arXiv:1206.2958v2 [hep-ph] 21 Sep 2012

Preprint typeset in JHEP style - HYPER VERSION

Supersymmetric sound in fluids

Carlos Hoyos,^1 Boaz Keren-Zur^2 and Yaron Oz^1

1Raymond and Beverly Sackler Faculty of Exact Sciences School of Physics and Astronomy Tel-Aviv University, Ramat-Aviv 69978, Israel 2Institut de Théorie des Phénomènes Physiques, EPFL, CH-1015 Lausanne, Switzerland E-mails: choyos@post.tau.ac.il, boaz.kerenzur@epfl.ch,

yaronoz@post.tau.ac.il

Abstract: We consider the hydrodynamics of supersymmetric fluids. Supersymmetry is broken spontaneously and the low energy spectrum includes a fermionic massless mode, the phonino. We use two complementary approaches to describe the system: First, we construct a generating functional from which we derive the equations of motion of the fluid and of the phonino propagating through the fluid. We write the form of the leading corrections in the derivative expansion, and show that the so called diffusion terms in the supercurrent are in fact not dissipative. Second, we use an effective field theory approach which utilizes a non-linear realization of supersymmetry to analyze the interactions between phoninos and phonons, and demonstrate the conservation of entropy in ideal fluids. We comment on possible phenomenological consequences for gravitino physics in the early universe.

Keywords: Hydrodynamics, non-linearly realized supersymmetry.

Contents

1. Introduction 1

2. Generating functional with a phonino 4

3. Effective field theory approach for phonino dynamics 10 3.1 A Lagrangian formulation of ideal hydrodynamics with phoninos 11 3.2 Phonino interactions in the fluid 15

4. Discussion 16

A. Non-linearly realized supersymmetry 18 A.1 The standard non-linear realization of supersymmetry 18 A.2 Conservation equations in NLRS 19 A.3 Invariant actions and Noether currents in NLRS 20

B. Conservation of entropy current in fluids with phoninos 22

C. Phonon and phonino fluctuations 22

1. Introduction

Spontaneously broken symmetries play an important role in the physics of fluids. Phonons can be considered as the Goldstone modes of Lorentz symmetry, which is broken by the choice of the fluid’s rest frame. Another example is the phenomenon of superfluidity, where the spontaneous breaking of a U(1) global symmetry leads to the appearance of a non-dissipative flow in the fluid.

Supersymmetry is broken at finite temperature since the thermal ensemble differentiates between the statistics of fermions and bosons. Interestingly, this symmetry is not restored at high temperature [1]. It is well known that when supersymmetry is spontaneously broken, the low energy spectrum contains a fermionic massless mode, known at zero temperature as the goldstino. A similar situation happens in supersymmetric fluids at finite temperature, where a long range fermionic fluctuation appears. This mode is called phonino. The existence of this mode was demonstrated by using the real-time formalism in [2]. Its dispersion relation was calculated for strongly coupled supersymmetric plasma using the AdS/CFT correspondence in [3, 4, 5]. At leading order in momenta, the phonino satisfies a linear dispersion relation with velocity (see also [6, 7]):

v_G = | | |P ε | | | , (1.1)

– 1 – where P is the pressure and ε is the energy density. In simple cases where P ∝ ε, the speed of the phonino is the square of the speed of (first) sound. At zero temperature |P | = |ε| and the phonino is the goldstino, a free relativistic fermion.

The existence of this mode can be understood as a consequence of a supersymmetric Ward-Takahashi identity for the supercurrent two-point function [8]^1: ∂_μ ⟨ T {S^μ(x)S̄^ν (y)} ⟩ = δ^{(4)}(x − y) ⟨T^{νρ}⟩ σ_ρ . (1.2)

Going to momentum space and assuming a constant energy-momentum tensor the identity becomes −ik_μΓ^{μν}_{SS} = ⟨T^{νρ}⟩ σ_ρ . (1.3) In order to satisfy this identity for all momenta we need that Γ_{SS} ∼ 1/k, which is possible if there is a massless fermionic mode, the goldstino/phonino. Let us assume that the system is at thermal equilibrium and that the energy-momentum tensor takes the form of that of an ideal fluid ⟨T^{μν} ⟩ = diag (ε, P, P, P ) . (1.4)

As in the case of spontaneous breaking of supersymmetry, we expand the supercurrent S^μ (S̄^μ) at low energies in derivatives of the phonino field Ḡ (G) :

S^0 = iF_tσ^0Ḡ + · · · , S^i = iF_sσ^iḠ + · · · , (1.5)

where we have assumed rotational invariance but not Lorentz invariance. In these conventions G is a Weyl fermion. The identity (1.3) becomes

− i(F_tk_0σ^0 + F_sk_iσ^i) ⟨ GḠ ⟩ F_tσ^0 = εσ^0, (1.6) − i(F_tk_0σ^0 + F_sk_iσ^i) ⟨ GḠ ⟩ F_sσ^i = −P σ^i , (1.7)

The equations require that the propagator of the phonino has the form ⟨ GḠ ⟩ = 1 F_t i ( k_0σ^0 + v_Gk_iσ^i ) k^2_0 − v^2_Gk^2_i

, (1.8)

where F_t = ε, F_s = −P, v_G = F_s F_t = − P ε . (1.9)

There is some arbitrariness in the normalization, this choice corresponds to the definition of the supercurrent

S^μ = iT^μ_ν σ^νḠ + · · · (1.10)

such that the conservation of the supercurrent becomes

0 = ∂_μS^μ = iT^μ_ν σ^ν ∂_μḠ + · · · (1.11)

1In our conventions the supercurrent has a relative factor 1/ √ 2 respect to the one originally used. This removes a factor of 2 from the right hand side of the WT identity.

– 2 –

At zero temperature T^μ_ν = −εδ^μ_ν and the propagator of the phonino becomes that of the goldstino. In this case the energy density is determined by the scale of supersymmetry breaking ε = |f|^2. When Lorentz invariance is broken, |v_G| ≠ 1 is the velocity of the phonino. Note also that the conformal Ward identity for the supercurrent agrees with the tracelessness of the energy-momentum tensor in a CFT

σ_μS^μ ∝ (T^μ_μ )Ḡ + · · · = 0 . (1.12)

These two equations are valid to lowest order at the ideal level even out of equilibrium, although there can be derivative corrections beyond the ideal level.

In this work we will be studying the hydrodynamic regime of supersymmetric field theories, that is the the combined effective theory of the phonino and the fluid. In particular we will be interested in the motion of the phonino through the fluid itself and in its interactions with other long range modes in the fluid, the phonons. In order to describe the motion of the phonino through the fluid, we will begin by constructing the effective action following a method inspired by the recent works [9, 10]^2 to derive relations between transport coefficients from a generating functional depending on external metric and gauge fields. We will adapt the method to include gravitino sources and the phonino. From the resulting generating functional one can derive the equations of motion of the fluid and of the phonino propagating through the fluid. Since the gravitino sources are included, it can also be directly interpreted as the contribution to the effective action of the gravitino from the fluid. As we will see, a mass for the gravitino appears at the order of the first derivative corrections of the fluid.

We note that supersymmetric hydrodynamics has been studied in [13]. Our analysis is rather different. In [13] the concepts of ”classical” supersymmetric charge and chemical potential are introduced and are used to define the constitutive relations with which one can express the supercurrent. This is done is analogy to the hydrodynamic description of bosonic currents such as the stress-energy tensor and global symmetry currents. However, one cannot define consistently classical fermionic charges as the expectation values of fermionic operators is zero. We therefore propose that the correct analysis of the hydrodynamics of supersymmetric field theories is not that of a flow of a fermionic charge, but rather the dynamics of the phonino in the normal fluid.

Although in principle one can derive all the relevant information from this generating functional, in order to study interactions of the phonino with the phonons in the fluid it is better to use a slightly different set of variables, that in particular will allow us to make contact with the effective actions at zero temperature of the goldstino existing in the literature. The approach is based on the Akulov-Volkov formalism for non-linearly realized supersymmetry (NLRS) [12]. The main results of this analysis are the following: first, we introduce a formulation to relate NLRS to hydrodynamics via conserved currents which is shown to be consistent on both ends - it is a valid hydrodynamics description of ideal fluids in the sense that entropy is shown to be conserved, and it has the correct transformation properties under supersymmetry. The important new constraint we impose is that both

2See also [11], where the partition function is constructed from a microscopic theory with free fermions.

– 3 – the currents and their conservation equations transform in a way which is consistent with the SUSY algebra. This leads to a unique construction of the physical currents in terms of currents dressed with appropriate goldstino factors. Since this construction is dictated by symmetry, it is valid even in the absence of a Lagrangian description for the microscopic system. Secondly, we use this formalism to study the dynamics of phoninos in ideal fluids. We find the phonino dispersion relations and compute the expressions for the leading interactions between phoninos and phonons.

The paper is divided into two sections – one for each of the two formalisms mentioned above. We conclude with a short discussion of the phenomenological implications of this analysis. A review of non-linearly realized supersymmetry and details of some of the computations appearing in the paper are given in the appendix.

2. Generating functional with a phonino

We will consider a relativistic fluid in the presence of external sources. We will assume that all the microscopic degrees of freedom have been integrated out and that we can use a hydrodynamic approximation to describe the properties of the system. If the underlying theory is supersymmetric we expect that a collective massless fermionic fluctuation exists, the phonino. The motion of the phonino should be included in the hydrodynamic description, and as a first approximation we can treat the phonino as propagating through a thermal medium but not affecting its properties. The effective action of the phonino will depend on the properties of the medium and on external sources, and we can use supersymmetry to constrain its form. The partition function of the theory will take the form Z = ∫ DGDḠe^{iW [G]}, (2.1) where G is the phonino and W is determined by the temperature and possible external sources. In principle W is a non-local functional, but it has a local expansion when static configurations (in the rest frame) are considered as explained in [9, 10].

In order to describe the effect of the medium, the temperature and the chemical potential are treated as external sources and W becomes the generating functional for them. In the absence of chemical potential, the generating functional takes the form W = ∫ d^dx √ −gP (T ) + · · · (2.2)

Where T = T_0/ √ −V^2 = T_0/ √ −g_{μν} V^μV^ν is the temperature and V^μ is proportional to the velocity of the fluid.

The energy-momentum tensor is

T^{μν} = 2 √ −g δW δg_{μν} = P g^{μν} + T ∂P ∂T V^μ √ −V^2 V^ν √ −V^2 = P g^{μν} + T s u^μu^ν . (2.3)

The equations of motion can be deduced from diffeomorphism invariance of the underlying theory. Although the background metric breaks physical diffeomorphism invariance, the partition function is invariant up to anomalies under a combined transformation of the

– 4 – dynamical fields and the external sources. This implies that the generating functional should be invariant up to anomalies under transformations of the sources

δ_ag_{μν} = ∇_μa_ν + ∇_ν a_μ. (2.4)

Then, 0 = δ_aW = ∫ d^dx δW δg_{μν} δ_ag_{μν} ⇒ ∇_μT^{μν} = 0. (2.5)

Suppose now that there is a global symmetry with a chemical potential^3 μ = V^μA_μ √ −V^2 . (2.6)

The current is defined as

J^μ = 1 √ −g δW δA_μ = ∂P ∂μ V^μ √ −V^2 = ρu^μ. (2.7)

invariance of the generating functional under gauge transformations δ_λA_μ = ∂_μλ imposes the following condition 0 = δ_λW = − ∫ d^dx √ −gλ∇_μJ^μ. (2.8) If the global symmetry is spontaneously broken there is a Goldstone boson ϕ. Under a global symmetry transformation δ_λϕ = λ. The chemical potential can be defined as μ = V^μ(A_μ − ∇_μϕ) √ −V^2 , (2.9)

which is explicitly gauge invariant and gives the Josephson condition u^μ∇_μϕ = −μ in the absence of sources. A new scalar quantity on which the generating functional can depend is (A_μ − ∇_μϕ)^2.

If the underlying theory is supersymmetric, we can extend the same arguments to supersymmetric transformations. The difference is that now we should consider more general external sources, including a gravitino. The generating functional is a function of the vierbein, spin connection and gravitino background values (we do not consider global bosonic symmetries for the moment)

W [e^a_μ, ω^{ab}_μ , Ψ^α_μ, Ψ̄^{α̇}_μ ] = ∫ d^dx √ −gP (T, μ^α, μ̄^{α̇}), (2.10) Here α refers to spinor indices and we denote

μ^α = V^μ √ −V^2 Ψ^α_μ . (2.11)

The generating functional should be understood as having an expansion in the Grassmann fields. Ψ_μ to be a Weyl spinor in the notation of [14].

3This expression is not explicitly gauge-invariant. A gauge-invariant expression involves a Wilson line along the time direction defined by the Killing vector V^μ∂μ. Fixing the gauge so that only time-independent transformations are allowed, the chemical potential takes the form (2.6).

– 5 –

Under a supersymmetric transformation, the variation of the sources is (suppressing spinor indices)

δ_ξe^a_μ = i(Ψ_μσ^aξ̄ − ξσ^aΨ̄_μ), (2.12) δ_ξω^{ab}_μ = 0, (2.13) δ_ξΨ_μ = −2D_μξ, (2.14) δ_ξΨ̄_μ = −2D_μξ̄. (2.15)

The derivative D_μ includes the spin connection. These transformations are actually special for Poincaré symmetry. Had we considered for instance a theory in anti-de Sitter space the transformations would be different. Introducing external gauge fields will also modify the supersymmetric transformations.

A general supersymmetric transformations of the generating functional leads to

δ_ξ W = ∫ d^4x [ δW δe^a_μ δe^a_μ + δW δΨ̄_μ δΨ̄_μ + δΨ_μ δW δΨ_μ ] . (2.16)

0 = δ_ξW = ∫ d^4x √ −g [ iT^{μν} Ψ_μσ_νξ̄ + 2ξD_μS^μ + h.c. ] . (2.17)

Therefore, the conservation equations for the supercurrent are:

2D_μS^μ = iT^{μν} σ_μΨ̄_ν , 2D_μS̄^μ = −iT^{μν} Ψ_μσ_ν . (2.18)

Now we can take into account the effective spontaneous breaking of supersymmetry, as it happens at finite temperature, by introducing the phonino field, whose transformation under supersymmetry is δ_ξ G = ξ, δ_ξḠ = ξ̄. (2.19)

The scale of supersymmetry breaking appears in the definition of the supercurrent. This field is analogous to the phase of the condensate in spontaneous breaking of global symmetries.

The effective action of the phonino will be determined by the original generating functional in an analogous way as some terms in the effective action of Goldstone bosons are determined by the generating functional for gauge fields. With the phonino we can construct the SUSY-invariant combinations

ψ_μ ≡ Ψ_μ + 2D_μG, ψ̄_μ = Ψ̄_μ + 2D_μḠ, (2.20)

for the gravitino sources. For the vierbein we can form the combination

E^a_μ = e^a_μ − i(Ψ_μσ^aḠ − Gσ^aΨ̄_μ) − 2i(D_μGσ^aḠ − Gσ^aD_μḠ). (2.21)

The transformation of the dressed vierbein is

δ_ξ E^a_μ = −2i(D_μGσ^aξ̄ − ξ̄σ^aD_μḠ). (2.22)

– 6 –

We can also write it as E^a_μ = e^a_μ − i(ψ_μσ^aḠ − Gσ^aψ̄_μ) . (2.23)

This choice for the dressing of the vierbein leads to an action whose supersymmetry variation is independent of the gravitino and, as shown below, gives the correct equations of motion. This approach is similar to the AV formalism we will use in the next sections, but the hydrodynamic variables will be described differently. Note also, that in the current approach the SUSY transformations are linear and the variation of the generating functional gives the conservations laws, while in the AV formalism the SUSY transformations are nonlinear under which the effective action is invariant.

The dependence on the metric is changed to a dependence on the covariant combination g_{μν} → G_{μν} = η_{ab}E^a_μE^b_ν . Then, the pressure depends on the dressed temperature

T̂ = T^0 √ −G_{μν} V^μV^ν , (2.24)

where

G_{μν} V^μV^ν = g_{μν} V^μV^ν ( 1 − 2iu^a(μσ_aḠ − Gσ_aμ̄) − η_{ab}(μσ^aḠ − Gσ^aμ̄)(μσ^bḠ − Gσ^bμ̄) ) . (2.25) The velocity and the fermionic chemical potential are defined in the usual way, as we will also do with the temperature

u^μ = V^μ √ −V^2 , μ = u^μψ_μ, T = T_0 √ −V^2 . (2.26)

where we have defined V^2 = g_{μν} V^μV^ν .

In the absence of sources the definition of the chemical potential gives a relation u^μψ_μ = u^μD_μG = μ similar to the one found in a superfluid. In the generating functional the covariant form of the chemical potential should appear

μ̂ = V^μ √ −G_{μν} V^μV^ν ψ_μ . (2.27)

The pressure is a function of the temperature and fermionic bilinears P (T̂ , ψ^2, μ̂, ^̄μ), but not all the terms are of the same order. We are doing an expansion in small derivatives ∇_μ ∼ ϵ. In order to keep all contributions to the vierbein of the same order E^a_μ ∼ 1 and assuming that the velocities are of the same order V^μ ∼ 1, we should fix the scaling of the phonino to G ∼ 1/ √ ϵ. In this case ψ_μ ∼ √ ϵ, so bilinear contributions to the stress-energy tensor are suppressed ∼ ϵ. Similarly, this scaling behavior ensures that contributions to the supercurrent which are linear in ψ are suppressed by a factor of ϵ with respect to the leading contribution, which is proportional to G. We conclude that the contributions related to ψ and μ̂ are of order ϵ, the same as the contributions of bosonic fields that contain one derivative.

We now define the generating functional to leading order as W = ∫ d^4xEP (T̂ ), (2.28)

– 7 – where E is the veilbein determinant. Under a supersymmetric variation δ_ξW = ∫ d^4x E ( 2iT^μ_aD_μGσ^aξ̄ + h.c. ) , (2.29) where the energy-momentum tensor has been defined as T^μ_a = 1 E δW δE^a_μ . (2.30)

Therefore, supersymmetry requires that the following condition is satisfied T^μ_aD_μGσ^a = 0 . (2.31) Using the condition (2.31) and the Fierz identities χσ^aψ̄ = −ψσ^aχ̄, (2.32) the generating functional satisfies the Wess-Zumino consistency condition (δ_η δ_ξ − δ_ξδ_η )W = 2i ∫ d^4x ET^μ_aD_μ(ησ^aξ̄ − ξσ^aη̄). (2.33) Since E^a_μ transforms under diffeomorphisms in the same way as e^a_μ, diffeomorphism invariance of the action requires that T^μ_a is conserved. The conservation equation is, in flat space ∂_μ (ET^μ_a) = 0 . (2.34) Although there is a factor depending on the vierbein, its derivative is zero in the absence of gravitino sources EE^ν_b T^μ_a∂_μE^b_ν = −4iEE^ν_b T^μ_a∂_μGσ^a∂_ν G = 0 . (2.35) Where we have used that T^μ_a∂_μGσ^a = 0 . (2.36) We can use the vierbeins to define the energy-momentum purely in the orthogonal frame T^a_b = E^a_μT^μ_b . (2.37) The explicit form of the energy-momentum tensor is

T_{ab} = η_{ab}P (T̂ ) + T̂ ∂P ∂T̂ η_{ac}η_{bd}E^c_μV^μE^d_ν V^ν −η_{ab}E^a_μV^μE^b_ν V^ν . (2.38)

We can simplify further this expression using that

E^a_μV^μ = V^a − iV^μ(ψ_μσ^aḠ − Gσ^aψ̄_μ) = V^a + √ −V^2ζ^a = √ −V^2(u^a + ζ^a), (2.39) where V^a = e^a_μV^μ as usual and we have defined ζ^a = −i(μσ^aḠ − Gσ^aμ̄) . (2.40)

– 8 –

Note that the dressed temperature is T̂ = T √ −η_{ab}(u^a + ζ^a)(u^b + ζ^b)

. (2.41)

Assuming there is no external gravitino, there are only four independent components in the Grassmann field G, so there can be up to O(ζ^2) terms. For the temperature this means T̂ = T ( 1 + u^aζ_a + 1 2 (η^{ab} + 3u^au^b)ζ_aζ_b ) . (2.42)

The pressure then can also be expanded as

P (T̂ ) = P (T ) + ∂P ∂T ( u^aζ_a + 1 2 (η^{ab} + 3u^au^b)ζ_aζ_b ) + 1 2 ∂^2P ∂T^2 u^au^bζ_aζ_b. (2.43)

Finally, the energy momentum tensor takes the form T_{ab} = η_{ab} ( P (T ) + a_1u^cζ_c + (a_2η^{cd} + a_3u^cu^d)ζ_cζ_d )

+ u_au_b ( T ∂P ∂T + b_1u^cζ_c + (b_2η^{cd} + b_3u^cu^d)ζ_cζ_d )

+ (u_aζ_b + u_bζ_a) ( T ∂P ∂T + c_1u^cζ_c ) + ζ_aζ_bT ∂P ∂T . (2.44)

Where

a_1 = ∂P ∂T , a_2 = a_1 2 , a_3 = 3a_1 + ∂a_1 ∂T , b_1 = T ( 2a_1 + ∂a_1 ∂T ) , b_2 = b_1 2 , b_3 = T ( 4a_1 + 7 2 ∂a_1 ∂T + ∂^2a_1 ∂T^2 ) , c_1 = b_1. (2.45)

The first derivative corrections depending on the phonino are easy to compute. First note that the field ψ_μ is in a

(_1 2 , 0 ) ⊗ (_1 2 ,^1_2 ) = ( 0,^1_2 ) ⊕ ( 1,^1_2 ) representation of the Lorentz group, while ψ̄_μ is in ( 0,^1_2 ) ⊗ (_1 2 ,^1_2 ) = (_1 2 , 0 ) ⊕ (_1 2 , 1 ) . Therefore, there are four possible scalar bilinear combinations

G^{μν} ψ_μψ_ν , G^{μν}ψ̄_μψ̄_ν , ψ_μσ^{[μν]}ψ_ν , ψ̄_μσ̄^{[μν]}ψ̄_ν , (2.46)

all of which are of order ∼ ϵ in our expansion. We can add these terms in the pressure with arbitrary coefficients depending on the dressed temperature

P = P_0(T̂ ) + P_1(T̂ )μ̂^2 + P_2(T̂ )G^{μν} ψ_μψ_ν + P_3(T̂ )ψ_μσ^{[μν]}ψ_ν + h.c. + · · · (2.47)

Note, that the new terms can also be interpreted as bilinear terms for the gravitino field induced by the fluid. In particular, the term proportional to P_3(T̂ ) has the form of a mass for a Rarita-Schwinger field, while P_2(T̂ ) and could be interpreted as a mass for the

– 9 – spin-1/2 components of the gravitino field. Note that both coefficients can be complex in general, for instance

P_2(T̂ )G^{μν} ψ_μψ_ν +h.c. = Re P_2(T̂ ) ( G^{μν} ψ_μψ_ν + G^{μν}ψ̄_μψ̄_ν ) +iIm P_2(T̂ ) ( G^{μν} ψ_μψ_ν − G^{μν}ψ̄_μψ̄_ν ) . (2.48) Both terms can contribute to the dispersion relation of the phonino, adding a contribution quadratic in the momentum which has a real part proportional to Re P_2(T̂ ) and a imaginary part proportional to Im P_2(T̂ ). In the conformal case P_2(T̂ ) and P_3(T̂ ) are not independent. P_2(T̂ ) has been calculated for particular examples in the AdS/CFT framework [3, 4, 5] and it modifies the phonino dispersion relation. It was found that for N = 4 SYM, Re P_2(T̂ ) = 0 and Im P_2(T̂ ) ≠ 0, implying that this is a damped mode. However, it is clear from our construction that although it apppears at the first derivative order it is not a dissipative term in the sense that it does not contribute to the entropy current.

In the following sections we will introduce a slightly different formalism that we will use to compute the interactions between phoninos and phonons. Although the results are equivalent in the two formalisms and there are many parallelisms, the differences are important enough that we will give a detailed description of it.

3. Effective field theory approach for phonino dynamics

Phonino dynamics can be studied using an effective field theory. This approach is based on a Lagrangian description, and therefore valid only for ideal fluids, but it will give a new perspective on the results of the generating functional formalism and enable us to investigate the interactions with the other long range modes in the fluid, the phonons. As in the previous section, we write the most general action allowed by symmetry, and the effects of spontaneously broken supersymmetry are manifested in the appearance of the fermionic zero mode. The framework we will use to incorporate the phonino into the dynamics of the fluid is the Akulov-Volkov (AV) formalism for non-linearly realized supersymmetry (NLRS), which is reviewed in appendix A [12].^4 At this point we would like to emphasize three points related to this framework. First, we define the standard non-linear realization of supersymmetry for a generic field ϕ as follows: δ_ξϕ = −i ( Gσ^μξ − ξσ^μG ) ∂_μϕ . (3.1)

In the appendix it is shown that the transformation properties of the Goldstino are such that this transformation rule satisfies the supersymmetry algebra.

Secondly, we introduce the AV vierbein

A^a_μ ≡ δ^a_μ + i ( Gσ^a∂_μG − ∂_μGσ^aG ) . (3.2)

This expression is essentially equivalent to the construction discussed in (2.23) but we will use this notation in this section in order to avoid confusion with the standard literature in

4Another possible formalism for NLRS is the framework of constrained superfields which has recently gained renewed attention thanks to the work of [15]. We chose to avoid the usage of superfields because at nonzero temperature they require non-trivial boundary conditions in superspace.

– 10 – the field.^5 This vierbein is used to define the AV covariant derivative

^∇_aϕ ≡ (A^{−1})^μ_a ∂_μϕ , (3.3)

which transforms according to the standard NLRS. Another well known result is that in order to build a manifestly SUSY invariant Lagrangian out of a non-SUSY Lagrangian, one has to make the following modification L(ϕ, ∂ϕ) → AL(ϕ, ^∇ϕ). (3.4) In other words, one has to multiply by the determinant of the AV vierbein, and replace all derivatives with the AV covariant derivate.

Thirdly, we would like to discuss another aspect in which the AV formalism enters the low energy theory, even in the absence of a Lagrangian description of the system. As far as we are aware this point does not appear in the literature on the subject. Theories with symmetries require well defined currents, j^μ, which should satisfy well defined conservation equations. Since the conservation equations contain derivatives and not covariant derivatives, it is not trivial that the SUSY transformation of the operator ∂_μj^μ satisfies the SUSY algebra. In appendix A.2 we show that in order to construct a current for which the SUSY transformation of both the current and its conservation equation satisfies this condition, one should use the following form

j^μ = A(A^{−1})^μ_a ĵ^a (3.5)

where ĵ^a is an operator that in the limit where the goldstino is set to zero is equal to the current, and it is defined to transform according to the standard NLRS (3.1). We will refer to such currents as ”standard realization” (SR) currents, bearing in mind that these are merely useful notations and not necessarily physical quantities. The physical current j^μ has the same value at the zero goldstino limit, but has a different transformation law.

In appendix A.3 we show that this is the general form for the Noether currents in a theory with NLRS. However, we would like to stress that it can be used also in theories without a Lagrangian description, because it comes directly from constraints imposed by the SUSY algebra. More interestingly, in our effective field theory discussion of hydrodynamics we find the same form for the entropy current

s^μ = A(A^{−1})^μ_a ŝ^a (3.6)

and demonstrate that indeed this is a conserved current.

3.1 A Lagrangian formulation of ideal hydrodynamics with phoninos In this subsection we briefly review a Lagrangian formulation of ideal hydrodynamics (see, e.g., [16, 17]). We begin with the following Lagrangian

L = F (B) = F (√ det(∂_μϕ^I ∂^μϕ^J ) ) , (3.7)

5Notice that in this formalism the goldstino/phonino has different transformation properties. Also, when using the AV formalism we will assume a flat metric.

– 11 – where we denote B^{IJ} ≡ ∂_μϕ^I ∂^μϕ^J , B ≡ √ det(B^{IJ} ), and F (B) is some unspecified function. F (B) is analogous to P (T ) which was introduced in the generating functional formalism, but it has a different physical interpretation which will be presented below.

The ϕ^I fields can be viewed as the coordinates for the location of an element of the fluid in a static coordinate system. B can be written as: B = √ −s_μs^μ s^μ = 1 6 ϵ^{μνρσ} ϵ_{IJK} ∂_ν ϕ^I ∂_ρϕ^J ∂_σϕ^K . (3.8) We note that by definition the vector s^μ has zero divergence. Also, it is normal to the gradient of the coordinate, so it has to be proportional to the velocity. Recalling that the velocity is normalized to u_μu^μ = −1 we find the relation

u^μ = s^μ B . (3.9)

The canonical stress energy tensor in this system is T^{μν} = η^{μν} F − F_B B ( B^{−1} ) IJ ∂^μϕ^I ∂^ν ϕ^J = (F − F_B B) η^{μν} − F_B Bu^μu^ν (3.10)

where we used the relation ( B^{−1} ) IJ ∂^μϕ^I ∂^ν ϕ^J ≡ Δ^{μν} = η^{μν} + u^μu^ν . (3.11)

This relation can be understood by noting that this is a projection operator which satisfies Δ^{μν} u_μ = 0. We can identify the isotropic part of the tensor as the pressure and define P ≡ F − F_B B ε ≡ −F , (3.12) where ε is the energy density and we denote F_B ≡^{dF}_{dB} . Using the thermodynamic relations (in the absence of global charges)

T s = ε + P , (3.13)

one can identify B as the entropy density s and −F_B as the temperature (up to multiplicative factors). This means that the current s^μ = Bu^μ is in fact the entropy current, and as mentioned above, it is conserved by construction. This is an important point because it means that the system is not dissipative and therefore the description using a Lagrangian formalism is consistent.

The last missing piece is the differential thermodynamic equation T ds = dε , (3.14) which is necessary to show the consistency of the conservation of the entropy current when the equations of motions are satisfied:

− T ∂_μ (su^μ) = −u^μ∂_με − (ε + P ) ∂_μu^μ = u_ν ∂_μT^{μν} = 0 (3.15)

– 12 –

The final form of the action is S = − ∫ d^4x ε(s), (3.16)

where s = B is the entropy density and ε = −F is the energy density. Note that this is related to the action we used in the generating functional formalism by a Legendre transform P ( T = ∂ε ∂s ) = −ε + s ∂ε ∂s , − ε ( s = ∂P ∂T ) = P − T ∂P ∂T . (3.17)

This establishes the connection between the two formalisms presented in this paper. In both cases we define a vector which is proportional to the velocity, V^μ in the generating functional case and s^μ in the effective field theory, whose normalization is in fact the basic dynamical variable in the action (s = √ −s^2 and T =^{T0√}_{−V 2} ) and it is related via the Legendre transform to the other. Spontaneously broken supersymmetry will enter the game in both cases dressing this vector with modified vierbeins.

The form of the Lagrangian appearing in (3.7) was dictated by the symmetries of the system – translations, rotations and volume conserving diffeomorphisms. Now, we would like to take into account NLRS as well, using the prescription given in (3.4):

F (B) → AF (B̂) , (3.18)

where now

B̂ = √ det( ^∇_aϕ^I ^∇^aϕ^J ) = √ −ŝ_aŝ^a ŝ^a = ϵ^{abcd}ϵ_{IJK} ^∇_bϕ^I ^∇_cϕ^J ^∇_dϕ^K (3.19)

Using this procedure we find an action which is manifestly invariant under the non-linear supersymmetry transformation (A.1) and (3.1), to be compared with the generating functional approach which is invariant only up to equations of motion under (2.19). The advantage of the approach taken in this section is that it contains the phonon and phonino as elementary fluctuations with respect to a static background, and can be used to study their scattering processes in this limit.

A few comments regarding the vector ŝ^a are in place. First of all, it transforms according to the standard NLRS, because it is constructed using AV covariant derivatives. Secondly, unlike the vector s^μ defined in (3.8), it is not necessarily conserved (even with respect to an AV covariant derivatives, because the AV covariant derivatives do not commute). Most importantly, it can be related to the vector s^μ by multiplying by AV factors:

A(A^{−1})^μ_a ŝ^a = 1 6 A(A^{−1})^μ_a (A^{−1})^ν_b (A^{−1})^ρ_c (A^{−1})^σ_d ϵ^{abcd}ϵ_{IJK} ∂_ν ϕ^I ∂_ρϕ^J ∂_σϕ^K = s^μ (3.20)

– 13 –

We will show below that the vector s^μ can be identified as the entropy current even in the supersymmetric case. This results in two important conclusions: the entropy current in the supersymmetric fluid is conserved by construction, and its conservation equation satisfies the SUSY algebra. The second point is ensured by the fact that it is written in the form suggested in (3.6)^6.

In order to verify that the vector s^μ can indeed be identified as the entropy current, we derive the canonical energy-momentum tensor in (A.22), and find that it equals the SR stress-energy tensor dressed with AV factors

T^{μa} = A(A^{−1})^μ_b T̂^{ab} = A(A^{−1})^μ_b ( η^{ab} ( F − F_{B̂}B̂ ) − F_{B̂}B̂û^aû^b ) , (3.21)

where we defined û^a ≡^{ŝa}_{B̂} and identified a projection operator ( B̂^{−1} ) IJ ^∇^aϕ^I ^∇^bϕ^J ≡ Δ̂^{ab} = η^{μν} + û^bû^a . (3.22)

Making the identification as in (3.12) and (3.13) for the hatted objects, we can define the temperature as T = −F_{B̂} and the entropy density ŝ = B̂. In appendix B we follow a similar computation as in (3.15) and show that the thermodynamic relations and the conservation of currents indeed lead to the conservation of the entropy current s^μ also in the supersymmetric case.

As a side remark, we would like to mention a subtlety which is related to the definition of charge densities in this formalism. Unlike a current, the charge density is a frame dependent quantity. Using the formalism described in this section one can define two different normalized velocity vectors u^μ ≡ s^μ B û^a ≡ s^a B̂ . (3.23)

û^a transforms according to the standard NLRS, and can be used to define a SR current

ĵ^a = ρ̂û^a (3.24)

assuming that ρ̂ transforms according to the standard NLRS as well. We can also define the physical current using u^μ, but these two definitions have to be related as follows:

j^μ = ρu^μ = A(A^{−1})^μ_a ρ̂û^a (3.25)

Using (3.20), we find that the two definitions of charge density are related by

ρ̂ = ρ B̂ B . (3.26)

6Notice that the dressing of ŝ^a is similar to the dressing of the vector V^a which was introduced in eq. (2.39) without the usage of the AV covariant derivative.

– 14 –

3.2 Phonino interactions in the fluid

The Lagrangian formulation of classical ideal hydrodynamics can be used to find the interaction terms of the phonon with the phonino or with itself by expanding around the ground state:

ϕ^I = B^{1/3}_0 ( x^I + π^I ) (3.27)

where we identify π^I as the phonon, and B_0 gives the value of B in the ground state. The leading order terms in an expansion in the π^I fields are: δL = ∂F ∂B_{IJ} | | 0 δB^{IJ} + 1 2 ∂^2F ∂B_{IJ} ∂B_{KL} | | 0 δB^{IJ} δB^{KL} + . . . = T s ( 1 2 ( π̇^I )_2 − 1 2 c^2_s ( ∂_I π^I )_2 ) + . . . (3.28)

where we used (3.12) and the speed of sound is given by

c^2_s = ∂P ∂ε | | |_s = P^′(B) ε^′(B) = F_{BB} B F_B . (3.29)

Some details of this computation are given in appendix C. The Lagrangian (3.28) can be used to study phonon scattering [18] and it is a good starting point to systematically include non-dissipative terms.

We would like to use the same method to discuss the dynamics of the phoninos in an ideal fluid with NLRS, and therefore make the modification appearing in (3.18). Taking into account the fluctuations in the AV matrix δA^a_μ = i ( Gσ^a∂_μG − ∂_μGσ^aG ) , (3.30)

we find new interaction terms in the expansion of the Lagrangian around the static background: δ (AL) = ∂ (AL) ∂A^a_μ | | | 0 δA^a_μ +

∂^2 (AL) ∂A^a_μ ∂B̂_{IJ} | | | 0 δA^a_μ δB̂_{IJ} + . . . (3.31)

The first term is the phonino kinetic term i ∂ (AL) ∂A^a_μ | | | 0 ( Gσ^a∂_μG − ∂_μGσ^aG ) = iη^{bμ}T̂_{ab} ( Gσ^a∂_μG − ∂_μGσ^aG ) . (3.32)

where we used (A.20). This kinetic term leads to the phonino dispersion relations discussed in the introduction. We see also that the canonically normalized phonino should be divided by a factor of √ 2T̂_{00} = √ 2ε. The next term in (3.31) gives the two-goldstinos one-phonon vertex: δ (AL) ⊃ iT s (( Gσ^0Ġ − Ġσ^0G ) + c^2_s ( Gσ^I ∂_I G − ∂_I Gσ^I G )) (∂_J π_J ) −iT s ( Gσ^I ∂_J G − ∂_J Gσ^I G ) (∂_I π_J + ∂_J π_I ) . (3.33)

– 15 –

Details of the computations and computations of interaction terms with a higher number of phonons appear in appendix C. Notice that the phonino does not interact with the transverse mode of the phonon (or equivalently, the vortex ∂ × π). Using the canonically normalized phonino, we find that the effective coupling for the phonon-goldstino vertex (and similarly, the scattering of the phonino off n phonons) is proportional to T s/ε. If the temperature is very low in comparison with the scale of supersymmetry breaking √ f, the coupling will be very small as well, since ε ∼ |f|^2 ≫ T s. On the other hand, at high temperatures the coupling will be of order one. Therefore, as the temperature is increased the phonino becomes more strongly coupled with the fluid.

4. Discussion

We presented the formalism with which the fermionic zero mode associated with the spontaneous breaking of supersymmetry enters the hydrodynamics description of a fluid. The main ingredient was the dressing of the thermodynamics variables with a vierbein constructed using the phonino/goldstino. This was demonstrated in two frameworks – the generating functional approach for hydrodynamics, and an effective field theory with nonlinearly realized supersymmetry.

The generating functional approach enabled us to write a hydrodynamics description for the supersymmetric fluid in the presence of external sources. We considered the first non-dissipative derivative corrections. The supercurrent first derivative terms take the general form [13] S_i = −D_sD_iḠ − D_σσ^{ij} D_jḠ . (4.1)

The transport coefficients D_s and D_σ correspond to are our P_2 and P_3 in (2.47), which shows that they are non-dissipative. Note that D_s ∝ iP_2 and D_σ ∝ iP_3, so the coefficients can be complex in general. In a conformal theory the two transport coefficients are real and have the same value D_s = D_σ.

We have limited ourselves to the discussion of the energy-momentum tensor and the supercurrents, a clear extension will be to include conserved currents for global symmetries. In the generating functional formalism this can be implemented by including gauge fields and their fermionic superpartners in the supersymmetry transformations. More generally, the approach can be extended to larger supersymmetries, so that the sources transform as components of multiplets of different gauged supergravity theories.

The effective field theory approach enabled us to write scattering vertices for the phoninos. Another useful result is a new prescription for dressing conserved currents with goldstinos in effective field theory. One simply writes the currents using objects which transform according to the standard realization, and multiplies by the appropriate factors of the AV theory:

T^{μa} = A(A^{−1})^μ_b T̂^{ab} j^μ = A(A^{−1})^μ_b ĵ^b s^μ = A(A^{−1})^μ_b ŝ^b . (4.2)

– 16 –

This form ensures that the transformation of both the current and its divergence satisfies the SUSY algebra. The consistency of this prescription with thermodynamics in the ideal case was a non-trivial test for its validity.

Let us now comment on possible phenomenological implications of the results presented in this paper. The low energy theorems for theories with spontaneously broken symmetry tell us that the interaction between the goldstino and the supercurrent is suppressed by the SUSY breaking scale. However, in the paradigm of SUSY breaking in a hidden sector, it is well known that the effective interactions with the standard model particles should be suppressed by a higher scale, the mediation scale M, to ensure the decoupling of the goldstino in the M → ∞ limit [6]. In other words, when taking into account all quantum corrections, there should be some cancelations that cause the coupling of the gravitino to the SM plasma to be suppressed by^1_M . However, we suggest that this should be reconsidered. One may view the low energy fermionic zero mode as a linear combination of the hidden sector goldstino and the SM phonino. The hidden sector goldstino coupling is indeed suppressed by the mediation scale, but that of the phonino is not. Thus, although the contribution of the phonino to the wave function is smaller than that of the hidden sector goldstino, its interactions dominate and lead to the scattering terms discussed in section 3.2. Such enhanced interactions with the low energy modes of the plasma should be taken into account in the study of gravitino physics in the early universe, and perhaps even modify its production mechanism. To our knowledge, this effect was not considered in the literature to date.

Another possible phenomenological consequence of this analysis might be in relaxing the constraints on the gravitino warm dark matter scenario: It is standard lore that dark matter cannot be a thermal gravitino relic – such a relic must have mass of the order of 0.1 KeV to explain the dark matter mass density, while a thermal relic of the same mass would have a velocity distribution which is inconsistent with limits obtained from large scale structure [21]. The lower bound on the mass of such a relic arising from large scale structure is of the order of several KeV, merely one order of magnitude higher than the mass suggested by the relic density. In fact, a borderline scenario of a KeV gravitino as a warm dark matter candidate has recently gained some renewed interest, since it provides a drop in the power spectrum which might be able to solve astrophysical inconsistencies such as the core vs. cusp question and the emptiness of voids (for a review we suggest [22]). One possible solution is to consider a 0.1 KeV gravitino which freezes out with the correct relic density, but with a velocity distribution which is modified by phonino interactions. In other words, when the gravitino is thermalized, one has to take into account the phononphonino effective interactions in the kinetic theory describing the freeze-out process of the gravitino. Since these interaction is proportional to the momentum of the phonon, this effect might slow down the phonino, and perhaps even lead to the required drop in the power spectrum. We leave this idea for future work.

Acknowledgements

We thank S. Cremonesi and D. Melnikov for collaboration on the early stages of the work,

– 17 – and K. Jensen, E. Kovetz and A. Yarom for useful discussions. C. H. was supported in part by the Israel Science Foundation (grant number 1468/06). B. K. was supported by the Swiss National Science Foundation (grant number 200021-125237).

A. Non-linearly realized supersymmetry

In this appendix we review some well known results regarding the Akulov-Volkov (AV) formalism for non-linearly realized supersymmetry (NLRS) [12], and give new general expressions for conserved currents in this framework. In this section we will refer to the fermionic zero mode as a goldstino. We will assume a flat metric, use the conventions of [14] and absorb the supersymmetry breaking scale into the definition of the goldstino. For additional reading we refer the reader to [19, 20].

A.1 The standard non-linear realization of supersymmetry

In the standard nonlinear realization of supersymmetry, the goldstino transforms as follows:

δ_ξG^α = ξ^α + v^μ_ξ ∂_μG^α

δ_ξG^{α̇} = ξ^{α̇} + v^μ_ξ ∂_μG^{α̇} , (A.1)

where G is the goldstino and v^μ_ξ ≡ −i ( Gσ^μξ − ξσ^μG ) . (A.2)

Due to its non-linear transformation, the goldstino can be used to realize the SUSY transformation of other fields:

δ_ξϕ = v^μ_ξ ∂_μϕ . (A.3)

Indeed, using the transformation of v^μ_ξ δ_η v^μ_ξ = −i ( ησ^μξ − ξσ^μη ) + v^ν_η ∂_ν v^μ_ξ , (A.4)

one can see that (A.3) satisfies the supersymmetry algebra

(δ_ξδ_η − δ_ηδ_ξ) ϕ = −2i ( ξσ^μη − ησ^μξ ) ∂_μϕ . (A.5)

In this discussion we will assume that there is no linear realization of supersymmetry. In other words, the energy scale is lower than the boson-fermion mass splitting, such that only one “representative” of a supermultiplet exists in the low-energy spectrum.

A very useful object in this formalism is the AV vierbein:

A^a_μ ≡ δ^a_μ + i ( Gσ^a∂_μG − ∂_μGσ^aG ) , (A.6)

whose variation is

δ_ξ A^a_μ = v^ν_ξ ∂_ν A^a_μ + A^a_ν ∂_μv^ν_ξ . (A.7)

– 18 –

Its determinant A transforms as δ_ξA = ∂_μ ( v^μ_ξ A ) , (A.8)

therefore the product of A with any objects which transforms according to the standard realization will transform into a total derivative. This is most useful when constructing actions invariant under NLRS.

Gradients do not transform according to the standard realization (A.3). We therefore use the inverse vierbein, (A^{−1})^μ_a ,which transforms as

δ_ξ(A^{−1})^μ_a = v^ν_ξ ∂_ν (A^{−1})^μ_a − (A^{−1})^ν_a ∂_ν v^μ_ξ , (A.9)

and define the AV covariant derivative

^∇_aϕ ≡ (A^{−1})^μ_a ∂_μϕ (A.10)

which does transform according to the standard realization δ_ξ ( ^∇_aϕ ) = v^ν_ξ ∂_ν ( ^∇_aϕ ) . (A.11)

The inverse vierbein itself can be written using the covariant derivative

(A^{−1})^μ_a = δ^μ_a − i ( Gσ^μ ^∇_aG − ^∇_aGσ^μG ) . (A.12)

We note that the covariant derivatives are not commuting: [ ^∇_μ, ^∇_ν ]ϕ = −i ( ^∇_μGσ^τ ^∇_ν G − ^∇_ν Gσ^τ ^∇_μG ) ^∇_τ ϕ . (A.13)

A.2 Conservation equations in NLRS

As explained in the text, conserved currents are unique objects in the sense that their supersymmetry transformation properties are more constrained – we require the transformation of both the current and its divergence to satisfy the SUSY algebra. Since the derivative in the conservation equations is not the AV covariant derivative, this is not a trivial condition. We therefore suggest the following form for the currents:

j^μ = A(A^{−1})^μ_a ĵ^a (A.14)

where ĵ^a is the current defined such that it coincides with the non-SUSY current in the limit where the goldsitno is set to zero, and it transforms according to the standard realization. We refer to these currents as ”standard realization” (SR) currents. j^μ defined in this way coincides with the classical current in the f → ∞ limit as well, but it has different transformation properties:

δ_ξ j^μ = ∂_ν ( v^ν_ξ j^μ − v^μ_ξ j^ν ) + v^μ_ξ ∂_ν j^ν

δ_ξ (∂_μj^μ) = ∂_μ ( v^μ_ξ ∂_ν j^ν ) . (A.15)

– 19 –

Applying another NLRS transformation we find that the v dependent terms are symmetric under the exchange of ξ and η and will therefore vanish from the commutator: δ_ηδ_ξ j^μ = −i ( ησ^ν ξ − ξσ^ν η ) ∂_ν j^μ + ∂_ρ∂_ν ( v^ρ_η v^ν_ξ j^μ ) − ∂_ν ( v^ν_ξ ∂_ρv^μ_η j^ρ ) − ∂_ν ( v^ν_η ∂_ρv^μ_ξ j^ρ )

δ_η δ_ξ (∂_μj^μ) = −i ( ξσ^μη − ησ^μξ ) ∂_μ (∂_ν j^ν ) + ∂_μ∂_ρ ( v^ρ_η v^μ_ξ (∂_ν j^ν ) ) . (A.16)

The important point is that with this construction the SUSY algebra is indeed satisfied, as in (A.5), for both the current and its divergence.

In the next section of this appendix we will show that this is the form of the currents which is obtained from the Noether procedure.

A.3 Invariant actions and Noether currents in NLRS

In this section we use the well-known construction of invariant actions in the AV formalism, compute Noether currents, and show that indeed they take the form suggested in (A.14). To make a Lagrangian invariant under non-linearly realized SUSY we make the following modification

L(ϕ^I , ∂ϕ^I ) → AL(ϕ^I , ^∇ϕ^I ) (A.17)

(the index I runs over all the fields in the theory) . In other words, we replace all derivatives with covariant derivatives and multiply the Lagrangian by A to make it transform into a total derivative as explained above .

Let us first consider a Noether current corresponding to a global symmetry. We can define a “standard realization” (SR) current applying the Noether formula to the Lagrangian: ĵ^a ≡ ∂ ( L ( ϕ, ^∇ϕ )) ∂( ^∇_aϕ^I ) ∂ ( δ_αϕ^I ) ∂α (A.18)

This is, of course, just a useful notation. The physical current is in fact given by

j^μ = ∂ ( AL(ϕ, ^∇ϕ) ) ∂(∂_μϕ) ∂ (δ_αϕ) ∂α = A(A^{−1})^μ_a ∂ ( L(ϕ, ^∇ϕ) ) ∂( ^∇_aϕ^I ) ∂ ( δ_αϕ^I ) ∂α = A(A^{−1})^μ_a ĵ^a

(A.19)

in accordance with the prescription given in the previous section.

We will now compute the stress-energy tensor. For this purpose we define an SR stress-energy tensor: T̂^{ab} ≡ −(A^{−1})^{aμ} A ∂(AL) ∂ ( (A^{−1})^μ_b ) = η^{ab}L − ∂L ∂ (∇_bϕ^I )

∇^aϕ^I (A.20)

In the limit of zero goldstino fluctuations it is identical to the canonical stress-energy tensor, and it transforms according to standard NLRS because it is constructed from Lorentz scalars and covariant derivatives:

δ_ξT̂^{ab} = v^μ_ξ ∂_μT̂^{ab} . (A.21)

– 20 –

The canonical stress-energy tensor in the presence of goldstinos can be related to the classical one as follows: T^{μa} = −∂^aG^α ∂ (AL) ∂ (∂_μG^α) − ∂ (AL) ∂ ( ∂_μG^{α̇} )∂^aG^{α̇} − ∂ (AL) ∂ (∂_μϕ^I ) ∂^aϕ^I + η^{μa}AL

= −(A^{−1})^μ_b (A^{−1})^{aρ} ∂(AL) ∂ ( (A^{−1})^ρ_b ) = A(A^{−1})^μ_b T̂^{ab} (A.22)

where we found the following relation useful: − (A^{−1})^μ_b A ∂(AL) ∂ ((A^{−1})_{ba}) = η^{μa}L − ∂L ∂ (∂_μϕ^I )

∂^aϕ^I . (A.23)

Again, we see that the form of the stress-energy tensor derived from the invariant action agrees with the prescription suggested above, therefore the transformation of both the tensor and its divergence satisfies the SUSY algebra. As in (A.15), the NLRS transformation is given by δ_ξT^{μa} = ∂_ν ( v^ν_ξ T^{μa} − v^μ_ξ T^{νa} ) + v^μ_ξ ∂_ν T^{νa} (A.24)

This tensor is not symmetric, but it can be made symmetric (on-shell) by adding a Belinfante term

Θ^{μν} = T^{μν} + 1 2 ∂_ρ (H^{ρμν} + H^{μνρ} + H^{νμρ}) H^{ρμν} ≡ ϵ^{μνab}T^ρ_aGσ_bG . (A.25) We move on to compute the supercurrent using the Noether procedure (as mentioned above, we assume that all fields transform according to the NLRS):

S^μ_α = ∂ ( δ_ξG^β ) ∂ξ^α ∂ (AL) ∂(∂_μG^β ) + ∂ (AL) ∂(∂_μG^{β̇})

∂(δ_ξ G^{β̇}) ∂ξ^α + ∂ (AL) ∂(∂_μϕ^I ) ∂ ( δ_ξϕ^I ) ∂ξ^α − iAL ( σ^μG ) α = −2iT^{μa} ( σ_aG ) α (A.26)

Using the transformation properties of the stress-energy tensor and the goldstino we find

δ_ξS^μ_α = ∂_ν ( v^ν_ξ S^μ_α − v^μ_ξ S^ν_α ) + v^μ_ξ ∂_ν S^ν_α − 2iT^{μν} ( σ_ν ξ ) α . (A.27)

As required by the SUSY algebra, the supercurrent indeed transforms into the stress-energy tensor (plus derivative terms). Substituting (A.22) into (A.26) we see that the supercurrent can also be written in terms of SR quantities dressed with appropriate goldstino factors.

The conservation equations for the stress-energy tensor and the supercurrent combine to give the equation of motion for the goldstino:

A(A^{−1})^μ_b T̂^{ab}∂_μ ( σ_aG ) α = 0 (A.28)

– 21 – which reproduces the result appearing in (2.31).

For completeness we also write the expression for the R-current in cases in which only the goldstinos have R charge (e.g. hydrodynamics with NLRS, as discussed below): j^μ_R = −2T^{μa}Gσ_aG δ_ξj^μ_R = ∂_ν ( v^ν_ξ j^μ_R − v^μ_ξ j^ν_R ) + v^μ_ξ ∂_ν j^ν_R − iξS^μ + iξS^μ . (A.29)

The results of this section are consistent with [20] when using the goldstino self interactions Lagrangian AL = −f^2A.

B. Conservation of entropy current in fluids with phoninos

As a consistency check for the identification of the entropy current in the supersymmetric case with the vector s^μ defined in (3.8) , we show that the entropy is conserved by virtue of the thermodynamic relations and the equations of motion. We begin by writing the divergence of the entropy current as in (3.15) using the definition s^μ = A(A^{−1})^μ_a û^aŝ and the thermodynamic relations (3.13) and (3.14) for the SR objects: −T ∂_μs^μ = −∂_μ ( A(A^{−1})^μ_a û^a ) T ŝ − A(A^{−1})^μ_a û^aT ∂_μŝ = −∂_μ ( A(A^{−1})^μ_a ) (ε + P ) û^a − A(A^{−1})^μ_a (ε + P ) ∂_μû^a − A(A^{−1})^μ_a û^a∂_με = û_a∂_μ ( A(A^{−1})^μ_b T̂^{ab} ) − û^a∂_μ ( A(A^{−1})^μ_a ) P . (B.1)

Using the relation ∂_μ ( A(A^{−1})^μ_a ) = 2iAη^{bc} ( ^∇_aGσ_c ^∇_bG − ^∇_bGσ_c ^∇_aG ) (B.2)

we find −T ∂_μ (su^μ) = û_a∂_μ ( A(A^{−1})^μ_b T̂^{ab} ) − 2iû^aAT̂^{bc} ( ^∇_aGσ_c ^∇_bG − ^∇_bGσ_c ^∇_aG ) (B.3)

(Notice that the expression proportional to û^aû^bû^c drops from this expression because the RHS in (B.2) is antisymmetric under exchange of a and b). Denoting μ̂ ≡ û^a ^∇_aG^7, and recalling (A.22) and (A.26) we can rewrite this expression as: −T ∂_μ (su^μ) = û_a∂_μT^{μa} − 2iT^{μa} ( μ̂σ_a∂_μG − ∂_μGσ_a ^̄μ ) = ( û_a + 2i ( μ̂σ_aG − Gσ_aμ̂ )) ∂_μT^{μa} + μ̂∂_μS^μ + μ̂∂_μS^μ = 0 (B.4)

C. Phonon and phonino fluctuations

In this appendix we collect some results we found useful for the computations of phonon and phonino interactions.

The Lagrangian (3.28) by considering the following fluctuation in the matrix B^{IJ} ≡ ∂_μϕ^I ∂^μϕ^J δB_{IJ} = B^{2/3}_0 (∂_I π_J + ∂_J π_I + ∂_μπ_I ∂^μπ_J ) (C.1)

7This notation is based on (2.27).

– 22 –

The necessary derivatives of F are ∂F ∂B^{IJ} | |_0 = 1 2 F_B B(B^{−1})_{IJ} | |_0 = 1 2 F_B B^{1/3}_0 δ_{IJ}

∂^2F ∂B^{KL}∂B^{IJ} | | 0 = 1 4 ( F_{BB} B^2 + F_B B ) (B^{−1})_{IJ} (B^{−1})_{KL} − 1 2 F_B B(B^{−1})_{IK} (B^{−1})_{LJ} | | 0 = 1 4 ( F_{BB} B^2_0 + F_B B_0 ) B^{−4/3}_0 δ_{IJ} δ_{KL} − 1 2 F_B B^{−1/3}_0 δ_{IK} δ_{LJ} (C.2)

Upon integration by parts, a term ∂_I π_J ∂_J π_I becomes (∂_I π_I )^2, giving the action (3.28).

For the computation of the two-goldstinos one-phonon vertex, (3.33), we use the following results: ∂B̂_{IJ} ∂ ( A^a_μ ) | | | 0 = −B̂^{2/3}_0 ( η_{aI} δ^μ_J + η_{aJ} δ^μ_I )

∂B̂ ∂ ( A^a_μ ) | | | 0 = −B̂_0δ^μ_a ( 1 − δ^0_a )

∂^2 (AL) ∂A^a_μ ∂B̂^{IJ} | | | |_0 = 1 2 F_BB̂_0B̂^{−2/3}_0 ( δ^μ_a δ^0_aδ_{IJ} − c^2_sδ_{IJ} δ^μ_a ( 1 − δ^0_a ) + ( η_{aI} δ^μ_J + η_{aJ} δ^μ_I ))

(C.3)

Computations of interaction terms with more phonons have an additional subtlety as they involve contributions from different orders in δB_{IJ} . For example, the goldstino interactions with two phonons has a contribution from the linear order in δB_{IJ} δ (AL) ⊃ i 2 T s (( Gσ_0Ġ − Ġσ_0G ) + c^2_s ( Gσ^I ∂_I G − ∂_I Gσ^I G )) (∂_μπ_J ∂^μπ_J ) −iT s ( Gσ^I ∂_J G − ∂_J Gσ^I G ) ∂_μπ_I ∂^μπ_J , (C.4)

and another term from the δB_{IJ} δB_{KL} order AL ⊃ i 2 T s (( 1 + c^2_s ) ( Gσ_0Ġ − Ġσ_0G ) + d^2_s ( Gσ^I ∂_I G − ∂_I Gσ^I G )) (∂_J π_J )^2 + i 2 T s (( Gσ_0Ġ − Ġσ_0G ) + c^2_s ( Gσ^I ∂_I G − ∂_I Gσ^I G )) (∂_J π_K ∂_J π_K + ∂_J π_K ∂_K π_J ) −iT s ( 1 + c^2_s ) ( Gσ^I ∂_J G − ∂_J Gσ^I G ) (∂_I π_J + ∂_J π_I ) (∂_K π_K ) + i 4 T s ( Gσ^I ∂_J G − ∂_J Gσ^I G ) (∂_K π_I + ∂_I π_K ) (∂_K π_J + ∂_J π_K ) (C.5)

where we defined d^2_s ≡ ( F_{BBB} B^2 + 2F_{BB} B ) /F_B and used

∂^3 (AL) ∂A^a_μ ∂B̂^{KL}∂B̂^{IJ} | | | |_0 = 1 4 B̂^{−4/3}_0 δ^μ_a δ^0_a (( F_{BB} B^2 + F_BB̂ ) δ_{IJ} δ_{KL} − 1 2 F_BB̂δ_{IK} δ_{LJ} )

− 1 4 B̂^{−4/3}_0 δ^μ_a (1 − δ^0_a) (( F_{BBB}B̂^3 + 2F_{BB}B̂^2 ) δ_{IJ} δ_{KL} − 1 2 F_{BB}B̂^2δ_{IK} δ_{LJ} )

+B^{−4/3}_0 ( F_{BB}B̂^2 + F_BB̂ ) η_{aI} δ^μ_J δ_{KL} + 1 2 B̂^{−4/3}_0 F_BB̂η_{aI} δ^μ_K δ_{LJ} (C.6)

– 23 –

References

[1] A. K. Das and M. Kaku, Phys. Rev. D 18, 4540 (1978). [2] D. Boyanovsky, Phys. Rev. D 29 (1984) 743.

[3] G. Policastro, JHEP 0902, 034 (2009) [arXiv:0812.0992 [hep-th]]. [4] J. P. Gauntlett, J. Sonner and D. Waldram, JHEP 1111, 153 (2011) [arXiv:1108.1205 [hep-th]].

[5] K. Kontoudi and G. Policastro, arXiv:1206.2067 [hep-th]. [6] R. G. Leigh and R. Rattazzi, Phys. Lett. B 352, 20 (1995) [hep-ph/9503402]. [7] K. Kratzert, Annals Phys. 308, 285 (2003) [hep-th/0303260]. [8] B. de Wit and D. Z. Freedman, Phys. Rev. Lett. 35, 827 (1975).

B. de Wit and D. Z. Freedman, Phys. Rev. D 12, 2286 (1975).

[9] K. Jensen, M. Kaminski, P. Kovtun, R. Meyer, A. Ritz and A. Yarom, arXiv:1203.3556 [hep-th].

[10] N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Jain, S. Minwalla and T. Sharma, arXiv:1203.3544 [hep-th].

[11] R. Loganayagam and P. Surowka, JHEP 1204, 097 (2012) [arXiv:1201.2812 [hep-th]]. [12] D. V. Volkov and V. P. Akulov, JETP Lett. 16, 438 (1972) [Pisma Zh. Eksp. Teor. Fiz. 16, 621 (1972)].

[13] P. Kovtun and L. G. Yaffe, Phys. Rev. D 68, 025007 (2003) [hep-th/0303010]. [14] J. Wess and J. Bagger, Princeton, USA: Univ. Pr. (1992) 259 p [15] Z. Komargodski and N. Seiberg, JHEP 0909, 066 (2009) [arXiv:0907.2441 [hep-th]]. [16] D. T. Son, hep-ph/0204199.

[17] S. Dubovsky, L. Hui, A. Nicolis and D. T. Son, arXiv:1107.0731 [hep-th]. [18] S. Endlich, A. Nicolis, R. Rattazzi, J. Wang, JHEP 1104, 102 (2011). [arXiv:1011.6396 [hep-th]].

[19] T. E. Clark and S. T. Love, Phys. Rev. D 54, 5723 (1996) [hep-ph/9608243]. [20] T. E. Clark and S. T. Love, Phys. Rev. D 39, 2391 (1989). [21] E. W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990).

[22] H. J. de Vega, M. C. Falvella and N. G. Sanchez, arXiv:1009.3494 [astro-ph.CO].

– 24 –