Received: February 21, 2000, Accepted: March 22, 2000

HYPER VERSION

Anomalies & tadpoles

Massimo Bianchi and Jose F. Morales

Dipartimento di Fisica, Università di Roma “Tor Vergata” I.N.F.N. - Sezione di Roma “Tor Vergata” Via della Ricerca Scientifica, 1 - 00173 Roma, Italy E-mail: bianchi@roma2.infn.it, Francisco.Morales@roma2.infn.it

Abstract: We show that massless RR tadpoles in vacuum configurations with open and unoriented strings are always related to anomalies. RR tadpoles arising from sectors of the internal SCFT with non-vanishing Witten index are in one-to-one correspondence with conventional irreducible anomalies. The anomalous content of the remaining RR tadpoles can be disclosed by considering anomalous amplitudes with higher numbers of external legs. We then provide an explicit parametrization of the anomaly polynomial in terms of the boundary reflection coefficients, i.e. one-point functions of massless RR fields on the disk. After factorization of the reducible anomaly, we extract the relevant WZ couplings in the effective lagrangians.

Keywords: Anomalies in Field and String Theories, Superstring Vacua, Conformal Field Models in String Theory, Compactification and String Models.

Contents

1. Introduction 1

2. Open string descendants 3

3. Anomalies in open string descendants 9

4. Anomaly polynomial and WZ couplings 15

5. Tadpoles with I = 0 and anomalous amplitudes 17

6. Discussion and concluding remarks 20

1. Introduction

Anomaly and tadpole vanishing conditions have been recognized for long as intriguingly related constraints in the construction of consistent vacuum configurations with open and unoriented strings. Indeed infinity and anomaly cancellations go hand by hand in the SO(32) type-I theory [1]. Although considerable experimental evidence has been accumulated in favour of a one-to-one correspondence between the two kinds of consistency conditions in models with N = (1, 0) supersymmetry in D = 6, already in D = 4 there are exceptions to this rule and very little is known so far in the non-supersymmetric case. At first sight it is not obvious why the vanishing of RR tadpoles, a transverse-channel constraint on the closed-string coupling to boundaries and crosscaps, should in general be related to the vanishing of irreducible anomalies, a constraint on the spectrum that is naturally encoded in the direct-channel amplitudes.

The issue has been first addressed in [2] where the RR tadpole in D = 10 was shown to induce a violation of BRST invariance on the string worldsheet. In [4, 3] tadpole cancellation was proposed as the open-string analogue of closed-string modular invariance, that cuts off the UV region responsible of anomalies. Additional evidence for a tadpole-anomaly correspondence was given in [5], where some N = (1, 0) supersymmetric models in D = 6 and some non-supersymmetric models in D = 10 were shown to be free of irreducible anomalies thanks to the vanishing of RR tadpoles. The cancellation of the left-over reducible anomalies relied on the presence of extra RR antisymmetric tensors that participate in a generalized Green- Schwarz mechanism [3]. The general belief on an IR-UV correspondence between RR tadpoles and anomalies has been reinforced by the advent of D-branes [7]. RR charge neutrality of vacuum configurations with closed unoriented strings requires the introduction of D-branes and their open-string excitations. The new trend motivated the study of [8], where the correspondence was analyzed for supersymmetric D-brane configurations at orbifold singularities in non-compact spaces. RR tadpoles from twisted sectors were identified with irreducible gauge anomalies. More recently, an important contribution has been given in [9], where a careful comparison has been drawn in the context of geometric (supersymmetric) orbifold compactifications to D = 4, 6. In all cases studied in [9], RR tadpoles associated to string amplitudes in sectors where the orbifold group acts without fixed tori have been put in a one-to-one correspondence with irreducible anomalies. The remaining tadpole conditions have been left as seemingly unrelated to the conditions for anomaly cancellation. The intrisic reasons for such a tadpole-anomaly correspondence and the range of its validity inside the more general web of open string compactifications remains unclear.

The increasing interest in the phenomenological perspectives of open string vacuum configurations with various patterns of supersymmetry breaking deserves a thorough analysis of this long-standing problem. In the present paper we address the problem in full generality. Our analysis relies on the topological properties of the internal SCFT (super-conformal field theory) and encompasses not only unoriented descendants of geometric orbifolds and Gepner models, but also descendants of asymmetric orbifolds and free fermionic constructions that result in left-right symmetric parent theories. We find that RR-tadpole conditions always correspond to the cancellation of some sort of anomaly in the effective theory. The contribution to the anomalies from a given sector of the internal SCFT is measured by its “chiral” Witten index, I = tr_R(−)^F [10]. This index is defined by a chiral vacuum amplitude in the odd spin structure, where the worldsheet supercurrent is periodic, and effectively counts the chiral asymmetry of each sector.^1 Tadpoles associated to sectors with non-vanishing Witten index will be precisely identified with irreducible terms in the canonical anomaly polynomial. This extends the notion of sectors without fixed tori that appear in the orbifold constructions discussed in [9] to the present more general context. In addition an attentive study of the tadpoles that arise from sectors with vanishing Witten index suggests their connection to anomalous amplitudes involving a larger number of external insertions.

We would like to stress that nowhere in the paper we will assume that the theory enjoys target space supersymmetry. Our discussion is completely general and applies to non-supersymmetric models that can arise for instance from superstring compactifications with or without brane supersymmetry.

1For definitions and applications of the index in the open string context see [11].

In order to keep the notation as compact as possible, the language we use is the one of rational superconformal field theories but with obvious modifications one can accomodate in this setting all “irrational” models studied so far such as tori and orbifolds thereof. The only crucial ingredient in our considerations is the worldsheet consistency between direct (loop) and transverse (tree) channel for the relevant amplitudes. This imposes highly non-trivial constraints in the construction of a sensible open string model. Throughout the paper we will assume that a solution to these fundamental constraints (not to be confused with the tadpole-anomaly conditions under consideration) has been found. Another important ingredient is the “modular invariance” of string amplitudes in the odd-spin structure which allows us to relate irreducible anomalies in the direct channel to RR tadpoles in the transverse channel.

After showing the equivalence between RR tadpoles and irreducible terms in the anomaly polynomial, we will pass to the study of the reducible ones. We parametrize the anomaly polynomials in terms of reflection coefficients for the massless closed string states in front of crosscaps and boundaries. We will find that, barring some minor ambiguities in D = 8, 10 if the Chan-Paton group is non semi-simple, the anomaly polynomial admits a unique factorization in terms of a sum of as many products as sectors that flow in the transverse channel and have non-vanishing Witten index. This allow us to factorize the reducible anomaly in such a way as to immediately expose the R-R fields that participate in the generalized GSS mechanism and to extract the corresponding terms in the effective lagrangian. In particular one can immediately identify the “anomalous” U(1)’s.

The plan of the paper is as follows. In section 2 we briefly review the construction of open string descendants. In section 3 we establish the precise relation between RR tadpoles for sectors with non-vanishing Witten index and irreducible anomalies. In section 4 we study the reducible part of the anomaly polynomials in any even dimensions and extract the WZ couplings in the effective theories. In section 5 we discuss RR tadpoles arising from sectors with vanishing Witten index and elaborate on their connection to anomalous amplitudes with higher number of external legs. In section 6 we discuss our results and add some concluding remarks.

2. Open string descendants

In this section we review some relevant features in the construction of open string descendants of generic left-right symmetric “compactifications” of type-II and type- 0 superstrings. By superstring compactification we mean any vacuum configuration whose worldsheet dynamics is governed by a superconformal field theory (SCFT) irrespective of the presence of unbroken target-space supersymmetry.

A closed string compactification to D dimensions is defined by tensoring an internal SCFT, with left and right moving central charges (c, c̄) = (^3_2 (10 − D),^3_2 (10 − D)), with a (c, c̄) = (^3_2 D,^3_2 D) spacetime theory realized in terms of free worldsheet bosons and fermions {X^μ, ψ^μ, ψ̃^μ}. The Hilbert space of string states can be decomposed into a (generically infinite) sum H = ⊕_{i,j} H_i ⊗ H̄_j. The index i labels the primary fields Φ^i of some chiral algebra G, that includes an N = 1 superconformal algebra at least. The left-moving subspace H_i thus consists in the tower of descendants under G of the groundstate |h_i⟩ = Φ^i|0⟩. The spectrum of the left-moving hamiltonian L_0 in the sector H_i is conveniently assembled in the holomorphic character

X_i(τ) = Tr^′_{Hi} q^{L0− c24} , (2.1)

with q = e^{2πiτ} . A prime in (2.1) indicates the omission of the contribution of the bosonic zero-modes to the trace. Moreover, it is always understood that states in the NS (sub)sector, where the worldsheet supercurrent is anti-periodic, enter with a plus sign and states in the R (sub)sector, where the worldsheet supercurrent is periodic, enter with a minus sign. This follows from modular invariance at two loops and implements the correct relation between spin and statistics. For the right-moving excitations on the string worldsheet we assume Ḡ ∼ G and define anti-holomorphic characters X̄_j (τ̄) similarly.

The Lorentz transformation properties of states in H_i are encoded in the spacetime part of the character X_i, that can be decomposed into “characters” of the SO(D − 2) little group

χ_O + χ_V = ( ϑ [_0 0 ] η^3 ) D−2_2 χ_O − χ_V = ( ϑ [_0 1/2 ] η^3 ) D−2_2

χ_S + χ_C = ( ϑ [_{1/2} 0 ] η^3 ) D−2_2 χ_S − χ_C = ( −iϑ [_{1/2} 1/2 ] η^3

)^{D−2}_2 . (2.2)

The labels O, V, S, C denotes the scalar, vector, spinor left (L) and spinor right (R) representation of the affine transverse Lorentz algebra at level κ = 1. Once the contributions of the spacetime bosonic and fermionic coordinates are included, modular invariance ensures that any holomorphic character is given by a sum over spin structures:

X_i = ∑ α,β=0,1/2 ( ϑ [_α β ] η^3 ) D−2_2 I_i [ α β ] = I_iΘ_D + · · · (2.3)

and similarly for the antiholomorphic part. In the second equality we have isolated the contribution of the odd spin structure on which our analys will be focussed. In this spin-structure worldsheet bosons and fermions share the same boundary conditions. The worldsheet supercurrent is periodic and the contributions of the massive excitations to the sum cancel against each other. The contribution of the spacetime super-coordinates,

Θ_D = ( −iϑ [_{1/2} 1/2 ] η^3

)^{D−2}_2 , (2.4)

though formally zero, is a convenient book-keeping of the chiral asymmetry. The result of the trace in each sector of the internal SCFT theory, I_i ≡ I_i [_{1/2} 1/2 ] , is an integer (the Witten index [10]) that counts the difference between the number of bosonic and fermionic ground-states. From the right-hand side of (2.3) we notice that I_i effectively counts the difference between the number of left- (L) and right- (R) “handed” spacetime fermions.

The spectrum of perturbative closed string states is then packaged in the oneloop (torus) partition function. Neglecting overall volume factors and the modular integration ( ∫ F d^2τ /τ^2_2 ) one finds

T = τ^{− D−22}_2 ∑ ij T_{ij} X_iX̄_j . (2.5)

T_{ij} are positive integer coefficients with T_{00} = 1 for the uniqueness of the identity sector, i.e. of the graviton. The powers of τ_2 arise from the momentum integrations in the non-compact directions. The condition for left-right symmetry on the worldsheet translates into the constraints T_{ij} = T_{ji}. The coefficients T_{ij} are also highly restricted by one-loop modular invariance. The characters are known to provide a unitary representation of the modular group SL(2, Z) generated by the transformations T and S under which T : X_i(τ + 1) = e^{2πi(hi−c/24)}X_i(τ) S : X_i ( − 1 τ ) = ∑ j (iτ)^{− D−22} S_{ij} X_j(τ) . (2.6)

After the resolution of fixed-point ambiguities, related to the presence of different sectors with the same character, the transformation S is represented by a symmetric matrix that satisfies (ST )^3 = S^2 = C, with C the charge conjugation matrix.

In most of our subsequent discussion, we will restrict our attention to the case in which the boundary conditions associated to the introduction of open and unoriented strings preserve the diagonal combination of the worldsheet symmetries of the bulk theory together with their target-space byproducts. This generalizes the notion of a BPS D-brane. With a slight change of notation, that amounts to decomposing the characters of the parent theory into their irreducible components with respect to some lower (super-)symmetry, one can easily accomodate models with brane (super-)symmetry breaking. This generalizes the notion of a non-BPS D-brane. Moreover we will display formulas which are more akin to the rational context, where the number of characters is finite. With some additional care, the results can be adapted to irrational contexts such as toroidal or orbifold compactifications at irrational values of the moduli (radii, shapes and Wilson lines).

At generic points of the moduli space of toroidal compactifications [26] the index i may be thought to run over an infinite number of primary fields, one for each independent choice of internal momenta and windings. Similarly in orbifold compactifications, only states that are invariant under the action of the orbifold group will enter the trace (2.1). Chiral string excitations are then organized according to their eigenvalues under the action of the orbifold group. Taking Z_N for simplicity, one is lead to define the characters [12] X_{gh} = 1 N N−1∑ k=0 ρ_{gk} ω^k_h , (2.7)

with g, h = 0, 1, . . . , N − 1 labelling all possible twists in the σ and τ directions and ω_h = e^{2πih/N} . In the unwisted sectors and in sectors with fixed tori, there are infinitely many characters depending on the choices of allowed momenta and windings. In twisted sectors without fixed tori, a finite number of twisted characters lives at each fixed point. The chiral amplitudes ρ_{gh} are defined by the traces

ρ_{gh} = Tr_g h q^{L0−c/24} . (2.8)

in the g-twisted sector. Explicit expressions for these traces in D = 4, 6 can be found in the [12, appendix A].

By suitably tuning the parameters, any toroidal or orbifold compactification can be described in terms of a rational SCFT. Moreover in both the rational and the irrational contexts the number of massless characters, i.e. sectors with massless ground-states, is finite. Since only these states will be relevant to our analysis the two cases can be treated in parallel. Focussing on the odd spin-structure, where anomalies potentially reside, one is effectively dealing with the “topological” part of the theory that is largely independent of the moduli of the SCFT. For instance, only massless sectors with non-vanishing Witten index enter the computation of the Euler number of the “compactification manifold” M [10, 13], χ(M) = ∑ i,j T_{ij} I_iI_j , (2.9)

and the other curvature invariants that allow one to identify the topological class the vacuum configuration belongs to. On the other hand, massive string states do not contribute to the Witten index since they always come in Bose-Fermi degenerate pairs. Ground-states that can become massless at special points (e.g. decompactification limit) of the moduli space, though not contributing to the naïve Witten index, enter the computation of anomalous amplitudes in a subtle way.

Let us now consider the unoriented descendant of a left-right symmetric closedstring theory, the “parent” theory, defined by (2.5). For definiteness we will consider orientifold reductions by the worldsheet parity operator Ω. More general unoriented descendants that combine Ω with other internal symmetries can be similarly studied. The unoriented closed string spectrum is determined by halving (2.5) and adding to it the Klein-bottle projection. Up to overall volume factors and the modular integration ( ∫ dt/t) one has K = 1 2 Tr_{closed} (Ω q^{L0− c24} ) = 1 2 t^{D/2} ∑ i K^iX_i(2it) = 1 2 t^{D/2} ∑ i K^iI_iΘ_D(2it) + · · ·

(2.10) In the right hand side, for later convenience, only the contribution of the odd spinstructure Θ_D has been displayed. The sum in (2.10) is restricted to the diagonal terms (T_{ii} ≠ 0) in (2.5). For permutation modular invariants (T_{ij} = 0, 1) the Kleinbottle coefficients K^i, implementing the action of Ω on H_i ⊗ H̄_i, are related to the ones in the torus partition function through K^i = ±T_{ii}.

Whenever the action of Ω is not free the consistency of the theory requires the inclusion of boundaries and the corresponding open string sectors ending on them. The open string partition function consists in the Annulus and Möbius-strip amplitudes. Neglecting the overall volume factors and the modular integration ( ∫_{dt} t ) one has A = 1 2 t^{D/2} ∑ i,a,b A^i_{ab}n^an^bX_i ( it 2 ) = 1 2 t^{D/2} ∑ i,a,b A^i_{ab}n^an^bI_iΘ_D ( it 2 ) + . . . . M = 1 2 t^{D/2} ∑ i,a M^i_an^a ^X_i ( it 2 + 1 2 ) = 1 2 t^{D/2} ∑ i,a I_iM^i_an^a ^Θ_D ( it 2 + 1 2 ) . (2.11)

A proper basis of real hatted characters ^X_i = T^{−1/2}X_i has been introduced in M [5]. The indices a, b run over the number of boundaries, i.e. independent Chan-Paton charges, with integer multiplicities n^a. Barring some exceptions to be discussed later, the number of independent charges one should introduce equals the number of characters X_i that are paired with their charge conjugates X̄_iC in the parent theory (2.5). The integers A^i_{ab} and M^i_a count the number of times the sector i runs in an Annulus and Möbius-strip loop, respectively, of open strings with ends on (a, b) and (a, a) respectively. Here and in the following, we will not distinguish between “complex” (unitary) and “real” (orthogonal or symplectic) Chan-Paton multiplicities n^a. The sum over a will include two contributions for the former and only one for the latter, thus reproducing not only the correct dimensions of the representations but also the correct orientation of the boundary.

The quantities appearing in (2.10) and (2.11) are highly constrained by two consistency requirements.

The first is the requirement of a consistent interpretation of the transverse channel of these amplitudes as the tree-level exchange of closed string states between boundaries and/or crosscaps. This implies that under t → 1/t the coefficients of the above three amplitudes should reconstruct perfect squares ~K = 2^{D/2} 2 ∑ i (Γ^i)^2X_i(q) = 2^{D/2} 2 ∑ i (Γ_i)^2I_iΘ_D(q) + · · · ~A = 2^{−D/2} 2 ∑ i,a (B^i_an^a)^2X_i(q) = 2^{−D/2} 2 ∑ i,a (B^i_an^a)^2I_iΘ_D(q) + · · · ~M = 2 2 ∑ i,a (Γ^iB^i_an^a) ^X_i(−q) = − 2 2 ∑ i,a (Γ^iB^i_an^a)I_i ^Θ_D(−q) + · · · (2.12)

The relative powers of 2 result from the different rescalings of the modular parameters (τ_K = 2it, τ_A = it/2, τ_M = it/2 + 1/2) that naturally enter the definition of the amplitudes in the direct channel. These rescalings are necessary in order for the amplitudes in the transverse channel to be expressed in terms of the common length of the tube ℓ = −^1_{2π} log q. The coefficients Γ^i and B^i_a should then be interpreted as the reflection coefficient (one-point function) on a crosscap and on a boundary of type a respectively. They are related to the integer coefficients in the direct channel by suitable modular transformations:

K^i = ∑ j S^i_j Γ^jΓ^j A^i_{ab} = ∑ j S^i_j B^j_aB^j_b M^i_a = ∑ j P^i_jΓ^j B^j_a , (2.13)

with S defined in (2.6) and P ≡ T^{1/2}ST^2ST^{1/2}.

In addition one should require that fluxes of massless RR-fields should not be trapped inside the “compactification” manifold. This leads to the tadpole cancellation conditions: 2^{D/2}Γ^i + ∑ B^i_an^a = 0 , (2.14)

where i runs over any sector that flow in the transverse channel and contain RR massless states. Understanding how to precisely relate these conditions to another consistency requirement, the absence of irreducible anomalies in the low-energy field theory, will be the main subject of our investigation.

Finding a solution to (2.13) is in general a highly non-trivial step in the construction of an open descendant. We will always assume that this has been properly done. It is worth stressing that a “canonical” solution always exists if the torus modular invariant is given by the charge conjugation matrix T_{ij} = C_{ij} (“geometric compactifications” such as tori, symmetric orbifolds^2 and Gepner models belong in

2As we will see, in some orbifold models this may require some identifications among the Chan- Paton charges.

this category). In this case the number of independent Chan-Paton charges is exactly equal to the number of characters and one can use the same kind of indices, say i, j, . . ., to label both. The ansatz [14, 5, 15] amounts to taking

K^i = Y_{00}^i A_{ij}^k = N_{ij}^k M_j^i = Y_{0j}^i , (2.15)

where N_{ij}^k = ∑ l S_{il}S_{jl}(S^†)^{lk} S_{0l} (2.16)

are the fusion rule coefficients, that compute how many independent couplings of the primary fields i and j give the primary field k, and Y_{ij}^k = ∑ l S_{il}P_{jl}(P^†)^{lk} S_{0l} (2.17)

are (not necessarily positive) integers that satisfy Y_{ij}^k = N_{ij}^k mod 2). The boundary and crosscap reflection coefficients then read

Γ^i =

P^i_0 √ S_{0i} B^i_j = S^i_j √ S_{0i} . (2.18)

Notice that quantities in the transverse amplitudes (2.12) are related to the spectra (2.10) and (2.11) through the S and P modular transformations, whose details vary from model to model. Fortunately this is not the case for the contribution of the odd-spin structure in (2.3). Each sector of the internal SCFT only enters through its Witten index I_i that is modular invariant and the modular transformations of Θ_D are simply

Θ_D(−1/it) = (it)^{D−22} Θ_D(it) Θ_D(it + 1) = Θ_D(it) . (2.19)

This elementary observation will be the basis of all our manipulations in what follows.

3. Anomalies in open string descendants

In this section we discuss the relation between RR tadpoles and irreducible anomalies in a generic even-dimensional open descendant. We first review (and slightly adapt) the results of [16, 17], which allow us to reproduce the anomaly polynomial by an string computation in the unoriented descendant. Our strategy will be to use modular invariance of the odd-spin structure (2.19) to parametrize the anomaly polynomial in terms of the reflection coefficients in the transverse channel. On the one hand, this allows us to identify the precise combination of RR tadpoles that corresponds to the irreducible gravitational anomaly. On the other hand, using the completeness properties of the boundary reflection coefficients, this will enable us to map RR tadpoles in sectors with non-vanishing Witten index to irreducible gauge anomalies. After imposing the tadpole/anomaly conditions, the anomaly polynomial turns out to be reducible. It thus admits a simple factorization that suggests the participation of various RR antisymmetric tensors of different rank to a generalized mechanism of anomaly cancellation.

Anomalies are encoded in the odd-spin structure part of the one-loop string amplitudes ⟨_N ∏ f=1 V_F (p_f , ξ_f ) M∏ g=1 V_G(p_g, h_g) ⟩ (3.1)

involving N gauge field V_F and M graviton V_G vertex operators with polarization and momenta ξ_f , p_f and h_g, p_g, respectively. The number of external legs is such that N + M = D/2 + 1, where D is the (even) number of non-compact dimensions. One of the vertices has to be taken with a longitudinal polarization. Since the parent theory is assumed to be anomaly free^3 anomalous contributions to the above amplitudes only arise from the Klein bottle, Annulus and Möbius strip. In the odd spin-structure there is one supermodulus (zero-mode of the spin 3/2 bosonic superghost β) and one conformal Killing spinor (zero-mode of the spin −1/2 bosonic superghost γ). In order to dispose of the former a picture changing operator is to be inserted. In order to dispose of the latter, one of the vertices (let’s say the one with longitudinal polarization) should be taken in the (−1) picture. As a result the total superghost charge remains zero as expected for surfaces with vanishing Euler characteristic. After simple manipulations (see [17] for details) a generating function for the anomalous amplitudes can be written as A = ∫_∞ 0 dt d dt ⟨e^{−S0+SF +SR} ⟩_{odd} (3.2)

where S_0 is the free action, and the exponentiated effective vertex operators S_F , S_R are given by

S_F = ∮ ds F^aλ^a S_G = ∫ d^2z R_{μν} [ X^μ(∂ + ¯∂)X^ν + ( ψ^μ − ψ̃^μ ) ( ψ^ν − ψ̃^ν )] , (3.3)

with F^a = 1 2 F^a_{μν} (ψ^μ_0 ψ^ν_0 ) , R_{μν} = 1 2 R_{μνρσ}(ψ^ρ_0 ψ^σ_0 ) . (3.4)

bilinears in the zero modes of non-compact fermionic coordinates. After integration over the grassmanian variables, F^a and R_{μν} behave as two-forms.

3Modular invariance ensures that this is always the case.

The above determinant has been computed in [18] (see also [19] for additional insights). The crucial point is that the determinant, being defined by a trace in the odd-spin structure where worldsheet bosons and fermions share the same boundary conditions, is given by a t-independent topological invariant. Each sector of the internal SCFT only enters through its Witten index I_i and the final result can be written as [18] K_{odd} = − 1 2 ∑ i I_iK^i I_A(R)

A_{odd} = = 1 4 ∑ i,a,b I_iA^i_{ab} ch_na (F ) ch_nb (F )I_{1/2}(R)

M_{odd} = 1 4 ∑ i,a I_iM^i_an^a ch_na (2F )I_{1/2}(R) , (3.5)

where ch(F ) is the Chern character and I_A(R) and I_{1/2}(R) represent the contributions to the gravitational anomaly of a self-dual antisymmetric tensor and a complex spin 1/2 L-fermion respectively. The additional factor of one-half in the Annulus and Möbius-strip amplitudes reflects the fact that they are counting real fermions. The relation between spin and statistics is responsabile for the extra minus sign of the Klein-bottle contribution with respect to the Annulus and Möbius strip. The former can only contribute loops of (anti)self-dual antisymmetric tensors while the latter can only contribute fermionic loops. In terms of the Hirzebruch polynomial ^L(R) and A-roof genus ^A(R) one has

I_A(R) = 1 8 ^L(R) = −1 8 + 1 48 R^2 + 1 32 ( 7 45 R^4 − 1 9 (R^2)^2 ) + + 1 128 ( 496 2835

R^6 − 588 2835

R^2R^4 + 140 2835

(R^2)^3 ) + · · · I_{1/2}(R) = ^A(R) = 1 + 1 48 R^2 + 1 32 ( 1 180 R^4 + 1 72 (R^2)^2 ) + + 1 128 ( 1 2835

R^6 + 1 1080

R^2R^4 + 1 1296

(R^2)^3 ) + · · · ch_na (F ) = tr_na (exp iF ) ≡ ∑ k 1 k! F^k_a , (3.6)

where by R^{2m} we mean tr_V R^{2m} and wedge products are always understood. In the last line we have introduced the shorthand notation F^k_a = tr_na F^k for later convenience.

The absence of anomalies in the parent theory allows one to rewrite the Kleinbottle contribution in terms of the spectrum of massless closed-string states of the unoriented descendant. As in [18], we find the expected field-theory result K = − 1 2 ∑ i I_iK_iI_A(R) = (n^L_A −n^R_A)I_A(R)+(n^L_{3/2} −n^R_{3/2})I_{3/2}(R)+(n^S_{1/2} −n^C_{1/2})I_{1/2}(R) ,

(3.7) where n^{L,R}_A , n^{L,R}_{1/2} and n^{L,R}_{3/2} are respectively the numbers of antisymmetric tensors, spin 1/2 and spin 3/2 massless closed-string states with definite chirality properties and and I_{3/2}(R) = (ch_V (R) − 1) ^A(R). Similarly the contribution to the anomaly polynomial coming from the Annulus and Möbius-strip amplitudes (3.5) reproduces the expected field theory result. Piecing everything together yields P(R, F ) = ∑ i I_i [ − 1 2 K^iI_A(R) + 1 4 ( ∑ a,b A^i_{ab} ch_na (F ) ch_nb (F )+

+ ∑ a M^i_a ch_na (2F ) ) I_{1/2}(R) ] . (3.8)

In (3.8) the trace in the (anti-)symmetric representation of the gauge group a is written in terms of the trace in the n_a-dimensional fundamental representation by means of ch 1_{2 n}a_{(n}a_{±1)}(F ) = 1 2 [ ch_na (F )^2 ± ch_na (2F ) ] . (3.9)

Few remarks are in order. First, modular invariance of the parent closed string theory not only implies the vanishing of the irreducible anomalies but also of reducible ones, i.e. no GS mechanism is at work in the parent theory. This is wellknown for left-right symmetric compactifications but we suspect it to be true in any perturbative vacuum configuration. Second, the Klein bottle only contributes to the pure gravitational anomaly. We have not bother to turn on the field-strengths of any closed-string vector boson since all massless fermions of a left-right symmetric closed-string theory are neutral with respect to them. It is well-known that RR vector bosons are not minimally couple to perturbative string states and that nonabelian NS-NS vector bosons may be present in left-right symmetric theories only if not supersymmetric. Finally the CPT theorem in D = 4k dimensions requires n^L_A = n^R_A, n^L_{3/2} = n^R_{3/2} and n^L_{1/2} = n^R_{1/2}. As a consequence closed string states do not contribute to the anomaly polynomial in these dimensions. The Klein bottle may give a non-trivial contribution only in D = 4k + 2 dimensions. By the same token, the open string sector may contribute to the anomaly in D = 4k dimensions only when the massless fermions are chiral and belong to complex representations of the Chan-Paton group. Since spinorial representations of orthogonal groups cannot appear perturbatively and symplectic groups only admit (pseudo-)real representations, only when unitary groups are present with associated “complex” Chan-Paton charges can the theory be chiral in D = 4k dimensions. In D = 4k + 2 dimensions, on the contrary, barring few exceptions, any unpaired massless fermion contributes to gauge, gravitational and mixed anomalies.

We are now ready to pin down the UV-IR correspondence between anomalies and tadpoles in open descendants. Using the general relations (2.13) and the fact that the Witten index, being a t-independent integer number is invariant under modular transformations, i.e. ∑ i I_iS^i_j = I_j ∑ i I_iP^i_j = I_j , (3.10)

one can freely transfer the information encoded in the massless sectors with nonvanishing Witten index from one channel to the other. Indeed, saturing (2.13) with I_i and using (3.10) one can establish the much simpler dictionary ∑ i I_iK^i = ∑ i I_iΓ^iΓ^i ∑ i I_iA^i_{ab} = ∑ i I_iB^i_aB^i_b ∑ i I_iM^i_a = ∑ i I_iB^i_aΓ^i , (3.11)

that does not explicitly involve any modular transformation. Plugging these relations into the anomaly polynomial (3.8) yields P(R, F ) = ∑ i I_i −1 2 (Γ^i)^2I_A(R) + 1 4 ( ∑ a B^i_a ch_na (F )

)_2 I_{1/2}(R)+

+ 1 4 Γ^i ∑ a B^i_a ch_na (2F )I_{1/2}(R) ] . (3.12)

The consistency of the effective theory requires the cancellation of the irreducible terms in (3.12). In particular, for the pure gravitational anomaly, using the relation

I^D_A (R)|_{irr} =

2^{D/2}(2^{D/2} − 1) 2 I^D_{1/2}(R) | | |_{irr} , (3.13) the vanishing of the coefficient of tr_V R^{D/2+1} in the expansion of (3.8) requires ∑ i I_i ( 2^{D/2}Γ^i + ∑ a B^i_an^a ) ( (2^{D/2} − 1)Γ^i + ∑ a B^i_an^a ) = 0 . (3.14)

Notice that this is a specific linear combination of the RR tadpole conditions (2.14). In particular the cancellation of the tadpoles automatically implies the cancellation of this irreducible anomaly.

Similarly the absence of irreducible gauge anomaly, i.e. the terms tr_nb F^{D/2+1} in the expansion of (3.8), is equivalent to the conditions^4 ∑ i I_i ( 2^{D/2}Γ^i + ∑ a B^i_an^a ) B^i_b = 0 . (3.15)

4Notice that U(n) field strengths couple to n and n̄ complex charges, and therefore the corresponding gauge anomalies (both irreducible and reducible) will always include the sum of two terms involving traces in the n and n̄ after using (3.9).

As apparent one has in principle one tadpole condition for each factor in the Chan- Paton group. Since the number of independent boundary conditions coincides with the number of independent Chan-Paton multiplicities, one may suspect to be on the right track. Indeed one can turn an index a, that labels the factors in the Chan- Paton group, into an index i, that labels the characters that flow in the transverse channel, by making use of the completeness relation, [20] ∑ a B^i_aB^j_a = Π^{ij} √ S_{0i}S_{0j} , (3.16)

valid for any permutation modular invariant parent theory. Π^{ij} is the projector onto the set of characters that flow in the transverse channel and S_{0i} are the elements in the first row/column of the matrix S_{ij} representing modular S-transformations (2.6). S_{0i} are always positive and are sometimes called “quantum dimensions”.

By saturating the Chan-Paton index b in (3.15) with B^j_b we are left with I_i ( 2^{D/2}Γ^i + B^i_an^a ) Π^{ij} = 0 . (3.17)

This precisely reproduces all tadpole cancellation conditions for massless R-R closed string states flowing in the transverse channel (as the presence of Π^{ij} indicates) and belonging to sectors with non-vanishing Witten index I_i ≠ 0. It is amusing to observe that in a consistent open descendant in D = 4k + 2 the absence of irreducible gauge anomalies always implies the absence of irreducible gravitational anomalies. The vanishing of the first factor in (2.14) is selected as the relevant tadpole condition.

A comment is in order. As the attentive reader might have observed, a rephrasing of the above conclusion is necessary in the context of orbifolds. Indeed, in these constructions the worldsheet consistency (2.13) between the direct (one-loop) and transverse (tree) channel often restricts the number of allowed CP charges. As a result the index a often runs over a smaller subset than the set of characters flowing in the transverse channel. If this is the case, the index i in the completeness conditions (3.16) and tadpoles (3.14) and (3.15) should be understood as running over an smaller subset defined by the linear combination of characters flowing in this channel. In the new basis (usually conveniently written in terms of the chiral amplitudes) additional “sectors” with vanishing Witten index arise and the corresponding tadpole information is consequently lost in (3.15).

Modulo this subtlety, we conclude that any massless RR tadpole arising from a sector with non-vanishing Witten index can be identified with some irreducible anomaly. In particular string theory defines a notion of irreducible gauge anomalies even for non-semisimple groups as the ones originating from amplitudes in which all the vertex operators are inserted on the same boundary. Let us now concentrate on the left over reducible part of the anomaly polynomial (3.12).

4. Anomaly polynomial and WZ couplings

Once the tadpole conditions are imposed the anomaly polynomial P(R, F ) is reducible and can be factorized into a sum of products. This factorization allows one to extract the WZ and anomalous couplings of the R-R massless states that participate in a generalized GSS mechanism of anomaly cancellation [6]^5 Since the factorization is somewhat sensitive to the (even) dimension of the non-compact part of the target space it is convenient to decompose the total anomaly polynomial in terms of its D-dimensional components P(R, F ) = ∑ D P_D(R, F ) , (4.1)

where P_D(R, F ), the anomaly polynomial in D-dimension, is a (D + 2)-form.

After some simple algebra one finds that the factorization is almost always unique. Only in D = 8 and D = 10 we find mild ambiguities. The anomaly polynomials in D dimensions explicitly factorize as

P_0(R, F ) = 0

P_2(R, F ) = 1 4 ∑ i,a,b I_iB^i_aB^i_b [ X^a_2 X^b_2 ]

P_4(R, F ) = 1 4 ∑ i,a,b I_iB^i_aB^i_b [ 2X^a_2 X^b_4 ]

P_6(R, F ) = 1 4 ∑ i,a,b I_iB^i_aB^i_b [ X^a_4 X^b_4 + 2X^a_2 X^b_6(1) ]

P_8(R, F ) = 1 4 ∑ i,a,b I_iB^i_aB^i_b [ 2X^a_4 X^b_6(ξ_b) + 2X^a_2 X^b_8(ξ_b) ]

P_{10}(R, F ) = 1 4 ∑ i,a,b I_iB^i_aB^i_b [ 2X^a_2 X^b_{10}(ξ_b) + 2X^a_4 X^b_8(1) + X^a_6 (ξ_a)X^b_6(ξ_b) ] , (4.2)

where, in order to keep the above formulas as compact as possible, we have introduced the definitions

X^a_2 = iF_a

X^a_4 = i^2 2! ( F^2_a − n^a 32 R^2 )

X^a_6 (ξ_a) = i^3 3! ( F^3_a − ξ_a 16 F_aR^2 )

X^a_8 (ξ_a) = i^4 4! ( F^4_a + ξ_a − 2 8 F^2_a R^2 + 5 − 4ξ_a 1024 n^a(R^2)^2 + 1 256 n^aR^4 )

5Explicit examples of WZ lagrangians in supersymmetric D = 4, 6 open string compactifications have been worked it out recently in [17, 23].

X^a_{10}(ξ_a) = i^5 5! ( F^5_a +

5ξ_a − 10 24 F^3_a R^2 +

10 − 5ξ^2_a 768 F_a(R^2)^2 + 1 96 F_aR^4 ) . (4.3)

As mentioned above, the only ambiguities we find are parametrized by real constants ξ_a that enter the definitions of the factors X^a_6 , X^a_8 and X^a_{10} in the anomaly polynomials for D = 8, 10. Previous analyses [22] correspond to the choice ξ_a = 1. The parameters ξ_a could be genuine free parameters in the effective lagrangian or an artifact of the procedure. In order to settle this issue one should compute additional string amplitudes on the disk. It is remarkable that these ambiguities are absent in the supersymmetric case and whenever tr_na F = 0 for any a, since all ξ_a would disappear from the above formulas.

The nice feature of (4.3) is that, one can easily recognize the closed string RR fields participating in the GSS mechanism of anomay cancellation [1, 6]. Indeed the index i labels the character^6 to which the corresponding closed string field belongs while B^i_a measures the strength of the coupling of a “generalized brane” of type a to these massless R-R states and their massive (super-)partners. Each sector includes p + 1-form potentials of various degrees. The generalized GSS mechanism requires that a p + 1-form potential C^i_{p+1} in the sector labelled by i couple with strength B^i_a to a D − p − 1-form X^a_{D−p−1} of type a in the factorized anomaly polynomial. We can then extract from (4.3) all WZ couplings responsabile for this GSS mechanism in the effective D-dimensional theory

L_0 = 0

L_2 = 1 2 ∑ i,a B^i_aC^i_0X^a_2

L_4 = 1 2 ∑ i,a B^i_a ( C^i_0X^a_4 + C^i_2X^a_2 )

L_6 = 1 2 ∑ i,a B^i_a ( C^i_0X^a_6 (1) + C^i_2X^a_4 + C^i_4X^a_2 )

L_8 = 1 2 ∑ i,a B^i_a ( C^i_0X^a_8 (ξ) + C^i_2X^a_6 (ξ) + C^i_4X^a_4 + C^i_6X^a_2 )

L_{10} = 1 2 ∑ i,a B^i_a ( C^i_0X^a_{10}(ξ) + C^i_2X^a_8 (1) + C^i_4X^a_6 (ξ) + C^i_6X^a_4 + C^i_8X^a_2 ) . (4.4)

The factorization of the transverse channel amplitudes in the odd spin structure gives rise to the “odd” propagator which turns a (p + 1)-form into its dual (D − p − 3)- form. More precisely ⟨dC^i_{p+1}dC^j_{D−p−3}⟩ = I_iΠ^{ij} V_D , (4.5) 6More precisely the index i refers to the pair (i, i^C ) of characters that are paired in the torus partition function.

with V_D a regularized D-dimensional volume. Notice that one can simultaneously rescale any C^i_{p+1} by a factor α^i_{p+1} and its dual C^i_{D−p−1} by a factor 1/α^i_{p+1} without modifying the factorization of the anomaly polynomial. The couplings (4.4) will of course absorb these renormalizations.

From the expression of (4.4) one can easily recognize the anomalous U(1)’s. They are to be identified as the abelian factors of type a entering in X^a_2 and coupling anomalously to C^i_{D−2} with a non-vanishing reflection coefficient B^i_a.

Although we have concentrated our attention on the CP-odd part of the effective lagrangian, in supersymmetric models some interesting CP-even coupling are related to (4.4) by supersymmetry. WZ lagrangians in supersymmetric D = 4, 6 open string models have been worked it out in [17, 23]. The terms displyed in (4.4) cannot be the whole story. RR fields belonging to sectors with vanishing Witten index are not present. In particular the WZ couplings RR axion belonging to the identity sector in any supersymmetric vacuum configurations in D = 4 are not reproduced by (4.4). In order to get around this problem one has to find a way to disclose the anomalous content encoded in RR tadpoles of sectors with vanishing Witten index.

5. Tadpoles with I = 0 and anomalous amplitudes

In section 3 we have shown that RR tadpoles in sectors with non-vanishing Witten index are in one-to-one correspondence with irreducible anomalies. Unfortunately the vanishing of the Witten index I_i in a given internal sector makes the associated anomaly condition (3.15) empty and the corresponding tadpole information lost. In this section we argue that a careful look into the anomaly structure of the effective theory may overcome this apparent asymmetry. This will be done at the price of considering anomalous amplitudes involving non-trivial insertions in the internal SCFT. The correct choice is given by the minimal number of insertions that removes the Bose-Fermi degeneracy in a given sector with I = 0. As a result one can once again translate the associated tadpole condition into a condition for anomaly cancellation through (3.15).

Rather than being general let us illustrate this point in the simplest context of even-dimensional (d = 2ℓ = 10 − D) toroidal compactifications of the SO(32) type-I theory. To start with, we will neither turn on Wilson lines nor expectation values of the B_{NS-NS}-field (equivalent to non-commuting Wilson lines) [26]. We will include their effects in the analysis later on. In this simple situation we have a single massless character X_0. Its Witten index is clearly zero due to the 2ℓ zero-modes Ψ^I_0 of the internal fermionic coordinates (I = 1, . . . , 2ℓ). In order to get a non-trivial contribution from this sector one should compute anomalous amplitudes involving insertions in the internal SCFT such that all fermionic zero-modes Ψ^I_0 are soaked up. The contribution is now measured by non-vanishing generalized Witten indices

^I_0 = Tr F ℓ(−)F .7 Irrespective of the dimension, anomalous amplitudes descending from the D = 10 exagon meet the requirements. The string computation is clearly the same as in ten dimensions but the interpretation in terms of the lower dimensional field theory is different. With respect to the canonical anomaly, the anomalous amplitudes under consideration are associated to higher derivative CP-odd terms involving scalars and KK vectors. These receive anomalous contributions not only from loops of massless fermions and but also from their higher KK-modes. The presence of such anomalous terms reflects the presence of a non-trivial coupling of the universal RR 2-form that compensates for the anomalous variation of the fermion determinants only when N = 32 as in D = 10, i.e. only when the RR tadpole of the identity sector with I_0 = 0, is enforced. If one turns on continuous Wilson lines, thus generically breaking SO(32) to U(1)^{16}, one is effectively trading some anomalous contribution of the massless fermions to the CP-odd thresholds with an additional contribution of the massive BPS states. If one turns on non-commuting Wilson lines, equivalent to a quantized background for the NS-NS antisymmetric tensor B_{NS-NS}, one is reducing both the rank of the Chan-Paton group as well as the number of gaugini and the coupling of the universal RR 2-form. Notice that this has a neat counterpart in the dual heterotic string. In this case, modular invariance replaces the RR tadpole condition in ensuring that any anomalous variation of the one-loop effective action is zero. When a gauge symmetry G in the heterotic string is realized in terms of a world-sheet current algebra at level κ the effective GS coupling is rescaled by that same factor. This is precisely what happens in the type-I settings we have just discussed if one identifies the level of the worldsheet current algebra κ with 2^{r/2} where r is the rank of B_{NS-NS}.

In non-trivial open string configurations involving sectors with vanishing Witten index I_i = 0, other than the identity sector, one can apply similar considerations. The vanishing of I_i signals the presence of a certain number d of unsoaked fermionic zero-modes together with their bosonic superpartner under worldsheet supersymmetry. This essentially free piece of the internal SCFT is more like the T^d-toroidal compactification we have discussed so far. Indeed one can trace the different higher dimensional origins of the relevant anomalous amplitudes by their different scalings with the internal “volumes”. By volume here we do not neccesarily mean a geometrical one but simply the result of the integration over the compact bosonic zero modes X^I_0 (I = 1, . . . , d). In the context of geometric orbifolds, different amplitudes^8 are in general associated to different fixed tori. The different scalings of the anomalous amplitudes allow one to identify the constraints on the different sets of branes and the corresponding RR tadpoles in sectors with I_i = 0.

It is instructive to explore the implications of similar anomalous diagrams in different string settings. In vacuum configurations for the heterotic string, moduli

7The “quasi” topological index F = Tr F (−)^F was introduced in the N = 2 context in [21]. 8In our approach, amplitudes are linear combinations of characters. The former follow from the latter by inverting (2.7).

fields such as the radii of toroidal compactifications and the blowing up modes of an orbifold specify non-linear σ-models with continuous non-compact symmetries. These continuous symmetries combine geometric transformations such as internal diffeomorphisms with non-geometric symmetries that arise because of the extended nature of the fundamental constituents. The related presence of winding states breaks the continuous symmetries down to discrete ones (“T-duality”). Some of these discrete symmetries of the tree-level effective lagrangian are broken by quantum effects. On the one hand, they act by chiral transformations on the fermions that transform with moduli-dependent phases. The discrete charges (modular weights) are very sensitive to the sector each massless fermion belongs to. On the other hand, massive string states give rise to moduli-dependent thresholds corrections to CP-odd terms, related to the anomalous amplitudes discussed above, in theories with fixed tori, i.e. internal sectors with I_i = 0. In N = 1 supersymmetric compactifications, these CP-odd threshold corrections are anomalous in that they violate an integrability condition [24]. This violation is not renormalized beyond one-loop [25]. The combined variation of the contribution of the massless fermions and the CP-odd thresholds under discrete T-duality transformations is non-zero. There is howevere a universal GS counterterm that cancels the left-over discrete anomaly [24]. Worldsheet modular invariance at one-loop thus guarantees the absence of target space modular anomalies.

After inclusion of all stable bound-states of strings and branes “T-duality” is expected to be promoted to “U-duality”. In theories with open and unoriented strings, T-duality is broken at the perturbative level by the presence of the background brane configuration. Still, by including the contribution of branes wrapping around cycles of the internal manifold one expects to recover a discrete T-duality symmetry isomorphic to a T-duality subgroup of the U-duality of the parent theory. Absence of T-duality anomalies would then be a consequence of the vanishing of RR-tadpoles, including sectors with I = 0, much in the same way as absence of T-duality anomalies is a consequence of modular invariance in closed-string theories.

Following the same line of reasoning, one may argue that the absence of discrete anomalies in non-supersymmetric vacua requires the absence of all massless RR tadpoles. Although very little is known about the effective lagrangian in this case we expect the anomalous terms including the anomalous CP-odd thresholds to be “topological” and as such to be non-renormalized beyond one loop except possibly by world-sheet instantons or D-istantons.

Let us conclude this section with a side remark on the odd-dimensional case. Although there are no local anomalies for odd dimensional manifolds without boundaries and/or branes, global anomalies cannot be a priori excluded [27]. It is reassuring to observe that these are absent for toroidal compactifications with a Chan-Paton group of even rank as required by RR tadpole cancellation, i.e. N = 32 × 2^{−r/2} or, for open descendants without open strings, N = 0.

6. Discussion and concluding remarks

Most of the vacuum configurations with open and unoriented strings are not simply geometric compactifications of ten-dimensional theories with open and unoriented superstrings. In a non-trivial background, genuine lower dimensional open string excitations can be located at new kinds of branes that might not admit a large volume description. Still one can try to extract some insights from the anomaly polynomial we have derived in some generality. In principle, once the topological data of the “compactification” manifold are identified, one can extract some useful information about the relevant brane configuration and/or the vacuum gauge bundle by comparing the WZ couplings found in the genuine string computation with the ones that would result from a naive compactification. All additional terms are to be related to extra bound-states of branes and/or to non-trivial configurations of the background gauge fields. We have parametrize the relevant information in terms of the boundary reflection coefficients B^i_a, i.e. one-point functions of massless states of type (i, i^C ) on the disk with boundary conditions of type a. These B^i_a enjoy some interesting completeness properties and behave as vielbeins, i.e. they allow one to transform an index of type i labelling a sector of the closed string spectrum that flows in the transverse channel into an index of type a that labels the independent Chan-Paton multiplicities. It is conceivable that the B^i_a satisfy some interesting evolution equation that would allow one to compute them starting from special “rational” points in the moduli space of the vacuum configuration.

At these points, classifying all possible boundary conditions compatible with preserving half of the bulk symmetries is expected to be feasible. The worldsheet SCFT description pursued in this paper and the topological nature of the anomalyrelated terms should be sufficient to show that the B^i_a for massless sectors with nonvanishing Witten index should be independent of the moduli. Indeed, for D-branes wrapped around supersymmetric cycles in Calabi-Yau spaces it is known that B^i_a for i a massless sector are quasi-topological [28]. For A-type boundary conditions the B^i_a, with i running over the (c, c) primary fields and a over the middle cohomology cycles, only depends on the complex structure deformations and may be computed at large volumes. For B-type boundary conditions the B^i_a, with i running over the (c, a) primary fields and a over the vertical cohomology cycles, only depends on the Kähler structure deformations and can be computed in terms of the “quantum intersection form”, i.e. the “topological intersection form” (an integer) plus worldsheet instanton corrections. For massive sectors this is no longer expected to be the case, but the polynomial equations satisfied by the B^i_a may rescue the situation [15]. It would be interesting to find a way to extend the arguments of [28] based on the topological twist of N = 2 SCFT to worldsheet theories that only enjoy N = 1 superconformal symmetry.

We have not discussed the tadpoles in the NS-NS sector that may be disposed of by means of a Fischler-Susskind mechanism. The latter may destabilize the vacuum configuration. A signal could be found in behaviour of the B^i_a at points where a given brane configuration could decay into its constituents or tachyon condensation could trigger the formation of a stable non-BPS bound state.

The applications of the anomaly-tadpole correspondence we have established go far beyond of the contexts exploited in this paper. Indeed, our results only rely on the consistency between the open and closed string channel in the presence of boundaries and crosscaps. Relying on the N = (1, 1) superconformal symmetry on the worldsheet enables one to isolate the odd spin-structure as the source of all potential anomalies. Modular invariance then allows one to identify anomalous amplitudes with RR tadpoles. Similar analyses can be applied to any (BPS or not) brane configuration satisfying the consistency requirements. Tadpoles are associated to closed string absortion processes encoded in the dynamics of boundaries and crosscaps on the worldsheet, Anomalies enter as one-loop CP-odd effects in the effective theory governing the dynamics of the brane configuration. The UV-IR dictionary relating these two effects is expected to be realized in any SYM/SUGRA correspondence described in terms of boundaries on the string worldsheet.

Acknowledgments

We would like to thank A. Sagnotti and Ya.S. Stanev for valuable discussions, M. Serone for collaboration at early stages of this project and G. Pradisi and G.C. Rossi for useful comments.

References

[1] M.B. Green and J.H. Schwarz, Anomaly cancellations in supersymmetric D = 10 gauge theory require SO(32), Phys. Lett. B 149 (1984) 117.

[2] J. Polchinski and Y. Cai, Consistency of open superstring theories, Nucl. Phys. B 296 (1988) 91.

[3] A. Sagnotti, in Non perturbative free field theory, G. Mack et al. eds., Pergamon, New York 1988, p. 521.

[4] N. Marcus and A. Sagnotti, Group theory from ‘quarks’ at the ends of strings, Phys.

Lett. B 188 (1987) 58;

M. Bianchi and A. Sagnotti, The partition function of the SO(8192) bosonic string, Phys. Lett. B 211 (1988) 407; Open strings and the relative modular group, Phys. Lett. B 231 (1989) 389;

G. Pradisi and A. Sagnotti, Open string orbifolds, Phys. Lett. B 216 (1989) 59.

[5] M. Bianchi and A. Sagnotti, On the systematics of open string theories, Phys. Lett.

B 247 (1990) 517; Twist symmetry and open string Wilson lines, Nucl. Phys. B 361 (1991) 519.

[6] A. Sagnotti, A note on the green-schwarz mechanism in open string theories, Phys.

Lett. B 294 (1992) 196 [hep-th/9210127].

[7] J. Polchinski, S. Chaudhuri and C.V. Johnson, Notes on D-branes, hep-th/9602052.

[8] J.D. Blum and K. Intriligator, Consistency conditions for branes at orbifold singularities, Nucl. Phys. B 506 (1997) 223 [hep-th/9705030];

R.G. Leigh and M. Rozali, Brane boxes, anomalies, bending and tadpoles, Phys. Rev. D 59 (1999) 026004 [hep-th/9807082].

[9] G. Aldazabal, D. Badagnani, L.E. Ibañez and A.M. Uranga, Tadpole versus anomaly cancellation in D = 4, 6 compact IIB orientifolds, J. High Energy Phys. 06 (1999) 031 [hep-th/9904071].

[10] E. Witten, Constraints on supersymmetry breaking, Nucl. Phys. B 202 (1982) 253.

[11] J.F. Morales and M. Serone, BPS states and supersymmetric index in N = 2 type-I string vacua, Nucl. Phys. B 501 (1997) 427 [hep-th/9703049].

[12] M. Bianchi, J.F. Morales and G. Pradisi, Discrete torsion in non-geometric orbifolds and their open-string descendants, hep-th/9910228.

[13] T. Euguchi, H. Ooguri, A. Taormina and S.K. Yang, Superconformal algebras and string compactification on manifolds with SU(N) holonomy, Nucl. Phys. B 315 (1989) 193.

[14] J. Cardy, Boundary conditions, fusion rules and the Verlinde formula, Nucl. Phys.

B 324 (1989) 581.

[15] M. Bianchi, G. Pradisi and A. Sagnotti, Planar duality in the discrete series, Phys.

Lett. B 273 (1991) 389;

D. Fioravanti, G. Pradisi and A. Sagnotti, Sewing constraints and nonorientable open strings, Phys. Lett. B 321 (1994) 349 [hep-th/9311183];

G. Pradisi, A. Sagnotti and Y.S. Stanev, Planar duality in SU(2) WZW models, Phys. Lett. B 354 (1995) 279 [hep-th/9503207]; The open descendants of nondiagonal SU(2) WZW models, Phys. Lett. B 356 (1995) 230 [hep-th/9506014]; Completeness conditions for boundary operators in 2d conformal field theory, Phys. Lett. B 381 (1996) 97 [hep-th/9603097].

[16] T. Inami, H. Kanno and T. Kubota, Hexagon gauge anomaly of the type-I superstring in the path integral method, Phys. Lett. B 199 (1987) 389; Hexagon gauge anomaly and supermoduli in the path integral method of superstrings, Nucl. Phys. B 308 (1988) 203.

[17] C.A. Scrucca and M. Serone, Anomaly cancellation in K3 orientifolds, Nucl. Phys.

B 564 (2000) 555 [hep-th/9907112].

[18] J.F. Morales, C.A. Scrucca and M. Serone, Anomalous couplings for D-branes and O-planes, Nucl. Phys. B 552 (1999) 291 [hep-th/9812071].

[19] C.A. Scrucca and M. Serone, Anomalies and inflow on D-branes and O-planes, Nucl.

Phys. B 556 (1199) 197 [hep-th/9903145].

[20] Y. Stanev, talk delivered at the workshop The CFT of D-branes, DESY, Hamburg, Germany Sept. 1998;

R.E. Behrend, P.A. Pearce, V.B. Petkova and J.-B. Zuber, On the classification of bulk and boundary conformal field theories, Phys. Lett. B 444 (1998) 163 [hep-th/9809097]; Boundary conditions in rational conformal field theories,

hep-th/9908036.

[21] S. Cecotti, P. Fendley, K. Intriligator and C. Vafa, A new supersymmetric index, Nucl. Phys. B 386 (1992) 405 [hep-th/9204102].

[22] A. Sagnotti, Surprises in open string perturbation theory, Nucl. Phys. 56B (Proc.

Suppl.) (1997) 332 [hep-th/9702093].

[23] F. Riccioni and A. Sagnotti, Consistent and covariant anomalies in six-dimensional supergravity, Phys. Lett. B 436 (1998) 298 [hep-th/9806129];

C.A. Scrucca and M. Serone, Gauge and gravitational anomalies in d = 4 N = 1 orientifolds, J. High Energy Phys. 12 (1999) 024 [hep-th/9912108].

[24] L. Dixon, V. Kaplunovsky and J. Louis, Moduli dependence of string loop corrections to gauge coupling constants, Nucl. Phys. B 355 (1991) 649;

J.P. Derendinger, S. Ferrara, C. Kounnas and F. Zwirner, On loop corrections to string effective field theories: field dependent gauge couplings and sigma model anomalies, Nucl. Phys. B 372 (1992) 145;

L.E. Ibañez and D. Lüst, Duality anomaly cancellation, minimal string unification and the effective low-energy lagrangian of 4-d strings, Nucl. Phys. B 382 (1992) 305 [hep-th/9202046].

[25] I. Antoniadis, K.S. Narain and T. Taylor, Higher genus string corrections to gauge couplings, Phys. Lett. B 267 (1991) 37;

I. Antoniadis, E. Gava and K.S. Narain, Moduli corrections to gravitational couplings from string loops, Phys. Lett. B 283 (1992) 209 [hep-th/9203071]; I. Antoniadis, E. Gava, K.S. Narain and T. Taylor, Moduli corrections to gauge and gravitational couplings in four-dimensional superstrings, Nucl. Phys. B 383 (1992) 93 [hep-th/9204030].

[26] M. Bianchi, G. Pradisi and A. Sagnotti, Toroidal compactification and symmetry breaking in open string theories, Nucl. Phys. B 376 (1992) 365; M. Bianchi, A note on toroidal compactifications of the type-I superstring and other superstring vacuum configurations with 16 supercharges, Nucl. Phys. B 528 (1998) 73 [hep-th/9711201];

E. Witten, Toroidal compactification without vector structure, J. High Energy Phys. 02 (1998) 006 [hep-th/9712028];

Z. Kakushadze, Geometry of orientifolds with NS-NS B-flux, hep-th/0001212.

[27] L. Alvarez-Gaume, S.D. Pietra and G. Moore, Anomalies and odd dimensions, Ann.

Phys. (NY) 163 (1985) 288.

[28] H. Ooguri, Y. Oz and Z. Yin, D-branes on Calabi-Yau spaces and their mirrors, Nucl.

Phys. B 477 (1996) 407 [hep-th/9606112].