arXiv:hep-th/0201106 v1 15 Jan 2002

Nonabelian Born-Infeld from Super-Yang-Mills effective action

A.Refolli^1, A.Santambrogio^2, N.Terzi^3 and D.Zanon^4

Dipartimento di Fisica dell’Università di Milano and INFN, Sezione di Milano, Via Celoria 16, 20133 Milano, Italy 1 Andrea.Refolli@mi.infn.it 2 Alberto.Santambrogio@mi.infn.it 3 Niccolo.Terzi@mi.infn.it 4 Daniela.Zanon@mi.infn.it

Abstract: We discuss recent results on one-loop contributions to the effective action in N = 4 supersymmetric Yang-Mills theory in four dimensions. Contributions with five external vector fields are compared with corresponding ones in open superstring theory in order to understand the relation with the F^5 terms that appear in the nonabelian generalization of the Born-Infeld action.

1 Introduction

This talk is based on the paper [1]. Scattering amplitudes of massless modes in string theories can be described in terms of effective Lagrangians. For the open string case the abelian Born-Infeld action represents a remarkable example of an effective field theory which contains string corrections to all orders in α^′ [2]. The contributions can be summed up to all orders in the case of a constant, abelian field strength. As soon as these two conditions are relaxed the problem becomes complicated and a complete action for such fields has not been obtained. A non-abelian generalization of the Born-Infeld action can be defined as suggested in [3] using a symmetrized trace operation over the gauge group matrices. However there are indications that this prescription might not be sufficient to include all the contributions that one would obtain from an open string approach [4, 5].

The best available way to construct the effective action for the non-abelian, non constant curvature case, is to proceed order by order. One has to compute corrections with increasing number of derivatives and of field strengths. A well established result is up to the order α^{′2} [6]. As soon as one focuses on higher orders the calculations become difficult. The inclusion of supersymmetry seems to be quite useful to gain insights and it might set enough constraints to fix uniquely the form of the action. Several attempts in different directions are under consideration [5, 7].

In our paper [1] we have attacked the problem as follows: since we want to make contact with the ten-dimensional open superstring we have considered its four-dimensional field theory limit, i.e. the N = 4 supersymmetric Yang-Mills theory. Then we have computed at one-loop perturbatively: the idea is that in this way we construct an effective action which is supersymmetric and generalizes the Yang-Mills theory. If supersymmetry determines the form of the allowed deformations [8] it should correspond to the nonabelian Born-Infeld theory. However the crucial open question is: to what extent is supersymmetry enough to fix the form of higher order corrections?

We present the calculation of the four- and five-point functions, and of the part of the six-point function which is needed for the covariantization of the lower order results. These computations allowed us to evaluate the complete gauge invariant structures for the F^4 and the ∇∇F^4, F^5 contributions. Since the symmetric trace prescription would rule out F^5 terms, the nonvanishing result that we find suggests a richer form for the non-abelian Born-Infeld action. In fact the trace operation on the gauge group indices receives contributions from the symmetric as well as the antisymmetric part.

In the next section we briefly recall the N = 1 superspace formulation of the N = 4 Yang-Mills action and describe the main ingredients that enter the quantization via the background field approach. In section 3 we present the one-loop amplitude up to order^1_{M 6} in the low-energy expansion. We have extracted from the superfield result its component content and in particular have studied the bosonic contributions which contain the field strengths F_{μν} . We then compare our results with corresponding ones from open superstring theory [9] and with other results recently obtained with different techniques in [10, 11].

2 The N = 4 Yang-Mills action and its quantization

The N = 4 supersymmetric Yang-Mills classical action written in terms of N = 1 superfields (we use the notations and conventions adopted in [12]) is given by S = 1 g^2 Tr (∫ d^4x d^4θ e^{−V} Φ̄_ie^V Φ^i + 1 2 ∫ d^4x d^2θ W^αW_α + 1 2 ∫ d^4x d^2θ̄ W̄^{α̇}W̄_{α̇} + 1 3! ∫ d^4x d^2θ iϵ_{ijk}Φ^i[Φ^j , Φ^k] + 1 3! ∫ d^4x d^2θ̄ iϵ^{ijk}Φ̄_i[Φ̄_j , Φ̄_k] ) (1) where the Φ^i with i = 1, 2, 3 are three chiral superfields, and the W^α = iD̄^2(e^{−V} D^αe^V ) are the gauge superfield strengths. All the fields are Lie-algebra valued, e.g. Φ^i = Φ^i_aT^a, in the adjoint representation of the gauge group, with [T_a, T_b] = if_{abc}T_c.

Since we are interested in computing field strength corrections to the Born-Infeld action, we will consider amplitudes with vector fields as external background. Moreover we will extract from them only the gauge field bosonic components using the relations

D_{(α}W_{β)}|_{θ=0} = f_{αβ} = 1 2 (σ_{μν} )_{αβ}F^{μν} D̄_{(α̇}W̄˙_{β)}|_{θ=0} = f̄_{α̇}˙_β = − 1 2 (σ̄_{μν} )_{α̇}˙_βF^{μν} (2)

We have used the background field method [12]; after gauge-fixing the quadratic quantum V -action becomes S → − 1 2g^2 Tr ∫ d^4x d^4θ V [ □ − iΓ^{γγ̇}∂_{γγ̇} − i 2 (∂^{γγ̇}Γ_{γγ̇} ) − 1 2 Γ^{γγ̇} Γ_{γγ̇}

−iW^α(D_α − iΓ_α) − iW̄^{α̇}(D̄_{α̇} − iΓ_{α̇}) ] V (3)

The N = 4 theory is particularly simple since the loops with the three chiral matter fields are cancelled by the three ghosts.

A one-loop n-point amplitude will contain n external background fields from the interactions in (3), with at least two W and two W̄ in order to complete the D-algebra. We set the external fields on-shell, i.e. we freely use the equations of motion ∇^αW_α = 0 and ¯∇^{α̇}W̄_{α̇} = 0 We obtain the structures we are looking for if our one-loop diagram has produced products of fields D_{(α}W_{β)} and their hermitian conjugate ones D̄_{(α̇}W̄˙_{β)}. In addition we have to deal with a loop-momentum integral which contains n scalar propagators and momentum factors directly from the vertices in (3) and/or from commutators of spinor derivatives produced while performing the D-algebra

I_n = ∫ d^4k h_n(k, p_i) k^2(k + p_2)^2(k + p_2 + p_3)^2 . . . (k + p_2 + . . . + p_n)^2 (4) We can rewrite (4) as an infinite series of local terms in a low-energy expansion with higher derivatives by introducing an IR mass M and expanding the propagators keeping the external momenta small as compared to M (see [1] for more details).

3 N = 4 Yang-Mills at one loop up to order^1_{M 6}

The four-point function corresponds to box-type diagrams as the one shown in Fig.1, and gives rise to a momentum integral

I_4 = ∫ d^4k 1 k^2(k + p_2)^2(k + p_2 + p_3)^2(k + p_2 + p_3 + p_4)^2 (5) and to a background field dependence ∫ d^4θ Tr_{Ad}(W^α(p_1)W_α(p_2)W̄^{α̇}(p_3)W̄_{α̇}(p_4)) (6)

where in general we have defined Tr_{Ad}(AB · · ·) ≡ A_aB_b · · · g(a, b, . . .), with the group colour factor g(a_1, a_2, . . . , a_n) = f_{x1 a1x2} f_{x2a2x3} · · · f_{xnanx1} .

We are interested in rewriting the superspace result in components and in particular we

Figure 1: Four-point amplitude

want to study the bosonic gauge field contributions. If we do so we find that at the leading order in the local expansion the planar sector (large N limit) reproduces the symmetrized trace structure [3]

Γ_4 ⇒ Tr ( T^{a1} T^{a2} T^{a3} T^{a4} + permutations ) { (F^4)_{a1a2a3 a4} − 1 4 (F^2)_{a1a2} (F^2)_{a3a4} }

≡ ST r ( F^4 − 1 4 (F^2)^2 ) (7)

The subleading contribution corresponds to terms with two derivatives:

Γ^{(der)}_4 = − 1 40 ( π^2 12 1 M^6 ) [ 10(p_2)^2 + 8p_2 · p_3 + 2p_2 · p_4 ] g(a_1, a_2, a_3, a_4) 1 8 {[ 4(F^4)_{a1a2a3a4} + 4(F^4)_{a1a2a4 a3} + 4(F^4)_{a1a3a2a4} − (F^2)_{a1a2} (F^2)_{a3a4}

−(F^2)_{a1a3} (F^2)_{a2a4} − (F^2)_{a1a4} (F^2)_{a2a3} ] + permutations a_2, a_3, a_4 } (8) These terms give rise to contributions that are not gauge invariant since from p → i∂ ordinary derivatives are produced. The correct covariantization of the result is obtained adding terms with one and two background connections Γ_{αα̇} from the five- and six-point functions respectively. They are shown in Fig.2b, Fig.3a and Fig.3b. By taking into account the contributions from these graphs we get the complete covariantization [1] of the derivative expression in (8). By futher taking into account the properties of the trace operation and after some integrations by parts we obtain

Γ^{(der)}_4 = 1 20 ( π^2 12 1 M^6 ) Tr_{Ad} { (∇F_{μν} ∇F_{νρ}F_{ρσ}F_{σμ} + ∇F_{μν} ∇F_{ρσ}F_{νρ}F_{σμ} + F_{μν} ∇F_{ρσ}∇F_{νρ}F_{σμ}) − 1 4 (∇F_{μν} ∇F_{μν} F_{ρσ}F_{ρσ} + F_{μν} ∇F_{μν}∇F_{ρσ}F_{ρσ} + ∇F_{μν} ∇F_{ρσ}F_{μν} F_{ρσ}) }

− 1 20 ( π^2 12 1 M^6 ) Tr_{Ad} { −2∇^2F_{μν} F_{νρ}F_{ρσ}F_{σμ} − 4∇^2F_{μν} F_{ρσ}F_{νρ}F_{σμ} + ∇^2F_{μν} F_{μν} F_{ρσ} F_{ρσ} + 1 2 ∇^2F_{μν} F_{ρσ}F_{μν} F_{ρσ} } (9) where it is understood that the indices on the two ∇ are to be contracted.

Let us observe that quite generally we can rewrite terms which contain ∇^2 and four F ’s as F^5 contributions. Indeed, using the equations of motion ∇^μF_{μν} = 0 and the Bianchi identities ∇_{[μ}F_{νρ]} = 0, we have the following identities (see [1]) ∇^2F_{μν} = 2i(F_{μσ} F_{σν} − F_{νσ} F_{σμ}) (10) Thus in order to study corrections to the symmetrized trace prescription one has to consistently take into account derivative contributions. In particular the above relation clearly shows that for the case of two covariant derivatives one has to consider not only the antisymmetrized products ∇_{[μ}∇_{ν]}, as it was already noticed [5], but also the symmetrized ones ∇_{(μ}∇_{ν)}. Using (10), we can rewrite the last two lines of the 2-derivative result in (9) as F^5 and F^2F^3 contributions.

Let us now consider the five-point function with two W and three W̄ vertices as in Fig.2a. After completion of the D-algebra in the loop we obtain terms with five scalar propagators and a typical background dependence of the form ∫ d^4θ W^α(p_1, a_1)W_α(p_2, a_2)W̄^{α̇}(p_3, a_3)D̄_{α̇}W̄^{β̇}(p_4, a_4)W̄˙_β (p_5, a_5) (11)

The final result at the leading order in the local expansion is:

Γ_5 = − 1 32 ( π^2 12 1 M^6 ) g(a_1, a_2, a_3, a_4, a_5)[−2(F^5)_{a1a2a3a4a5} − (F^5)_{a1a4 a2a5a3}

+3(F^5)_{a1a4a3a2a5} + 1/2(F^2)_{a2a4} (F^3)_{a1a3a5} − 1/2(F^2)_{a3a4} (F^3)_{a1a2a5} ] (12) a) b)

Figure 2: Five-point amplitudes

a) b)

Figure 3: Six-point amplitudes

Let us now collect the results (9) and (12); making use of the identities given in Appendix C of [1] we can eliminate F^2F^3 in favor of F^5 terms. Our final result to the M^{−6} order is:

Γ_{tot} = 1 20 ( π^2 12 1 M^6 ) Tr_{Ad} { (∇F_{μν} ∇F_{νρ}F_{ρσ}F_{σμ} + ∇F_{μν} ∇F_{ρσ}F_{νρ}F_{σμ} + F_{μν} ∇F_{ρσ}∇F_{νρ}F_{σμ}) − 1 4 (∇F_{μν} ∇F_{μν} F_{ρσ}F_{ρσ} + F_{μν} ∇F_{μν}∇F_{ρσ}F_{ρσ} + ∇F_{μν} ∇F_{ρσ}F_{μν} F_{ρσ}) }

+ 1 20 ( π^2 12 1 M^6 ) Tr_{Ad} ( −F_{μν} F_{νρ}F_{ρσ}F_{στ} F_{τ μ} − 7 2 F_{μν} F_{νρ}F_{στ} F_{ρσ}F_{τ μ} − 3 2 F_{μν} F_{ρσ}F_{τ μ}F_{νρ}F_{στ} + 2F_{μν} F_{ρσ}F_{νρ}F_{τ μ}F_{στ} ) (13)

Up to an overall numerical factor, the first two lines in (13) reproduce the corresponding result in ref. [9], formula (3.3), obtained from an open superstring scattering amplitude. Moreover they agree with the recent results recently obtained in [10, 11]. So, our first result is that, at the level of the four-point function, the supersymmetric Yang-Mills effective action exactly reproduces the structure of the non-abelian Born-Infeld theory, including the first derivative corrections. The terms F^5, which were also computed in [9], are more difficult to compare with ours: this is essentially due to the fact that the result quoted in [9] is not written in a canonical form and moreover it requires additional symmetrizations which we are not clear how to interpret unambiguously. However, they do not agree with the result found in [11].

We would like to conclude summarizing our results. We have considered the N = 4 supersymmetric Yang-Mills theory and computed at one-loop the four- and five-point functions with external vector fields. From the superfield result we have extracted the part of the bosonic components which contain the field strengths F_{μν} . These non-local one-loop contributions have been expanded in a low energy approximation and expressed as a sum of an infinite series of local terms. We have argued that these local expressions reproduce contributions to the non-abelian Born-Infeld action, if supersymmetry has to determine its structure. However, the discrepancy with the result found in [11] seems to indicate that supersymmetry is not enough at this order.

Acknowledgements: the authors have been partially supported by INFN, MURST, and the European Commission RTN program HPRN-CT-2000-00113 in which they are associated to the University of Torino.

References

[1] A. Refolli, A. Santambrogio, N. Terzi, D. Zanon, Nucl. Phys. B613 (2001) 64 [hepth/0105277].

[2] E.S. Fradkin, A.A. Tseytlin, Phys. Lett. B163 (1985) 123; A. Abouelsaood, C.

Callan, C. Nappi, S. Yost, Nucl. Phys. B280 (1987) 599; A. A. Tseytlin, ”Born-Infeld action, supersymmetry and string theory”, in the Yuri Golfand memorial volume, ed. M. Shifman, World Scientific (2000) [hep-th/9908105].

[3] A. A. Tseytlin, Nucl. Phys. B501 (1997) 41 [hep-th/9701125].

[4] A. Hashimoto and W. I. Taylor, Nucl. Phys. B503 (1997) 193 [hep-th/9703217].

[5] E. Bergshoeff, M. de Roo, A. Sevrin, ”On the supersymmetric non abelian Born- Infeld action”, hep-th/0011264; A. Sevrin, J. Troost, W. Troost, Nucl. Phys. B603 (2001) 389 [hep-th/0101192].

[6] D. Gross, E. Witten, Nucl. Phys. B277 (1986) 1; A. A. Tseytlin, Nucl. Phys. B276 (1986) 391 [Erratum-ibid. B291 (1986) 876].

[7] S. V. Ketov, Phys. Lett. B491 (2000) 207 [hep-th/0005265]. Class. Quant. Grav.

17 (2000) L91 [hep-th/0005126]; S. Gonorazky, F. A. Schaposnik and G. Silva, Phys. Lett. B449 (1999) 187 [hep-th/9812094]; A. De Giovanni, A. Santambrogio and D. Zanon, Phys. Lett. B472 (2000) 94 [Phys. Lett. B478 (2000) 457] [hepth/9907214]; A. Refolli, N. Terzi and D. Zanon, Phys. Lett. B486 (2000) 337 [hepth/0006067]; M. Cederwall, B. E. Nilsson and D. Tsimpis, JHEP 0106 (2001) 034 [hep-th/0102009]; JHEP 0107 (2001) 042 [hep-th/0104236].

[8] E. Bergshoeff, M. Rakowski, E. Sezgin, Phys.Lett. B185 (1987) 371; R. R. Metsaev, M. A. Rakhmanov and A. A. Tseytlin, Phys. Lett. B193 (1987) 207; L. De Fosse, P. Koerber and A. Sevrin, Nucl. Phys. B603 (2001) 413 [hep-th/0103015].

[9] Y. Kitazawa, Nucl.Phys. B289 (1987) 599.

[10] A. Bilal, Nucl.Phys. B618 (2001) 21 [hep-th/0106062].

[11] P. Koerber, A. Sevrin, JHEP 0110 (2001) 003 [hep-th/0108169]; “Testing the α^{′3} term in the non-abelian open superstring effective action”, hep-th/0109030.

[12] S.J. Gates, M.T. Grisaru, M. Rocek, W. Siegel, ”Superspace”, Benjamin-Cummings, Reading MA, (1983).