arXiv:hep-th/0302096 v1 13 Feb 2003

IFT-UAM/CSIC-03-05 hep-th/0302096

A note on the dyonic D6-brane^1

César Gómez^2 and Juan José Manjarín^3

Instituto de Física Teórica, C-XVI, Universidad Autónoma de Madrid E-28049-Madrid, Spain^4

Abstract

We study the dyon electric charge of D6 branes as eleven dimensional KK monopoles. We observe that the dyon charge is intimately related with the existence of gauge connections and antisymmetric fields on the brane world volume.

1Contribution to the 6th International Workshop on Conformal Field Theory and Integrable Models, Landau Institute Sept. 2002 to honour A. Belavin on the occasion of his 60th birthday.

2E-mail: cesar.gomez@uam.es 3E-mail: juanjose.manjarin@uam.es 4Unidad de Investigación Asociada al Centro de Física Miguel Catalán (C.S.I.C.)

1 Introduction

The dynamics of open tachyon condensation [1] and the K-theoretical classification of Dbrane charges [2, 3], strongly suggest the interpretation of D-branes as solitons of some ten dimensional underlying gauge-Higgs theory naturaly associated with configurations of D9-filling-branes with the open tachyon playing the role of the Higgs field.

A fascinating issue, that is still open, is to unravel the precise physical meaning of the gauge theory used in the K-theoretical description of D-brane charges. In this approach, for instance, the D6-brane of type IIA string theory can be naturally interpreted as a ’t Hooft-Polyakov monopole [4, 5]. The pattern of symmetry breaking can be characterized by the vacuum manifold^{U (2)}_{U (1)⊗U (1)} and the topological stability of the D6-brane is related to the non-vanishing second homotopy group of this vacuum manifold.

On the other hand, it is well known that ’t Hooft-Polyakov monopoles in the standard Yang-Mill-Higgs model in four dimensions have electric charge, i.e are dyons. This is manifest in the topology of the corresponding moduli space that is, for just one monopole, R^3 ⊗ S^1 [6]. Of course, it is tempting, but probably too naive, to try to see in the S^1 of the monopole moduli space a manifestation of the extra eleven dimension of M-Theory. However what we can certainly expect, if the open tachyon condensation approach to D-branes as solitons is correct, is to find some dyon charge for the D6-brane.

The interesting thing about D6-branes is that they have a purely gravitational description as KK-monopoles in eleven dimensional supergravity [7, 8]. It is well known that KK-monopoles in ten dimensions have an electric dyon charge [9]. Moreover, the moduli of these ten dimensional KK-monopoles is in fact R^3 ⊗ S^1 as it is the case for the dyon. The extra S^1 part of the moduli in this case is related with large gauge transformations of the B-field and the electric charge of the KK-monopole can be interpreted as a consequence of unwinding the string modes on a Hopf fibration of S^3 [10]. In this sense what we need to do in order to prove that D6-branes are dyons, as it is predicted by the open tachyon condensation description of them, is to extend the previous argument on ten dimensional KK-monopoles to the case of eleven dimensional KK-monopoles. This is the modest target of this note.

2 Eleven Dimensional Description of D6-branes

Let us start recalling some well known facts about D6-branes as eleven dimensional KKmonopoles

At the level of solutions, the D6-brane has a singularity at the origin which makes necessary the eleven dimensional description [7] as a KK-monopole, in order to have a completely regular solution. We can check this explicitely by means of the usual KK reduction for the eleven dimensional metric

ds^2_{11} l^2_p

= e^{4ϕ/3} (dx^s + A_μdx^μ)^2 + e^{−2ϕ/3} l^2_s ds^2_{10}. (1)

The relations between the M-theory parameters (l_p, R_s) and the string theory parameters (l_s, g_s) are

g_s = e^{2ϕ}, R_s l_p = g^{2/3}_s , l^3_p = g_sl^3_s . (2)

When considering extended objects, we can decompose the metric as E^{1+p} +E^{10−p} . The solution is then determined by an harmonic function, H, in the transverse space

H = 1 + k r^{8−p} . (3)

As we are dealing with the D6-brane of type IIA string theory, we can associate it to a 6-form in ten dimensions. However, when this form is lift to eleven dimensions, we find that it is only non-trivial in the presence of an isometric direction, i.e. in the presence of a KK-monopole of the eleven dimensional theory [8].

The metric for the KK-monopole can be written as

ds^2_{11} = Hdx^μdx_μ + H^{−1} (dψ_{T N} + A_μdx^μ)^2 + ds^2 ( E^{1,6} ) , (4)

where ψ_{T N} is taken as a periodic coordinate of period 2π (the Taub-NUT coordinate) in order to eliminate the Dirac string singularity and which will represent the compact eleventh dimension. For G = 0 (with G the field strenght of the 3-form of M-theory), ∇ ∧ A = ∇H, which implies ∇^2A = 0.

It is worth to mention that this solution is a gravitational instanton of the eleven dimensional supergravity, of the nut type, which interpolates between the KK-vaccum E^{1,9} × S^1 at r → ∞ and the M-theory vacuum at r → 0.

Performing a direct dimensional reduction we find the solution for the D6-brane

ds^2_{10} = H^{−1/2}ds^2(E^{1,6} ) + H^{1/2}ds^2(E^3 ), (5)

with

e^{−2ϕ} = H^{3/2}, F_m =^∗dH and H = 1 + k r , (6)

where F_m is the magnetic field strenght and the Hodge dual is taken in the transverse space.

This process of desingularization has also the advantage of making evident the origin of the field content of the D6-brane, which is clear from the point of view of the action principles [11]. As usually stated, the field content of the KK-monopole is a seven dimensional vector multiplet of N = 1 supersymmetry consisting on the vector field A_i and three scalars corresponding to transaltional zero modes in the transverse space.

Apart from the purely gravitational part, this field constent arises from the dimensional reduction of the M2-brane. More especifically, we can consider the decomposition of the

C^{(3)} form, to which the eleven dimensional membrane couples, in the presence of the KKmonopole as

C^{(3)}_{M N P}^{KKM}−→ C_{μνρ} C_{μνi} = C_{μν} A_i C_{μij} = V_μB_{ij} C_{ijk} , (7)

where x^μ = (r, θ, ϕ, ψ) are the Taub-NUT coordinates (with ψ ≡ x^# the eleventh dimensional coordinate) and y^i, i = 0, ..., 6 the coordinates on the world-volume of the KK-monopole. The fields A and B are respectively the gauge field and the antisymmetric 2-form on the D6-brane world volume.

As is clear from the field content of the KK-monopole, this decomposition implies that the system we are considering is an M2-brane wrapped on the isometric direction of the space with an end on the world-volume of the KK-monopole, which can be schematically represented as (0|M2, KKM) = { × | − − × × − − − − − − × | − − − z × × × × × × . (8)

The zero modes in the decomposition of the 3-form of M-theory which live in the transverse space will be determined by the geometry of the space, in the sense that they will be requiered to be harmonic functions

∇^α∇_{[α}V_{μ]} = 0, (9) ∇^α∇_{[α}C_{μν]} = 0, (10)

which, after a proper parametrization to be explained below, implies [12]

∇_{[μ}V_{ν]} = 1 2πα^′ C_{μν} , (11)

which can be seen as the gauge transformation for C_{μν} and establishes the standard relation between the B-field and the gauge field on the D6-brane, as can be seen building the corresponding part of the 4-form field strenght as

G_{μνij} = C_{μν} ∇_{[i}A_{j]} + ∇_{[μ}A_{ν]}B_{ij} = C_{μν} ( ∇_{[i}A_{j]} + 1 2πα^′ B_{ij} )

= C_{μν} F_{ij} . (12)

When the C_{μν} is integrated, gives rise to the F + B term of the Born-Infeld theory of the D6-brane.

Moreover, due to the holonomy group of the Taub-NUT manifold, in order to obtain a normalizable C_{μν} , we must require for it to be an anti-self-dual tensor.

Let us stop for a second and look at the implications of (11). We have obtained a description of the KK-monopole from a purely gravitational point of view, including the degrees of freedom corresponding to the gauge fields of the N=1 vector multiplet of its world-volume theory, as seen from (12).

There is, however, an extra condition which we have not used, namely, that the field strenght of the 3-form of M-theory, G, has to be zero. From (12) one obtains the following relation between the fields on the world-volume 1 2πα^′ B + dA = 0 (13)

Which trivially implies that the B-field is flat, i.e. its topological classification lies in [H] ∈ T ors (H^3(X, Z)). 3 D6-brane Charges

Now we can compute the charges of the system. The metric on the transverse space can be written as

ds^2_{T N} = r + m r − m dr^2 + (r^2 − m^2)dΩ^2_{(2)} + (4m)^2 r − m r + m ( dψ + cos θ 2 dϕ )_2 , (14)

so the vector potential and its field strenght are

A = 2m cos θdϕ, (15) F = dA = −2m sin θdθ ∧ dϕ. (16) From here one can compute the NUT charge as N = 1 8π ∫ F = m. (17)

It is interesting to mention that the parameter m is set, from boundary conditions to be 4m = l_se^{ϕ0} (18) where ϕ_0 is the boundary value of the dilaton of the type IIA string theory.

The magnetic charge of the monopole can be computed from the integral of the totally antisymmetric part of the spin connection minus the background ω = F ∧ k, where k = r−m r+m (4mdψ + 2m cos θdϕ) is the Killing vector representing the isometry, which is, up to a normalization factor ω = −(4m)^2 r − m r + m sin θ 2 dθ ∧ dϕ ∧ dψ. (19) This form is proportional to the volume form of the S^3 which means that it can be interpreted as a winding number. The corresponding charge is K = 1 16π^2 ∫ ω = 4m^2. (20)

The metric (14) is self-dual, i.e. R_{αβγσ} =^1_2 ϵ_{αβηπ}R^{ηπ}_{γσ}, which, in turn, implies that the mass of the solution is equal to its NUT charge, and has a positive orientation defined by an orthonormal frame [13] which can be chosen in such a way that

e^ψ = ( r − m r + m )_{1/2} (4mdψ + 2m cos θdϕ) , (21)

e^r = ( r + m r − m )_{1/2} dr, (22) where we have just written the two components that will be interesting for us.

At this moment we have computed three of the charges of the system, and this would be all if we do not consider the vector potentials associated with the 3-form of M-theory.

In order to define now the electric charge we will use the following strategy. Since we are considering an eleven dimensional supergravity solution, we will use the M-theory 3-form C_{M N P} . The pieces of C_{M N P} that will be relevant for our discussion are the 2-form C_{μν} and the 1-form V_μ defined in (7). Notice that these forms are associated, respectively, with the gauge field A_i and the 2-form B_{ij} on the D6-brane world-volume.

Using (11), we observe that the 2-form C_{μν} is a pure gauge. It is this pure gauge 2-form the one that is playing for the eleven dimensional KK-monopole case the same role that a pure gauge 2-form B in the case of the ten dimensional KK-monopole. In this sense we will define the electric charge as associated with C_{μ4} where the coordinate 4 is the one of the S^1 fiber of the Hopf fibration.

Let us stress that the main difference with the dyon effect for the ten dimensional KK-monopole is that we need to proyect the M-theory 3-form C on the world-volume coordinates. Moreover, the fact that the so defined 2-form is a pure gauge is reflecting the gauge invariance of the world-volume BI lagrangian.

Thus in order to compute the electric charge, we parametrize the V_μ as in [12]

V_μ = ( f_1(r), 0, 1 2 f_2(r) cos θ, f_2(r) ) , (23)

which can be seen to correspond, up to normalization constants, to the vector k plus a deformation coming from the e^r. This allows us to write

C_{μ4} = − 1 (2π)^3l^{3/2}s 2m (r + m)^2 dr. (24)

Dualising this form we find

C_{(3)} =^∗C_{μ4} = −

3(4m)^2 2(2π)^3l^{3/2}s ( r − m r + m )_2 sin θdθ ∧ dϕ ∧ dψ, (25) which is again proportional to the volume of the S^3. This is the electric charge of the KK-monopole, and is well defined at infinity.

Notice that the S^1 part of the dyon moduli space is related to large gauge transformations of the 2-form C_{μν} .

This concludes the proof that the D6-brane interpreted as an eleven dimensional KKmonopole is -as predicted from the ten dimensional open tachyon condensation descriptiona dyon. This points out to a deep connection between the gauge-Higgs ten dimensional description of a D6-brane as a ’t Hooft-Polyakov monopole and the eleven dimensional gravitational description. The dyon charge is the most natural bridge between the two descriptions [14].

Acknowledgements

This research was possible thanks to the grant AEN2000-1584.

References

[1] A. Sen, Tachyon condensation on the brane anti-brane system, J. High Energy Phys.

08 (1998) 012, hep-th/9805170 Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027,

hep-th/9911116.

[2] R. Minasian and G. Moore, K-theory and Ramond-Ramond Charge, J. High Energy Phys. 11 (1997) 002, hep-th/9710230.

[3] E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019,

hep-th/9810188.

[4] P. Hořava, Type-IIA D-branes, K-theory and Matrix Theory, Adv. Theor. Math. Phys.

2 (1998) 1373, hep-th/9812135.

[5] C. Gómez and J.J. Manjarín, Dyons, K-theory and M-theory, hep-th/0111169.

[6] M.F. Atiyah and N.J. Hitchin, The geometry and dynamics of magnetic monopoles,

Princeton Univ. Press, Princeton, NJ, 1988.

[7] P. Townsend, The eleven dimensional membrane revisited, Phys. Lett. B350 (1995) 184-187, hep-th/9501068.

[8] C. Hull, Gravitational duality, branes and charges, Nucl. Phys. B509 (1998) 216-251,

hep-th/9705162.

[9] A.Sen, Kaluza-Klein Dyons in String Theory, Phys. Rev. Lett. 79 (1997) 1619-1621,

hep-th/9705212.

[10] R. Gregory, J.A. Harvey and G. Moore, Unwinding Strings and T-duality of Kaluza- Klein and H-Monopoles, Adv. Theor. Math. Phys. 1 (1997) 283-297, hep-th/9708086.

[11] E. Bergshoeff, B. Janssen and T. Ortin, Kaluza-Klein Monopoles and Gauged Sigma Models, Phys. Lett. B410 (1997) 131-141, hep-th/9706117.

[12] Y. Imamura, Born-Infeld Action and Chern-Simons Term from Kaluza-Klein Monopole in M-theory, Phys. Lett. B414 (1997) 242-250, hep-th/9706144.

[13] G. Gibbons and S. Hawking, Classification of gravitational instanton symmetries, Comm. Math. Phys. 66 (1979) 291-310.

[14] C. Gómez, A Comment on the K-theory Meaning of the Topology of Gauge Fixing, J.

High Energy Phys. 06 (2002) 020, hep-th/0104211.