arXiv:1107.3125v1 [hep-th] 15 Jul 2011

YITP-SB-11-22

Orientifold daughter of N = 4 SYM and double-trace running

Pedro Liendo^a C. N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY 11794-3840, USA (Dated: July 18, 2011)

Abstract

We study the orientifold daughter of N = 4 super Yang-Mills as a candidate non-supersymmetric large N conformal field theory. In a theory with vanishing single-trace beta functions that contains scalars in the adjoint representation, conformal invariance might still be broken by renormalization of double-trace terms to leading order at large N. In this note we perform a diagrammatic analysis and argue that the orientifold daughter does not suffer from double-trace running. This implies an exact large N equivalence between this theory and a subsector of N = 4 SYM.

a Email: pedro.liendo@stonybrook.edu

I. INTRODUCTION

Conformal field theories play a prominent role in theoretical physics. In four dimensions, it is easy to find supersymmetric CFTs, however, constructing interacting conformal field theories in the absence of SUSY seems to be a harder task. An early attempt for the construction of such theories was to use the AdS/CFT correspondence [1–3] for orbifolds of N = 4 SYM [4, 5]. These are constructed by placing a stack of N D3-branes at an orbifold singularity R^6 /Γ where Γ is a discrete subgroup of the R-symmetry. Inheritance principles [6, 7], then, guarantee that the beta functions of marginal single-trace operators vanish in the large N limit. If the orbifold group Γ ⊄ SU(3) supersymmetry is completely broken and a potential conformal field theory with reduced supersymmetry is obtained.

Now, whenever there are scalars in the adjoint or bifundamental representation, there is a logarithmic running of double-trace operators present in the quantum effective action [8–12] δS = −f ∫ d^4xOŌ . (1)

This is a leading effect at large N. While for supersymmetric orbifolds one can always tune the double-trace couplings to their conformal fixed points, for non-supersymmetric orbifolds the double-trace beta functions have complex zeros and conformal invariance is always broken [11, 12].

The authors of [12] also found a non-trivial one-to-one correspondence between the breaking of conformal invariance in the field theory and the presence of closed string tachyons in the twisted sector of the dual string theory. This result is somewhat surprising because the correspondence is between perturbative gauge theory (dual to strongly curved AdS) and flat space tachyons, indicating that the breaking of conformal invariance may be read from string theory before taking the decoupling limit. These results were revisited in [13] where it was found that the double-trace beta functions are quadratic in the coupling to all orders in planar perturbation theory.

Here we will concentrate on the orientifold daughter of N = 4 SYM [14–16]. This theory arises as the low energy description of D3-branes in a non-tachyonic orientifold of Type 0B, in which the tachyon in the original string theory has been projected out by a clever choice of the parity operator [17–19].

In [16, 20] it was argued that this theory is planar equivalent to N = 4 SYM. In light of the results obtained for orbifolds, the absence of a tachyon in the flat space string theory is a good indication that the orientifold daughter should not suffer from double-trace running and, therefore, be an example of a non-supersymmetric conformal field theory.

In this note we perform a diagrammatic analysis to see if this theory suffers from doubletrace running or not. One possible outcome is that perturbative renormalizability will force us to add double-trace couplings of the from (1). If the double-trace beta functions have real zeros, conformal invariance can be recovered if we tune the new couplings to their fixed points. This would imply that we have a fixed line passing through the origin of the coupling constant space. On the other hand, if one or more zeros are complex, conformal invariance is broken and the theory is unstable.

Another possible outcome is that the are no leading double-trace contributions in the effective action. If this is the case, there will be no logarithmic running and it would imply an exact equivalence between the orientifold and a subsector of N = 4 SYM. Conformal invariance will be preserved but in a rather trivial sense. Our results indicate that this last behavior is the one that characterizes the orientifold daughter. In Section 2 we briefly review how the orientifold theory is constructed. In Section 3 we perform a diagrammatic analysis and show that for each double-trace diagram in N = 4 there is an analogous diagram in the orientifold daughter and vice versa. Finally, we present our concluding remarks in Section 4.

II. ORIENTIFOLD CONSTRUCTION

The field theory in which we are interested in is a non-supersymmetric SU(N) gauge theory that arises as the low energy description of D3-branes in a non-tachyonic orientifold of Type 0B.

A. Non-tachyonic Ω^′ projection

The Type 0B modular invariant partition function is given by the following string states (NS−,NS−)⊕(NS+,NS+)⊕(R−,R−)⊕(R+,R+) .

As is well known there is a tachyonic state coming from the (NS-,NS-) sector. This theory admits more than one consistent orientifold projection characterized by different definitions of the parity operator Ω [17–19]. The parity operator that gives a non-tachyonic orientifold is usually denoted by Ω^′ = Ω(−1)^{fR} , where f_R is the right world-sheet fermion number. The projected theory 0B/Ω^′ is called 0^′B. This theory has no tachyon and is similar to the bosonic sector of Type IIB. At the massless level it has a complete set of R-R fields, a graviton and a dilaton.

B. Orientifold daughter

If we T-dualize in six directions we obtain the Ω(−1)^{fR} I_6 orientifold of Type 0B [14, 15], where I_6 is an inversion operator (x_i → −x_i, i=4,...,9). This theory contains an orientifold O^′3 plane at x_4 = ... = x_9 = 0. The gauge theory describing N D3-branes in the presence of the O^′3 plane is the orientifold daughter of N = 4 SYM we want to study. Its field content is given by SU(N) Vector adj. Scalars adj. Weyl Fermions +

This theory is very similar to N = 4 SYM, there are 6 real scalars in the adjoint representation and 4 Dirac fermions in the antisymmetric representation of the gauge group. Its planar diagrams are the same as those in the parent theory, using a double-line notation [21] is clear that the only difference is in the orientation of the color arrows for diagrams involving fermions (see Figure 1). This suggests that the orientifold daughter and the parent theory are equivalent in the large N limit. However, we have to be careful with potential double-trace terms as they might render the theory non-conformal.

(a) N = 4 SYM (b) Orientifold

FIG. 1. Fermionic contribution to the scalar self-energy. The only difference is the orientation of the arrows.

We know that in geometric orbifolds of N = 4 SYM there is a one-to-one correspondence between the presence of tachyons in the flat space string theory and the breaking of conformal invariance [12]. The absence of a tachyon in the flat space construction of the orientifold field theory is then encouraging. Still, we feel an explicit analysis is necessary in order to check whether this theory suffers from double-trace running or not.

III. DIAGRAMMATIC ANALYSIS

Here we consider consider double-trace contributions to the effective action for the orientifold daughter. We will show that they cancel by comparing them with the respective diagrams in N = 4, which we know does not suffer from double-trace running.

A. One-loop diagrams

The lagrangian of N = 4 SYM is well known,

L = N ( − 1 2 F_{μν} F^{μν} + iψ̄^aσ̄^μD_μψ_a − D_μX^I D^μX^I + 2 √ λC^{Iab}ψ_aX^I ψ_b + 2 √ λC̄^I_{ab}ψ̄^aX^Iψ̄^b + λ 2 [X^I , X^J ]^2 ) . (2)

The orientifold daughter is obtained through the replacement ψ^j_i → {ξ_{[ij]}, η^{[ij]}} , (3) where i, j are color indices [22]. Its lagrangian is L = N ( − 1 2 F_{μν} F^{μν} + i 2 η̄^aσ̄^μD_μη_a + i 2 ξ̄^aσ̄^μD_μξ_a − D_μX^I D^μX^I + 2 √ λC^{Iab}ξ_aX^I η_b + 2 √ λC̄^I_{ab}η̄^aX^Iξ̄^b + λ 2 [X^I , X^J ]^2 ) . (4)

The color structure of the fermion propagators is as follows,

⟨ψ^j_i ψ̄^l_k ⟩ ∼ δ^l_iδ^j_k , (5) ⟨ξ_{[ij]}ξ̄^{[kl]}⟩ ∼ δ^l_iδ^k_j − δ^k_i δ^l_j , (6) ⟨η^{[ij]}η̄_{[kl]}⟩ ∼ δ^i_l δ^j_k − δ^i_kδ^j_l . (7) j i k l (a) − j i k l j i k l (b) − j i k l j i k l (c) FIG. 2. Fermionic propagators in a double-line notation.

From Figure 2 we see that the orientifold daughter has an extra “non-planar” term coming from the antisymmetry of the color indices.

We are only interested in double trace contributions. In particular,

δL = a(λ)O^{IJ} O^{IJ} + b(λ)O^2 , (8)

where O^{IJ} = Tr ( X^I X^J − δ^{IJ} 6 X^K X^K ) , (9)

O = TrX^K X^K , (10)

and a(λ), b(λ) are functions of the ’t Hooft coupling.

These terms are easy to identify using the double-line notation, some sample contributions for N = 4 SYM are shown in Figure 3. The bosonic diagrams are identical in both theories and we know that the N = 4 SYM does not have double-trace running. Then, we only need to concentrate in the fermions. There are two different sets of Wick contractions that give fermionic double-trace contributions in N = 4, Figures 3(b) and 3(c).

To prove cancellation of double-trace terms in the orientifold we need to find equivalent fermionic diagrams, these are shown in Figure 4. These two diagrams will give identical contributions as those of the parent theory and the cancellation of double-trace terms is then guaranteed. We see that the non-planarities in the N = 4 diagrams are here implemented by the non- planar component of the fermion propagator. The extra minus sign in the nonplanar part could have presented a problem, however, both diagrams have an even number

(a) ψ ψ̄ ψ ψ̄

ψ̄ ψ ψ̄ ψ (b) ψ ψ̄ ψ ψ̄

ψ̄ ψ ψ̄ ψ (c) FIG. 3. Figure (a) is a bosonic contribution to the double-trace potential. Figures (b) and (c) are fermionic contributions.

of them. This simple analysis confirms that the orientifold theory has no double-trace contributions at one loop. ξ ξ̄ η η̄

η̄ η ξ̄ ξ (a) ξ ξ̄ η η̄

η̄ η ξ̄ ξ (b) FIG. 4. Fermionic one-loop contributions from the orientifold daughter.

B. Two-loop example

At two-loops we should have one power of N coming from a closed color loop, if not, the diagram is sub-leading. As before, we only need to concentrate on the diagrams with fermions. Because we will proceed with an all-loop analysis in the next section we only consider one two-loop example, this is shown in Figure 5.

From the color flows is clear that we have a factor of N coming from a closed color loop. Also, for the orientifold, we have an even number of non-planar propagators and so there is no extra minus sign.

(a) (b) FIG. 5. Figure (a) is a two-loop diagram in N = 4 SYM. Figure (b) is the orientifold counterpart.

C. All-loop Here we will argue for the cancellation of double-trace terms at all loops. At ℓ-loops the leading single and double-trace contributions are of the form, δL_{ST} ∼ Nl^{ℓ+1}TrX^4 and δL_{DT} ∼ l^{ℓ+1}TrX^2TrX^2 . (11) The key thing to notice is that a leading double-trace diagram should have N^{ℓ−1} from closed color loops^1. If we compare this with the N^ℓ of a leading single-trace diagram it’s clear that the double-trace contributions we are interested in are almost planar. The unique topology is shown in Figure 6(a). It’s not hard to see that the double-trace diagrams of the previous sections are of this form.

(a) (b) FIG. 6. Figure (a) is a leading ℓ-loop double-trace diagram, it has N^{ℓ−1} coming from closed color loops. Figure (b) is sub-leading.

To prove that the orientifold daughter does not suffer from double-trace running we will

1 In our normalization we have an overall factor of N multiplying the lagrangian, this implies that each propagator goes as ∼^1_N .

proceed as before. For each double-trace contribution in N = 4 SYM we will show that there is an equivalent diagram in the orientifold and vice versa.

Consider an arbitrary leading double-trace diagram like the one shown in Figure 6(a). Topologically we have an inner and an outer boundary where the external bosonic legs sit and a number of color loops between them. Now, let’s connect the external legs belonging to the inner boundary using an “auxiliary” bosonic propagator as shown in Figure 7.

FIG. 7. Leading ℓ-loop double-trace diagram with an auxiliary bosonic propagator (dashed) contracting two external legs (compare with Figure 6(a)).

After this contraction we have a planar diagram (the new topology consists of a single boundary with two external legs) but we know that there is a one-to-one correspondence between the planar diagrams of these two theories [16]. We also know that the bosonic fields are identical in both theories and the only difference between Figure 6(a) and Figure 7 is a bosonic contraction, this implies that if there is a one-to-one correspondence between the diagrams of the form depicted in Figure 7 then, there is also a one-to-one correspondence between the class of diagrams depicted in Figure 6(a). Let’s rephrase this last statement: If we have a one-to-one correspondence between planar diagrams in N = 4 SYM and its orientifold daughter, then we also have a one-to-one correspondence between the leading double-trace contributions to the scalar four-point function. This concludes our analysis and confirms that both theories have identical leading double-trace contributions at all loops.

IV. DISCUSSION

In this note we have shown by an explicit diagrammatic analysis that the orientifold daughter of N = 4 SYM does not suffer from double-trace running. This is in agreement with the results of [12] and [20], where a one-to-one correspondence was found between the breaking of conformal invariance and the presence of tachyons in the flat space string theory. Our calculation is yet another example that confirms this observation, namely that the flat space theory seems to know about the stability of the field theory.

In the full 0B string theory the calculation of [8, 11] implies that there is a string state becoming tachyonic in the dual AdS background for sufficiently small λ (large curvature). The results of this paper confirm that the orientifold daughter is stable and hence the AdS dual contains no tachyon. It would be interesting to understand more directly how the tachyon is projected out. Sadly, the AdS background dual to the orientifold daughter is not known. In [23] an outline was given of the main characteristics the dual theory should have. However, an explicit solution is yet to be found.

ACKNOWLEDGMENTS

I am grateful to Leonardo Rastelli for suggesting this project and for guidance. It is a pleasure to thank Elli Pomoni and especially Adi Armoni for useful discussions and comments. This work was supported in part by NSF grant PHY-0969919. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation.

[1] J. M. Maldacena, The Large N limit of superconformal field theories and supergravity, Adv.Theor.Math.Phys. 2 (1998) 231–252, [hep-th/9711200].

[2] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253–291, [hep-th/9802150].

[3] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B428 (1998) 105–114, [hep-th/9802109].

[4] S. Kachru and E. Silverstein, 4-D conformal theories and strings on orbifolds, Phys.Rev.Lett.

80 (1998) 4855–4858, [hep-th/9802183].

[5] A. E. Lawrence, N. Nekrasov, and C. Vafa, On conformal field theories in four-dimensions, Nucl.Phys. B533 (1998) 199–209, [hep-th/9803015].

[6] M. Bershadsky, Z. Kakushadze, and C. Vafa, String expansion as large N expansion of gauge theories, Nucl.Phys. B523 (1998) 59–72, [hep-th/9803076].

[7] M. Bershadsky and A. Johansen, Large N limit of orbifold field theories, Nucl.Phys. B536 (1998) 141–148, [hep-th/9803249].

[8] A. A. Tseytlin and K. Zarembo, Effective potential in nonsupersymmetric SU(N) x SU(N) gauge theory and interactions of type 0 D3-branes, Phys.Lett. B457 (1999) 77–86, [hep-th/9902095].

[9] C. Csaki, W. Skiba, and J. Terning, Beta functions of orbifold theories and the hierarchy problem, Phys.Rev. D61 (2000) 025019, [hep-th/9906057].

[10] A. Adams and E. Silverstein, Closed string tachyons, AdS / CFT, and large N QCD, Phys.Rev. D64 (2001) 086001, [hep-th/0103220].

[11] A. Dymarsky, I. Klebanov, and R. Roiban, Perturbative search for fixed lines in large N gauge theories, JHEP 0508 (2005) 011, [hep-th/0505099].

[12] A. Dymarsky, I. Klebanov, and R. Roiban, Perturbative gauge theory and closed string tachyons, JHEP 0511 (2005) 038, [hep-th/0509132].

[13] E. Pomoni and L. Rastelli, Large N Field Theory and AdS Tachyons, JHEP 0904 (2009) 020, [arXiv:0805.2261].

[14] R. Blumenhagen, A. Font, and D. Lust, Nonsupersymmetric gauge theories from D-branes in type 0 string theory, Nucl.Phys. B560 (1999) 66–92, [hep-th/9906101].

[15] R. Blumenhagen, A. Font, and D. Lust, Tachyon free orientifolds of type 0B strings in various dimensions, Nucl.Phys. B558 (1999) 159–177, [hep-th/9904069].

[16] C. Angelantonj and A. Armoni, Nontachyonic type 0B orientifolds, nonsupersymmetric gauge theories and cosmological RG flow, Nucl.Phys. B578 (2000) 239–258, [hep-th/9912257].

[17] M. Bianchi and A. Sagnotti, On the systematics of open string theories, Phys.Lett. B247 (1990) 517–524.

[18] A. Sagnotti, Some properties of open string theories, hep-th/9509080. [19] A. Sagnotti, Surprises in open string perturbation theory, Nucl.Phys.Proc.Suppl. 56B (1997) 332–343, [hep-th/9702093].

[20] A. Armoni, Non-perturbative planar equivalence and the absence of closed string tachyons, JHEP 0704 (2007) 046, [hep-th/0703229].

[21] G. ’t Hooft, A Planar Diagram Theory for Strong Interactions, Nucl.Phys. B72 (1974) 461. [22] A. Armoni, M. Shifman, and G. Veneziano, Refining the proof of planar equivalence, Phys.Rev. D71 (2005) 045015, [hep-th/0412203].

[23] A. Armoni and A. Naqvi, A Non-Supersymmetric Large-N 3D CFT And Its Gravity Dual, JHEP 0809 (2008) 119, [arXiv:0806.4068].