arXiv:hep-th/0306285 v2 1 Jan 2004

YITP-SB-03/32

Four dimensional supersymmetrization of R4^1

Filipe Moura

C. N. Yang Institute for Theoretical Physics State University of New York Stony Brook, NY 11794-3840, U.S.A

fmoura@insti.physics.sunysb.edu

Abstract

We review our recent works on the supersymmetrization of the leading string correction (the R^4 term) to N = 1, 2 supergravity theories in four dimensions. We show that, in the ”old minimal” formulations of these theories, when going on-shell in the presence of this correction, the auxiliary fields which come from multiplets with physical fields cannot be eliminated, but those ones that come from compensating multiplets without any physical fields can be eliminated. We conjecture similar results for other versions of these theories.

January 1, 2004

1Talk given at the international conference on ”20 Years of SUGRA and Search for SUSY and Unification”, Northeastern University, Boston, March 17-20 2003.

1 N = 1, 2 supergravity: from conformal to Poincaré

N = 1, 2 Poincaré supergravities can be obtained from the corresponding conformal theories by consistent couplings to compensating multiplets that break superconformal invariance and local U(N ). There are different possible choices of compensating multiplets, leading to different formulations of the Poincaré theory. What is special about these theories is the existence of a completely off-shell formalism. This means that, for each of these theories, a complete set of auxiliary fields is known (actually, there exist three known choices for each theory). In superspace this means that, after imposing constraints on the torsions, we can completely solve the Bianchi identities without using the field equations [1, 2], and there is a perfect identification between the superspace and x-space descriptions.

1.1 The N = 1 case

The fields of N = 1 conformal supergravity multiplet are the graviton e^m_μ , the gravitino ψ^A_μ and a U(1) gauge field A_μ. In order to break the superconformal invariance and obtain the ”old minimal” formulation of N = 1 Poincaré supergravity [3, 4], one must impose some constraint which restricts a linear combination of the superconformal parameters L, L to a compensating chiral multiplet [5]. This is achieved by setting the nonconformal superspace torsion constraint

T^m_{Am} = 0 (1.1)

This formulation of supergravity is described in terms of the superfields R, G_m, W_{ABC} , their complex conjugates and their covariant derivatives. R and W˙_A˙_B˙_C are antichiral:

∇^AR = 0, ∇_AW˙_A˙_B˙_C = 0 (1.2)

The Bianchi identities and all the torsion constraints imply the following off-shell differential relations between the N = 1 supergravity superfields:

∇^AG_A˙_B = 1 24 ∇˙_BR (1.3) ∇^AW_{ABC} = i ( ∇_B˙_AG^Ȧ_C + ∇_C˙_AG^Ȧ_B ) (1.4)

which imply the relation ∇^2R − ∇^2R = 96i∇^nG_n (1.5)

At θ = 0, we have G_m| = A_m, now an auxiliary field. The (anti)chirality condition on R, R implies their θ = 0 components (resp. the auxiliary fields M − iN, M + iN) lie in antichiral/chiral multiplets (the compensating multiplets); (1.3) shows the spin- 1/2 parts of the gravitino lie on the same multiplets (because ∇_AG_B˙_B| includes the gravitino curl) and, according to (1.5), so does ∂^μA_μ.

The superspace action for this formulation of supergravity is given by [6]: L_{SG} = 1 2κ^2 ∫ Ed^4θ, E = sdetE^M_Λ (1.6)

1.2 The N = 2 case

The N = 2 Weyl multiplet has 24+24 degrees of freedom. Its field content is given by the graviton e^m_μ , the gravitinos ψ^{Aa}_μ , the U(2) connection ~Φ^{ab}_μ , an antisymmetric tensor W_A˙_{AB}˙_B = 2ε˙_A˙_B W_{AB} +2ε_{AB} W˙_A˙_B, a spinor Λ^a_A and, as auxiliary field, a dimension 2 scalar I.

In U(2) N = 2 superspace there is an off-shell solution to the Bianchi identities. The torsions and curvatures can be expressed in terms of superfields Y_{AB} , U^{ab}_{AȦ}, X_{ab} and the previously mentioned W_{AB} , their complex conjugates and their covariant derivatives. In order to obtain the Poincaré theory, the first step is to couple to the conformal theory an abelian vector multiplet (with central charge), which includes a vector A_μ described, in superspace, by a 1-form A_Π. The field strength F_{ΠΣ} satisfies its own Bianchi identities ∇_{[Γ} F_{ΠΣ}} = 0. After imposing conventional and conformal-breaking constraints in some of its components, we solve the Bianchi identities for F_{ΠΣ} in terms of all the previous superfields. W_{mn} is now related to the vector field strength F_{mn}, while Y_{mn}, X_{ab}, U_m emerge as auxiliary fields, U_μ being the U(1) piece of ~Φ^{ab}_μ . Although the algebra closes with this multiplet, it does not admit a consistent lagrangian because of the higher-dimensional scalar I.

In order to obtain the ”old minimal” Poincaré theory, we break the remaining local SU(2) invariance, by restricting its parameter L^{ab} to a compensating nonlinear multiplet [7]. This is achieved by imposing the following constraint on the fermionic SU(2) connection:

Φ^{abc}_A = 2ε^{ab}ρ^c_A (1.7) This constraint requires introducing a new fermionic superfield ρ^a_A. We also introduce its fermionic derivatives P (a complex scalar) and H_m. The previous SU(2) connection Φ^{ab}_μ is now an unconstrained auxiliary field. The divergence of the vector field H_m is constrained by

I = 4R − 6∇_A˙_AH^{AȦ} − 24X^{ab}X_{ab} − 12W^{AB} Y_{AB} − 12W^{ȦḂ}Y˙_A˙_B

+ 3P P + 3 2 H^{AȦ} H_A˙_A − 12Φ^{AȦ}_{ab} Φ^{ab}_{AȦ} − 12U^{AȦ} U_A˙_A + 16iρ^a_AΛ^A_a

− 16iρ^a_ȦΛ^Ȧ_a − 48ρ^A_a W^{Ba}_{AB} + 48ρ^Ȧ_a W^{Ḃa}_{ȦḂ} + 48iρ^A_a ρ^{Ba}W_{AB}

+ 48iρ^Ȧ_a ρ^{Ḃa}W˙_A˙_B + 48ρ^{Aa}ρ^Ȧ_a U_{AȦ} − 48iρ^{Aa}∇_{AȦ}ρ^Ȧ_a

+ 48iρ^{Ȧa}∇_A˙_Aρ^A_a + 96iρ^A_a Φ^{ab}_{AȦ}ρ^Ȧ_b (1.8)

which is equivalent to saying that I is no longer an independent field. This constraint implies that only the longitudinal part of H_m belongs to the nonlinear multiplet; its divergence lies in the original Weyl multiplet. One has off-shell identities relating the covariant derivatives of ρ^a_A and the other auxiliary fields [8, 9].

Altogether, these component fields form then the ”old minimal” N = 2 40+40 multiplet [10]: e^m_μ , ψ^{Aa}_μ , A_μ, Φ^{ab}_μ , Y_{mn}, U_m, Λ^a_A, X_{ab}, H_m, P, ρ^a_A (1.9) The final lagrangian of ”old minimal” N = 2 supergravity may be written, in superspace, as (ϵ is the chiral density) [11]: L_{SG} = − 3 4κ^2 ∫ ϵd^4θ + h.c. (1.10)

2 Leading string corrections to supergravity

For many different reasons, it is important to know the quantum corrections to supergravity originated from string theory. The fourth power of the Riemann tensor (R^4) shows up in all effective actions for all string theories and M-theory, with nonzero coefficients [12]. In this sense, it is the most general quantum correction to supergravity one has. Therefore, it is of interest to know it, and the supersymmetric invariants to which it belongs, better.

The four-dimensional supersymmetrization of R^4 had never been worked out. A term like that was first considered as a possible quantum correction to supergravity [13]; its study is the purpose of this work.

2.1 The N = 1 case

The lagrangian we will be considering is

L_{SG} + L_R4 = 1 2κ^2 ∫ E ( 1 + αW^2W^2 ) d^4θ (2.1)

α is a coupling constant of mass dimension -6. The α term represents the supersymmetrization of one combination of the fourth power of the Weyl tensor, more precisely [14] W^2_+W^2_−.

To compute the field equations from this lagrangian, we need the constrained variation of W_{ABC} [6]. We presented elsewhere [15] the details of this calculation and the final result for ∫ δ [ E ( 1 + αW^2W^2 )] d^4θ, and we do not reproduce them here again.

From this result, the R, R field equations are immediately read: R = 6α W^2∇^2W^2 1 − 2αW^2W^2

= 6αW^2∇^2W^2 + 12α^2W^4W^2∇^2W^2 (2.2)

From (1.5), we can easily determine ∇^nG_n. This way, auxiliary fields belonging to the compensating chiral multiplet can be eliminated on-shell. This is not the case for the auxiliary fields which come from the Weyl multiplet (A_m), as we obtained [15] a complicated differential field equation for G_m.

2.2 The N = 2 case

To (1.10) we are adding a correction given by

L_R4 = ακ^4 ∫ ϵϕd^4θ + h.c. (2.3)

where we have defined the chiral superfield (W^2W^2 is acted by the chiral projector) ϕ = ( ∇^{Ȧa}∇^b_Ȧ ( ∇^Ḃ_a ∇˙_{Bb} + 16X_{ab} ) − ∇^{Ȧa}∇^Ḃ_a ( ∇^b_Ȧ∇˙_{Bb} − 16iY˙_A˙_B )) W^2W^2 (2.4)

α is now a numerical constant. The term ϵ∇^{Aa}∇^{Bb} [∇_{Ab}, ∇_{Ba}] ϕ | | | + h.c. contains eW^2_+W^2_−.

We then proceeded with the calculation of the components of ϕ and analysis of its field content [9]. For that, we used the differential constraints from the solution to the Bianchi identities and the commutation relations. The process is straightforward but lengthy. The results can be summarized as follows: with the correction (2.3), auxiliary fields X_{ab}, Λ˙_{Cc}, Y˙_A˙_B, U_m and Φ^{ab}_m get derivatives, and the same should be true for their field equations; therefore, these superfields cannot be eliminated onshell. We also fully checked that superfields P and H_m do not get derivatives with this correction (with the important exception of ∇^mH_m) and, therefore, have algebraic field equations which should allow for their elimination on shell. The only obscure case is the auxiliary field ρ^a_A. We did not analyze its derivatives because that would require computing a big number of terms and, for each term, a huge number of different contributions. This is probably because ρ^a_A belongs to a nonlinear multiplet. We believe that its derivatives should cancel, though, because derivatives of the other fields from the nonlinear multiplet cancel.

2.3 Conclusions and a conjecture

A careful analysis shows that, in the cases we studied, the auxiliary fields that can be eliminated come from multiplets which, on-shell, have no physical fields; while the auxiliary fields that get derivatives come from multiplets with physical fiels on-shell (the graviton, the gravitino(s) and, in N = 2, the vector). Our general conjecture for R^4 supergravity, which is fully confirmed in the ”old minimal” N = 1 case, can now be stated: the auxiliary fields which come from multiplets with on-shell physical fields cannot be eliminated, but the ones that come from compensating multiplets that, on shell, have no physical fields, can. This analysis should also be extended to the other different versions of these supergravity theories.

Acknowledgments

We gratefully acknowledge support from the Calouste Gulbenkian Foundation (through a short-term fellowship) and NSF (through grant PHY-0098527).

References

[1] R. Grimm, J. Wess and B. Zumino: Nucl. Phys. B152 (1979), 255.

[2] P. Howe: Nucl. Phys. B199 (1982), 309.

[3] K. Stelle and P. West: Phys. Lett. 74B (1978), 330.

[4] S. Ferrara and P. van Nieuwenhuizen: Phys. Lett. 74B (1978), 333.

[5] P. Howe and R.W. Tucker: Phys. Lett. 80B (1978), 138.

[6] J. Wess and B. Zumino: Phys. Lett. 74B (1978), 51.

[7] B. de Wit, J.W. van Holten and A. van Proeyen: Nucl. Phys. B167 (1980), 186;

idem, Nucl. Phys. B184 (1981), 77.

[8] M. Müller: Consistent Classical Supergravity Theories, Lecture Notes in Physics, Springer-Verlag, 1989.

[9] F. Moura: J. High Energy Phys. 07 (2003), 057, hep-th/0212271.

[10] E.S. Fradkin and M.A. Vasiliev: Lett. Nuovo Cim. 25 (1979), 79; idem, Phys.

Lett. 85B (1979), 47.

[11] M. Müller: Zeit. für Phys. C24 (1984), 175.

[12] D.J. Gross and E. Witten: Nucl. Phys. B277 (1986), 1; D.J. Gross and J.H.

Sloan: Nucl. Phys. B291 (1987), 41; M.T. Grisaru, A.E.M. van de Ven and D. Zanon: Phys. Lett. 173B (1986), 423; idem: Nucl. Phys. B277 (1986), 388; idem: Nucl. Phys. B277 (1986), 409; J. Russo and A. A. Tseytlin: Nucl. Phys. B508 (1997), 245, hep-th/9707134; M. B. Green, M. Gutperle and P. Vanhove: Phys. Lett. 409B (1997), 177, hep-th/9706175.

[13] S. Deser, J.H. Kay and K.S. Stelle: Phys. Rev. Lett. 38 (1977), 527; P. Howe and U. Lindström: Nucl. Phys. B181 (1981), 487.

[14] F. Moura: J. High Energy Phys. 08 (2002), 038, hep-th/0206119.

[15] F. Moura: J. High Energy Phys. 09 (2001), 026, hep-th/0106023.