arXiv:1304.4322v2 [hep-th] 23 Apr 2013

Preprint typeset in JHEP style - HYPER VERSION DCPT-13/13

Non-abelian Self-Dual String and M2-M5 Branes Intersection in Supergravity

Chong-Sun Chu^{1,2} and Pichet Vanichchapongjaroen^2

1 Department of Physics and National Center for Theoretical Sciences National Tsing-Hua University, Hsinchu 30013, Taiwan 2 Centre for Particle Theory and Department of Mathematics, Durham University, Durham, DH1 3LE, UK E-mail: chong-sun.chu@durham.ac.uk,

pichet.vanichchapongjaroen@durham.ac.uk

Abstract: We consider the non-abelian theory [1] for an arbitrary number N_5 of five-branes and construct self-dual string solution with an arbitrary N_2 unit of selfdual charges. This generalizes the previous solution of non-abelian self-dual string [2] of N_5 = 2, N_2 = 1. The radius-transverse distance relation describing the M2- branes spike, particularly its dependence on N_2 and N_5, is obtained and is found to agree precisely with the supergravity description of an intersecting M2-M5 branes system.

Keywords: M-Theory, D-branes, M-branes, Gauge Symmetry.

1. Introduction

The low energy theory of N coincident M5-branes in a flat spacetime is given by an interacting (2,0) superconformal theory in six dimensions. The understanding of the dynamics of this system is of utmost importance. There exists a number of proposals for the fundamental definition of the quantum theory. For example, in terms of DLCQ instanton quantum mechanics [3,4], deconstruction [5], and more recently in terms of the 5d supersymmetric Yang-Mills theory [6,7]. The 5-dimensional maximally supersymmetric Yang-Mills theory has been shown to be consistent with what we know about M5-branes [8] - [13], as well as on its partition function [14] - [17]. Despite the appearance of a UV divergence [18], it is possible that the theory is non-perturbatively well-defined^1 .

Recently, a six-dimensional action principle for the low energy theory has been proposed [1]. This construction was motivated by the analysis in [19, 20] where a set of 5d Yang-Mills gauge fields was introduced in order to incorporate non-trivial interactions among the 2-form potential. An important feature of this theory is that the self-interaction of the two-form gauge field is mediated by a Yang-Mills gauge field which is constrained to be determined completely in terms of the non-abelian tensor gauge field F_{μν} = c ∫ dx_5H̃_{μν} , (1.1)

and hence is auxiliary. This is necessary since there is no room in the (2,0) tensor multiplet to accommodate additional propagating degrees of freedom.

Although one does not have the full supersymmetric construction of the nonabelian (2,0) theory, by combining knowledge of conformal symmetry and R-symmetry one can argue for the form of the 1/2 BPS equations in the case when only one scalar field is turned on [2]. In the follow up paper [2], the case of two M5-branes was considered and the SU(2) non-abelian 5-branes equation was solved. It was argued that the solution could be lifted to become a solution of the non-abelian (2,0) theory with self-dual electric and magnetic charges. This is precisely the relation between the pure self-dual string solution in the linear Perry-Schwarz [21] and the half BPS solution of Howe-Lambert-West [22]. It was also shown that the dimensionless constant c, which is a free parameter in the action, is fixed by the charge quantization of the selfdual string solution in the theory. As a result, the solution carries a unit of self-dual charges and describes an M2-brane spike emerging out of the multiple M5-branes worldvolume, with the adjoint scalar representing the transverse dimension.

In the next section, we generalize this construction to the general case of an arbitrary number N_5 of M5-branes and construct a self-dual string solution with N_2 unit of self-dual charges. Like the unit charge solution in [2], the new self-dual

1It is important to understand how this happens, which will deepen our understanding about quantum field theory. It would also have implications on the renormalizability of gravity theory.

– 1 – string obtains its charge from the auxiliary Yang-Mills field configuration, which is now given by a generalization of the SU(2) Wu-Yang monopole solution to one with arbitrary charge N_2. We will show that the value of c is again fixed by the requirement of charge quantization. Moreover we will work out the dependence on N_2 and N_5 in the radius-transverse distance relation describing the M2-branes spike, and show that it agrees with the supergravity description of an intersecting M2-M5 branes system. Therefore our results provide further support of the model of [1]. The paper is concluded with some further discussions in section 3.

Other related works on multiple M5-branes include: [23] constructed a nonabelian version of (2,0) supersymmetric equation of motion using Lie 3-algebra; twistor space formulation of M5-branes has been proposed [24–26]; [27, 28] constructed a compactified theory of non-abelian 2-form gauge potentials with a self-dual field strength; [29, 30] constructed (1,0) superconformal models with tensor gauge fields as well as Yang-Mills gauge fields, which are further analyzed in [31, 32].

2. Non-Abelian SU(N_5) Self-Dual String Solution

2.1 Non-abelian theory of multiple M5-branes In [1], an action for a non-abelian chiral 2-form in 6-dimensions was constructed as a generalization of the abelian theory of Perry-Schwarz [21]. As in Perry-Schwarz, the self-dual tensor gauge field is represented by a 5 × 5 antisymmetric field B_{μν} , μ, ν = 0, .., 4 with B_{μ5} = 0 and so manifest 6d Lorentz symmetry is given up. Presumably there is a covariant construction generalizing that of PST [33] where our theory will be obtained after a certain gauge fixing.

For N_5 coincident M5-branes, the self-duality equation of motion of the theory reads [1] H̃_{μν} = ∂_5B_{μν} , (2.1)

where the gauge field A_μ is constrained by (1.1) and carries no propagating degrees of freedom. Here H_{μνρ} = D_{[μ}B_{νρ]} = ∂_{[μ}B_{νρ]} + [A_{[μ}, B_{νρ]}], (2.2)

H̃_{μν} = −1 6 ϵ_{μνρστ} H^{ρστ} , ϵ_{01234} = −1, (2.3)

F_{μν} = ∂_{[μ}A_{ν]} + [A_μ, A_ν ] (2.4) and are in the adjoint representation of SU(N_5). c is a constant in the theory, which is fixed later by the charge quantization condition of the self-dual string solution [2]. Evidences have been given in [1,2] that this provides a description of the gauge sector of coincident M5 branes. Moreover, by combining knowledge of conformal symmetry and R-symmetry, we have argued that the 1/2 BPS equation in the case when only one scalar field is turned on takes the form H_{ijk} = ϵ_{ijk}∂_5ϕ, H_{ij5} = −ϵ_{ijk}D_kϕ. (2.5)

– 2 –

This generalizes the 1/2 BPS monopole equation in 4-dimensional non-abelian gauge theory. Our convention for the Lie algebra are: [T^a, T^b] = if^{abc}T^c, F_{μν} = iF^a_{μν} T^a, A_μ = iA^a_μT^a and F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ − f^{abc}A^b_μA^c_ν . In the abelian limit, the equations (2.5) reduce to that of [22].

2.2 Generalized non-abelian Wu-Yang monopole Our construction of the self-dual string solution in the SU(N_5) theory will be based on a generalization of the SU(2) charge one Wu-Yang monopole solution to one with arbitrary charge n. Let us start with a review of the generalized Wu-Yang monopole.

Consider an SU(2) gauge theory, and for reasons which will become clear later, let us denote the Lie algebra generators by α^a (a = 1, 2, 3) with [α^a, α^b] = iϵ^{abc}α^c. (2.6) The generalized Wu-Yang monopole is given by the following field configuration [34]

A_k = iA^a_kα^a = − i 2r (τ^{(n)}_φ θ̂_k − nτ^{(n)}_θ φ̂_k), (2.7) i.e.

A_θ = − i 2r τ^{(n)}_φ , A_φ = in 2r τ^{(n)}_θ . (2.8) Here θ̂_kdx^k := cos θ cos φdx^1 + cos θ sin φdx^2 − sin θdx^3, φ̂_kdx^k := − sin φdx^1 + cos φdx^2, (2.9) x^1 = r sin θ cos φ, x^2 = r sin θ sin φ, x^3 = r cos θ, (2.10)

r̂^{(n)} := (sin θ cos(nφ), sin θ sin(nφ), cos θ), θ̂^{(n)} := (cos θ cos(nφ), cos θ sin(nφ), − sin θ) = ∂r̂^{(n)} ∂θ , φ̂^{(n)} := (− sin(nφ), cos(nφ), 0) = 1 n sin θ ∂r̂^{(n)} ∂φ (2.11) and τ^{(n)}_r = r̂^{(n)} · ⃗α, τ^{(n)}_θ = θ̂^{(n)} · ⃗α, τ^{(n)}_φ = φ̂^{(n)} · ⃗α, (2.12) The Wu-Yang monopole configuration considered in [2] is given by the case n = 1.

It is useful to note that A_k = UĀ_kU^{−1} + U∂_kU^{−1}, (2.13) with U = e^{−i⃗α·φ̂(n)} (2.14)

– 3 – and Ā_k = n r 1 − cos θ

sin θ φ̂_k × iα^3, (2.15)

As a result, F_{ij} = UF̄_{ij} U^{−1}, (2.16) where F̄_{ij} = ∂_iĀ_j − ∂_jĀ_i = nϵ_{ijk} x^k r^3

× iα_3. (2.17)

Since Uα^3U^{−1} = r̂^{(n)}_a α^a, (2.18) we obtain F_{ij} = nϵ_{ijk} x^k r^3 ir̂^{(n)}_a α^a. (2.19)

Therefore (2.7), (2.19) provide a generalization of the Wu-Yang monopole solution to “charge” n.

We also note that D_i ( r̂^{(n)}_a α^a ) = 0 (2.20) holds for the generalized Wu-Yang monopole. This is a generalization of D_i(x^aα^a/r) = 0 for the charge one case.

2.3 Non-abelian self-dual string and the distance-radius relation In this subsection we construct a self-dual string solution where the tensor gauge field is embedded in an SU(2) sub-algebra of SU(N_5). Let us denote the generators of the SU(2) factor by α^a:

[α^a, α^b] = iϵ^{abc}α^c. (2.21) As an N_5 × N_5 irreducible representation R of SU(2), the Casimir operator is given by α^2_1 + α^2 + α^2_3 = 1 4 (N^2_5 − 1) := R^2. (2.22)

Therefore tr(α^aα^b) = μ^2δ^{ab}, (2.23) where μ^2 := 1 12 N_5(N^2_5 − 1). (2.24)

Consider an ansatz of the field strength

H_{μνλ} = H^{(PS)}_{μνλ} ir̂^{(n)}_a α^a, (2.25)

where H^{(P S)}_{μνλ} is given by the abelian Perry-Schwarz solution [21]

H^{(P S)}_{045} = βx^5 ρ^4

, H^{(P S)}_{ij5} = − ϵ_{ijk}βx^k ρ^4

(2.26)

– 4 – with β being a constant to be fixed. Obviously the field strength is self-dual. Since r̂^{(n)}a is independent of x_5, we can immediately integrate H_{045}, H_{ij5} over x_5 and obtain

B_{μν} = B^{(PS)}_{μν} ir̂^{(n)}_a α^a, μν = ij or 04, (2.27)

where the Perry-Schwarz 2-form potential is: B^{(P S)}_{ij} = − 1 2 βϵ_{ijk}x_k r^3 ( x^5r ρ^2

+ tan^{−1} ( x^5 r )) , B^{(P S)}_{04} = − β 2ρ^2

. (2.28)

One still need to check that this B-field reproduces correctly the other components H_{ijk}. To check this, we note that the constraint (1.1) gives F_{ij} = −cβ π 2 ϵ_{ijm} x^m r ir̂^{(n)}_a α^a F_{04} = 0. (2.29)

Therefore if we take β = − 2n cπ , (2.30)

for an integer n, then the auxiliary gauge field is given by the generalized Wu-Yang monopole. As a result of (2.20), we have

D_{[λ}B_{μν]} = ∂_{[λ}B^{(PS)}_{μν]} ir̂^{(n)}_a α^a (2.31)

and the result agrees with (2.25).

To obtain a self-dual string solution, we observe that the BPS equation (2.5) can be solved with ϕ = − ( u + β 2ρ^2 ) ir̂^{(n)}_a α^a. (2.32)

This leaves an unbroken U(1) generated by ϕ̂ := ϕ/|ϕ| = ∓ir̂^{(n)}_a α^a/μ (2.33) at ρ → ∞. Here |ϕ|^2 := tr(ϕ^2) and the −(+) sign is chosen for u > 0(u < 0). Without loss of generality, we take u > 0 below. The asymptotic U(1) fields are identified by a projection

H^{U(1)}_{μνλ} := tr(H_{μνλ}ϕ̂), B^{U(1)}_{μν} := tr(B_{μν}ϕ̂), (2.34)

then H^{U(1)}_{μνλ} = μH^{(PS)}_{μνλ} , B^{U(1)}_{μν} = μB^{(PS)}_{μν} . (2.35)

The U(1) magnetic and electric charges (per unit length) are defined by

2π^2P = ∫ S^3

H^{U(1)}, 2π^2Q = ∫ S^3

∗H^{U(1)}. (2.36)

– 5 –

This gives the U(1) charges, P = Q = μβ (2.37)

Note that our normalization for the charges differs from that of [21] by a factor of 2π^2 of the volume of unit S^3. Our definition is consistent with the Gauss law of the form: ∇ · ⃗B = 2π^2P δ^{(4)}(x), ∇ · ⃗E = 2π^2Qδ^{(4)}(x) for a string lying in the x^1 direction, and B_p := ϵ_{pqrs}H^{qrs}/3!, E_p := H_{01p}, (p = 2, 3, 4, 5). With this normalization of charges, the charge quantization condition for dyonic strings in an abelian theory of 2-form in six-dimensions reads [35, 36]

P Q^′ + QP^′ = 2π Z (2π^2)^2

. (2.38)

For us, the charge quantization condition is modified due to the existence of a non-trivial center in the residual gauge group of the non-abelian theory. In fact, in a non-abelian Yang-Mills gauge theory with an unbroken gauge group of the form

H = U(1) × K, (2.39)

where the U(1) factor allows one to define the electric and magnetic charges, and K is any residual gauge group, Corrigan and Olive have shown [37] that the charge quantization takes the form^2 e^{4πiqg} = k, (2.40)

where k is an element in C(K), the center of K. For example, if K = SU(N), then C(K) = Z_N , k = e^{2πin/N} 1_N , n = integers (2.41)

and the charge quantization condition for the monopoles reads qg = n 2N . (2.42)

For us, since the symmetry is broken down by the scalar field as SU(N_5) → U(1) × SU(N_5 − 1) and since (2,0) supersymmetry demands that all fields in theory to be in the adjoint representation, this means the center of the residual gauge symmetry is given by Z_{N5−1}. The same argument as Corrigan and Olive then gives

P Q^′ + QP^′ = 2π N_5 − 1 Z (2π^2)^2

. (2.43)

We can now use the charge quantization condition (2.43) to fix the value of β. Let us consider the situation where the self-dual string configuration arises as the intersection of a number N_2 of coincident M2-branes ending perpendicularly on our

2The normalization of the magnetic charge was taken as ∇ · ⃗B = 4πg in [37].

– 6 – system of M5-branes. In this case, the charges P, Q should be proportional to N_2. Substituting (2.37), we obtain P = Q = μβ = N_2 √ N_5 − 1

Q_0, (2.44)

where Q_0 = √ π/(2π^2) is the minimal unit of charge in the abelian theory [21, 22].

From the field theory point of view, the geometrical shape of the M2-branes spike is described by the scalar field X = 4ϕ. Here the normalization factor of 4 was obtained from the analysis of [22] where the geometrical relations between target space coordinates and worldvolume scalar field is the clearest in the superembedding formalism. It is convenient to introduce the root-mean-square distance (setting l_p = 1) D := √ 1 N_5

|tr(4ϕ)^2| (2.45)

as a measure of the transverse distance of the M2-branes spike from the system of M5-branes. The cross section of the M2-branes spike is an S^3 and the radius ρ is governed by the transverse distance-radius relation

D = D_0 +

2N_2Q_0 √ N_5(N_5 − 1)ρ^2

(2.46)

where D_0 := 4uμ √ N_5

(2.47)

is a constant.

In addition to the worldvolume description, the system of intersecting M2-M5 branes also admits a supergravity description from which one can extract the transverse distance-radius relation and compare with our field theory result. However, the supergravity solution, beyond the brane probe approximation, for a system of M2-branes intersecting on a system of separated M5-branes where (N_5 − 1) of them are in coincidence and another single M5-brane is separated at a finite distance away from the main group is not known. The closest system which admits a supergravity solution is the system of N_2 M2-branes intersecting a system of N_5 coincident M5- branes [38]. In this paper the technique of blackfold is applied and the transverse distance-radius relation D = 2πN_2 N_5 1 ρ^2

(2.48)

is obtained. At distance D large enough compared with the separation so that one cannot resolve the details of the separation, one can expect the supergravity solution for our system can be approximated by the supergravity solution of this system. In this case, one can ignore the first term in our field theory result (2.46) and our transverse distance-radius relation D = 2N_2Q_0 N_5ρ^2

(2.49)

– 7 – agrees precisely with that of supergravity on their N_2 and N_5 dependence. Note that, however, (2.48) and (2.49) differs by an overall scale factor of 2π^2 √ π. This is presumably due to a different unit is employed in supergravity.

We remark that the field theory description and the supergravity description are good only in their respective regime of validity. To confirm the validity of the agreement we found above, one need to check that there indeed exists an overlapping regime where one can trust both descriptions and hence compare the results sensibly. To check this, we note that our description of the M2-branes spike as a worldvolume soliton of the M5-branes is good provided that higher derivative corrections to our non-abelian action is small: l_p|∂^2Φ| ≪ |∂Φ|. This translates to

ρ ≫ l_p. (2.50)

On the other hand, the validity of the blackfold description [38] was discussed in [39]. It was found there that for zero angular velocity which is our case, one needs

ρ ≫ max(l_p, ρ_c), (2.51)

where ρ_c := N^{1/3}_5 (1 + √ 1 + 64N^2_2 /N^4_5 )^{1/6}l_p. Therefore in the region (2.51), both the supergravity description and the M5-branes worldvolume description are valid. Now in order for the field theory result (2.46) to reduce to the form (2.48), it is required that ρ ≪ ( 3 4π^3

)_{1/4} (

N_2 uN^2_5 )_{1/2} . (2.52)

Thus, by arranging the parameters N_2, N_5 and u (for example a scaling limit involving large N_2, N_5 and small ul^2_p), a non-empty region of ρ satisfying both (2.51) and (2.52) can always be achieved, and so the agreement we found is justified.

Summarizing, we can take the constant c of the action to be c = −2μ √ N_5 − 1/(Q_0π).

Then (2.27), (2.32) provide a self-dual string solution to the theory if we take β = N_2Q_0 μ √ N_5 − 1

. (2.53)

3. Discussions

In this paper, we have constructed a self-dual string solution in the SU(N_5) nonabelian theory of five-branes. Our solution carries an arbitrary N_2 unit of selfdual charge and obtains its charge through the generalized non-abelian Wu-Yang monopole configuration carried by the auxiliary one-form gauge field. We have also shown that the radius-transverse distance relation describing the M2-branes spike agrees precisely with the supergravity description of the intersecting M2-M5 branes system. Our results in this paper therefore provide further evidence that the nonabelian theory [1] does give a description for a system of multiple M5-branes.

– 8 –

Our self-dual string solution was obtained for a special symmetry breaking where there is a residual SU(N_5 − 1) gauge symmetry. For a more general configurations of the Higgs field, the residual symmetry at infinity could be smaller and the self-dual string would be characterized by more number of charges. The discussion is similar to that of non-abelian monopole [40]. It will be interesting to construct these other kinds of self-dual strings and understand their dual description in supergravity and M-theory.

Our results were derived by solving the self-dual string equation (2.5). As argued in [2], this could be obtained from the 1/2 BPS condition of a supersymmetry transformation law of the form

δψ = (Γ^M Γ^I D_M ϕ^I + 1 3!2 Γ^{MNP} H_{MNP} )ϵ. (3.1) Our results thus provide support that (3.1) is indeed the correct supersymmetry transformation law for the (2,0) supersymmetric theory. This additional information should be helpful for tackling the so far mysterious nature [1] of the (2,0) supersymmetry. It would also be interesting to consider other BPS solutions and check them against the supergravity description.

With the solution at hand, one may perform a small fluctuation analysis of the solution and use it to learn more about the dynamics of non-abelian self-dual string. It would also be interesting to include couplings to a background C-field. In [41,42], the quantum Nambu geometry has been obtained as the quantum geometry for M5- branes in a large constant background C-field. One should be able to construct the star-product for this geometry and use it to derive the “Seiberg-Witten” map for the non-abelian M5-branes theory in a background C-field.

Finally we note that our field theory description is not good near the spike region (ρ ≃ 0). Apparently, unlike the non-abelian BPS monopole, the non-abelian interaction here is not sufficient to remove the spike singularity. Nevertheless one can expect it to be smoothen out only in the complete description of M-theory with all higher derivative corrections included [21].

Acknowledgements

It is a pleasure to thank Neil Lambert, Christian Saemann, Gary Shiu, Douglas Smith, Henry Tye, Martin Wolf as well as participants of the IAS Durham workshop “Symmetry and Geometry of Branes in String/M Theory” for useful discussions. We also thank Sheng-Lan Ko for discussions and comments on the manuscript. CSC is supported in part by the National Science Council, Taiwan. PV is supported by a Durham Doctoral Studentship and by a DPST Scholarship from the Royal Thai Government.

– 9 –

References

[1] C. -S. Chu and S. -L. Ko, “Non-abelian Action for Multiple Five-Branes with Self-Dual Tensors,” JHEP 1205 (2012) 028 [arXiv:1203.4224 [hep-th]].

[2] C. -S. Chu, S. -L. Ko, and P. Vanichchapongjaroen, “Non-Abelian Self-Dual String Solutions,” JHEP 1209 (2012) 018 [arXiv:1207.1095 [hep-th]].

[3] O. Aharony, M. Berkooz, S. Kachru, N. Seiberg, and E. Silverstein, “Matrix description of interacting theories in six-dimensions,” Adv.Theor.Math.Phys. 1 (1998) 148157, [arXiv:hep-th/9707079 [hep-th]].

[4] O. Aharony, M. Berkooz, and N. Seiberg, “Light-cone description of (2,0) superconformal theories in six dimensions,” Adv. Theor. Math. Phys. 2 (1998) 119153, [arXiv:hep-th/9712117 [hep-th]].

[5] N. Arkani-Hamed, A. G. Cohen, D. B. Kaplan, A. Karch, and L. Motl, “Deconstructing (2,0) and little string theories,” JHEP 01 (2003) 083, [arXiv:hep-th/0110146 [hep-th]].

[6] M. R. Douglas, “On D=5 super Yang-Mills theory and (2,0) theory,” JHEP 1102 (2011) 011. [arXiv:1012.2880 [hep-th]].

[7] N. Lambert, C. Papageorgakis, M. Schmidt-Sommerfeld, “M5-Branes, D4-Branes and Quantum 5D super-Yang-Mills,” JHEP 1101 (2011) 083. [arXiv:1012.2882 [hep-th]].

[8] Y. Tachikawa, “On S-duality of 5d super Yang-Mills on S^1,” JHEP 1111 (2011) 123 [arXiv:1110.0531 [hep-th]].

[9] A. Gustavsson, “A preliminary test of Abelian D4-M5 duality,” Phys. Lett. B 706 (2011) 225 [arXiv:1111.6339 [hep-th]].

[10] J. Kallen and M. Zabzine, “Twisted supersymmetric 5D Yang-Mills theory and contact geometry,” JHEP 1205 (2012) 125, arXiv:1202.1956 [hep-th].

[11] K. Hosomichi, R.-K. Seong, and S. Terashima, “Supersymmetric Gauge Theories on the Five-Sphere,” Nucl.Phys. B865 (2012) 376396, arXiv:1203.0371 [hep-th].

[12] H.-C. Kim and S. Kim, “M5-branes from gauge theories on the 5-sphere,” arXiv:1206.6339 [hep-th].

[13] H.-C. Kim, J. Kim, and S. Kim, “Instantons on the 5-sphere and M5-branes,” arXiv:1211.0144 [hep-th].

[14] S. Bolognesi and K. Lee, “1/4 BPS String Junctions and N^3 Problem in 6-dim (2,0) Superconformal Theories,” Phys. Rev. D 84 (2011) 126018 [arXiv:1105.5073 [hep-th]].

[15] T. Maxfield and S. Sethi, “The Conformal Anomaly of M5-Branes,” JHEP 1206, 075 (2012) [arXiv:1204.2002 [hep-th]].

[16] J. Kallen, J. Qiu, and M. Zabzine, “The perturbative partition function of supersymmetric 5D Yang-Mills theory with matter on the five-sphere,” JHEP 1208 (2012) 157, arXiv:1206.6008 [hep-th].

– 10 –

[17] D. Bak and A. Gustavsson, “M5/D4 brane partition function on a circle bundle,” JHEP 1212 (2012) 099 [arXiv:1209.4391 [hep-th]].

[18] Z. Bern, J. J. Carrasco, L. J. Dixon, M. R. Douglas, M. von Hippel and H. Johansson, “D = 5 maximally supersymmetric Yang-Mills theory diverges at six loops,” Phys. Rev. D 87 (2013) 025018 [arXiv:1210.7709 [hep-th]].

[19] C. -S. Chu, “A Theory of Non-Abelian Tensor Gauge Field with Non-Abelian Gauge Symmetry G x G,” arXiv:1108.5131 [hep-th].

[20] C. S. Chu and D. J. Smith, “Multiple Self-Dual Strings on M5-Branes,” JHEP 1001 (2010) 001 [arXiv:0909.2333 [hep-th]].

[21] M. Perry, J. H. Schwarz, “Interacting chiral gauge fields in six-dimensions and Born-Infeld theory,” Nucl. Phys. B489 (1997) 47-64. [hep-th/9611065].

[22] P. S. Howe, N. D. Lambert and P. C. West, “The Selfdual string soliton,” Nucl.

Phys. B 515 (1998) 203 [hep-th/9709014].

[23] N. Lambert and C. Papageorgakis, “Nonabelian (2,0) Tensor Multiplets and 3-algebras,” JHEP 1008 (2010) 083 [arXiv:1007.2982 [hep-th]].

[24] C. Saemann and M. Wolf, “On Twistors and Conformal Field Theories from Six Dimensions,” J. Math. Phys. 54 (2013) 013507 [arXiv:1111.2539 [hep-th]].

[25] C. Saemann and M. Wolf, “Non-Abelian Tensor Multiplet Equations from Twistor Space,” arXiv:1205.3108 [hep-th].

[26] C. Saemann, “M-Brane Models and Loop Spaces,” Mod. Phys. Lett. A 27 (2012) 1230019 [arXiv:1206.0432 [hep-th]].

[27] P. -M. Ho, K. -W. Huang, Y. Matsuo, “A Non-Abelian Self-Dual Gauge Theory in 5+1 Dimensions,” JHEP 1107 (2011) 021. [arXiv:1104.4040 [hep-th]].

[28] F. Bonetti, T. W. Grimm, and S. Hohenegger, “Non-Abelian Tensor Towers and (2,0) Superconformal Theories,” arXiv:1209.3017 [hep-th].

[29] H. Samtleben, E. Sezgin and R. Wimmer, “(1,0) superconformal models in six dimensions,” JHEP 1112 (2011) 062 [arXiv:1108.4060 [hep-th]].

[30] H. Samtleben, E. Sezgin, R. Wimmer and L. Wulff, “New superconformal models in six dimensions: Gauge group and representation structure,” PoS CORFU 2011 (2011) 071 [arXiv:1204.0542 [hep-th]].

[31] M. Akyol and G. Papadopoulos, “(1,0) superconformal theories in six dimensions and Killing spinor equations,” JHEP 1207 (2012) 070 [arXiv:1204.2167 [hep-th]].

[32] H. Nishino and S. Rajpoot, “N=1 Non-Abelian Tensor Multiplet in Four Dimensions,” Phys. Rev. D 85, 105017 (2012) [arXiv:1204.1379 [hep-th]].

[33] P. Pasti, D. P. Sorokin, M. Tonin, “On Lorentz invariant actions for chiral p forms,” Phys. Rev. D55 (1997) 6292-6298. [hep-th/9611100].

P. Pasti, D. P. Sorokin, M. Tonin, “Covariant action for a D = 11 five-brane with the chiral field,” Phys. Lett. B398 (1997) 41-46. [hep-th/9701037].

– 11 –

I. A. Bandos, K. Lechner, A. Nurmagambetov, P. Pasti, D. P. Sorokin, M. Tonin, “Covariant action for the superfive-brane of M theory,” Phys. Rev. Lett. 78 (1997) 4332-4334. [hep-th/9701149].

I. A. Bandos, K. Lechner, A. Nurmagambetov, P. Pasti, D. P. Sorokin and M. Tonin, “On the equivalence of different formulations of the M theory five-brane,” Phys. Lett. B 408 (1997) 135 [hep-th/9703127].

[34] See, for example, chapter 6 of Y. .M. Shnir, “Magnetic monopoles,” Berlin, Germany: Springer (2005).

[35] S. Deser, A. Gomberoff, M. Henneaux and C. Teitelboim, “Duality, selfduality, sources and charge quantization in Abelian N form theories,” Phys. Lett. B 400, 80 (1997) [hep-th/9702184].

[36] S. Deser, A. Gomberoff, M. Henneaux and C. Teitelboim, “P-brane dyons and electric magnetic duality,” Nucl. Phys. B 520 (1998) 179 [hep-th/9712189].

[37] E. Corrigan and D. I. Olive, “Color and Magnetic Monopoles,” Nucl. Phys. B 110 (1976) 237.

[38] V. Niarchos and K. Siampos, “M2-M5 blackfold funnels,” JHEP 1206 (2012) 175 [arXiv:1205.1535 [hep-th]].

[39] V. Niarchos and K. Siampos, “The black M2-M5 ring intersection spins,” arXiv:1302.0854 [hep-th].

[40] N. S. Manton and P. Sutcliffe, “Topological solitons,” Cambridge, UK: Univ. Pr.

(2004) 493p [41] C. -S. Chu and D. J. Smith, “Towards the Quantum Geometry of the M5-brane in a Constant C-Field from Multiple Membranes,” JHEP 0904 (2009) 097 [arXiv:0901.1847 [hep-th]].

[42] C. -S. Chu and G. S. Sehmbi, “D1-Strings in Large RR 3-Form Flux, Quantum Nambu Geometry and M5-Branes in C-Field,” J. Phys. A 45 (2012) 055401 [arXiv:1110.2687 [hep-th]].

– 12 –