m_1 − m_2. Here, D_x is a moment map of the isometry generated by σ_x. With β = 0, this model is known as the massive CP^1 model with the potential term of the Killing vector squared corresponding to the isometry generated by σ_z. It is a truncated version of a supersymmetric sigma model with eight supercharges [11]. The potential of this model V = m^2|u|^2 (1 + |u|^2)^2 − β^2(u + u^∗) 1 + |u|^2 (5) admits two discrete vacua u = 0 and u = ∞ (for β < m).

Just for convenience, we can rewrite the Lagrangian in Eq. (4) to another form. Introducing a three-vector of scalar fields by n(x) ≡ Φ^†⃗σΦ with the Pauli matrices ⃗σ, the Lagrangian can be rewritten in the form of the O(3) model: L = 1 2 ∂_μn · ∂^μn − m^2(1 − n^2_z) + β^2n_x, n^2 = 1. (6)

This model is known as the Heisenberg ferromagnet with anisotropy with two easy axes.

III. SINE-GORDON SOLITONS FROM CP^1 INSTANTONS INSIDE A DOMAIN WALL

A. Domain wall solution

For a while, we consider the case β = 0, and we turn on it later. There are two discrete vacua u = 0 and u = ∞. Let us construct a domain wall perpendicular to the x^1-axis, interpolating these two vacua. The Bogomol’nyi completion for the domain wall can be obtained as E = ∫ dx^1 |∂_1u ∓ mu|^2 ± m(u^∗∂_1u + u∂_1u^∗) (1 + |u|^2)^2 ≥ |T_{wall}|, (7)

where ∂_i denotes the differentiation with respect to x^i. Here, T_{wall} is the topological charge which characterizes the wall:

T_{wall} = m ∫ dx^1 u^∗∂_1u + u∂_1u^∗ (1 + |u|^2)^2 = m 2 [ 1 − |u|^2 1 + |u|^2

]_x1_{=+∞} x^1=−∞ . (8)

Among all configurations with a fixed boundary condition, that is, with a fixed topological charge T_{wall}, the most stable configurations with the least energy saturate the inequality (7) and satisfy the Bogomol’nyi-Prasad-Sommerfield (BPS) equation

∂_1u ∓ mu = 0, (9) which is obtained by |...|^2 = 0 in Eq. (7). This BPS equation can be immediately solved as [12, 13]

u_{dw} = e^{±m(x1−X)+iφ}, (10)

with the width Δx^1 = 1/m and the tension

|T_{wall}| = m, (11)

where ± denotes a domain wall and an anti-domain wall. Here X and φ are real constants called moduli parameters which are Nambu-Goldstone modes associated with broken translational and internal U(1) symmetries, respectively.

B. Low-energy effective theory on domain wall world-volume

Next, let us construct the effective field theory of the domain wall (+ signature in Eq. (10)). According to Manton [23], the effective theory on the domain wall can be obtained by promoting the moduli parameters to fields X(x^i) and φ(x^i) on the domain wall world-volume x^i (i = 0, 2) and by performing the integration over the codimension x ≡ x^1:

L_{dw.eff.} = ∫_{+∞} −∞ dx e^{2mx} (1 + e^{2mx})^2

[(∂_iX)^2 + (∂_iφ)^2] = 1 2m [(∂_iX)^2 + (∂_iφ)^2] − m, (12)

where the constant term recovers the domain wall tension. This is just a free field theory, or a nonlinear sigma model with the target space R × S^1.

Let us turn on the Josephson term (β ≠ 0). We work in the parameter region β ≪ m. We assume that the domain wall solution (10) is not deformed. The domain wall effective action is deformed by

ΔL = β^2 ∫_{+∞} −∞ dx e^{mx+iφ} + e^{mx−iφ} 1 + e^{2mx} = 2 m ∫_{+∞} −∞ dx e^{mx} 1 + e^{2mx}

2 cos φ = πβ^2 m cos φ. (13)

Finally, we thus obtain the domain wall effective theory as

L_{dw.eff.} = 1 2m [(∂_iX)^2 + (∂_iφ)^2 + 2πβ^2 cos φ] = 1 2m [(∂_iX)^2 + (∂_iφ)^2 + β̃^2 cos φ], (14) with β̃^2 ≡ 2πβ^2 apart from the constant term. This is the sine-Gordon model with the additional field X.

C. The sine-Gordon soliton inside the domain wall

Next we construct a sine-Gordon kink in the domain wall effective theory and identify what it is in the bulk. The Bogomol’nyi completion for the energy density corresponding to the Lagrangian in Eq. (14) is obtained (for X = 0) as

2mE = (∂_2φ)^2 + β̃^2(sin^2 φ 2 − 1) = ( ∂_2φ ± β̃ sin φ 2 )_2 ∓ 2β̃∂_2φ sin φ 2 − β̃^2 ≥ 2m|t_{SG}| − β̃^2 (15)

with the topological charge density

t_{SG} ≡ β̃ m ∂_2φ sin φ 2 = − 2β̃ m ∂_2 ( cos φ 2 ) . (16)

The inequality is saturated by the BPS equation

∂_2φ ± β̃ sin φ 2 = 0. (17)

For instance, the one-kink solution can be given as

φ(x^2) = 4 arctan exp β̃ 4 (x^2 − Y ) + π 2 (18)

with the position Y in the x^2-coordinate. The topological charge for this solution is

T_{SG} = ∫ dx^2t_{SG} = 4β̃ m . (19)

The width of the sine-Gordon kink is Δx^2 = 1/β̃ so that we have a relation Δx^1/Δx^2 ∼ m/β̃. The total configuration is schematically drawn in Fig. 1 (a). In Fig. 1 (b), we plot the spin texture of the CP^1 target space for this configuration.

What is this solution in the d = 2 + 1 dimensional bulk theory? We now show that this is a CP^1 instanton (lump) in d = 2 + 1. Let us calculate the topological lump (instanton)

(a) (b)

FIG. 1: A sine-Gordon soliton in the domain wall describing the CP^1 lump inside the domain wall. (a) Schematic configuration in the entire space. (b) Points in the CP^1 target space are denoted by three-dimensional arrows. The north and south poles are denoted by the left and right arrows, respectively.

charge by (a = 1, 2) T_{lump} = ∫ d^2x i(∂_1u^∗∂_2u − ∂_2u^∗∂_1u) (1 + |u|^2)^2 = ∮ dx^a −i(u^∗∂_au − (∂_au^∗)u) 2(1 + |u|^2) = ∮ dx^a |u|^2 1 + |u|^2 ∂_aφ = ∫ dx^2∂_2φ|_x1_{=+∞} = [φ]^{(x1,x2)=(+∞,+∞)}

(x^1,x^2)=(+∞,−∞)

= 2πk. (20) Here we have used ∂_1φ = 0 at x^2 = ±∞ in the third-to-last equality, and the k winding of the phase φ for k sine-Gordon kinks in the last equality. This precisely shows the coincidence between the topological charges for k lumps and k sine-Gordon kinks.

Equivalently, this charge can be rewritten as the vortex charge T_{vortex} = ∫ d^2xF_{12} = ∮ dx^aA_a = T_{lump}, (21) with the (auxiliary) U(1) gauge field A_μ = i 2 (Φ^†∂_μΦ − (∂_μΦ^†)Φ) = −i(u^∗∂_μu − (∂_μu^∗)u) 2(1 + |u|^2)

. (22)

If we work in finite gauge coupling e instead of taking the infinite coupling limit, lumps are replaced with vortices with the charge in Eq. (21) counting the magnetic fluxes, where A_μ is dynamical gauge field which cannot be written as Eq. (22).

Although the charges and the numbers of the sine-Gordon kinks in the wall and the lumps in the bulk coincide, the more detailed information, such as their shape, can be deformed. In fact, the spin texture of the sine-Gordon kink in the domain wall shows that the lump is split into a pair of a vortex and an anti-vortex. Each of them has a half lump charge so that they are fractional lumps, that is, merons.

We have used the Bogomol’nyi completion to obtain the domain wall and sine-Gordon kinks. However, the composite state is not BPS anymore, because the Josephson term breaks supersymmetry. This implies the existence of the static interaction between the domain wall and the vortex in the bulk. Although both the sine-Gordon topological charge in Eq. (19) and the lump charge in Eq. (20) are proportional to the soliton number, their coefficients do not coincide. The former can be interpreted as the kink energy on the domain wall and the latter as the vortex energy in the bulk. We thus find that the energies of the vortex are smaller inside the wall than in the bulk in the small β regime (β ≪ m) which we are working in. Therefore, we conclude that there exists the attraction between the vortex in the bulk and the domain wall and that the vortex is absorbed into the domain wall world-volume, becoming the stable Josephson vortex.

D. Extension and related model

We can extend our model to U(1) gauge theory coupled with N (more than two) charged complex scalar fields ϕ^i(x) (i = 1, · · · , N) with M = diag.(m_1, · · · , m_N ) with m_i > m_{i+1}. A natural choice of Josephson terms may be introduced between two neighboring pairs [38]:

L_J = N−1∑ i=1 β^2_i ϕ^{i∗}ϕ^{i+1} + c.c. (23)

In the absence of the Josephson terms, the model reduces to the massive CP^{N−1} model, admitting N −1 parallel domain walls [26, 27]. With the Josephson terms, this describes arrays of N Josephson junctions. Vortices (CP^{N−1} instantons or lumps) in various components will be absorbed in each domain wall, which should be studied elsewhere.

Finally let us make comments on the previous work [16], where a nonlinear sigma model on the target space (T^∗)CP^1 is considered. With the mass matrix M = diag.(m, −m), the model admits a domain wall whose effective theory is a free theory, a sigma model on C^∗ = R × S^1 in d = 1 + 1 as ours. On the other hand, with the mass matrix M = m −β/ √ 2 β/ √ 2 −m , the model admits a domain wall whose effective theory is the sine-Gordon

model, namely C^∗ with a potential V = −(β^2ξ/m)cos^2σ. In this case, one sine-Gordon kink carries the half quantized flux of U(1) gauge theory or the half lump (instanton) charge of the CP^1 model. Therefore, after one vortex in the bulk is absorbed into the domain wall, it splits into two sine-Gordon kinks in this case. On the other hand, in our model, the numbers of the sine-Gordon kinks in the domain wall and the instantons (lumps) in the bulk correspond to each other one-to-one.

IV. SUMMARY AND DISCUSSION

We have constructed a sine-Gordon kink in the domain wall world-volume in the U(1) gauge theories coupled with two complex scalar fields ϕ^1 and ϕ^2 with the Josephson interaction term ϕ^{1∗}ϕ^2 in d = 2 + 1 dimensions. We have shown the sine-Gordon soliton in the d = 1 + 1 dimensional domain wall world-volume is nothing but an instanton or a lump in the CP^1 model or a vortex in the gauge theory in the d = 2 + 1 dimensional bulk. This provides a physical realization of the lower dimensional Atiyah-Manton construction.

It was proposed in Ref. [9] that a sine-Gordon kink φ (in d = 1 + 1) is well approximated by a holonomy of CP^1 instanton (in d = 2 + 0):

(−1)^k exp[iφ(x)] = exp (∫_{+∞} −∞ A_1(x^1, x^2)dx^1 ) (24)

with the instanton (lump) number k of CP^1 instantons with the auxiliary gauge field A_1 in Eq. (22): φ = kπ + ∫_{+∞} −∞ dx^1 −i(u^∗∂_1u − (∂_1u^∗)u) 2(1 + |u|^2)

. (25)

From Fig. 1 (b), we expect that a better approximation will be given by a pair of a meron and an anti-meron rather than a cylindrically symmetric lump solution. This deformation may be achieved by considering caloron [24] (see also Ref. [25]), i.e., a periodic lump solution on R × S^1 with taking the periodicity as the wall width Δx^1 = 1/m. Another improvement is replacing the CP^1 model with lumps by a U(1) gauge theory with two charged Higgs fields with semi-local vortices. This may give a better approximation because of an exponential rather than power law asymptotic behavior, as discussed in Ref. [9].

If we extend the model to N complex scalar fields, reducing to the massive CP^{N−1} model in the strong gauge coupling limit, it admits N − 1 parallel domain walls [26, 27]. It remains as an interesting future work how instantons are absorbed into each domain wall. Another interesting extension will be non-Abelian U(N_C) gauge theories with N_F(> N_C) flavors in the fundamental representation (N_C × N_F matrix of scalar fields). The model reduces to the massive Grassmannian SU(N_F)/[SU(N_C) × SU(N_F − N_C) × U(1)] sigma model in the strong gauge coupling limit [29]. Appropriate extension of the Josephson terms is not known. Without the Josephson terms, domain walls in this theory were studied in Ref. [27]. The construction of the effective theory on general domain wall solutions can be found in Ref. [30]. The fate of Grassmannian lumps (or non-Abelian semi-local vortices [31]) should be studied elsewhere.

Yet another interesting extension will be to study what happens in the presence of domain wall junctions or networks [32, 33], which are possible if we introduce complex masses M for scalar fields, and domain walls stretched by vortices [33, 34]. The effective theories of the domain wall network and the vortices stretched between domain walls were constructed in Ref. [35] and [36], respectively. How Josephson vortices are absorbed into these composite solitons remains for a future study.

Acknowledgements

This work is supported in part by Grant-in-Aid for Scientific Research (No. 23740198) and by the “Topological Quantum Phenomena” Grant-in-Aid for Scientific Research on Innovative Areas (No. 23103515) from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.

[1] T. H. R. Skyrme, “A Unified Field Theory of Mesons and Baryons,” Nucl. Phys. 31, 556 (1962); T. H. R. Skyrme, “A Nonlinear field theory,” Proc. Roy. Soc. Lond. A 260, 127

(1961).

[2] T. Sakai and S. Sugimoto, “Low energy hadron physics in holographic QCD,” Prog. Theor.

Phys. 113, 843 (2005) [hep-th/0412141]; T. Sakai and S. Sugimoto, “More on a holographic dual of QCD,” Prog. Theor. Phys. 114, 1083 (2005) [hep-th/0507073].

[3] H. Hata, T. Sakai, S. Sugimoto and S. Yamato, “Baryons from instantons in holographic QCD,” Prog. Theor. Phys. 117, 1157 (2007) [hep-th/0701280 [HEP-TH]].

[4] C. J. Houghton, N. S. Manton and P. M. Sutcliffe, “Rational maps, monopoles and Skyrmions,” Nucl. Phys. B 510, 507 (1998) [hep-th/9705151].

[5] M. F. Atiyah and N. S. Manton, “Skyrmions From Instantons,” Phys. Lett. B 222, 438 (1989);

M. F. Atiyah and N. S. Manton, “Geometry and kinematics of two skyrmions,” Commun. Math. Phys. 153, 391 (1993).

[6] A. Hosaka, S. M. Griffies, M. Oka and R. D. Amado, “Two skyrmion interaction for the Atiyah-Manton ansatz,” Phys. Lett. B 251, 1 (1990); A. Hosaka, M. Oka and R. D. Amado, “Skyrmions and their interactions using the Atiyah-Manton construction,” Nucl. Phys. A 530, 507 (1991).

[7] M. Eto, M. Nitta, K. Ohashi and D. Tong, “Skyrmions from instantons inside domain walls,” Phys. Rev. Lett. 95, 252003 (2005) [hep-th/0508130].

[8] M. Shifman and A. Yung, “Localization of nonAbelian gauge fields on domain walls at weak coupling (D-brane prototypes II),” Phys. Rev. D 70, 025013 (2004) [hep-th/0312257]; M. Eto, T. Fujimori, M. Nitta, K. Ohashi and N. Sakai, “Domain walls with non-Abelian clouds,” Phys. Rev. D 77, 125008 (2008) [arXiv:0802.3135 [hep-th]].

[9] P. M. Sutcliffe, “Sine-Gordon Solitions From Cp(1) Instantons,” Phys. Lett. B 283, 85 (1992). [10] G. N. Stratopoulos and W. J. Zakrzewski, “Approximate Sine-Gordon solitons,” Z. Phys. C 59, 307 (1993).

[11] L. Alvarez-Gaume and D. Z. Freedman, “Potentials for the Supersymmetric Nonlinear Sigma Model,” Commun. Math. Phys. 91, 87 (1983).

[12] E. R. C. Abraham and P. K. Townsend, “Q kinks,” Phys. Lett. B 291, 85 (1992); “More on Q kinks: A (1+1)-dimensional analog of dyons,” Phys. Lett. B 295, 225 (1992).

[13] M. Arai, M. Naganuma, M. Nitta and N. Sakai, “Manifest supersymmetry for BPS walls in N=2 nonlinear sigma models,” Nucl. Phys. B 652, 35 (2003) [hep-th/0211103]; “BPS wall in N=2 SUSY nonlinear sigma model with Eguchi-Hanson manifold,” In *Arai, A. (ed.) et al.:

A garden of quanta* 299-325 [hep-th/0302028].

[14] A. Ritz, M. Shifman and A. Vainshtein, “Enhanced worldvolume supersymmetry and intersecting domain walls in N=1 SQCD,” Phys. Rev. D 70, 095003 (2004) [hep-th/0405175].

[15] M. Eto, Y. Isozumi, M. Nitta and K. Ohashi, “1/2, 1/4 and 1/8 BPS equations in SUSY Yang-Mills-Higgs systems: Field theoretical brane configurations,” Nucl. Phys. B 752, 140 (2006) [hep-th/0506257].

[16] R. Auzzi, M. Shifman and A. Yung, “Domain Lines as Fractional Strings,” Phys. Rev. D 74, 045007 (2006) [hep-th/0606060].

[17] S. Bolognesi, “Strings inside walls in N=1 super Yang-Mills,” J. Phys. A A 42, 195404 (2009) [arXiv:0710.5198 [hep-th]].

[18] A. V. Ustinov, “Solitons in Josephson junctions,” Physica D 123, 315329 (1998). [19] G. Blatter, M. V. Feigel’man, V. B. Geshkenbein, A. I. Larkin, and V. M. Vinokur, “Vortices in high-temperature superconductors,” Rev. Mod. Phys. 66, 11251388 (1994) [20] V. M. Kaurov and A. B. Kuklov, Phys. Rev. A 71, 011601 (2005) [arXiv:cond-mat/0312084];

“Atomic Josephson vortices,” Phys. Rev. A 73, 013627 (2006) [arXiv:cond-mat/0508342 [condmat.other]].

[21] C. W. Chen, “Magnetism and metallurgy of soft magnetic materials,” Dover Pubns (1977);

A. P. Malozemoff, J. C. Slonczewski, “Magnetic domain walls in bubble materials,” Academic Press (New York) (1979).

[22] G. E. Volovik, The Universe in a Helium Droplet, Clarendon Press, Oxford (2003). [23] N. S. Manton, “A Remark on the Scattering of BPS Monopoles,” Phys. Lett. B 110, 54 (1982). [24] M. Eto, Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “Instantons in the Higgs phase,” Phys. Rev. D 72, 025011 (2005) [hep-th/0412048]; T. Fujimori, M. Nitta, K. Ohta, N. Sakai and M. Yamazaki, “Intersecting Solitons, Amoeba and Tropical Geometry,” Phys. Rev. D 78, 105004 (2008) [arXiv:0805.1194 [hep-th]].

[25] F. Bruckmann, “Instanton constituents in the O(3) model at finite temperature,” Phys. Rev.

Lett. 100, 051602 (2008) [arXiv:0707.0775 [hep-th]]; W. Brendel, F. Bruckmann, L. Janssen, A. Wipf and C. Wozar, “Instanton constituents and fermionic zero modes in twisted CP**n models,” Phys. Lett. B 676, 116 (2009) [arXiv:0902.2328 [hep-th]]; A. Nakamula and S. Sasaki, “Sigma Model BPS Lumps on Torus,” Phys. Rev. D 86, 065017 (2012) [arXiv:1205.5940 [hepth]].

[26] J. P. Gauntlett, D. Tong and P. K. Townsend, “Multidomain walls in massive supersymmetric sigma models,” Phys. Rev. D 64, 025010 (2001) [hep-th/0012178]; D. Tong, “The Moduli space of BPS domain walls,” Phys. Rev. D 66, 025013 (2002) [hep-th/0202012].

[27] Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “Construction of non-Abelian walls and their complete moduli space,” Phys. Rev. Lett. 93, 161601 (2004) [hep-th/0404198]; “Non-Abelian walls in supersymmetric gauge theories,” Phys. Rev. D 70, 125014 (2004) [hep-th/0405194]; M. Eto, Y. Isozumi, M. Nitta, K. Ohashi, K. Ohta and N. Sakai, “D-brane construction for non-Abelian walls,” Phys. Rev. D 71, 125006 (2005) [hep-th/0412024].

[28] M. Nitta, M. Eto, T. Fujimori and K. Ohashi, “Baryonic Bound State of Vortices in Multicomponent Superconductors,” J. Phys. Soc. Jpn., 81 (2012) 084711 [arXiv:1011.2552 [condmat.supr-con]]; M. Eto and M. Nitta, “Vortex trimer in three-component Bose-Einstein condensates,” Phys. Rev. A 85, 053645 (2012) [arXiv:1201.0343 [cond-mat.quant-gas]].

[29] M. Arai, M. Nitta and N. Sakai, “Vacua of massive hyperKahler sigma models of nonAbelian quotient,” Prog. Theor. Phys. 113, 657 (2005) [hep-th/0307274].

[30] M. Eto, Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “Manifestly supersymmetric effective Lagrangians on BPS solitons,” Phys. Rev. D 73, 125008 (2006) [hep-th/0602289].

[31] M. Shifman and A. Yung, “Non-Abelian semilocal strings in N=2 supersymmetric QCD,” Phys. Rev. D 73, 125012 (2006) [hep-th/0603134]; M. Eto, J. Evslin, K. Konishi, G. Marmorini, M. Nitta, K. Ohashi, W. Vinci and N. Yokoi, “On the moduli space of semilocal strings and lumps,” Phys. Rev. D 76, 105002 (2007) [arXiv:0704.2218 [hep-th]].

[32] M. Eto, Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “Webs of walls,” Phys. Rev. D 72, 085004 (2005) [hep-th/0506135]; “Non-Abelian webs of walls,” Phys. Lett. B 632, 384 (2006) [hep-th/0508241]; M. Eto, Y. Isozumi, M. Nitta, K. Ohashi, K. Ohta and N. Sakai, “D-brane configurations for domain walls and their webs,” AIP Conf. Proc. 805, 354 (2006) [hep-th/0509127].

[33] M. Eto, Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “Solitons in the Higgs phase: The Moduli matrix approach,” J. Phys. A A 39, R315 (2006) [hep-th/0602170].

[34] Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, “All exact solutions of a 1/4 Bogomol’nyi- Prasad-Sommerfield equation,” Phys. Rev. D 71, 065018 (2005) [hep-th/0405129].

[35] M. Eto, T. Fujimori, T. Nagashima, M. Nitta, K. Ohashi and N. Sakai, “Effective Action of Domain Wall Networks,” Phys. Rev. D 75, 045010 (2007) [hep-th/0612003]; “Dynamics of

Domain Wall Networks,” Phys. Rev. D 76, 125025 (2007) [arXiv:0707.3267 [hep-th]]. [36] M. Eto, T. Fujimori, T. Nagashima, M. Nitta, K. Ohashi and N. Sakai, “Dynamics of Strings between Walls,” Phys. Rev. D 79, 045015 (2009) [arXiv:0810.3495 [hep-th]].

[37] We have added this term in order to stabilize the flux tube(vortex) absorbed into the domain wall in this theory. For β = 0 the flux is diluted and disappears inside the domain wall. However, this term is not the unique term to stabilize it; One could consider other renormalizable interactions. In this paper, we consider this term because it is the simplest among them. In fact, this term frequently appears in condensed matter physics such as Josephson junction of superconductors, high T_c superconductors, and multi-component Bose-Einstein condensates. The other motivation to consider this term is an application to the Atiyah-Manton construction for which one-to-one correspondence between the flux tube outside the domain wall and the soliton inside the domain wall is required. As discussed in Sec. III D, an another term which preserves four supercharges was considered in Ref. [16]. As we will see in the following section, one flux tube outside the domain wall corresponds to one soliton inside the domain wall in our case, while one flux tube corresponds to two solitons inside the domain wall in the case of [16].

[38] As another choice, Josephson couplings can be introduced for all pairs, in which case there is a molecule of vortices [28].