arXiv:1211.2808v2 [hep-th] 20 Nov 2012

Prepared for submission to JHEP

UCSD-PTH-12-16 IPPP/12/84 DCPT/12/168

BPS states and their reductions

Prarit Agarwal,^a Antonio Amariti,^{a,b} Alberto Mariotti,^c Massimo Siani.^d aDepartment of Physics, University of California, San Diego La Jolla, CA 92093-0354, USA bLaboratoire de Physique Théorique de l’École Normale Supérieure and CNRS UMR 8549, 24 Rue Lhomond, Paris 75005, France cInstitute for Particle Physics Phenomenology, Department of Physics, Durham University, DH1 3LE, United Kingdom dDepartment of Particle Physics and Astrophysics Weizmann Institute of Science, Rehovot 76100, Israel E-mail: pagarwal@physics.ucsd.edu, amariti@physics.ucsd.edu,

alberto.mariotti@durham.ac.uk, massimo@weizmann.ac.il

Abstract: We develop a method to identify the BPS states in the Hilbert space of a supersymmetric field theory on a generic curved space which preserves at least two real supercharges. We also propose a one-to-one map between BPS states in ddimensional field theories and states that contribute to the supersymmetric partition function of a corresponding (d − 1)-dimensional field theory. As an application we obtain the superconformal index on rounded and squashed three spheres, and we show a natural reduction of the respective indices to the three-dimensional exact partition functions. We discuss the validity of the correspondence both at the perturbative and at the non-perturbative level and exploit the idea to uplift the computation of the exact supersymmetric partition function on a general manifold to a higher dimensional index.

Contents

1 Introduction 1

2 A correspondence between 4d and 3d states 3

3 Examples: sphere and squashed spheres 7 3.1 Review of rigid supersymmetry on a curved manifold 7 3.2 Supersymmetry on a general squashed sphere 8 3.3 The three sphere 10 3.4 Squashed spheres 15

4 Example: reducing 4d indices to 3d partition functions 18

5 The conjecture in other dimensions and manifolds 20

6 General partition functions via an uplift to an index 20

A More on the gauge field contribution 22

1 Introduction

Supersymmetric field theories on curved backgrounds are of great interest due to the fact that they capture the full quantum information about quantities of the corresponding field theory defined on flat space, where the same exact quantum results would be difficult to find.

Different choices of the background manifold correspond to a different information about the flat space theory. One of the first examples has been T^3 × R [1], where the supersymmetric partition function counts supersymmetric vacua and has been dubbed index (see also [2]). Because it is an integer number, it cannot depend upon the continuous superpotential and gauge couplings, under mild assumptions. More recently another manifold, the Euclidean S^3 × S^1, has attracted much attention, because in this case the supersymmetric partition function is an index that counts a reduced set of states of the flat space theory, namely the BPS states [3, 4]. The latter are protected by supersymmetry so that a weak coupling computation can be continued to strong coupling and compared in the AdS/CFT framework to the computation of the graviton

– 1 – index in AdS space. The matching of the two indices on the two sides corroborates the conjectured duality between them. This is only one of the calculable exact results. By using localization [5], we can in principle compute the supersymmetric partition function (see [6]) on any manifold that preserves at least one complex supercharge (or, in Euclidean space, two real supercharges), by reducing it to a matrix model, i.e. a finite dimensional ordinary integral.

Turning back to the case of the four-dimensional index, there are many available methods to obtain the matrix model formula for it. In [3, 7, 8] the BPS states on the sphere have been found explicitly from the knowledge of the spectrum of the Laplace operator: one needs to find the eigenmodes of the Laplace and Dirac operator on the sphere and sum over all the modes. Many of the bosonic modes will cancel out against the fermionic ones, and one finds that only the BPS modes contribute to the index. This is the most direct method, but it is in practice very difficult to work out on generic supersymmetry preserving manifolds. Another method is to compute the letter index [4] for theories defined on a conformally flat background. In these cases, it is straightforward to obtain the quantum numbers of the curved space fields because conformal mapping relates them to their flat space counterpart. We can then identify the operators that saturate the BPS inequality. Nevertheless it is not simple to extend this method to backgrounds that are not conformally flat. Finally, one can consider using localization. This amounts to picking a Q-exact term, generically related to the supersymmetry transformations, and evaluate the ratio of two determinants, which represents the full quantum corrections to the quantity one is considering^1.

Because of the difficulties of applying the previous methods to other manifolds, it is simpler to identify just the BPS states in the Hilbert space. One of the purposes of this paper is to develop a method to achieve this aim. The essential logic relies on the fact that the non-BPS modes are paired up by supersymmetry and hence the BPS modes correspond to the kernel of the boson-fermion map. The problem boils down to a set of first order differential equations.

We also argue a general relation between the BPS states and the set of states that contribute non trivially to a corresponding partition function in one dimension less. More precisely, we will see that there exists a one-to-one map between these two sets of states, and we identify the energy of each BPS state with the quantum contribution of the dimensionally reduced state to the supersymmetric partition function. This relation has two immediate consequences. The first one is that an index in d dimensions reduces to a supersymmetric partition function for the dimensionally reduced field theory, thus providing an argument which generalizes previous observations for the three-sphere

1Recently the N = 4 superconformal index has been computed from localization in [9].

– 2 –

[10–12].

Another consequence is the following. Since the states contributing to the partition function are the BPS states in one higher dimension, we can uplift the quantum contribution to the partition function to the computation of the energies of BPS states in one higher dimension and use the method outlined above. In this way, we only need to know the uplifted supersymmetry transformations and read from them the pairing map. We believe that this leads to a simplification in the computation of exact partition functions.

The paper is organized as follows. In section 2 we review the definitions for the quantities we are interested in, and explain our method to identify the BPS states in a general field theory. We also describe in full detail the relation between d-dimensional BPS states and the (d − 1)-dimensional physical states, focusing on the 4d/3d case for concreteness. In section 3 we show how the computations can be worked out for the examples of the round and squashed spheres. We give all the necessary details to explicitly perform the computation, review previous results and discuss the physical meaning of our results applied to the cases at hand. The reduction of these two indices to the corresponding three-dimensional partition functions is shown in section 4. In section 5 we discuss generalizations of our technique to compute the index to other manifolds and dimensions, while the idea to uplift the computation of the partition function to a higher dimensional index is developed in section 6.

2 A correspondence between 4d and 3d states

One of the aims of the present paper is to develop a method to identify the BPS states and to compute the supersymmetric index and the partition function on a general class of manifolds. In doing that, we will point out a connection between these two objects in different dimensions. To be concrete, in this section we focus on the 4d/3d case.

Given a three-dimensional manifold M_3 that preserves some supersymmetry, and given a four dimensional supersymmetric theory defined on X ≡ M_3 ×S^1, we can define two different quantities. The first one is the four dimensional superconformal index, defined on X, that only takes contributions from BPS states. It is the supersymmetric partition function I_{sp} (t, y_i) = Tr(−)^F e^{−τ Ξ} t^H ∏ i y^{γi}_i (2.1)

where Ξ ≡ {Q, Q^†}, F is the fermion number and the trace is taken over every state in the theory. H and the γ’s form a complete set of operators that commute with the conserved supercharge Q. In the following, we will call H the energy operator and its eigenvalues the energies of the corresponding eigenstates. Moreover, the time direction

– 3 – is identified with the circle and is thus periodic with period τ. The statement that the quantity (2.1) only takes contributions from BPS states means that for each bosonic state with Ξ ≠ 0 there exists a fermionic state with the same (Ξ, H, γ_i) quantum numbers; thus, the index turns out to be independent of τ due to the boson-fermion cancellations, and the trace can be taken over the Hilbert space of Ξ = 0 states.^2 The index in (2.1) is the single particle index. In the case of a gauge theory one has to sum over all the possible gauge invariant configurations.

On the other hand, we can reduce the given supersymmetric theory on M_3 itself and compute, at least in principle, the exact partition function for this theory via localization. The latter reduces the partition function to the matrix integral Z_{M3} ∼ ∫ [dσ] e^{−S∗} PfD_F √ det D_B

(2.2)

where [dσ] represents the measure over the Cartan of the gauge group. We have set the following notation for the two quantities we are interested in. We denote by S_∗ the classical action evaluated at the saddle points, while the exact quantum contribution from the generic superfield Φ is

Z_Φ = PfD_F √ det D_B

(2.3)

where D_F and D_B are, respectively, a linear first order and second order differential operator, and Φ labels both the chiral and gauge multiplets.^3 A boson-fermion cancellation manifests itself in the fact that some of the eigenvalues simplify between the numerator and the denominator in (2.3).

We argue that the BPS states that contribute to (2.1) are in one-to-one correspondence to the states contributing to (2.3). More precisely, for each four-dimensional BPS state with eigenvalue E of H there is a three-dimensional state for which E is an eigenvalue of the D_B or of D_F in the case of boson or fermion respectively.

These states can be found by solving a first order differential equation that can be directly read from the supersymmetry transformations of the four dimensional theory. Finally, the saddle points in (2.2) correspond to the zero energy states in the BPS spectrum: it follows that, if there is no zero energy solution for a four-dimensional field Φ, the only three-dimensional saddle point corresponds to Φ = 0. We will give more details on this point in section 4.

2By a ”state” of the theory we mean a configuration field which solves the equations of motion. 3The three-dimensional action may not be derived by dimensional reduction of a corresponding four-dimensional theory. This is the case, for instance, when a Chern-Simons term is present. The one loop determinants are not sensitive to these contributions and our results also hold in those cases.

– 4 –

An argument for this correspondence is the following. It is well known that the index (2.1) does not depend on the radius of the compact time direction and thus it does not change even when we shrink the circle to zero size. More precisely, consider a fermionic state ψ of a four-dimensional theory and define a corresponding bosonic state ϕ ≡ ζψ (2.4) where ζ is the Killing spinor which commutes with the BPS condition. Then ϕ has the same (Ξ, H, γ_i) quantum numbers and will cancel the contribution of ψ in (2.1), unless ϕ = 0 or, equivalently, ψ = ζF , with F a scalar function with the same (Ξ, H, γ_i) quantum numbers of ψ. If ψ is a state of the theory it satisfies the corresponding equation of motion: if we set ψ ∼ ψ_3(⃗x)e^{Et}, it is thus easy to recognize that the fourdimensional equation of motion can be interpreted as the eigenvalue equation for a three-dimensional fermion with eigenvalue E.

We now consider the bosonic states that contribute to the index: we set up a map from the bosonic spectrum to the fermionic one by

ψ = iσ^μζ̃D_μϕ (2.5)

which is an infinitesimal supersymmetry transformation (see below and section 3.1). We see that every boson that contributes to the index is given by σ^μζ̃D_μϕ = 0. Once again, this can be interpreted as an eigenvalue equation for a three-dimensional bosonic mode that contributes non trivially to the partition function.

The argument above can be cast in the following form. In four dimensions, the supersymmetry transformations for the chiral multiplet are δϕ = ζψ δψ = ζF + iσ^μζ̃ D_μϕ δF = ζ̃σ̃^μD_μψ (2.6)

where our conventions are explained in section 3.1. Notice that the fermion equation of motion implies δF = 0. This is a necessary condition that must be satisfied by the fermionic degrees of freedom.

The map that identifies the BPS states can be found to be

fermion: ψ = ζF and σ̃^μD_μψ = 0 boson: iσ^μζ̃ D_μϕ = 0

(2.7)

We further notice the following. The system (2.7) implies |δψ|^2 = 0 (in the absence of Fterms), and when the fields are independent on the time direction, we can dimensionally

– 5 – reduce the latter equation which becomes the three-dimensional saddle point equation used in the localization setting.

We now turn to the vector multiplet. Once again we can set up a map between the bosonic and the fermionic Hilbert space by using the supersymmetry transformations. Analogously to the discussion above, all the contributions will cancel out but those coming from the zero modes of the map.

In four dimensions, the physical fields in the vector multiplet are a gauge field v_μ and the gaugino λ. The supersymmetry transformations are δv_μ = iζσ_μλ̃ − iζ̃σ̃_μλ δλ = ζD + iσ^{μν} F_{μν} ζ δD = iζ̃σ̃^μD_μλ − iζσ^μD_μλ̃ (2.8)

The map that identifies BPS states can be found to be

gaugino: − iζ̃σ̃_μλ = ∂_μφ and iσ̃^μD_μλ = 0 gauge boson: iσ^{μν} F_{μν} ζ = 0

(2.9)

where once again δD = 0 is a necessary condition for the gaugino degrees of freedom.

In the first line we had set the gauge field to a pure gauge configuration because any such solution does not give rise to a state in the Hilbert space of the theory and hence the gaugino does not have a superpartner state. Alternatively, we could have considered the map between the field strength F_{μν} and the gaugino, which leads to the same condition. It is easy to see that the zero energy solutions to (2.8) reduce to the three-dimensional saddle point equations for a three-dimensional Q-exact action. The set of non-trivial solutions for λ and F_{μν} gives the Hilbert space we have to trace over in equation (2.1), or alternatively the spectrum of eigenvalues contributing to (2.3).

To summarize, we are led to the conclusion that a priori different exact results in different dimensions are related one to the other. The reduction of the four-dimensional index to the three-dimensional partition function follows directly from the proposed connection between the four-dimensional and three-dimensional states. While we will give more details on this point in section 4, we stress here that our claim is stronger than the dimensional reduction of the superconformal index to the partition function, because we set up a one-to-one map between states and eigenvalues of different operators.

On the one hand we look for eigenstates of the four-dimensional Hamiltonian, on the other hand we look for eigenstates of the equations of motion derived from a Qexact three-dimensional Lagrangian, that contributes to the partition function. While the former is a first order differential operator, the latter is in general a second order one.

– 6 –

In the next section we will explicitly check our proposal in two cases: M_3 = S^3, in which case we can compare with known results, and M_3 = S^3_b , with S^3_b a squashed sphere. In the latter case, because the index is a topological invariant, it can be cast in the same form as the index on a sphere via a redefinition of its arguments. However, we show that one can keep the original definitions and define a natural limit to recover the three-dimensional partition function on the squashed three-sphere computed in [13]. We thus conclude that, although the index does not carry different physical information on different but topologically equivalent manifolds, it contains different information when we reduce the four-dimensional theory to a three-dimensional one by shrinking the time circle. It thus becomes interesting, from a three-dimensional point of view, to compute the four-dimensional index even on topologically equivalent manifolds.

3 Examples: sphere and squashed spheres

3.1 Review of rigid supersymmetry on a curved manifold

We review here a simple and recent procedure to place an N = 1 supersymmetric theory on a curved four-dimensional manifold [14]. The basic idea is to start with N = 1 supergravity and take an appropriate limit such as to decouple gravity but preserve the classical background configuration. Because a convenient off-shell formulation and its couplings to matter fields are known, the gravitino supersymmetry transformation looks very simple [15, 16] δψ_μ = −2D_μζ − 2iV^ν σ_{μν} ζ δψ̃_μ = −2D_μζ̃ + 2iV^νσ̃_{μν}ζ̃ D_μ ≡ ∇_μ − iq_AA_μ D_μ ≡ D_μ − iq_V V_μ (3.1)

where q_A and q_V are the charges ( under the A and V background gauge fields) of the field on which the covariant derivative is acting on. For the Killing spinor ζ, q^ζ_A = 1 and q^ζ_V = −1, and ζ̃ has opposite quantum numbers. Because gravity is decoupled, one can give an expectation value to the background gauge fields A and V and to the metric without having to take care of their equations of motion.

Once we have found a solution to δψ_μ = 0 and δψ̃_μ = 0, the supersymmetry transformations of the matter fields are δϕ = ζψ q^ϕ_A = q q^ϕ_V = −1/2 δψ = ζF + iσ^μζ̃ D_μϕ q^ψ_A = q − 1 q^ψ_V = 1/2 δF = ζ̃σ̃^μD_μψ q^F_A = q − 2 q^F_V = 3/2

(3.2)

– 7 – for the chiral multiplet, and, in the Wess-Zumino gauge, δv_μ = iζσ_μλ̃ − iζ̃σ̃_μλ q^v_A = 0 q^v_V = −1/2 δλ = ζD + iσ^{μν} F_{μν} ζ q^λ_A = 1 q^λ_V = −3/2 δD = iζ̃σ̃^μD_μλ − iζσ^μD_μλ̃ q^D_A = 0 q^D_V = −1/2 (3.3)

for the vector multiplet. An action which is invariant under these supersymmetry transformations is^4

L = L^B + L^F (3.4) L^B √ g = ( − 1 4 R − 3 2 V_μV^μ ) qϕϕ̄ − D_μϕD^μϕ̄ + F F̄ +iV^μ (¯ ϕD_μϕ − ϕD_μϕ̄ ) + 1 4 F_{μν} F^{μν} + 1 2 D^2 L^F √ g = −iλ̃σ̃^μD_μλ − iψ̃σ̃^μD_μψ 3.2 Supersymmetry on a general squashed sphere

In this section we present all the necessary results to work out the examples of the sphere and the squashed sphere to be described in full details in the next sections. We give the full expressions in the case of the squashed sphere, while supersymmetry on the sphere is recovered by taking an appropriate limit. Some of the results shown here can be also found in [17, 18].

The squashed sphere S^3_b enjoys a U(1)^2 isometry. The latter is made manifest if we choose the Hopf coordinates x^μ = {t, θ, α, β}, with μ = 1, . . . , 4, such as t denotes the Euclidean time coordinate compactified on a circle. The coordinates α and β have range [0, 2π) while θ ∈ [0, π/2]. The metric reads

ds^2 = dt^2 + f(θ)^2dθ^2 + a^2 cos(θ)^2dα^2 + b^2 sin(θ)^2dβ^2 (3.5)

where f(θ) is regular on (0, π/2) and and f(0) = b and f(π/2) = a. Moreover the manifold even if compact can also be locally hyperbolic. The Ricci tensor is R = 6f(θ) + 4 cot(2θ)f^′(θ) f(θ)^3

(3.6)

In principle, we could have introduced two parameters, say R_1 and R_2, multiplying the time and squashed sphere terms respectively in the metric. The gravitino variation

4We are considering Euclidean signature. The derivatives should be understood to be covariant with respect to the gauge field too, but due to the invariance of the index under continuous transformations, we can switch off the gauge coupling without changing the result.

– 8 – then imposes R_1 = R_2, and the overall factor can be set to unity by a redefinition of the time period, which does not affect our computations.

The Killing spinor equations in the new minimal formalism are solved by

ζ_α = − i √ 2 e^{i2 (α+β)} ( e^{− i}2^θ ie^i2^θ ) ζ̃^{α̇} = − i√ 2 e^{− i2 (α+β)} ( e^i2^θ ie^{− i}2^θ )

V_μdx^μ = − i f(θ) dt A_μdx^μ = − i f(θ) dt + ( 1 2 − a 2f(θ) ) dα + ( 1 2 − b 2f(θ) ) dβ (3.7)

which shows that, for generic squashing parameters a, b there are two supercharges. In the round sphere limit we can find two more Killing spinors, showing that the manifold enjoys four supercharges. Our results only rely on the existence of two real supercharges, and we choose (3.7) which is a convenient choice both for the sphere and the squashed spheres.

With our choice of background fields, the algebra involving the two supercharges above is [H, Q] = 0 {Q, Q̃} = H − R 2 ( 1 a + 1 b ) + 2J_3 [R, Q] = −Q [ 2J̃_3 + R 2 ( 1 a − 1 b ) , Q ] = 0 H ≡ ∂_t 2J_3 ≡ − i a ∂_α − i b ∂_β 2J̃_3 ≡ i a ∂_α − i b ∂_β (3.8)

From the supersymmetric action L √ g = ( − 1 4 R + 3 2f^2 ) qϕϕ̄ − D_μϕD^μϕ̄ + F F̄ + 1 f (¯ ϕD_tϕ − ϕD_tϕ̄ ) + 1 4 F_{μν} F^{μν} + 1 2 D^2 −iλ̃σ̃^μD_μλ − iψ̃σ̃^μD_μψ (3.9) we can derive the following equations of motion Δ_ϕϕ ≡ ( D^μD_μ + 2 f D_t + q ( − 1 4 R + 3 2f^2 )) ϕ = 0

Δ_ψψ ≡ iσ̃^μD_μψ = 0 ∇_μF^{μν} = J^ν Δ_λλ ≡ iσ̃^μD_μλ = 0

(3.10)

where J^ν is an appropriate current which vanishes in the g_{Y M} → 0 limit.

– 9 –

3.3 The three sphere

In this section we apply the proposal explained above to the calculation of the superconformal index on S^3 × S^1, and show that it agrees with previous results [3, 4]. We start by reviewing the calculation of the index in terms of the expansion of the field configurations in spherical harmonics. There are two multiplets contributing to the index, the chiral multiplet Φ = (ϕ, ψ) with R[ϕ] = q and the vector multiplet V = (v, λ).

The harmonic expansion has first been done in [7, 8] and we report it here with conventions adapted to Euclidean signature. The algebra chosen there coincides with the round sphere limit of our equation (3.8), so the definition of the index works without further changes.

The eigenvalues of the Laplace operator acting on scalars on the three-sphere are −j(j + 2), with j a nonnegative integer. By plugging the expansion scalar field Φ = ∑ n a_nΦ_+(n)e^{E+(n)t} + c^†_nΦ^†_−(n)e^{E−(n)t} (3.11)

in the equation of motion, one sees that, including the R-charge contribution, the normal modes are Wave function E (J_3, J̃_3) a_n j + q (_j 2 ,^j_2 ) c^†_n −j − 2 + q (_j 2 ,^j_2 ) where j ≥ 0 and in the last column we have indicated the representation of the fields under the Cartan subgroup of the isometry group of the sphere. A field is in the (j/2, j/2) representation means that the j_3 and j̃_3 eigenvalues can range from −j/2 to j/2 at fixed j.

An analogous expansion holds for the chiral fermion Ψ = ∑ n b_nΨ_+(n)e^{E+(n)t} + d^†_nΨ^†_−(n)e^{E−(n)t} (3.12)

which gives

Wave function E (J_3, ~J_3) b_n j + q (_{j−1} 2 ,^j_2 ) d^†_n −j + q − 1 (_j 2 ,^{j−1}_2 ) where −j(j + 1), j ≥ 1, are the eigenvalues of the Laplace operator on spinors on the three-sphere.

To compute the index, one has in principle to sum over all these states. However, we know that the index only takes contributions from BPS states, i.e. states that

– 10 –

Figure 1. A schematic structure of the pairings among the modes. Here E is the energy of the mode and # is the number of bosonic and fermionic modes with a given energy.

satisfy Ξ = 0. It is easy to realize that this constraint fixes the j_3 = −j/2 particle state for the scalar field and the j_3 = j/2 antiparticle state for the fermion, while j̃_3 is unconstrained because it does not appear in Ξ. By summing over all these states the contribution to the superconformal index of the chiral multiplet is

I_Φ = ∑ j, ~j_3 (−1)^F e^{−τ Ξ}t^H y^{2j̃3} = t^q − t^{2−q} (1 − ty)(1 − t/y) (3.13)

This structure of pairing and un-pairing among the modes is explicitly shown in the Figure 1. In general, for j ≥ 0, we have the following structure

E_+ Degeneration E_− Degeneration Boson j + q (j + 1)^2 −j − 2 + q (j + 1)^2 Fermion j + q j(j + 1) −j − 2 + q (j + 1)(j + 2)

The BPS modes are the modes unpaired in this table, and they are counted by the superconformal index as explained above.

We can repeat the above procedure for the vector multiplet. In the case of the gaugino we have

Wave function E (J_3, J̃_3) b_n j (_{j−1} 2 ,^j_2 ) d^†_n −j − 1 (_j 2 ,^{j−1}_2 )

– 11 – with j ≥ 1. For the vector field one can expand in terms of the spin-1 spherical harmonics and the modes are Wave function E (J_3, J̃_3) a_n j + 1 (_{j−1} 2 ,^{j+1}_2 ) c^†_n −j − 1 (_{j+1} 2 ,^{j−1}_2 ) with j ≥ 1. By summing over all these states the contribution of the vector multiplet to the superconformal index is

I_V = ∑ j,j_3 ~j_3 (−1)^F e^{−τ Ξ}t^H y^{2j̃3} =

2t^2 − t(y + 1/y) (1 − ty)(1 − t/y) (3.14)

In the rest of this section we apply our prescription to obtain the BPS states in a different way, in which it is not necessary to solve for the whole spectrum. We start by considering the metric as in (3.5) with a = b = 1. The two angles α and β can be associated to the Cartan subgroup of the SU(2)^2 isometry group of the metric.

We start by solving the equation (2.7) for the BPS fermion in the chiral multiplet . Once we write the fermion as ψ = ζF and solve the equation Δ_ψ (ζF ) = 0, we expand F as F = e^{Et+inα+imβ}g_ψ(θ), where E is the eigenvalue associated to the S^1 and n and m are integer numbers associated to the two SU(2) in the S^3, parameterized by the periodic coordinates α and β in the metric. We obtain { g^′_ψ + i g_ψ(2 + E + m + n − q + i m cot θ − i n tan θ) = 0 g^′_ψ − ig_ψ(2 + E + m + n − q − i m cot θ + i n tan θ) = 0

(3.15)

These two equation can be simultaneously solved for E = q −2−m−n and the solution is g_ψ(θ) = sin^m θ cos^n θ for θ ∼ 0, π/2 (3.16) that is square integrable if m, n ≥ 0 . This represents the contributions of the BPS fermion to the index. Because E is negative, we have found that the corresponding state is an antiparticle mode of the fermion. Thus, when we plug its quantum numbers in the index, we have to flip their signs: the energy of the field is E^{(ψ)} = −E = 2 − q + m + n. The other operator that commutes with the supercharge is J̃_3 that has eigenvalues m − n. The fermionic contribution to the index is then

I_ψ = − ∑ m,n≥0 t^{n+m+2−q}y^{m−n} = − t^{2−q} (1 − ty)(1 − t/y) (3.17)

We parameterize the BPS boson as ϕ = e^{Et+inα+imβ} g_ϕ(θ) and the equation (2.5) becomes { g^′_ϕ + ig_ϕ(E + m + n − q − i m cot θ + i n tan θ) = 0 g^′_ϕ − ig_ϕ(E + m + n − q + i m cot θ + i n tan θ) = 0

(3.18)

– 12 –

The two equations are compatible if E = q − m − n and the solution is

g_ϕ(θ) = 1 sin^m θ cos^n θ for θ ∼ 0, π/2 (3.19)

and square integrability imposes m, n ≤ 0. The BPS boson that contributes to the index is the particle in the expansion in terms of creation and annihilation operators, with energy E^{(ϕ)} = E. The bosonic index is

I_ϕ = ∑ m,n≥0 t^{n+m+q}y^{m−n} = t^q (1 − ty)(1 − t/y) (3.20)

We now turn to the vector multiplet. In the case of the gaugino we read the pairing map from the transformation of F_{μν} . The BPS modes are the solution of the equation

∂_μ(ζ̃σ̄_ν λ) − ∂_ν (ζ̃σ̄_μλ) = 0 (3.21)

This equation is solved by ζ̃σ̄_μλ = ∂_μΦ (3.22)

Alternatively, one can require that the SUSY variation for v_μ gives a purely longitudinal field. We then impose the usual ansatz dictated by the U(1) symmetries

Φ = e^{Et+iαn+iβm}h_Φ(θ) , λ = e^{Et+iα}(^{n+ 12} )^{+iβ}(^{m+ 12} ) ( λ_1(θ) λ_2(θ) ) (3.23)

and we plug it in (3.22). Moreover we impose that λ satisfies its equations of motion. In this way we find E = −m − n λ_1(θ) = 1 √ 2 e^{iθ2} h_Φ(θ) ( m sin θ + i n cos θ )

λ_2(θ) = − 1 √ 2 e^{− iθ2} h_Φ(θ) ( i m sin θ + n cos θ ) h^′_Φ(θ) = h_Φ(θ) (n tan θ − m cot θ) (3.24)

The equation for h_Φ(θ) tells us that the solution is square integrable for m, n ≤ 0, but we exclude the vanishing solution corresponding to (m, n) = (0, 0). Thus the energy is positive and the gaugino contribution to the index is

I_λ = −

(_0 ∑ m,n=−∞ t^{−m−n}y^{m−n} − 1 ) = t^2 − t(y + 1/y) (1 − ty)(1 − t/y) (3.25)

– 13 – where the second term comes from subtracting the (m, n) = (0, 0) contribution.

The gauge field works as follows. First we impose that the BPS equation is satisfied

σ^{μν} ζF_{μν} = 0 (3.26)

We consider the Abelian case and define the components of the EM field as E_i = F_{ti} and 2B_i = ϵ_{ijk}F_{jk} where the latin letters label the S^3 coordinates. We parametrize these fields with the ansatz E_i(t, θ, α, β) = e^{Et+iαn+iβm}E_i(θ) , B_i(t, θ, α, β) = e^{Et+iαn+iβm}B_i(θ) (3.27) From (3.26) we derive the following three equations

csc θ sec θB_θ + E_θ ≡ y(θ) csc θB_α + sec θE_α = −i sin θ y(θ) sec θB_β + csc θE_β = i cos θ y(θ)

(3.28)

where y(θ) is arbitrary. The other equations are the Maxwell equation (or equivalently the Bianchi identities and the equations of motion). The equations of motion D_μF^{μν} = 0 are −i ( m sec^2 θE_α + n csc^2 θE_β ) + E_θ − 2 cot 2θE_θ − E^′_θ = 0 in csc^2 θB_α − im sec^2 θB_β + E E_θ = 0 −in csc^2 θf^2B_θ + tan θB_β + E E_α − B_β + B^′_β = 0 −im sec^2 θB_θ + cot θB_α + E E_β + B_αB^′_α = 0

(3.29)

and the Bianchi identities ∂_{[μ}F_{νρ]} = 0 are

imB_α + inB_β + B^′_θ = 0 EB_β + imE_θ − E^′_α = 0 EB_α + inE_θ − E^′_β = 0 EB_θ + inE_α − imE_β = 0 (3.30)

We then have eleven equations for seven variables (the energy and the non zero components of the electromagnetic fields). Even if the system looks overdetermined these equations are linearly dependent. By expressing every function in terms of y(θ) and E we obtain

(∂_θ − (m − 1) cot θ + (n − 1) tan θ) y(θ) = 0 , E = −m − n (3.31)

– 14 –

The solution is square integrable for m, n ≥ 1. In this case the contribution comes from the antiparticle in the mode expansion and the index is

I^{(V )}_B = ∞∑ m=1 ∞∑ n=1 t^{m+n}y^{n−m} = t^2 (1 − ty)(1 − t/y) (3.32)

If we consider a non abelian gauge group we must add an extra chemical potential for the gauge symmetry. Indeed since the index is a topological invariant the gauge coupling does not play any role and we only need to take care of the fact that the vector multiplet transforms in the adjoint representation. The gauge invariant combinations are given by the Plethystic exponential after integrating over the Haar measure [19, 20].

3.4 Squashed spheres

The superconformal index on the squashed sphere is expected to coincide with the one computed in the round limit, up to a redefinition of the variables. Indeed this manifold preserves the topological properties of S^3 and this guarantees that the index does not change under squashing.

This can be shown with a simple argument based on the definition of the index. Indeed the index on the three sphere is defined as

I_S3_{×S}1 (t, y) = Tr(−1)^F e^{−β{Q,Q†}}t^H y^{2J̃3} = ∑ BP S Tr(−1)^F t^{R−2J̃3} y^{2J̃3} = ∑ BP S Tr(−1)^F t^{R+Jα+Jβ} y^{Jα−Jβ} (3.33) where J_α ≡ i∂_α and J_β ≡ i∂_α are the generators of the two U(1)’s in the Hopf fibration. By defining p = ty and q = t/y the index becomes (this change of coordinates has been first considered in [21])

I_S3_{×S}1 (p, q) = ∑ BP S Tr(−1)^F p^{R/2+Jα} q^{R/2+Jβ} (3.34)

The same definition of the index on the squashed sphere is

I_S3_{×S}1 (t, y) = Tr(−1)^F e^{−β{Q,Q†}}t^H y^{2J̃3+ R2} (^{1a − 1b} ) = ∑ BP S Tr(−1)^F t^{R2} (^{1a + 1b} )^{+ Jαa + Jβb} y^{Jαa − Jβb + R2} (^{1a − 1b} ) (3.35)

By defining p = (ty)^1a and q = (t/y)^1b the index on the squashed sphere is defined as (3.34) and its definition coincides with the one for the round case as expected. Then the index is expected to coincide because the two spaces have the same topology, and

– 15 – the same BPS states contributing to the index in the round case contribute to the index in the squashed case.

In this section we explicitly show this result by exploiting the power of our prescription for the identification of the BPS states. Indeed there are no known result for expansion in terms of harmonics on these spaces and a direct calculation is not at hand.

We start by writing the fermion in the chiral multiplet as ψ = ζF and solve the equation Δ_ψ (ζF ) = 0, where we expand F as F = e^{Et+inα+imβ} g_ψ(θ), obtaining the following set g^′_ψ = −^{e−iθ gψ}_{2ab} ( 2abe^{iθ}(iEf − (q − 2) cot 2θ) + f (_{(a(q−2(m+1))}

sin θ + ib(2(n+1)−q) cos θ )) g^′_ψ =^{gψ}_{2ab} (_{2ab(q−2)} tan 2θ + f (_{aeiθ (2(m+1)−q)} sin θ + ib(2aE+(2(n+1)−q)(1+i tan θ)) cos θ ))

These two equations can be simultaneously solved if E = q 2 ( 1 a + 1 b ) − 1 a − 1 b − n a − m b (3.36)

Square integrability requires the quantum numbers m, n ≥ 0 as in the case of the sphere. The mode contributing to the index is an antiparticle and its energy is E_ψ = −E. By summing over the BPS states we have

I_ψ = − (t/y)^{2−q}2b (ty)^{2−q}2a ( 1 − (t/y)^1b ) ( 1 − (ty)^1a

) (3.37)

The equations for the scalar ϕ = e^{Et+iαm+iβm}g_ϕ(θ) become g^′_ϕ = −^{gϕ}_{2ab} (_{2abq} tan 2θ + f ( 2iabE + e^{iθ} (_{a(2m−q)} sin θ + ib(2n−q) cos θ ))) g^′_ϕ = −^{gϕe−iθ}_{2ab} (_{2abqeiθ} tan 2θ + f (_{a(2m−q)} sin θ − ib ( 2ae^{iθ}E +^{(2n−q)}_{cos θ}

))) (3.38)

They can be simultaneously solved if E = q 2 ( 1 a + 1 b ) − n a − m b (3.39)

with m, n ≤ 0. This constraint fixes E_ϕ = E and the index for the scalar field in the chiral multiplet is

I_ϕ = (t/y)^q2b (ty)^q2a ( 1 − (t/y)^1b ) ( 1 − (ty)^1a

) (3.40)

– 16 –

Note that the two single particle indices that we have found only depend on the two parameters (ty)^{1/a} and (t/y)^{1/b}. Thus, the following redefinition of the fugacities

t → t^{a+b2} y^{a−b2} , y → t^{a−b2} y^{a+b2} (3.41)

gives I_{sphere} = I_{squash}. The transformation (3.41) does not modify the physical content of the index, because the fugacities are, a priori, arbitrary parameters. The only constraints come from the requirement of convergence of the index, and are given by ty < 1 and t/y > 1 [4]. Of course, the latter are preserved by equation (3.41) for positive a and b.

On the squashed sphere, the gaugino equation (3.24) gives

λ_1(θ) = e^{iθ}2 √ 2 h(θ) ( m b sin θ + i n a cos θ ) , λ_2(θ) = − e^{− iθ}2 √ 2 h(θ) ( i m b sin θ + n a cos θ )

E = − n a − m b , h^′(θ) = f(θ)h(θ) (n a tan θ − m b cot θ )

The solution for λ is square integrable if m, n ≤ 0, but we exclude the mode (m, n) = (0, 0) because it is identically vanishing. The sum over the gaugino states gives

I_λ = − (_{−∞} ∑ m=0 −∞∑ n=0 t^{− na − mb} y^{na − mb} − 1 ) = − (t/y)^1b (ty)^1a − (t/y)^1b − (ty)^1a ( 1 − (t/y)^1b ) ( 1 − (ty)^1a

) (3.42)

For the gauge bosons the equations (3.26) become

csc θ sec θB_θ ab + E_θ f ≡ y(θ) csc θB_α bf + sec θE_α a = −i sin θ y(θ) sec θB_β af + csc θE_β b = i cos θ y(θ)

(3.43)

After applying the equations of motions −if^2 ( m sec^2 θE_α a^2 + n csc^2 θE_β b^2 ) + E_θf^′ f − 2 cot 2θE_θ − E^′_θ = 0

in csc^2 θB_α

b^2 − im sec^2 θB_β a^2

+ EE_θ = 0 − in csc^2 θf^2B_θ

b^2

+ tan θB_β + Ef^2E_α − B_β f^′ f + B^′_β = 0 − imf^2 sec^2 θB_θ a^2

+ cot θB_α + Ef^2E_β + B_αf^′ f − B^′_α = 0

(3.44)

– 17 – and the Bianchi identities imB_α + inB_β + B^′_θ = 0 EB_β + imE_θ − E^′_α = 0 EB_α + inE_θ − E^′_β = 0 EB_θ + inE_α − imE_β = 0 (3.45)

we find ( ∂_θ f(θ) − ( m b − 1 f(θ ) cot θ + ( n a − 1 f(θ) ) tan θ ) y(θ) = 0 , E = − n a − m b (3.46)

and the index is

I^{(V )}_B = ∞∑ m=1 ∞∑ n=1 t^{na + mb} y^{na − mb} = (t/y)^1b (ty)^1a ( 1 − (t/y)^1b ) ( 1 − (ty)^1a

) (3.47)

4 Example: reducing 4d indices to 3d partition functions

In this section we revisit the reduction of the four dimensional superconformal index to the three dimensional partition function [22–24]. We will show that the reduction follows very easily, and the same argument can be generalized to other dimensions. The example of the round sphere can be found in [10–12].

For concreteness, we consider the index on S^3_b × S^1 and show that it reduces to the three-dimensional partition function Z_S3_b by dimensional reduction. In four dimensions we consider the multi-particle index for a chiral and a vector multiplet, that takes into account all the multi-trace gauge invariant combinations. The multi-particle index can be found by taking the Plethystic exponential of the single particle index (2.1) I_{m.p.} = Exp [_∞ ∑ k=1 I_{s.p.}(t^k, y^k, f^k, g^k) k ] (4.1)

Comparing to equation (2.1), we have added two more parameters to the single particle index: the fugacity f for the internal flavor symmetries and the one g for the gauge symmetry. In the rest of this section we consider only the f, y → 1 limit.

We start by looking at the contribution of the chiral multiplet. As we already pointed out the fields contributing to the index on S^3_b × S^1 are the particle ϕ for the bosonic component and the antiparticle ψ^† for the fermionic component. If one component is in the ρ representation of the gauge group, than the other component is in the ρ̄. By recalling the single particle result

I_Φ = I_ϕ + I_ψ = ∑ BP S ( t^{Eϕ} g^ρ − t^{Eψ} g^{−ρ} ) (4.2)

– 18 – the multi-trace contribution to the superconformal index from a chiral multiplet in the ρ representation of the gauge group is Exp [_∞ ∑ k=1 1 k ∑ BP S ( t^{kEϕ+ikσρ} − t^{kEψ−ikσρ} ) ] (4.3)

that becomes ∏ BP S 1 − t^{Eϕ+iσρ} 1 − t^{Eψ−iσρ} t→1−→ ∏ BP S E_ϕ + iσρ E_ψ − iσρ (4.4)

where we identified the chemical potential for the gauge group g with t^{iσ}, where σ is the solution to the three-dimensional saddle point equations (or to the four-dimensional zero energy supersymmetry equations), which set σ to a constant [22].^5 The product in (4.4) ranges over the set of BPS states. As we have seen, this set is labeled by the Cartan subgroup of the three-dimensional isometry group, which in the case at hand consists of the two U(1) symmetries U(1)_α and U(1)_β that rotate the Hopf angles independently. If we identify the fugacity t with e^{−τ} , where τ is the period of the time direction, then the limit in (4.4) corresponds to shrinking the time circle to zero size, i.e. to dimensional reduction. Indeed the right hand side of (4.4) is the one loop exact contribution of the chiral multiplet to the three-dimensional partition function found in [13]. The energies E_ϕ and E_ψ of the BPS states in four dimensions, obtained with the procedure explained in section 2, become the eigenvalues of the unpaired states in the three dimensional case. An analogous derivation can be performed for the vector multiplet.

We expect that our correspondence and the reduction are more general than shown here and that they apply generically to M_{d−1} × S^1 → M_{d−1}^6, provided at least two real supersymmetries are preserved. The result (4.4) should apply to any (d − 1)- dimensional theory, if its field content may be derived by dimensional reduction of a corresponding d-dimensional model. The (d − 1)-dimensional saddle points and the quantum corrections may be derived by the d-dimensional analysis, but in the full partition function there may be an additional contribution, denoted S_∗ in (2.2), due to a classical term which does not have an uplift to d-dimensions. This is the case, for

5The reason for setting g = t^{iσ} , in our language, is the following. Till now, we solved the BPS equations in a vanishing gauge background, because we know that the gauge representation can be associated to another chemical potential in the index (also see footnote 4). However, we could have solved the BPS equations in the σ ≠ 0 background and obtain that the energies are E^′ = E + iσρ. A comparison of the two methods shows that g goes as t^{iσ} when the time circle shrinks.

6 It would be interesting to study the same correspondence between the states on M_{d−n} × T^n and the ones on M_{d−n} × T^{n−1}.

– 19 – instance, for the Chern-Simons term in the three dimensional case. However, once the (d − 1)-dimensional action is known, one can plug the saddle point configuration in it and obtain also the classical term.

It is interesting to compare with the known results in the literature. To the best of our knowledge, this is the first time that the superconformal index on a squashed sphere is computed explicitly. Of course, because it is identical to the one on the round sphere up to a redefinition of the fugacities, one can consider reducing the latter to the partition function on the squashed sphere. This is usually done by taking an ad hoc limit instead of the one in (4.4) [10]. Namely, we can reinterpret those results by stating that one can squash the chemical potentials without affecting the physical meaning of the index, and then take the natural limit t → 1 to shrink the time circle. The necessary redefinitions are not known in general, and we believe that our results offer a very clean physical interpretation and can be easily generalized.

5 The conjecture in other dimensions and manifolds

From the discussion in section 4 we see that our results can be more general than stated until now. We propose that the same one-to-one map described there holds in more general cases, like in other dimensions, manifolds and for extended supersymmetric theories.

Localization on a three-sphere does not give rise to any non-perturbative (instanton or monopole) contribution, and this is in full agreement with the BPS correspondence we have proposed. However the localizing term in different dimensions can lead to a sum over the instantons as happens, for instance, on the four-sphere. If our argument can be applied also in that case, the five-dimensional BPS equations should contain all the quantum information also about the non-perturbative states.

In section 2 we have mostly focused on a three-dimensional manifold whose Cartan subgroup is U(1)^2, and thus there are two well-defined quantum numbers, one can break the Cartan to U(1) and still preserve two real supersymmetries. In this case one has only one integer quantum number to sum over, and the BPS conditions will give constraints on its range.

6 General partition functions via an uplift to an index

We have observed above that the reduction of the superconformal index on M_{d−1} × S^1 to the partition function on M_{d−1} highlights the relation between the BPS states in d dimensions and the d − 1 dimensional unpaired states. Equivalently one can obtain the three dimensional partition function on M_{d−1} by uplifting the supersymmetry from

– 20 –

M_{d−1} to M_{d−1} × S^1. The d-dimensional Killing spinors are independent from the S^1 and the d dimensional unpaired states are preserved by shrinking the circle. Even if this procedure is similar to the reduction explained in section 2 it is interesting to investigate the problem in this way because it shows the relation of our construction and localization. Indeed the d − 1-dimensional saddle point equations coincide with the zero energy equations of the d-dimensional problem. We now exploit this fact to simplify the computation of the exact partition function itself.

Consider a d-dimensional field theory F_d and its dimensional reduction to F_{d−1}, which preserves the same amount of supersymmetry.^7 We can place F_{d−1} on a curved manifold M_{d−1} and localize the corresponding path integral to an at most finite dimensional integral by picking two real conserved supercharges and solving the corresponding equation |δψ_{d−1}|^2 = 0, where ψ is any fermion of the theory. This is the same as picking the uplifted supercharges on M_d and solving for |δΨ_d|^2 | | |_{E=0} = 0 (6.1)

where Ψ_d ∼ Ψ_{d−1}e^{Et} is the set of fermions in the F_d theory, and gives the loci that solve the saddle point equations in the path integral. Denote the latter by Φ_∗ and the classical action S(Φ_∗) ≡ S_∗. The exact path integral on M_{d−1} is now given by Z_{Md−1} ∼ ∫ [dΦ] e^{−S∗} PfD_F √ det D_B

(6.2)

where [dΦ] is the measure over the loci Φ_∗, and in general D_F and D_B are respectively a first order and second order differential operator derived by a (d − 1)-dimensional Qexact action. Notice that we did not compute any Q-exact action, so we do not know the explicit form of D_F and D_B, but we know that Φ_∗ are their zero modes. In general, we should find the spectrum of their eigenvalues around the solutions of (6.1), and it turns out that many of them simplify between the numerator and the denominator in (6.2) due to supersymmetry. The ones that do not simplify are obtained with the procedure explained in section 2.

To summarize we can derive the spectrum of eigenvalues necessary to compute the exact partition function in d − 1 dimensions (6.2) by finding the energy eigenvalues from a corresponding set of first order differential operators in d dimensions. We do not need the Lagrangian giving the equations of motion for F_d, but only the supersymmetry transformations of the matter multiplets that appear there. This means that we only need the uplift of the conserved supercharges, without worrying about the uplift of the Lagrangian.

7Actually, the action for F_{d−1} may contain terms without an uplift to d dimensions. As we already stressed our results also hold in those cases.

– 21 –

Acknowledgments

We thank O. Aharony, M. Berkooz, L. Girardello, K. Intriligator, Z. Komargodski, J. McGreevy, M. Petrini, J. Song, D. C. Stone, D. Thompson, A. Tomasiello and A. Zaffaroni for useful discussions and comments on the manuscript. A.M. acknowledges funding by the Durham International Junior Research Fellowship. M.S. is a Feinberg postdoctoral fellow at the Weizmann Institute of Science. M.S. would like to thank the University of Milano-Bicocca and UCSD for their kind hospitality during the completion of this paper.

A More on the gauge field contribution

In this Appendix we show a different approach to compute the contribution of the gauge field to the index. We focus on the four-dimensional case of S^1 × S^3_b , and the round sphere can be obtained by taking the a, b → 1 limit.

As explained in the main text, our method relies on finding a map from the bosonic modes to the fermionic ones such that their contributions to the index cancel out, and the unpaired modes are identified with the BPS states. We have seen that the normal modes of the gauge field strength can be mapped to the gaugino modes. Among the unpaired modes of the gauge field strength, those which also satisfy the Maxwell equations are the BPS modes. Here we offer another interpretation for the latter.

Besides the map between the gauge and the gaugino, we can find another map that relates a mode of the gauge field strength to a fermion with the same (Ξ, H, J̃_3) quantum numbers

δχ = ζ̃σ̃^μv_μ (A.1)

The field χ is a pure supergauge field, i.e. it is set to zero in the Wess-Zumino gauge. For this reason it does not belong to the Hilbert space and every gauge field such that

ζ̃σ̃^μv_μ = 0 (A.2)

can contribute to the index. The solution to this equation is

v_1 = 0 v_2 = Y (θ)e^{Et+i(nα+mβ)} v_3 = ia sin θ cos θ f(θ) Y (θ)e^{Et+i(nα+mβ)} v_4 = −ib sin θ cos θ f(θ) Y (θ)e^{Et+i(nα+mβ)} (A.3)

– 22 – where the first line is a gauge choice and Y (θ) is to be determined. Then the two equations σ^{μν} F_{μν} ζ = 0 for Y (θ) give E = − n a − m b (A.4)

for n, m ≤ 1. This is the same result that we obtained in section 3. Notice that equation (A.2) is satisfied by the pure gauge configuration v_μ = ∂_μΦ that appears in equation (3.22).

References

[1] E. Witten, Constraints on Supersymmetry Breaking, Nucl.Phys. B202 (1982) 253. [2] S. Cecotti and L. Girardello, Functional Measure, Topology and Dynamical Supersymmetry Breaking, Phys.Lett. B110 (1982) 39.

[3] C. Romelsberger, Counting chiral primaries in N = 1, d=4 superconformal field theories, Nucl.Phys. B747 (2006) 329–353, [hep-th/0510060].

[4] J. Kinney, J. M. Maldacena, S. Minwalla, and S. Raju, An Index for 4 dimensional super conformal theories, Commun.Math.Phys. 275 (2007) 209–254, [hep-th/0510251].

[5] E. Witten, Quantum Field Theory and the Jones Polynomial, Commun.Math.Phys.

121 (1989) 351.

[6] V. Pestun, Localization of gauge theory on a four-sphere and supersymmetric Wilson loops, Commun.Math.Phys. 313 (2012) 71–129, [arXiv:0712.2824].

[7] D. Sen, FERMIONS IN THE SPACE-TIME R x S**3, J.Math.Phys. 27 (1986) 472. [8] D. Sen, SUPERSYMMETRY IN THE SPACE-TIME R x S**3, Nucl.Phys. B284 (1987) 201.

[9] S. Nawata, Localization of N=4 Superconformal Field Theory on S^1xS^3 and Index, JHEP 1111 (2011) 144, [arXiv:1104.4470].

[10] F. Dolan, V. Spiridonov, and G. Vartanov, From 4d superconformal indices to 3d partition functions, Phys.Lett. B704 (2011) 234–241, [arXiv:1104.1787].

[11] A. Gadde and W. Yan, Reducing the 4d Index to the S^3 Partition Function,

arXiv:1104.2592.

[12] Y. Imamura, Relation between the 4d superconformal index and the S^3 partition function, JHEP 1109 (2011) 133, [arXiv:1104.4482].

[13] N. Hama, K. Hosomichi, and S. Lee, SUSY Gauge Theories on Squashed Three-Spheres, JHEP 1105 (2011) 014, [arXiv:1102.4716].

– 23 –

[14] G. Festuccia and N. Seiberg, Rigid Supersymmetric Theories in Curved Superspace, JHEP 1106 (2011) 114, [arXiv:1105.0689].

[15] M. F. Sohnius and P. C. West, An Alternative Minimal Off-Shell Version of N=1 Supergravity, Phys.Lett. B105 (1981) 353.

[16] M. Sohnius and P. C. West, THE TENSOR CALCULUS AND MATTER COUPLING OF THE ALTERNATIVE MINIMAL AUXILIARY FIELD FORMULATION OF N=1 SUPERGRAVITY, Nucl.Phys. B198 (1982) 493.

[17] T. T. Dumitrescu, G. Festuccia, and N. Seiberg, Exploring Curved Superspace, JHEP 1208 (2012) 141, [arXiv:1205.1115].

[18] C. Klare, A. Tomasiello, and A. Zaffaroni, Supersymmetry on Curved Spaces and Holography, JHEP 1208 (2012) 061, [arXiv:1205.1062].

[19] O. Aharony, J. Marsano, S. Minwalla, K. Papadodimas, and M. Van Raamsdonk, The Hagedorn - deconfinement phase transition in weakly coupled large N gauge theories, Adv.Theor.Math.Phys. 8 (2004) 603–696, [hep-th/0310285].

[20] S. Benvenuti, B. Feng, A. Hanany, and Y.-H. He, Counting BPS Operators in Gauge Theories: Quivers, Syzygies and Plethystics, JHEP 0711 (2007) 050, [hep-th/0608050].

[21] F. Dolan and H. Osborn, Applications of the Superconformal Index for Protected Operators and q-Hypergeometric Identities to N=1 Dual Theories, Nucl.Phys. B818 (2009) 137–178, [arXiv:0801.4947].

[22] A. Kapustin, B. Willett, and I. Yaakov, Exact Results for Wilson Loops in Superconformal Chern-Simons Theories with Matter, JHEP 1003 (2010) 089, [arXiv:0909.4559].

[23] D. L. Jafferis, The Exact Superconformal R-Symmetry Extremizes Z, arXiv:1012.3210. [24] N. Hama, K. Hosomichi, and S. Lee, Notes on SUSY Gauge Theories on Three-Sphere, JHEP 1103 (2011) 127, [arXiv:1012.3512].

– 24 –