arXiv:1103.0003v2 [hep-th] 1 Jun 2011

Supersymmetric Galileons

Justin Khoury^1, Jean-Luc Lehners^2, Burt A. Ovrut^1

1Department of Physics, University of Pennsylvania, Philadelphia, PA 19104-6395, U.S.A.

2Max-Planck-Institute for Gravitational Physics (Albert-Einstein-Institute), D-14476 Potsdam/Golm, Germany

Abstract Galileon theories are of considerable interest since they allow for stable violations of the null energy condition. Since such violations could have occurred during a highenergy regime in the history of our universe, we are motivated to study supersymmetric extensions of these theories. This is carried out in this paper, where we construct generic classes of N = 1 supersymmetric Galileon Lagrangians. They are shown to admit non-equivalent stress-energy tensors and, hence, vacua manifesting differing conditions for violating the null energy condition. The temporal and spatial fluctuations of all component fields of the supermultiplet are analyzed and shown to be stable on a large number of such backgrounds. In the process, we uncover a surprising connection between conformal Galileon and ghost condensate theories, allowing for a deeper understanding of both types of theories.

1 Introduction and Overview

Matter in the universe is typically assumed to satisfy the Null Energy Condition (NEC) [1]. This is because standard two-derivative theories generically lead to the appearance of ghosts or gradient instabilities on NEC-violating backgrounds [2]. Moreover, higher-derivative theories — generically associated with equations of motion that are of third- and higher-order in derivatives — also lead to the appearance of ghosts and are, therefore, catastrophically unstable [3]−[5].

However, in recent years it has become clear that these theoretical limitations are neither necessary nor, perhaps, desirable. Indeed, there are a number of cosmological situations in which violations of the NEC become inevitable, including inflationary models with extra dimensions [6, 7], string gas cosmological scenarios [8]−[11] (see [12] for a review), and pre-big bang [13] and ekpyrotic theories with cosmic bounces [14]−[50] in which the universe reverts from contraction to expansion (see [51, 52] for reviews of ekpyrotic/cyclic theories). Furthermore, there is an important caveat to the theorem of [2] — namely, the existence of stable, NEC-violating higher-derivative theories that nevertheless lead to equations of motion with at most two derivatives acting on any field. Two classes of such theories have been studied in the literature so far. The first is ghost condensate theories [53], in which the Lagrangian is taken to be an analytic function of a scalar field ϕ and X ≡ −^1_2 (∂ϕ)^2. The second example is provided by the Galileons [54]−[64], in which higher-derivative terms are combined precisely so that the equations of motion have at most two derivatives acting on each field. Both types of theories have the remarkable property that they allow for stable violations of the NEC and, hence, both types of theories can be used as effective theories to model novel cosmological scenarios. Indeed, ghost condensates have been used to violate the NEC [65] and, hence, enable cosmic bounce from contraction to expansion in the New Ekpyrotic Scenarios in [34, 35, 36]. Similarly, galileons have been used to devise cosmological scenarios in which the universe expands from asymptotically flat initial conditions [66, 67].

The relationship of these theories to string theory is not yet entirely clear, although it is interesting that (in a certain small field limit) the Galileon theories describe the fluctuations of a brane embedded in a higher-dimensional space-time [69] (see also [70] for a derivation of the Galileons via compactification of Lovelock gravity). Such scenarios arise naturally in heterotic M-theory [71]−[74], for example, where five-branes wrapped on holomorphic two-cycles [75]−[79] can exist in the five-dimensional bulk space. The visible sector of such theories can contain exactly the supersymmetric standard model [80]−[86] and, hence, present realistic vacua to explore Galileon cosmology. If ghost condensate or Galileon theories turn out to be relevant in modeling the dynamics of the universe in the high-energy regime, then it would seem necessary to consider these theories in a supersymmetric context. Quite independently, it is of theoretical interest to have a model that allows one to study the interplay between supersymmetry and NEC violation. In previous work [87], we supersymmetrized the ghost condensate models. In this paper, we further this viewpoint by constructing generic N = 1 supersymmetric extensions of Galileon theories.

In [87], we studied the N = 1 supersymmetric extension of ghost condensate theories using chiral multiplets. As reviewed in Sec. 2, the extra scalar and auxiliary fields required by supersymmetry are well-behaved for such models, while the fermionic member of the supermultiplet is not. Specifically, the fermion kinetic term on the ghost condensate background violates Lorentz-covariance — the spatial-derivative part has the wrong sign while the time-derivative part has the correct one. In this paper, we show that a manifestly supersymmetric interaction can be added to this theory which has the property of restoring the fermion kinetic term to its canonical form. This will be the subject of Sec. 3. When we examine the effect of adding this term on the bosonic part of the theory, we find a surprise: the resulting scalar field theory is precisely the second- and third-order conformal Galileon theory! Hence, in rendering the fluctuations around the ghost condensate background canonical, we re-discover the secondand third-order conformal Galileon model. Moreover, using a field redefinition, the ghost condensate background is easily seen to be equivalent to the “self-accelerating” de Sitter solution of the Galileon theory. The real difference between these two theories lies in the form of the spatial gradient terms. Generally speaking, the Galileon theories are much better behaved with regard to spatial gradients than their ghost condensate counterparts, as will be discussed in Sec. 4.

When we consider the fourth-order conformal Galileon Lagrangian, we find that there are now many choices in how to construct a supersymmetric generalization. Since these choices become vastly more numerous for the fifth- (and highest) order Galileon theory, we only present terms up to fourth-order in this paper. There are two reasons for this proliferation. The first is that, using integration by parts, one may rewrite a given action into one that is equivalent up to total derivatives. If we now discard the total derivatives and supersymmetrize the new action, we generically end up with inequivalent results. This is an important ambiguity regarding higher-derivative theories — that is, different theories, though related by integrations by parts (on a flat background), lead to different stress-energy tensors and, hence, different conditions for NEC violation. We provide a detailed treatment of these issues in Sec. 5. The second reason for this proliferation of choices is intrinsically supersymmetric. As in our previous paper on ghost condensate theories, we construct supersymmetric extensions of many-field terms by using a number of smaller building blocks. And for some terms, there are several inequivalent ways of subdividing them into separate building blocks. It is interesting to note that the resulting supersymmetric extensions can be quite different, and can now contain non-canonical fluctuations of the fermion field for example. This will be discussed in detail in Sec. 6.

In Sec. 7, we discuss our results and speculate on future applications. Two appendices are included. The first provides useful formulae regarding the supersymmetric building blocks that we are using, and the second discusses in more detail those supersymmetric extensions that contain non-covariant kinetic terms for the fermionic fields.

2 Supersymmetric Ghost Condensate

2.1 A Review of Ghost Condensation

The simplest form of a “ghost condensate” [53] arises within the context of a single real scalar field ϕ in four dimensions. Assuming space-time is flat and non-dynamical, the evolution of ϕ is governed by a higher-derivative Lagrangian of the form

L = P (X) , (1)

where P (X) is an arbitrary function that is analytic around zero in X ≡ − 1 2m^4

(∂ϕ)^2 = 1 2m^4

(ϕ̇^2 − ϕ^{,i}ϕ_{,i}) . (2)

The mass scale m is introduced to render X dimensionless. To simplify notation, we set m = 1 in most of the paper. For purely time-dependent solutions, the associated equation of motion is given by d dt ( P_{,X}ϕ̇ ) = 0 . (3)

Clearly, ϕ = const. is a solution. However, (3) also allows for solutions with arbitrary constant X, that is, ϕ = c t , (4)

where c is a constant. Although in this paper space-time is taken to be non-dynamical, we note that in a cosmological context the equation of motion on a Friedmann-Robertson- Walker background becomes d dt ( a^3P_{,X}ϕ̇ ) = 0 , (5)

where a(t) is the scale factor of the universe. For a generic choice of P (X), this implies that ϕ̇ must redshift as the universe expands. However, there is one key exception: if P (X) has an extremum at some X = c^2/2, then ϕ = c t is a solution to (5) independent of the behavior of a(t). Moreover, this solution is an attractor on an expanding background — small departures away from the extremum are driven to zero by Hubble friction. This solution, ϕ = c t, spontaneously breaks Lorentz invariance and is called a ghost condensate.

Returning to a flat background and expanding in fluctuations ϕ = c t + δϕ(t, ⃗x) (6) around a ghost condensate, to quadratic order in δϕ the Lagrangian becomes

L_{quad} = XP_{,XX} · (δϕ̇)^2 − 0 · δϕ^{,i}δϕ_{,i} . (7)

As a result of Lorentz-breaking, the coefficients in front of the time and spatial derivative terms are unequal. We see that the condition for the absence of a ghost is XP_{,XX} > 0 , (8) which is automatically satisfied close to a local minimum of P (X). (For a general X = const. solution, the ghost-free condition is XP_{,XX} + P_{,X} /2 > 0 [88].) We, henceforth, assume this is the case. However, the vanishing of the second term in (7) is troubling, since it clearly signals that the ghost condensate is on the verge of a gradient instability. Can this potential instability be removed? Happily, the answer is affirmative, although it requires introducing higher-derivative terms, such as [53] − (□ϕ)^2 M^2

, (9)

into the Lagrangian that are not of the P (X) type. Such corrections are expected from an effective field theory point of view. Because this term involves two derivatives per field, the background ϕ = c t clearly remains a solution. However, (9) does affect the gradient term of the fluctuations, giving rise to the dispersion relation ω^2 ∼ k^4/M^2. For large enough mass M, this higher-derivative term can be consistently treated as a small correction. Be this as it may, the question of temporal ghosts and/or gradient instabilities in ghost condensate theories is an important one, and will become even more important in the supersymmetric context.

Before proceeding, we introduce the following simplification. Sufficiently close to the ghost condensate point, P (X) is approximately quadratic. Without loss of generality, one can rescale the field ϕ so that the minimum lies at X = 1/2 (corresponding to c = 1) and write the prototypical ghost condensate action as

L = −X + X^2 = + 1 2 (∂ϕ)^2 + 1 4 (∂ϕ)^4 . (10)

The quadratic Lagrangian (7) now becomes

L_{quad} = (δϕ̇)^2 − 0 · δϕ^{,i}δϕ_{,i} . (11)

We will use Lagrangian (10), which contains all of the essential physics, to supersymmetrize ghost condensate theories.

2.2 Supersymmetric Ghost Condensate

In [87], we presented an N = 1 supersymmetric extension of the bosonic ghost condensate theory in (10). To do this, consider a chiral superfield Φ = A + iθσ^μθ̄A_{,μ} + 1 4 θθθ̄θ̄□A + θθF + √ 2θψ − i √ 2 θθψ_{,μ}σ^μθ̄ , (12) with the complex scalar A(x), the auxiliary field F (x) and the spinor ψ_α(x) being functions of the ordinary space-time coordinates x^μ. Spinor indices which we do not write out explicitly are understood to be summed according to the convention ψθ = ψ^αθ_α and ψ̄θ̄ = ψ̄_{α̇}θ̄^ᾱ. The complex scalar is chosen so that A = 1 √ 2 (ϕ + iχ) , (13)

where ϕ is the real field of the bosonic condensate theory. The imaginary component χ is a new real scalar degree of freedom, introduced into the condensate theory by supersymmetry. That is, ϕ is taken to be the lowest component of the N = 1 chiral supermultiplet (ϕ, χ, ψ, F ).

It was shown in [87] that a supersymmetric extension of the prototypical ghost condensate Lagrangian (10) is given by^1

L^{SUSY} = ( −ΦΦ^† + 1 16 DΦDΦD̄Φ^†D̄Φ^† ) | | |_{θθθ̄θ̄} , (14) where |_{θθ}¯_θ¯_θ indicates taking the θθθ̄θ̄-component of a superfield. (Here and throughout the paper, derivatives are understood as acting only on the nearest superfield, unless noted otherwise. For example, DΦDΦD̄Φ^†D̄Φ^† = (DΦ)(DΦ)(D̄Φ^†)(D̄Φ^†). Similarly for space-time derivatives acting on component fields.) In terms of component fields, (14) becomes

L^{SUSY} = 1 2 (∂ϕ)^2 + 1 4 (∂ϕ)^4 + 1 2 (∂χ)^2 − 1 2 (∂ϕ)^2(∂χ)^2 + (∂ϕ · ∂χ)^2 − i 2 (ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − i 4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − ϕ_μϕ_{,ν} i 2 (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) + . . . (15)

where we display terms to quadratic order only in χ, ψ and set F = 0. Note that for χ = ψ = 0, this expression exactly reduces to Lagrangian (10). It is in this sense that L^{SUSY} is the supersymmetric extension of the prototype bosonic condensate theory.

1As discussed in [87], there exists a second (inequivalent) supersymmetric extension of X^2, which however leads to the exact same issues with the fermionic fluctuations as those discussed below. Our discussion, and the cure proposed below, are thus general.

Since χ always appears at least to quadratic order, it can consistently be set to zero. Thus the equations of motion can be solved by the ghost condensate

ϕ = c t , χ = 0 . (16)

The classical fermion solution is, of course, zero. That is, the Lorentz-violating ghost condensate continues to exist as a vacuum of the supersymmetrized theory.

Setting c = 1 and expanding in fluctuations ϕ = t + δϕ(t, ⃗x) , χ = δχ(t, ⃗x) , ψ = δψ(t, ⃗x) (17) around this vacuum, we find to quadratic order that

L^{SUSY}

quad = (δ̇ϕ) 2 − 0 · δϕ^{,i}δϕ_{,i} + 0 · (δ̇χ)^2 + δχ^{,i}δχ_{,i} + i 4 ( δψ_{,0}σ^0δψ̄ − δψσ^0δψ̄_{,0} ) − i 4 ( δψ_{,i}σ^iδψ̄ − δψσ^iδψ̄_{,i} ) . (18)

The first line reproduces the standard result (11) for the single ϕ field ghost condensate, as it must. That is, the time derivative term is ghost-free but, at the minimum of P (X), the spatial gradient term for δϕ vanishes. As discussed above, higher-derivative terms of the form (9) cure the potential gradient instability in the bosonic theory and stabilize the dispersion relation. Can one find a supersymmetric generalization of these terms? In [87] we showed that this can indeed be done. The simplest such example is − 1 2^{11} DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}{D, D̄}(Φ + Φ^†) )_2 | | |_{θθθ̄θ̄, quad} = −(□δϕ)^2 , (19)

where we have evaluated this up to quadratic order in fluctuations around a ghost condensate background. To this order, (19) does not contain χ, ψ or the auxiliary field F at all.

Now consider the second line in L^{SUSY}_{quad} . This is the kinetic term for the scalar fluctuation δχ and, hence, is new to the supersymmetric theory. Note that this suffers from two serious problems. The first is that the temporal derivative term vanishes and, hence, this field is marginally a ghost. Secondly, the spatial gradient term has the wrong sign. Fortunately, it was shown in [87] that supersymmetric terms can be added to (14) that solve both problems. These are, for example, [ 8 16^2 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ − Φ^†){D, D̄}(Φ^† − Φ) )

− 4 16^3 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ + Φ^†){D, D̄}(Φ − Φ^†) )_2 ]| | |_{θθθ̄θ̄, quad} = −2(∂ϕ)^4(∂χ)^2 − (∂ϕ)^4(∂ϕ · ∂χ)^2 . (20)

Adding these to Lagrangian (14), and expanding to quadratic order around the ghost condensate, changes both the time and spatial gradients of χ in (18) to the Lorentzcovariant expression L^{SUSY}

quad = . . . + (δχ̇) 2 − δχ^{,i}δχ_{,i} + . . . (21) This renders the χ fluctuations stable, without adversely affecting anything else. In particular, since (20) vanishes when χ is set to zero, the sum of (14) and the superfield expression in (20) remains a supersymmetric generalization of the P (X) bosonic theory. It will be helpful in the next section if we analyze this result in more detail. First, note that adding (20) to the second term in (14) gives [ 8 16^2 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ − Φ^†){D, D̄}(Φ^† − Φ) )

− 4 16^3 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ + Φ^†){D, D̄}(Φ − Φ^†) )_2 + 1 16 DΦDΦD̄Φ^†D̄Φ^† ]| | |_{θθθ̄θ̄,quad} = [ −2(∂ϕ)^4(∂χ)^2 − (∂ϕ)^4(∂ϕ · ∂χ)^2 ] + [ − 1 2 (∂ϕ)^2(∂χ)^2 + (∂ϕ · ∂χ)^2 ] , (22)

where we have not shown irrelevant pure ϕ terms or terms involving fermions. When evaluated around the ghost condensate vacuum (16) with c = 1, (22) reduces to [ −2(∂χ)^2 − (χ̇)^2 ] + [ 1 2 (∂χ)^2 + (χ̇)^2 ] = − 3 2 (∂χ)^2 . (23)

That is, adding (20) to the second term of (14) exactly cancels the Lorentz-violating term. In addition, the signs are such that the resulting Lorentz-covariant kinetic term for χ is ghost free with correct sign spatial gradient. Second, adding this to the first term in (14) produces the canonical normalization while leaving the correct sign unchanged. That is, [ 1 2 (∂χ)^2 ] + [ − 3 2 (∂χ)^2 ] = −(∂χ)^2 , (24)

which gives (21) precisely.

Finally, consider the kinetic term for the fermion fluctuation δψ. This is given in the third line of (18) and, as with δχ, is new to the supersymmetric theory. We see from (18) that, although the magnitudes of the coefficients of the two δψ terms are equal, the time-derivative term is ghost-free while the spatial gradient term has the wrong sign. Note that this is not the same kind of gradient instability as occurs for ϕ. There, the coefficient of the spatial derivative term is zero or small and, hence, higherderivative terms can play a role in guaranteeing stability over an extended time period. For ψ, on the other hand, the coefficient of the wrong-sign spatial gradient term is not small. It follows that the inclusion of higher-derivative terms, such as those in (19), is necessarily irrelevant. The situation for the fermion, therefore, is more akin to that of the second scalar χ, whose deep wrong-sign spatial gradient had to be corrected by the addition of a new second order term — the sum of the two kinetic spatial gradients having the correct sign. However, within the context of the supersymmetric extension of the pure P (X) theory, we are unable to find a fermionic analog of this mechanism. That is, the fermion kinetic spatial gradient term has the wrong sign!

As discussed in [87], it is unclear whether or not this is physically unacceptable. This will be explored elsewhere [89]. In this paper, we ask a different question: by modifying the bosonic theory so that it is no longer purely a P (X) theory, can one find a supersymmetric extension that is free of both ghost-like and gradient-like instabilities in all of its component fields? The answer, as we will see, is yes, and leads to another interesting class of higher-derivative Lagrangians — the conformal Galileon theories.

3 Curing the Fermion Gradient Instability

To solve the gradient instability problem for the fermion, we proceed by analogy with the χ scalar. That is, 1) we find a supersymmetric interaction which, when added to the second term in (14), cancels the Lorentz-violating part of its fermion quadratic terms — rendering the fermion kinetic term Lorentz-covariant with the correct sign — and 2) we add this to the first term in (14) to canonically normalize the coefficient. However, there is one important caveat. As stated above, our attempts to do this with precisely the two terms in (14) failed. To solve this problem, it turns out that one must make a mild modification of each of these terms — a modification that, however, does not reduce to the pure P (X) theory, or even the generalized P (X, ϕ) theory discussed in [87].

With this in mind, recall from (14) and (15) that 1 16 DΦDΦD̄Φ^†D̄Φ^† | |_{θθθ̄θ̄} = 1 4 (∂ϕ)^4 − i 4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − i 2 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) + . . . (25) Here and henceforth in this section, we drop irrelevant terms containing χ and set F = 0. Let us now modify this term to [ 1 4(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ] | | | θθθ̄θ̄ = 1 4ϕ^4

(∂ϕ)^4 − i 4ϕ^4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − i 2ϕ^4 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) + . . . (26) To the order we are working, the only effect of (Φ + Φ^†)^{−4} is to multiply expression (25) by an overall factor of ϕ^{−4}. Furthermore, setting ψ = 0 reduces (26) to X^2/ϕ^4. In other words, this modified term is a supersymmetric extension of the P (X, ϕ) theories discussed in [87]. When evaluated on a ghost condensate background, the first fermionic term in (26) remains Lorentz-covariant, while the last term explicitly breaks Lorentz invariance.

Can one find a supersymetric interaction that will exactly cancel this Lorentzviolating fermion kinetic term? Consider [ −1 24(Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) ]| | |_{θθθ̄θ̄} = − 1 6ϕ^3 □ϕ(∂ϕ)^2 − i 6ϕ^3 ϕ_{,μ}(ψ_{,ν} σ^νψ̄^{,μ} − ψ^{,μ}σ^νψ̄_{,ν} ) + i 12ϕ^3 □ϕ(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) − i 12ϕ^3 ϕ_{,μ}(ψσ^μ□ψ̄ − □ψσ^μψ̄) − i 4ϕ^4

(∂ϕ)^2(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) , (27)

where we work to quadratic order in the ψ fluctuations. (Useful intermediate steps in evaluating the above expression can be found in Appendix A). An important technical fact is that, while the first four terms are contained in the component expansion of (DΦDΦD̄^2Φ^† +h.c.) |_{θθ}¯_θ¯_θ, the last term arises due to a contribution from the prefactor. This did not occur in (26) which, to the order that concerns us, was simply multiplied by a factor of ϕ^{−4}. Here, however, the prefactor is significant and must be included to solve the fermion gradient instability problem. Integrating the second and fourth terms by parts, and dropping all interactions that vanish on a ghost condensate background, we find that (27) dramatically simplifies to [ −1 24(Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) ]| | |_{θθθ̄θ̄} = − 1 6ϕ^3 □ϕ(∂ϕ)^2 + i 2ϕ^4 ϕ_{,μ}ϕ_{,ν}(ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) .(28) Note that the fermion term is simply −1 times the Lorentz-violating last term of (26) — a fact requiring, amongst other things, the Φ+Φ^† prefactors in both (26) and (28). Also, when setting the fermion to zero (28) reduces to −□ϕ(∂ϕ)^2/6ϕ^3, which is manifestly not of the P (X, ϕ) form. Instead, we recognize this as the cubic term of Galileon theories (more precisely, conformal Galileon theories, as we will see shortly). The fact that (28) goes beyond the P (X, ϕ) form is consistent with our earlier conclusion that the fermionic instability could not be removed within the context of supersymmetric ghost condensates!

Adding (26) and (28) together, the Lorentz-violating fermion term exactly cancels and one obtains the Lorentz-covariant fermionic Lagrangian [ −1 24(Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) + 1 4(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ]| | |_{θθθ̄θ̄} = − 1 6ϕ^3

□ϕ(∂ϕ)^2 + [ 1 4ϕ^4

(∂ϕ)^4 − i 4ϕ^4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) ] + . . . (29) 10

Integrating twice by parts, the first term can be expressed as − 1 6ϕ^3 □ϕ(∂ϕ)^2 = − 1 6ϕ^4

(∂ϕ)^4 + 1 18ϕ^2

(∂_μ∂_ν ϕ)^2 − 1 18ϕ^2

(□ϕ)^2 . (30)

It follows that [ −1 24(Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) + 1 4(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ]| | |_{θθθ̄θ̄} = 1 12ϕ^4

(∂ϕ)^4 + 1 18ϕ^2

(∂_μ∂_ν ϕ)^2 − 1 18ϕ^2

(□ϕ)^2 − i 4ϕ^4

(∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) + . . .(31)

Three fundamental conclusions can be drawn from (31): 1) the fermion kinetic term is Lorentz-covariant and, for any purely time-dependent background, of the correct sign — that is, ghost-free with correct-sign spatial gradient; 2) the first term is simply X^2/3ϕ^4 and is manifestly of the P (X, ϕ) type; 3) the remaining ϕ terms are of a different differential form and not of the P (X, ϕ) type. Thus, by moving away from purely P (X, ϕ) theory we have solved the problem of the fermion gradient instability.

As with χ, one must now add this equation to the first term in Lagrangian (14). Since canceling the Lorentz-violating fermion kinetic term required a modification of the higher-derivative operators, we must also appropriately modify the first term in (14). Clearly, this requires multiplying the θθθ̄θ̄-component of −ΦΦ^† by 1/ϕ^4. Although naively one might think this would be accomplished by the expression −4ΦΦ^†/(Φ+ Φ^†)^4, the correct result is more subtle, as discussed in [90]. Defining

K(Φ, Φ^†) = 2 3(Φ + Φ^†)^2

, (32)

the appropriate modification is given by

−K(Φ, Φ^†) | |_{θθθ̄θ̄} = 1 2ϕ^4

(∂ϕ)^2 − i 2ϕ^4 (ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) , (33) where we suppress irrelevant χ and F contributions. The first term is just −X/ϕ^4 and hence of the P (Xϕ) form. Although not strictly necessary, we choose to add (31) to (33) in such a way that the X dependent contribution for ϕ takes the canonical ghost condensate form (10). This will be the case if one takes the complete Lagrangian to be (33)+3×(31): [ − K(Φ, Φ^†) − 1 8(Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) + 3 4(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ]| | |_{θθθ̄θ̄} = 1 2ϕ^4

(∂ϕ)^2 + 1 4ϕ^4

(∂ϕ)^4 + 1 6ϕ^2

(∂_μ∂_ν ϕ)^2 − 1 6ϕ^2

(□ϕ)^2 − i 2ϕ^4 ( 1 + 3 2 (∂ϕ)^2 ) (ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) + . . . = 1 ϕ^4

(−X + X^2) + 1 6ϕ^2 ( (∂_μ∂_ν ϕ)^2 − (□ϕ)^2 ) + i 4ϕ^4 ( ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ} ) + . . . (34) 11

The first bracketed term is of the P (X, ϕ) type, whereas the second group of scalar terms is not. Be that as it may, the ghost condensate ϕ = c t with c = 1 is a vacuum solution of the equations of motion. The coefficient of the fermion kinetic term in the final line of (34) has been evaluated in this vacuum. As promised, the fermion kinetic term is ghost free with correct-sign spatial gradients and, rescaling ψ → √ 2ψ, has canonical normalization. By canonical we mean that the ratio of the fermion kinetic coefficient to the coefficients of the ϕ and χ kinetic terms is the same as in a standard supersymmetric Lagrangian. Note, however, that in the present case all three kinetic terms are multiplied by the common prefactor 1/ϕ^4 = 1/t^4. For completeness, we point out that similar vacua can be achieved by choosing the Lagrangian to be −c_2×(33)−c_3× 3×(31) for any negative coefficients c_2, c_3^2. In this case, a ghost condensate solution ϕ = c t still exists, but with c = √ c_2/c_3.

Although the equations of motion continue to have a ghost condensate solution of the form (16), the Lagrangian (34) is not a supersymmetrized ghost condensate theory! Therefore, the price one pays to solve the gradient instability problem for the fermion is a modification of the bosonic part of the theory. Remarkably, (34), and its generalizations to arbitrary positive coefficients −c_2 and −c_3, is precisely the Lagrangian for a well-known class of higher-derivative models — the conformal Galileon theories — to which we now turn.

4 Galileons and their Relation to P (X, ϕ) Theories

Galileon scalar field theories were first discovered in the context of the Dvali-Gabadadze- Porrati (DGP) brane-world model [91, 92] and arise generically in brane-induced gravity models [93]−[100]. In a certain decoupling limit [54, 55, 101], the theory becomes local in four dimensions and describes a real scalar field π (the brane-bending mode) with L_{DGP} = − 1 2 (∂π)^2 − 1 Λ^3

(∂π)^2□π + 1 √ 6M_{Pl} πT^μ_μ , (35)

where T_{μν} is an external source, and the strong coupling scale Λ is related to the four- and five-dimensional Planck scales as Λ ≡ √ 6M^2_5 /M_{Pl}. (Despite the conformal coupling to T^μ_μ, the theory is nevertheless consistent with tests of gravity because π is screened in the vicinity of massive sources [54, 96, 101, 102]. See [103, 104] for reviews of screening mechanisms.) As a vestige of five-dimensional Poincaré invariance, this

2The coefficients c_i are defined so as to conform with the standard notation used in the following section.

theory has two independent internal symmetries [55, 56], δ_cπ = c δ_v π = v_μx^μ , (36)

where c and v^μ are constant. The first transformation in (36) is just a standard shift symmetry, whereas the second is called a Galilean symmetry. The latter protects the cubic interaction from being renormalized [55, 56]. Remarkably, despite its higherderivative form, (35) leads to an equation of motion that is second-order in derivatives.

In [57], Lagrangian (35) was generalized to include all possible interactions that are invariant under the shift and Galilean symmetries, and which lead to second-order equations of motion. In addition to the linear, quadratic and cubic terms in π shown in (35), it was found that quartic and quintic interactions are also allowed. The most general “Galileon” theory is found to be a linear combination of the Lagrangians [57]

L_{Gal, 2} = − 1 2 (∂π)^2

L_{Gal, 3} = − 1 2 (∂π)^2□π L_{Gal, 4} = (∂π)^2 [ − 1 2 (□π)^2 + 1 2 π^{,μν} π_{,μν} ]

L_{Gal, 5} = (∂π)^2 [ − 1 2 (□π)^3 − π^{,μν} π_{,νρ}π^{,ρ}_μ + 3 2 □ππ^{,μν} π_{,μν} ] , (37)

where we have set the associated mass scales of each term to unity to simplify notation. As with the cubic term, these interactions are protected by non-renormalization theorems. The construction stops with L_{Gal, 5} — no higher-order interactions can satisfy the simultaneous requirements of shift/Galilean invariance and second-order equations.

The symmetries in (36) can be promoted to a subgroup of the conformal group, with infinitesimal dilation and special conformal transformations acting respectively as

δ_cπ = c (1 + x^μ∂_μπ) δ_vπ = v_μx^μ − ∂_μπ ( 1 2 v^μx^2 − (v · x)x^μ ) . (38)

In the limit of small π, these reduce to (36). The unique Lagrangians invariant under these symmetries and leading to second-order equations of motion are [57, 69]

L_2 = − 1 2 e^{2π}(∂π)^2

L_3 = − 1 2 (∂π)^2□π − 1 4 (∂π)^4

L_4 = e^{−2π}(∂π)^2 [ − 1 2 (□π)^2 + 1 2 π^{,μν} π_{,μν} 13

+ 1 5 (∂π)^2□π − 1 5 π^{,μ}π^{,ν} π_{,μν} − 3 20 (∂π)^4 ]

L_5 = e^{−4π}(∂π)^2 [ − 1 2 (□π)^3 − π^{,μν} π_{,νρ}π^{,ρ}_μ + 3 2 □ππ^{,μν} π_{,μν} + 3 2 (∂π)^2(□π)^2 − 3 2 (∂π)^2π^{,μν} π_{,μν} − 15 7 (∂π)^4□π + 15 7 (∂π)^2π^{,μ}π^{,ν} π_{,μν} − 3 56 (∂π)^6 ] . (39)

The class of theories obtained by taking general linear combinations of these terms are called conformal Galileon theories. To compare Galileons to P (X, ϕ) theories, it is useful to change variables to ϕ ≡ e^{−π} . (40) The above Lagrangians then become

L_2 = − 1 2ϕ^4

(∂ϕ)^2

L_3 = 1 2ϕ^3 □ϕ(∂ϕ)^2 − 3 4ϕ^4

(∂ϕ)^4 = − 1 4ϕ^4

(∂ϕ)^4 − 1 6ϕ^2

(∂_μ∂_ν ϕ)^2 + 1 6ϕ^2

(□ϕ)^2

L_4 = − 1 2ϕ^2

(∂ϕ)^2(□ϕ)^2 + 1 2ϕ^2 (∂ϕ)^2ϕ^{,μν} ϕ_{,μν} + 4 5ϕ^3 (∂ϕ)^4□ϕ − 4 5ϕ^3 (∂ϕ)^2ϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 3 20ϕ^4

(∂ϕ)^6

L_5 = (∂ϕ)^2 [ 1 2ϕ (□ϕ)^3 + 1 ϕ ϕ^{,μν} ϕ_{,νρ}ϕ^{,ρ}_μ − 3 2ϕ □ϕϕ^{,μν} ϕ_{,μν} − 3 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 3 ϕ^2 □ϕϕ^{,μν} ϕ_{,μ}ϕ_{,ν} + 6 7ϕ^3 (∂ϕ)^2ϕ^{,μν} ϕ_{,μ}ϕ_{,ν} − 6 7ϕ^3 (∂ϕ)^4□ϕ − 3 56ϕ^4

(∂ϕ)^8 ]

= (∂ϕ)^2 [ 1 2ϕ (□ϕ)^3 + 1 ϕ ϕ^{,μν} ϕ_{,νρ}ϕ^{,ρ}_μ − 3 2ϕ □ϕϕ^{,μν} ϕ_{,μν} − 3 4ϕ^2

(∂ϕ)^2(□ϕ)^2 + 3 4ϕ^2 (∂ϕ)^2ϕ^{,μν} ϕ_{,μν} + 9 14ϕ^3 (∂ϕ)^4□ϕ − 9 14ϕ^3 (∂ϕ)^2ϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 3 56ϕ^4

(∂ϕ)^8 ] , (41)

where the second versions of L_3 and L_5 follow from integration by parts.

Note that although the bosonic Galileon Lagrangians L_2 and L_3 were introduced for entirely different reasons, they are precisely of the form — derived in detail in Sec. 3 — required by a quadratic and cubic supersymmetric theory to have a ghost condensate vacuum with Lorentz-covariant and canonical sign fermion kinetic energy. Specifically, the purely ϕ-dependent part of (33) and 3 × (31) are 1 2ϕ^4

(∂ϕ)^2 = −L_2 (42) 14 and 1 4ϕ^4

(∂ϕ)^4 + 1 6ϕ^2

(∂_μ∂_ν ϕ)^2 − 1 6ϕ^2

(□ϕ)^2 = −L_3 , (43)

respectively! Thus, as claimed in Sec. 3, Galileon theories arise naturally in generalized supersymmetric ghost condensate theories, independently of their original origin in [91, 55, 56, 57]. It is of interest, although somewhat peripheral to our main discussion, to ask what scalar sector would emerge if we allowed the quadratic and cubic supersymmetrized ghost condensate theory to have a Lorentz-violating fermion kinetic term. This possibility is explored in detail in Appendix B.

The most general Galileon Lagrangian is given by

L = c_2L_2 + c_3L_3 + c_4L_4 + c_5L_5 , (44)

where the c_i coefficients are constant. Restricting to time-dependent fields only, it follows from (41) that L = 1 ϕ^4

P (X) ; P (X) = c_2X − c_3X^2 + 6 5 c_4X^3 − 6 7 c_5X^4 , (45)

where X = ϕ̇^2/2. In other words, for purely time-dependent backgrounds, the Galileon theory reduces to a P (X) theory with an overall multiplicative factor of ϕ^{−4}. However, the spatial gradients are radically different, and much better behaved, than in the P (X, ϕ) case. This fact has important consequences, which we discuss below. Nevertheless, the connection with P (X, ϕ) theories considerably simplifies the analysis of time-dependent solutions, as we now demonstrate.

It follows from the above discussion that the “de Sitter” solution

π_{dS} = − ln(H_0t) (46)

of the Galileon theory is simply the ghost-condensate solution

ϕ = H_0t (47)

of the associated P (X, ϕ) theory. The constant H_0, as it is usually denoted in the Galileon literature, thus corresponds to the coefficient c of the ghost condensate,

c = H_0 . (48)

For such solutions, where X is constant, the equation of motion derived from action (45) is 2XP_{,X} − P = 0 . (49)

In terms of the c_i coefficients and H_0, this reduces to

c_2 − 3 2 c_3H^2_0 + 3 2 c_4H^4_0 − 3 4 c_5H^6_0 = 0 . (50)

Interestingly, since the energy density ρ is given by ρ = 1 ϕ^4

(2XP_{,X} − P ) , (51)

the equation of motion (49) implies that ρ = 0. That is, in order to have a solution with constant X, the energy density must vanish. This fact, which appeared to be coincidental in previous treatments of the Galileon self-accelerating solution, can now be seen to be a general requirement.

What are the conditions for these X = const. solutions to be stable against small perturbations? As demonstrated in [57], Galileon theories have the property that they modify the spatial gradients of the ϕ field in just such a way as to render the Lagrangian for fluctuations δϕ(t, ⃗x) covariant, despite the Lorentz-breaking background. Hence, it suffices to require positivity of the temporal kinetic term of the perturbations. Substituting ϕ = H_0t + δϕ(t, ⃗x) (52)

into (45) yields the quadratic Lagrangian

L_{quadratic} = 1 H^4_0 t^4

(δ̇ϕ)^2 ( 1 2 c_2 − 3 2 c_3H^2_0 + 9 4 c_4H^4_0 − 3 2 c_5H^6_0 ) + . . . (53)

Stability requires the expression in brackets to be positive; that is,

c_2 − 3c_3H^2_0 + 9 2 c_4H^4_0 − 3c_5H^6_0 > 0 . (54)

Note that the this inequality can easily be satisfied simultaneously with constraint (50) derived from the equation of motion.

5 Violating the Null Energy Condition

Galileons are interesting theoretically because they can violate the NEC

T_{μν} n^μn^ν ≥ 0 , (55)

where n^μ is an arbitrary null vector, while having stable temporal and spatial fluctuations. This is no small feat since, under very general conditions, theories with two derivatives are inevitably plagued with ghost or gradient instabilities on NEC-violating backgrounds [2]. Galileon (and ghost condensate [65]) Lagrangians circumvent this problem by having more than two derivatives and, hence, can have vacua with stable violations of the NEC [66]. This is particularly interesting for cosmological applications. In a cosmological context, (55) reduces to ρ + P ≥ 0, where P denotes pressure. Since Ḣ = −(ρ + P)/2, violating this inequality then allows the universe to bounce from a contracting to an expanding phase.

In this section, we derive the conditions under which the conformal Galileon Lagrangian (44) violates the NEC. Although this question has been studied in earlier work [66], here we point out important new ambiguities in defining the stress tensor, above and beyond the usual field theory ambiguities in T_{μν} . Remarkably, even on a flat-space background (which is what we consider in this paper), T_{μν} is sensitive to how one defines the theory, including total divergence terms. In particular, two flat-space Lagrangians that differ only by integration by parts can have physically different stress tensors.

Before proceeding, we point out an important distinction between Galileons and ghost condensate theories. Recall from Section 4 that for purely time-dependent solutions, ϕ = ϕ(t), the conformal Galileon Lagrangian (44) reduces to the particular P (X, ϕ) theory in (45). The full Galileon Lagrangian, of course, differs from the corresponding P (X, ϕ) theory by spatial gradient terms, but these are irrelevant in computing the ϕ equation of motion (50), its energy density (51) and the ghost-free condition (54). However, the gradient terms are important for computing the pressure. Setting the gradient terms to zero in the action does not commute with varying the action to obtain the pressure, as we will see explicitly in the examples below.

A standard way to derive the stress tensor is by covariantizing the theory and varying with respect to the metric. Alternatively, entirely within the context of field theory on flat space, the stress tensor is derived via the Noether/Belinfante method. For theories that include up to two derivatives per field, that is, L(ϕ, ∂_μϕ, ∂_μ∂_ν ϕ), the Belinfante stress tensor is given by [105] T^{μν} = η^{μν} L − ∂_λ ( ∂L ∂(∂_μ∂_ν ϕ) ∂^λϕ )

− 1 2 ∂L ∂(∂_μϕ) ∂^ν ϕ − 1 2 ∂L ∂(∂_ν ϕ) ∂^μϕ + ∂_λ ( ∂L ∂(∂_λ∂_μϕ) ) ∂^ν ϕ + ∂_λ ( ∂L ∂(∂_λ∂_ν ϕ) ) ∂^μϕ . (56)

By construction, this is both symmetric and conserved. Moreover, in all cases we have checked, the Belinfante definition agrees with the covariantization method and, hence, gives the correct stress tensor that sources gravity.

To compute the pressure, let us set μ = ν = i and assume ϕ = ϕ(t). In this case, the second line in (56) vanishes and the pressure is given by

P = L + d dt ( ∂L ∂(∂_i∂_iϕ) ϕ̇ ) , (57)

where no summation is assumed in the second term. This clearly elucidates the difference between Galileons and the corresponding P (X, ϕ) theories mentioned earlier. For pure P (X, ϕ), the second term is manifestly absent, and (57) reduces to the usual P = L = P (X, ϕ). For Galileons, however, the second term will in general contribute to the pressure, even on purely time-dependent backgrounds.

First consider L_2 = −(∂ϕ)^2/2ϕ^4. In this case, (57) gives

P_2 = 1 2ϕ^4 ϕ̇^2 = 1 2H^2_0 t^4

, (58)

where we have substituted (47) in the last step. Next, let us compute the pressure for L_3. This is the simplest example that displays the integration-by-parts ambiguities alluded to earlier. We begin with the definition of L_3 given by the second line in (41),

L^{1st version} 3 = 1 2ϕ^3 □ϕ(∂ϕ)^2 − 3 4ϕ^4

(∂ϕ)^4 . (59)

In this case, □ϕ(∂ϕ)^2 contributes to the second term in (57). Hence, the pressure differs from the corresponding P (X, ϕ) result and

P^{1st version} 3 = 3 2ϕ^4 ϕ̇^4 − 3 4ϕ^4 ϕ̇^4 = 3 4t^4

. (60)

This agrees with P_3 derived in [66], since their definition of L_3 was identical to (59).

Now, instead, define L_3 by the third line in (41), namely

L^{2nd version}

3 = − 1 4ϕ^4

(∂ϕ)^4 − 1 6ϕ^2

(∂_μ∂_ν ϕ)^2 + 1 6ϕ^2

(□ϕ)^2 . (61)

Although this was obtained from (59) solely by integration by parts, the associated pressure is different! Indeed,

P^{2nd version}

3 = − 1 4t^4

, (62)

which disagrees with (60). The resolution of this paradox is as follows. As mentioned earlier, the Belinfante stress tensor gives the same answer as the covariantization method evaluated on a flat background. The point is that although (59) and (61) differ only by a total derivative, their covariant versions do not. Indeed, in going from (59) to (61) we have canceled the terms 1 6ϕ^2 (∂_μ□ϕ − □∂_μϕ) ∂^μϕ . (63) 18

Although fully justified in flat space, such terms do not cancel on a curved background. Instead, they give rise to the non-minimal coupling 1 6ϕ^2 (∇_μ□ϕ − □∇_μϕ) ∂^μϕ = − 1 6ϕ^2 R_{μν} ∂^μϕ∂^ν ϕ . (64) Even though this non-minimal coupling vanishes on a flat background, its variation does not! It is the contribution of the variation of this non-minimal term to the stress tensor that accounts for the discrepancy between (60) and (62). The lesson is that the stress tensor of Galileon theories, thanks to their higher-derivative nature, depends on the precise form of the theory in flat space. If two Lagrangians differ by a total derivative, then their stress tensors will agree provided that in the process of integrating by parts one only cancels terms that would also cancel on a curved background. For example, the stress tensor for L_2 is unambiguous, but that of L_3 and higher-order Galileon terms clearly are not.

In the next section, we will see that in order to supersymmetrize L_4, it is most convenient to use a new version of L_4, related to the version in (41) by integration by parts. In order to avoid any confusion, we quote the results for the pressure for the conformal Galileon Lagrangians, as defined in (39), and then also for the version that we supersymmetrize. With the Galileon Lagrangians defined as in (39), substituting into (56) and setting π(t) = − ln(H_0t) as the background solution, the pressure is

P_2 = 1 2H^2_0 t^4 P_3 = 3 4t^4 P_4 = −

9H^2_0 4t^4

(65)

P_5 = −

21H^4_0 8t^4 . In particular, since our convention for the form of L_4 and L_5 differs from that of [66], our results for the pressure do not agree. We have checked that all of these agree with the covariantization method, evaluated on a flat-space background. Since ρ = 0 on this background, the condition for violating the NEC for the full Lagrangian (44) is therefore P ∝ c_2 + 3 2 c_3H^2_0 − 9 2 c_4H^4_0 − 21 4 c_5H^6_0 < 0 . (66) When we supersymmetrize these theories, we use the same form for L_2 and L_3, but for L_4 we use instead the last line in (78), and, for the reasons described before, we do not supersymmetrize L_5 explicitly. We then obtain

P^{SUSY} 4 = 3H^2_0 4t^4

, (67) 19 and in our case the condition for violating the NEC becomes

P^{SUSY} ∝ c_2 + 3 2 c_3H^2_0 + 3 2 c_4H^4_0 < 0 . (68)

6 Supersymmetric Galileons

Having discussed Galileons associated with a single real scalar field ϕ, we proceed to supersymmetrize these theories by embedding ϕ in an N = 1 chiral superfield Φ = (ϕ, χ, ψ, F ). The procedure we follow is identical to that used in supersymmetrizing P (X, ϕ) theories in [87] and employs formulae discussed there, such as the supersymmetry algebra {D_α, D̄_{α̇}} = −2iσ^μ_{αα̇}∂_μ (69) and its immediate consequence {D, D̄}Ψ{D, D̄}Ξ = −8∂Ψ∂Ξ (70) for any chiral superfields Ψ and Ξ. In addition, in writing the supersymmetric extensions of the Galileon Lagrangians we are making use of several new building blocks, whose component expressions have been written out explicitly in Appendix A.

We find that the possible supersymmetric extensions of L_2 and L_3 are very limited. However, there are several options on how to build supersymmetric extensions of the ϕdependent Lagrangian L_4. When we reach L_5, the choices on how to supersymmetrize become so numerous, and the corresponding expressions so large, that it becomes impractical — and not very illuminating — to write them out explicitly, though there is no obstacle in principle. Hence, we only consider the Galileon Lagrangians up to L_4 from this point on.

6.1 L_2

The supersymmetric extension of L_2 in (41) has already been discussed in Sec. 3. Defining K(Φ, Φ^†) = 2 3(Φ + Φ^†)^2

, (71)

the complete supersymmetrized L_2 action is given by

L^{SUSY}

2 = K(Φ, Φ^†) | | θθθ̄θ̄ = − 1 2ϕ^4

(∂ϕ)^2 − 1 2ϕ^4

(∂χ)^2 + 1 ϕ^4

F^∗F + i 2ϕ^4 (ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) . (72) Note that this matches the corresponding expression in (41) when χ = F = ψ = 0.

6.2 L_3

In Sec. 3, we “discovered” the third-order Galileon Lagrangian by looking for a cure for the wrong-sign fermionic spatial gradient term obtained in supersymmetrizing the ordinary ghost condensate theory. We now examine L_3 in more detail, including all fields of the chiral supermultiplet (ϕ, χ, F, ψ). Working to quadratic order in all fields except for ϕ, we find [ 1 (Φ + Φ^†)^3 ( DΦDΦD̄^2Φ^† + h.c. ) ]| | |_{θθθ̄θ̄, quad} = 4 ϕ^3 □ϕ(∂ϕ)^2 − 4 ϕ^3

□ϕ(∂χ)^2 + 8 ϕ^3 □χ(∂ϕ · ∂χ) − 8 ϕ^3 □ϕF^∗F + 12 ϕ^4

(∂ϕ)^2F^∗F + 4i ϕ^3 ϕ_{,μ}(ψ_{,ν} σ^νψ̄^{,μ} − ψ^{,μ}σ^νψ̄_{,ν} ) − 2i ϕ^3 □ϕ(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 2i ϕ^3 ϕ_{,μ}(ψσ^μ□ψ̄ − □ψσ^μψ̄) + 6i ϕ^4

(∂ϕ)^2(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) (73) and [ 1 (Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ]| | |_{θθθ̄θ̄, quad} = 1 ϕ^4

(∂ϕ)^4 − 2 ϕ^4

(∂ϕ)^2(∂χ)^2 + 4 ϕ^4 (∂ϕ · ∂χ)^2 − 4 ϕ^4

(∂ϕ)^2F^∗F − i ϕ^4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − 2i ϕ^4 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) . (74) These can be combined to give a supersymmetric extension of the L_3 conformal Galileon Lagrangian

L^{SUSY}

3, quad = 1 8(Φ + Φ^†)^3 [ DΦDΦD̄^2Φ^† + h.c. ] | |_{θθθ̄θ̄} − 3 4(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† | |_{θθθ̄θ̄} = − 1 4ϕ^4

(∂ϕ)^4 − 1 6ϕ^2

(∂_μ∂_ν ϕ)^2 + 1 6ϕ^2

(□ϕ)^2 − 1 ϕ^3 ∂^μχ∂^ν χ∂_μ∂_ν ϕ + ( − 1 ϕ^3 □ϕ + 9 2ϕ^4

(∂ϕ)^2 ) F^∗F + 5i ϕ^4 (∂ϕ)^2(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) − 2i ϕ^3 □ϕ(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 4i ϕ^3 ϕ_{,μ}(ψ_{,ν} σ^νψ̄^{,μ} − ψ^{,μ}σ^νψ̄_{,ν} ) + 2i ϕ^3 ϕ_{,μ}(ψσ^μ□ψ̄ − □ψσ^μψ̄) − 2i ϕ^4 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) . (75) To obtain the bosonic part of (75), we have used (30) and the fact that, integrating by parts, 1 ϕ^3 □χ(∂ϕ · ∂χ) = 3 ϕ^3 (∂ϕ · ∂χ)^2 − 1 ϕ^3 χ^{,μ}χ^{,ν}ϕ_{,μν} − 3 2ϕ^4

(∂ϕ)^2(∂χ)^2 + 1 2ϕ^3

□ϕ(∂χ)^2. (76)

Note that (75) reduces to L_3 in (41) when χ = ψ = F = 0, as it should.

Finally, integrating the third and fourth fermion terms by parts and dropping any term that vanishes on a ghost condensate background (where ϕ_{,μν} = 0 and, hence,

X = const.), L^{SUSY}_{3, quad} reduces to

L^{SUSY}

3, quad, X=const = − 1 4ϕ^4

(∂ϕ)^4 + 9 2ϕ^4

(∂ϕ)^2F^∗F + 3i 4ϕ^4

(∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) . (77)

Remarkably, at quadratic order, the second scalar χ does not contribute to L^{SUSY}_3 on a constant X background. Another interesting feature of this Lagrangian is that, despite its higher-derivative nature, no kinetic term for F is generated. Hence, the auxiliary field can be eliminated as described in our previous paper [87].

6.3 L_4

While the supersymmetric extension of L_3 derived above was relatively straightforward, the analogous construction for L_4 is more complicated. First of all, for L_4 in (41) the building blocks necessary to constructing supersymmetric generalizations are not manifest. It is useful, therefore, to use integration by parts to rewrite this fourth-order Lagrangian as

L_4 = − 1 2ϕ^2

(∂ϕ)^2(□ϕ)^2 + 1 2ϕ^2 (∂ϕ)^2ϕ^{,μν} ϕ_{,μν} + 4 5ϕ^3 (∂ϕ)^4□ϕ − 4 5ϕ^3 (∂ϕ)^2ϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 3 20ϕ^4

(∂ϕ)^6 = − 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 1 ϕ^2 □ϕϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 1 5ϕ^3 (∂ϕ)^4□ϕ + 1 5ϕ^3 (∂ϕ)^2ϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 3 20ϕ^4

(∂ϕ)^6 = − 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 1 ϕ^2 □ϕϕ^{,μ}ϕ^{,ν} ϕ_{,μν} − 1 4ϕ^3

(∂ϕ)^4□ϕ . (78)

The last expression consists of only three terms and is particularly simple. We will focus on this version, and construct supersymmetric extensions for each of its three terms. For the first term, consider

L^{SUSY}

4, 1st term = 1 64(Φ + Φ^†)^2 {D, D̄}(DΦDΦ){D, D̄}(D̄Φ^†D̄Φ^†) | |_{θθθ̄θ̄} . (79) In components, up to quadratic order in fields other than ϕ and using integration by parts, this becomes

L^{SUSY}

4, 1st term, quad = − 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 1 ϕ^3 ϕ^{,μ}∂_μ(∂ϕ)^2(∂χ)^2 − 1 ϕ^2

□(∂ϕ)^2(∂χ)^2 − 1 ϕ^2 χ_{,μ}χ_{,ν} ϕ_{,λ}^μϕ^{,νλ} + 1 ϕ^2 (∂ϕ)^2∂F · ∂F^∗ + 1 2ϕ^2

∂_μ(∂ϕ)^2∂^μ(F^∗F ) + 1 ϕ^2 ϕ^{,μν} ϕ_{,μν} F^∗F 22

+ i 2ϕ^3

∂_μ(∂ϕ)^2 ( ∂^μ(ψσ^ν ϕ_{,ν} )ψ̄ − ψσ^ν ∂^μ(ψ̄ϕ_{,ν} ) )

+ i 4ϕ^2 ∂_μ(ϕ_{,ν} ψ)σ^νσ̄^λσ^κ∂^μ(ψ̄_{,κ}ϕ_{,λ}) − i 4ϕ^2 ∂_μ(ϕ_{,ν} ψ_{,λ})σ^λσ̄^ν σ^κ∂^μ(ψ̄ϕ_{,κ}) − i 2ϕ^2

∂_μ(ϕ_{,ν} ψ)σ^ν ∂^μ(ψ̄_{,λ}ϕ^{,λ}) + i 2ϕ^2 ∂_μ(ϕ_{,ν} ψ^{,ν} )σ^λ∂^μ(ψ̄ϕ_{,λ}) + i 4ϕ^2 ∂_μ(ϕ_{,ν} ψ)σ^ν ∂^μ(ψ̄□ϕ) − i 4ϕ^2

∂_μ(□ϕψ)σ^ν ∂^μ(ψ̄ϕ_{,ν} ) , (80)

which reduces to the first term in (78) when χ = ψ = F = 0. Moreover, on a ghost condensate background, and dropping higher-derivative kinetic terms for fields other than ϕ, (80) further simplifies to

L^{SUSY}

4, 1st term, quad, X=const = − 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 1 ϕ^2 (∂ϕ)^2∂F · ∂F^∗ − 9i 4ϕ^4 (∂ϕ)^2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}). (81) There are three noteworthy features here. First, we see that the scalar χ does not contribute at quadratic order on a constant X background. Second, note that (81) contains a kinetic term for the “auxiliary” field F. And third, on a purely time-dependent background, the fermion kinetic term becomes non-covariant since it contains only the time-derivative part. These last two issues will be discussed in detail below.

The second term in the last line in (78) can be supersymmetrized as

L^{SUSY}

4, 2nd term = −1 128(Φ + Φ^†)^2 ( {D, D̄}(Φ + Φ^†){D, D̄}(DΦDΦ)D̄^2Φ^† + h.c. ) | | |_{θθθ̄θ̄} . (82)

In terms of ϕ and χ, and using integration by parts, we obtain to quadratic order in fields other than ϕ,

L^{SUSY}

4, 2nd term, quad = 1 2ϕ^2 ϕ^{,μ}∂_μ(∂ϕ)^2□ϕ + 1 2ϕ^2

(∂χ)^2 [ − 2 ϕ (∂ϕ)^2□ϕ + (□ϕ)^2 + ϕ^{,μ}∂_μ□ϕ ]

+ 1 2ϕ^2 ∂_μ(∂ϕ)^2χ^{,μ}□χ + 1 ϕ^2 ϕ^{,μ}ϕ^{,ν} χ_{,μν} □χ + 1 2ϕ^2 ϕ^{,μ} [ − (F □ϕ)_{,μ}F^∗ − (F^∗□ϕ)_{,μ}F + (∂F · ∂ϕ)_{,μ}F^∗ +(∂F^∗ · ∂ϕ)_{,μ}F − (F ϕ_{,ν} )_{,μ}F^{∗,ν} − (F^∗ϕ_{,ν} )_{,μ}F^{,ν} ]

+ 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(F^∗F ) − 1 ϕ^3 ϕ^{,μ}∂_μ(∂ϕ)^2F^∗F + i 4ϕ^2 ∂_μϕ ( ∂^μ(ϕ_{,ν} ψ_{,λ})σ^λσ̄^ν σ^κψ̄_{,κ} − ψ_{,κ}σ^κσ̄^ν σ^λ∂^μ(ψ̄_{,λ}ϕ_{,ν} ) )

+ i 2ϕ^2 ∂_μϕ ( ψ_{,λ}σ^λ∂^μ(ψ̄^{,ν} ϕ_{,ν} ) − ∂^μ(ϕ^{,ν} ψ_{,ν} )σ^λψ̄_{,λ} )

23

+ i 4ϕ^2 ∂_μϕ ( ∂^μ(□ϕψ)σ^νψ̄_{,ν} − ψ_{,ν} σ^ν ∂^μ(ψ̄□ϕ) + ∂^μ(ϕ_{,ν} ψ)σ^ν □ψ̄ − □ψσ^ν ∂^μ(ψ̄ϕ_{,ν} ) )

+ i 4ϕ^2 □ϕ ( ∂_μ(ϕ_{,ν} ψ)σ^νψ̄^{,μ} − ψ^{,μ}σ^ν ∂_μ(ψ̄ϕ_{,ν} ) )

+ i 4ϕ^2

∂^μ(∂ϕ)^2 ( ψ_{,ν} σ^νψ̄_{,μ} − ψ_{,μ}σ^νψ̄_{,ν} )

+ i 2ϕ^3 □ϕ∂_μϕ ( ψσ^ν ∂^μ(ψ̄ϕ_{,ν} ) − ∂^μ(ϕ_{,ν} ψ)σ^νψ̄ )

+ i 2ϕ^3 ∂_μϕ∂^μ(∂ϕ)^2 ( ψσ^νψ̄_{,ν} − ψ_{,ν} σ^νψ̄ ) . (83)

When χ = ψ = F = 0, this is simply the second term in the final line of (78). On a ghost condensate background, dropping higher-derivative kinetic terms for ψ and integrating by parts, this further reduces to

L^{SUSY}

4, 2nd term, quad, X=const = 1 2ϕ^2 ϕ^{,μ}∂_μ(∂ϕ)^2□ϕ + 3 ϕ^3

(∂ϕ)^4F^∗F − 2 ϕ^2 (∂ϕ · ∂F )(∂ϕ · ∂F^∗) + 9i 4ϕ^4

(∂ϕ)^4(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 3i 4ϕ^4 (∂ϕ)^2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}) . (84) The expression above contains a non-Lorentz-covariant kinetic term for F on a timedependent background, as well as both a covariant and a non-covariant kinetic term for ψ.

For the third term in the last line of (78), we have a choice of how to supersymmetrize since one can take either (∂ϕ)^4 or (∂ϕ)^2□ϕ as the basic building block. This leads to inequivalent results.

Choice 1 — based on (∂ϕ)^4: The supersymmetric extension in this case is given by

L^{SUSY}

4, 3rd term(1), quad = 1 64(Φ + Φ^†)^3 DΦDΦD̄Φ^†D̄Φ^†{D, D̄}{D, D̄}(Φ + Φ^†) | | |_{θθθ̄θ̄,quad} = − 1 4ϕ^3 □ϕ [ (∂ϕ)^4 + (∂χ)^4 − 2(∂ϕ)^2(∂χ)^2 + 4(∂ϕ · ∂χ)^2 − (∂ϕ)^2F^∗F ]

+ i 4ϕ^3 □ϕ[(∂ϕ)^2(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,ν} )] + i 4ϕ^3 (∂ϕ)^2∂_μϕ(ψσ^μ□ψ̄ − □ψσ^μψ̄) . (85) For χ = ψ = F = 0, this gives the third term in the final line of (78). Because of the □ϕ prefactor, quadratic fluctuations in χ and F vanish on a ghost condensate background and, dropping higher-derivative terms for ψ, we are left with

L^{SUSY}

4, 3rd term(1), quad, X=const = − 1 4ϕ^3 (∂ϕ)^4□ϕ − 3i 4ϕ^4 (∂ϕ)^2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}) . (86) 24

Choice 2 — based on (∂ϕ)^2□ϕ: Here we have additional freedom since there is some ambiguity about how to write the supersymmetric version of the (∂ϕ)^2 factor. That is,

L^{SUSY}

4, 3rd term(2), quad =

(DΦDΦD̄^2Φ^† + h.c.)

64(Φ + Φ^†)^3 ( (1 − a) 4 {D, D̄}(Φ + Φ^†){D, D̄}(Φ + Φ^†) +a{D, D̄}Φ{D, D̄}Φ^† )| | |_{θθθ̄θ̄,quad} = − 1 4ϕ^3 ( □ϕ(∂ϕ)^2 − □ϕ(∂χ)^2 + 2□χ∂ϕ · ∂χ − 2□ϕF^∗F )

× ( (∂ϕ)^2 + a(∂χ)^2 )

+ i 8ϕ^3 (∂ϕ)^2∂_μϕ[4(ψ^{,μ}σ^νψ̄_{,ν} − ψ_{,ν} σ^νψ̄^{,μ}) + □ψσ^μψ̄ − ψσ^μ□ψ̄] + i 8ϕ^3 (∂ϕ)^2□ϕ(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 3i 8ϕ^4

(∂ϕ)^4(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + i 4ϕ^3 □ϕϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}) , (87) where a is an arbitrary real number. Note that for χ = ψ = F = 0, this also leads to the third term in the last line of (78). Specializing to a ghost condensate background, integrating by parts and dropping higher-derivative kinetic terms for ψ, (87) becomes

L^{SUSY}

4, 3rd term(2), quad, X=const = − 1 4ϕ^3 (∂ϕ)^4□ϕ − 3 2ϕ^4

(∂ϕ)^2(∂ϕ · ∂χ)^2 + 3 4ϕ^4

(∂ϕ)^4(∂χ)^2 − 3i 8ϕ^4

(∂ϕ)^4(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + 9i 8ϕ^4 (∂ϕ)^2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}) . (88) The terms proportional to a have disappeared and, hence, one can choose a convenient value for a, such as a = 1. Note that the term containing F^∗F is also missing. The fermion appears both with a canonical and a Lorentz-breaking fluctuation term on a constant X background. Note that, contrary to all previous terms, L^{SUSY}_{4, 3rd term(2)} introduces kinetic terms for the second scalar χ, both covariant and non-covariant.

In general, one can use a linear combination of Choices 1 and 2 above. We therefore define our supersymmetric generalization of L_4 to be

L^{SUSY}

4 = L^{SUSY}_{4, 1st term} + L^{SUSY}_{4, 2nd term} + (1 − b)L^{SUSY}_{4, 3rd term(1)} + b L^{SUSY}_{4, 3rd term(2)} , (89)

where b is an arbitrary real number. In components, and restricted to a ghost condensate background with quadratic fluctuation terms up to two-derivatives, this becomes

L^{SUSY}

4,quad,X=const = L4(ϕ) − 3b 2ϕ^4

(∂ϕ)^2(∂ϕ · ∂χ)^2 + 3b 4ϕ^4

(∂ϕ)^4(∂χ)^2 + 3 ϕ^3

(∂ϕ)^4F^∗F + 1 ϕ^2 (∂ϕ)^2∂F · ∂F^∗ − 2 ϕ^2 (∂ϕ · ∂F )(∂ϕ · ∂F^∗) 25

+ ( 18 − 3b 8 ) i ϕ^4

(∂ϕ)^4(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) + ( −18 + 15b 8 ) i ϕ^4 (∂ϕ)^2ϕ_{,μ}ϕ_{,ν} (ψ^{,μ}σ^νψ̄ − ψσ^νψ̄^{,μ}) . (90) When χ = ψ = F = 0 this reduces to the ϕ-dependent Galileon term L_4 in (78), as it should. However, as it stands, the above Lagrangian still contains a number of troubling features. We now discuss how to address these.

First, the scalar χ appears with a non-covariant kinetic term. This, however, is not a serious problem since it can be dealt with in exactly the same manner as discussed in and below (20). That is, the non-covariant term can be eliminated by adding − 3b 2^9(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ + Φ^†){D, D̄}(Φ − Φ^†) )_2 | | |_{θθθ̄θ̄, quad} = − 3b 2ϕ^4

(∂ϕ)^4(∂ϕ · ∂χ)^2 . (91)

Moreover, the coefficient in front of the covariant kinetic term for χ can be modified arbitrarily by adding a term proportional to 1 2^8(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ − Φ^†){D, D̄}(Φ^† − Φ) )

= − 1 ϕ^4

(∂ϕ)^4(∂χ)^2 (92)

without affecting anything else. Hence, the stability of χ can always be assured.

Second, there are two troubling terms for the “auxiliary” field F , namely 1 ϕ^2 (∂ϕ)^2∂F · ∂F^∗ − 2 ϕ^2 (∂ϕ · ∂F )(∂ϕ · ∂F^∗) . (93) These act as kinetic terms for F which, hence, is no longer an auxiliary field. We note that this occurs because we are interested in a time-dependent background ϕ(t). Around the usual zero vacuum, such terms would be higher-order interactions and would not trouble us unduly. A propagating F -field is not necessarily a problem. It would imply that both complex components of the Weyl spinor ψ would now propagate — giving a supersymmetric multiplet with four bosonic and four fermionic physical degrees of freedom. However, in this paper we will follow a conservative approach and add the appropriate terms that restore F to its auxiliary field status. Consider the following supersymmetric terms evaluated for constant X, − 1 2^8(Φ + Φ^†)^2 DΦDΦD̄Φ^†D̄Φ^†{D, D̄}D^2Φ{D, D̄}D̄^2Φ^† | | |_{θθθ̄θ̄,quad} = 8 (A + A^∗)^2

(∂A)^2(∂A^∗)^2∂F · ∂F^∗ = 1 ϕ^2

(∂ϕ)^4∂F · ∂F^∗ , (94) 26 and 1 2^{10}(Φ + Φ^†)^2 DΦDΦD̄Φ^†D̄Φ^†|{D, D̄}Φ{D, D̄}D^2Φ|^2 | |_{θθθ̄θ̄,quad} = 16 (A + A^∗)^2

(∂A)^2(∂A^∗)^2(∂A · ∂F )(∂A^∗ · ∂F^∗) = 1 ϕ^2 (∂ϕ)^4(∂ϕ · ∂F )(∂ϕ · ∂F^∗) . (95) At quadratic order, these do not involve χ or ψ. Therefore, they can be added with suitable coefficients to L^{SUSY}_4 to cancel the unwanted kinetic terms for F , again without changing anything else. Thus, one can ensure that the auxiliary field remains truly auxiliary.

Finally, consider the fermionic kinetic terms in (90). The first is covariant, and unproblematic. The second one is Lorentz-violating and, hence, undesirable. This term can be eliminated by choosing b = 6/5. With this choice, and adding in the terms just discussed, we find that a healthy supersymmetric extension of the fourth-order conformal Galileon Lagrangian is given by

L̂^{SUSY} 4 = ( 1 64(Φ + Φ^†)^2 {D, D̄}(DΦDΦ){D, D̄}(D̄Φ^†D̄Φ^†) − 1 128(Φ + Φ^†)^2 [ {D, D̄}(Φ + Φ^†){D, D̄}(DΦDΦ)D̄^2Φ^† + h.c. ]

− 1 5 × 64(Φ + Φ^†)^3 DΦDΦD̄Φ^†D̄Φ^†{D, D̄}{D, D̄}(Φ + Φ^†) + 6 5 × 64(Φ + Φ^†)^3 (DΦDΦD̄^2Φ^† + h.c.){D, D̄}Φ{D, D̄}Φ^† − 9 2^8 × 5(Φ + Φ^†)^4 DΦDΦD̄Φ^†D̄Φ^† ( {D, D̄}(Φ + Φ^†){D, D̄}(Φ − Φ^†) )_2

+ 1 2^8(Φ + Φ^†)^2 DΦDΦD̄Φ^†D̄Φ^†{D, D̄}D^2Φ{D, D̄}D̄^2Φ^† − 1 2^9(Φ + Φ^†)^2 DΦDΦD̄Φ^†D̄Φ^† | |{D, D̄}Φ{D, D̄}D^2Φ | |^2 )| | |_{θθθ̄θ̄} . (96) In components, up to quadratic order in fields other than ϕ on a constant X background, this reduces to

L̂^{SUSY}

4, quad, X=const = − 1 4ϕ^2

∂_μ(∂ϕ)^2∂^μ(∂ϕ)^2 + 1 ϕ^2 □ϕϕ^{,μ}ϕ^{,ν}ϕ_{,μν} − 1 4ϕ^3 (∂ϕ)^4□ϕ + 9 10ϕ^4

(∂ϕ)^4(∂χ)^2 + 3 ϕ^3

(∂ϕ)^4F^∗F + 9i 5ϕ^4 (∂ϕ)^4(ψ_{,ν} σ^νψ̄ − ψσ^νψ̄_{,ν} ) . (97)

It is encouraging to see that healthy supersymmetric extensions of the Galileon Lagrangians exist, as demonstrated above. We would like to emphasize once more that, as should be clear already from the discussion around (78), the supersymmetric extension of L_4 given above is not unique. Hence it would be interesting to see, should a derivation of a supersymmetric Galileon theory be found in a more fundamental setting, precisely which form of the Lagrangian would arise.

7 Discussion and Outlook

In this paper, we have shown how to construct supersymmetric extensions of the conformal Galileon theories. In doing so, we have uncovered a deep connection between Galileon and ghost condensate theories. That is, conformal Galileons can be seen as equivalent to ghost condensate models — in terms of the temporal gradients alone, the two theories are identical up to an overall factor of ϕ^{−4} — but with improved behavior of the spatial gradients. This connection clarifies the role of both theories, and significantly simplifies the analysis of time-dependent solutions of the Galileon theories.

In our analysis, we have encountered two important subtleties, one related to supersymmetry and the other inherent already in the bosonic Galileons. For the quadratic and cubic Galileon Lagrangians, the supersymmetric extensions are highly constrained and, around a ghost-condensate/self-accelerating-de-Sitter background, lead to covariant fluctuations for all fields. In contrast, for the quartic (and quintic) conformal Galileon Lagrangian there are many inequivalent ways to construct supersymmetric extensions. For some of these options, non-covariant fluctuations in some fields can arise, as well as kinetic terms for the “auxiliary” field. We have discussed these possibilities, and have provided an illustrative example of a completely healthy supersymmetric version of the fourth-order conformal Galileons, for which all fluctuations are covariant, and where the auxiliary field remains truly auxiliary.

A second subtlety we encountered, and which is inherent in higher-derivative theories, is that Lagrangians related using integration by parts generically lead to different stress-energy tensors and thus, for example, different conditions for violating the NEC. Keeping this subtlety in mind, let us now put all our results together and see if we can truly have a stable, NEC-violating solution of our supersymmetric conformal Galileon theory. For the Lagrangian

L^{SUSY} = c_2L^{SUSY}_2 + c_3L^{SUSY}_3 + c_4L^{SUSY}_4 , (98)

with L^{SUSY}_2 given by (72), L^{SUSY}_3 by (75) and L^{SUSY}_4 by (96), the conditions for having a) a ghost-condensate/self-accelerating-de-Sitter solution, b) stability, c) NECviolation and d) canonical and correct-sign fermionic fluctuations are

c_2 − 3 2 c_3H^2_0 + 3 2 c_4H^4_0 = 0 (99)

c_2 − 3c_3H^2_0 + 9 2 c_4H^4_0 > 0 (100)

c_2 + 3 2 c_3H^2_0 + 3 2 c_4H^4_0 < 0 (101)

c_2 − 3 2 c_3H^2_0 + 18 5 c_4H^4_0 > 0 , (102)

respectively. These can be satisfied simultaneously provided that

c_2 < 3 2 c_3H^2_0 < 0, (103)

with the value of c_4H^4_0 determined by (99). Hence, we have an example of a supersymmetric conformal Galileon theory that has a background solution which is both stable and can violate the NEC at the same time! We note that this is merely a proof of principle, and that using a supersymmetric L_5, or other choices for supersymmetrizing L_4, will lead to a variety of such theories. For these, the conditions for violating the NEC and having canonical fermionic fluctuations will have to be re-evaluated on a case-by-case basis, but it seems likely to us that healthy supersymmetric models might also exist for which all the conditions mentioned above can be satisfied with c_2 > 0. In that case, even the ordinary zero vacuum would be stable.

We anticipate a number of applications for our results:

• Since the (non-supersymmetric) conformal Galileon theories can be derived as the Lagrangians describing the fluctuations of a brane in a higher-dimensional space-time, there does not seem to exist a fundamental obstacle to deriving the supersymmetric Galileons in a supergravity context. It will then be interesting to see precisely which version of the supersymmetric Galileons comes out naturally. Moreover, such a treatment would require one to extend the present work to local supersymmetry and the coupling to gravity, which will be of importance for cosmological applications. This derivation will appear elsewhere [106].

• As we discussed in detail in the paper, two Galileon actions, related using integration by parts and dropping the surface terms, are physically inequivalent in that they lead to the same time-dependent backgrounds, but to different pressures. Hence, for two such theories, the conditions for violating the NEC are different. It may be that one theory allows for stable violations of the NEC, while the other does not. It will be interesting to investigate this situation further in a cosmological context. Indeed, it means that in approaching a regime where the NEC is violated, such as a cosmic bounce, spatial gradients must necessarily make their presence felt, and either allow or disallow entering into the NEC-violating regime. This should be the case regardless of how small the spatial gradients are initially! It will be of interest to see how this works out in a concrete model.

Supersymmetric Galileons provide a fascinating theoretical laboratory in which to study the connections between higher derivatives, supersymmetry and violations of the NEC. This is at present largely unchartered territory, but, in this paper, we hope to have provided the basic tools necessary for mapping it out.

Acknowledgments

We would like to thank Kurt Hinterbichler and Alberto Nicolis for useful discussions. J.L.L. expresses his thanks to the University of Pennsylvania, for its hospitality while this work was being completed. J.K. and B.A.O. are supported in part by the DOE under contract No. DE-AC02-76-ER-03071, the NSF under grant No. 1001296, and by the Alfred P. Sloan Foundation (JK). J.L.L. is supported by a Starting Grant from the European Research Council.

Appendix A: Useful Superfield Expressions

In constructing the supersymmetric extensions of the higher-derivative scalar actions discussed in this paper, we make frequent use of a number of building blocks. We list them here for reference, our notation and conventions being those of Wess and Bagger [90]:

DΦDΦ = 2ψψ + 4 √ 2F θψ + 4 √ 2iψσ^μθ̄A_{,μ} + 4θθF^2 − 4θ̄θ̄(∂A)^2 +8iθσ^μθ̄F A_{,μ} − 4iθψψ_{,μ}σ^μθ̄ + 4iθψ_{,μ}ψσ^μθ̄ +2 √ 2θ̄θ̄(θψ□A + ψ_{,μ}σ^μσ̄^ν θA_{,ν} − 2A^{,μ}θψ_{,μ}) +2 √ 2iθθ(F_{,μ}ψσ^μθ̄ − 3F ψ_{,μ}σ^μθ̄) +θθθ̄θ̄(4F □A − 4∂F · ∂A − ψ□ψ + ∂ψ · ∂ψ − ψ_{,μ}σ^μσ̄^ν ψ_{,ν} ) , (104) D^2Φ = −4F + 4 √ 2iψ_{,μ}σ^μθ̄ − 4θ̄θ̄□A +4iθσ^μθ̄F_{,μ} − 2 √ 2θ̄θ̄θ□ψ − θθθ̄θ̄□F . (105) Multiplying the first of these building blocks with the hermitian conjugate of the second, we obtain, up to quadratic order in the spinor ψ,

DΦDΦD̄^2Φ^† = −8ψψF^∗ − 16 √ 2θψF F^∗ − 16 √ 2iψσ^μθ̄A_{,μ}F^∗

−8θθψψ□A^∗ − 16θθF^2F^∗ + 16iθθψσ^μψ̄_{,μ}F + 16θ̄θ̄(∂A)^2F^∗ −32iθσ^μθ̄A_{,μ}F F^∗ + 32ψσ^μθ̄θσ^νψ̄_{,ν} A_{,μ} −8iθσ^μθ̄ψψF^∗_{,μ} + 16iθψψ_{,μ}σ^μθ̄F^∗ − 16iθψ_{,μ}ψσ^μθ̄F^∗ +8 √ 2θθ ( − 2iψσ^μθ̄A_{,μ}□A^∗ − 2σ^μψ̄_{,μ}σ^νθ̄F A_{,ν} +iψσ^μθ̄F F^∗_{,μ} − iψσ^μθ̄F_{,μ}F^∗ + 3iψ_{,μ}σ^μθ̄F F^∗ ) +8 √ 2θ̄θ̄ ( 2iθσ^μψ̄_{,μ}(∂A)^2 + θσ^μσ̄^ν ψA_{,ν} F^∗_{,μ} +2A^{,μ}θψ_{,μ}F^∗ − θψ□AF^∗ − ψ_{,μ}σ^μσ̄^ν θA_{,ν} F^∗ ) +θθθ̄θ̄ ( 16(∂A)^2□A^∗ − 16□AF F^∗ + 16F^∗∂F · ∂A − 16F ∂F^∗∂A +8iψ_{,μ}σ^μσ̄^ν σ^λψ̄_{,λ}A_{,ν} − 16iψ_{,μ}σ^νψ̄_{,ν} A^{,μ} + 8iψσ^νψ̄_{,ν} □A +8iψσ^μ□ψ̄A_{,μ} + 4ψ□ψF^∗ − 4∂ψ · ∂ψF^∗ + 4ψ_{,μ}σ^μσ̄^ν ψ_{,ν} F^∗ +4ψσ^μσ̄^ν ψ_{,ν} F^∗_{,μ} − 4ψ_{,μ}σ^νσ̄^μψF^∗_{,ν} − 2ψψ□F^∗ ) . (106)

We also make frequent use of

(Φ + Φ^†)^k = (A + A^∗)^k + k √ 2(A + A^∗)^{k−1}(θψ + θ̄ψ̄) + kθθ(A + A^∗)^{k−1}F +kθ̄θ̄(A + A^∗)^{k−1}F^∗ + kiθσ^μθ̄(A + A^∗)^{k−1}(A_{,μ} − A^∗_{,μ}) , (107)

where we have dropped the top component as well as terms quadratic and higher in fields other than ϕ.

Appendix B: Non Lorentz-Covariant Fermion Kinetic Terms

In Sec. 3, we showed that the exact linear combination of (28) + (26) not only gives the conformal third-order scalar Galileon Lagrangian, but also results in a Lorentz-invariant fermion kinetic term. In this Appendix, we generalize this analysis by allowing for a more general linear combination. The fermion kinetic term now breaks Lorentz invariance, and the resulting generalized Galileon theory is only invariant under dilations but not special conformal transformations.

Instead of (31), consider the more general expression

(28) + (1 + Δ) × (26) = 1 12ϕ^4

(∂ϕ)^4 + 1 18ϕ^2

(∂_μ∂_ν ϕ)^2 − 1 18ϕ^2

(□ϕ)^2 + Δ 4ϕ^4

(∂ϕ)^4 − i(1 + Δ) 4ϕ^4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − iΔ 2ϕ^4 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) + . . . (108) where Δ is a constant. It follows that 3 × (31), the higher-derivative term entering expression (34), is now replaced by

L_Δ −

3i(1 + Δ) 4ϕ^4 (∂ϕ)^2(ψ_{,μ}σ^μψ̄ − ψσ^μψ̄_{,μ}) − 3iΔ 2ϕ^4 ϕ_{,μ}ϕ_{,ν} (ψ^{,ν} σ^μψ̄ − ψσ^μψ̄^{,ν} ) + . . . (109) where L_Δ ≡ −L_3 + 3Δ 4ϕ^4

(∂ϕ)^4 , (110)

and L_3 is the third-order conformal Galileon Lagrangian in (41).

For Δ = 0, the last term in (109) vanishes, and the fermion kinetic term is Lorentzcovariant with the correct sign on the ghost condensate background. Furthermore, L_{Δ=0} = −L_3 is the standard conformal Galileon action discussed in Sec. 4. As mentioned in Sec. 4, L_3 is invariant, up to a total derivative, under the infinitesimal dilations and special conformal transformations given in (38). We now show that in the more general case, when Δ ≠ 0, only the dilation symmetry survives.

To see this, we work in terms of π and decompose L_3 as

L_3 = L_{3A} + L_{3B} , (111)

with L_{3A} = − 1 2 (∂π)^2□π ; L_{3B} = − 1 4 (∂π)^4 (112)

being of order O(π^3) and O(π^4) respectively. In this notation, the generalized Lagrangian L_Δ can be written as

L_Δ = −L_{3A} − (1 + 3Δ)L_{3B} . (113)

First consider the dilation transformation δ_cπ = c (1 + x^μ∂_μπ). Since each π in (112) is acted on by at least one derivative, the relevant variation is

δ_c∂_μπ = c∂_μ(x^α∂_απ) . (114)

This preserves the order in π and, hence, the variations of L_{3A} and L_{3B} cannot cancel against each other. Instead they must be separately invariant (up to a total derivative) under this transformation. It is straightforward to check that this is indeed the case. And since L_Δ is just a linear combination of these two terms, it too is dilation invariant.

Now consider the infinitesimal special conformal transformation, given by the second equation in (38). The relevant variation in this case, δ_v∂_μπ = v_μ − ∂_μ ( ∂_απ ( 1 2 v^αx^2 − (v · x)x^α )) , (115) 32 has both 0th- and 1st-order contributions in π. Thus, unlike the previous transformation, the variations of the two terms in (112) can cancel against each other, so that neither need be a total divergence. For example, consider

δ_vL_{3B} = −v^μ(∂_μπ)(∂π)^2 + O(π^4) . (116)

Since δ_v L_{3A} is at most cubic in π, the O(π^4) term in (116) must be a total derivative, which is indeed the case. However, the first term need not a total derivative, and, in fact, it is not. This is most easily checked by defining an action − ∫ d^4x v^μ(∂_μπ)(∂π)^2.

If the integrand were a total derivative, then the variation of this action would vanish identically. Instead we find the non-zero result − δ δπ ∫ d^4x v^μ(∂_μπ)(∂π)^2 = 2v^μ(∂_μπ)□π + 4v^μ(∂^απ)(∂_μ∂_απ) ≠ 0 . (117)

It follows that L_{3B} is not by itself invariant under (115). The invariance of L_3 relies on a cancellation between the first term in (116) and the O(π^3) part of the variation of L_{3A} (the O(π^2) term in δ_vL_{3A} is a total derivative).

The immediate corollary is that L_Δ is not invariant under the transformation (115) for Δ ≠ 0. In other words, when the fermion kinetic term is not Lorentz invariant on the condensate background, the purely π-dependent part of Lagangian is still invariant under dilations (114) but breaks special conformation transformations (115). This generalized class of “detuned” Galileon theories, and their supersymmetric extension discussed above, admit a ghost condensate vacuum and are potentially interesting in their own right, such as for cosmological applications. We will explore their properties elsewhere [89].

References

[1] S. W. Hawking and G. F. R. Ellis, “The Large scale structure of space-time,” Cambridge University Press, Cambridge, 1973.

[2] S. Dubovsky, T. Gregoire, A. Nicolis and R. Rattazzi, “Null energy condition and superluminal propagation,” JHEP 0603, 025 (2006) [arXiv:hep-th/0512260].

[3] M. Ostrogradski, Mem. Ac. St. Petersbourg VI 4, 385 (1850). [4] D. A. Eliezer and R. P. Woodard, “The Problem of Nonlocality in String Theory,” Nucl. Phys. B 325, 389 (1989).

[5] J. Khoury, “Fading Gravity and Self-Inflation,” Phys. Rev. D 76, 123513 (2007) [arXiv:hep-th/0612052].

[6] D. H. Wesley, “Oxidised cosmic acceleration,” JCAP 0901, 041 (2009) [arXiv:0802.3214 [hep-th]].

[7] P. J. Steinhardt and D. Wesley, “Dark Energy, Inflation and Extra Dimensions,” Phys. Rev. D 79, 104026 (2009) [arXiv:0811.1614 [hep-th]].

[8] A. Nayeri, R. H. Brandenberger and C. Vafa, “Producing a scale-invariant spectrum of perturbations in a Hagedorn phase of string cosmology,” Phys. Rev. Lett. 97, 021302 (2006) [arXiv:hep-th/0511140].

[9] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “Tensor modes from a primordial Hagedorn phase of string cosmology,” Phys. Rev. Lett. 98, 231302 (2007) [arXiv:hep-th/0604126].

[10] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “String gas cosmology and structure formation,” Int. J. Mod. Phys. A 22, 3621 (2007) [arXiv:hepth/0608121].

[11] R. H. Brandenberger et al., “More on the Spectrum of Perturbations in String Gas Cosmology,” JCAP 0611, 009 (2006) [arXiv:hep-th/0608186].

[12] T. Battefeld and S. Watson, “String gas cosmology,” Rev. Mod. Phys. 78, 435 (2006) [arXiv:hep-th/0510022].

[13] M. Gasperini and G. Veneziano, “Pre - big bang in string cosmology,” Astropart.

Phys. 1, 317 (1993) [arXiv:hep-th/9211021].

[14] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “The ekpyrotic universe:

Colliding branes and the origin of the hot big bang,” Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239].

[15] R. Y. Donagi, J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “Visible branes with negative tension in heterotic M-theory,” JHEP 0111 (2001) 041 [arXiv:hep-th/0105199].

[16] J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt and N. Turok, “From big crunch to big bang,” Phys. Rev. D 65, 086007 (2002) [arXiv:hep-th/0108187].

[17] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “Density perturbations in the ekpyrotic scenario,” Phys. Rev. D 66, 046005 (2002) [arXiv:hep-th/0109050].

[18] D. H. Lyth, “The primordial curvature perturbation in the ekpyrotic universe,” Phys. Lett. B 524, 1 (2002) [arXiv:hep-ph/0106153].

[19] R. Brandenberger and F. Finelli, “On the spectrum of fluctuations in an effective field theory of the ekpyrotic universe,” JHEP 0111, 056 (2001) [arXiv:hepth/0109004].

[20] P. J. Steinhardt and N. Turok, “Cosmic evolution in a cyclic universe,” Phys.

Rev. D 65, 126003 (2002) [arXiv:hep-th/0111098].

[21] A. Notari and A. Riotto, “Isocurvature perturbations in the ekpyrotic universe,” Nucl. Phys. B 644, 371 (2002) [arXiv:hep-th/0205019].

[22] F. Finelli, “Assisted contraction,” Phys. Lett. B 545, 1 (2002) [arXiv:hepth/0206112].

[23] S. Tsujikawa, R. Brandenberger and F. Finelli, “On the construction of nonsingular pre-big-bang and ekpyrotic cosmologies and the resulting density perturbations,” Phys. Rev. D 66, 083513 (2002) [arXiv:hep-th/0207228].

[24] S. Gratton, J. Khoury, P. J. Steinhardt and N. Turok, “Conditions for generating scale-invariant density perturbations,” Phys. Rev. D 69, 103505 (2004) [arXiv:astro-ph/0301395].

[25] A. J. Tolley, N. Turok and P. J. Steinhardt, “Cosmological perturbations in a big crunch / big bang space-time,” Phys. Rev. D 69, 106005 (2004) [arXiv:hepth/0306109].

[26] B. Craps and B. A. Ovrut, “Global fluctuation spectra in big crunch / big bang string vacua,” Phys. Rev. D 69, 066001 (2004) [arXiv:hep-th/0308057].

[27] J. Khoury, P. J. Steinhardt and N. Turok, “Great expectations: Inflation versus cyclic predictions for spectral tilt,” Phys. Rev. Lett. 91, 161301 (2003) [arXiv:astro-ph/0302012].

[28] J. Khoury, P. J. Steinhardt and N. Turok, “Designing Cyclic Universe Models,” Phys. Rev. Lett. 92, 031302 (2004) [arXiv:hep-th/0307132].

[29] J. Khoury, “A briefing on the ekpyrotic / cyclic universe,” arXiv:astroph/0401579.

[30] P. Creminelli, A. Nicolis and M. Zaldarriaga, “Perturbations in bouncing cosmologies: Dynamical attractor vs scale invariance,” Phys. Rev. D 71, 063505 (2005) [arXiv:hep-th/0411270].

[31] J. L. Lehners, P. McFadden and N. Turok, “Colliding Branes in Heterotic Mtheory,” Phys. Rev. D 75, 103510 (2007) [arXiv:hep-th/0611259].

[32] J. L. Lehners, P. McFadden and N. Turok, “Effective Actions for Heterotic M- Theory,” Phys. Rev. D 76, 023501 (2007) [arXiv:hep-th/0612026].

[33] J. L. Lehners, P. McFadden, N. Turok and P. J. Steinhardt, “Generating ekpyrotic curvature perturbations before the big bang,” Phys. Rev. D 76, 103501 (2007) [arXiv:hep-th/0702153].

[34] E. I. Buchbinder, J. Khoury and B. A. Ovrut, “New Ekpyrotic Cosmology,” Phys. Rev. D 76, 123503 (2007) [arXiv:hep-th/0702154].

[35] E. I. Buchbinder, J. Khoury and B. A. Ovrut, “On the Initial Conditions in New Ekpyrotic Cosmology,” JHEP 0711, 076 (2007) [arXiv:0706.3903 [hep-th]].

[36] E. I. Buchbinder, J. Khoury and B. A. Ovrut, “Non-Gaussianities in New Ekpyrotic Cosmology,” Phys. Rev. Lett. 100, 171302 (2008) [arXiv:0710.5172 [hepth]].

[37] P. Creminelli and L. Senatore, “A smooth bouncing cosmology with scale invariant spectrum,” JCAP 0711, 010 (2007) [arXiv:hep-th/0702165].

[38] K. Koyama and D. Wands, “Ekpyrotic collapse with multiple fields,” JCAP 0704, 008 (2007) [arXiv:hep-th/0703040].

[39] A. J. Tolley and D. H. Wesley, “Scale-invariance in expanding and contracting universes from two-field models,” JCAP 0705, 006 (2007) [arXiv:hepth/0703101].

[40] K. Koyama, S. Mizuno and D. Wands, “Curvature perturbations from ekpyrotic collapse with multiple fields,” Class. Quant. Grav. 24, 3919 (2007) [arXiv:0704.1152 [hep-th]].

[41] J. L. Lehners and P. J. Steinhardt, “Non-Gaussian Density Fluctuations from Entropically Generated Curvature Perturbations in Ekpyrotic Models,” Phys. Rev. D 77, 063533 (2008) [Erratum-ibid. D 79, 129903 (2009)] [arXiv:0712.3779 [hep-th]].

[42] J. L. Lehners and P. J. Steinhardt, “Intuitive understanding of non-gaussianity in ekpyrotic and cyclic models,” Phys. Rev. D 78, 023506 (2008) [Erratum-ibid. D 79, 129902 (2009)] [arXiv:0804.1293 [hep-th]].

[43] J. Khoury and F. Piazza, “Rapidly-Varying Speed of Sound, Scale Invariance and Non-Gaussian Signatures,” JCAP 0907, 026 (2009) [arXiv:0811.3633 [hep-th]].

[44] J. L. Lehners and S. Renaux-Petel, “Multifield Cosmological Perturbations at Third Order and the Ekpyrotic Trispectrum,” Phys. Rev. D 80, 063503 (2009) [arXiv:0906.0530 [hep-th]].

[45] J. L. Lehners and P. J. Steinhardt, “Non-Gaussianity Generated by the Entropic Mechanism in Bouncing Cosmologies Made Simple,” Phys. Rev. D 80, 103520 (2009) [arXiv:0909.2558 [hep-th]].

[46] J. Khoury and P. J. Steinhardt, “Adiabatic Ekpyrosis: Scale-Invariant Curvature Perturbations from a Single Scalar Field in a Contracting Universe,” Phys. Rev. Lett. 104, 091301 (2010) [arXiv:0910.2230 [hep-th]].

[47] A. Linde, V. Mukhanov and A. Vikman, “On adiabatic perturbations in the ekpyrotic scenario,” JCAP 1002, 006 (2010) [arXiv:0912.0944 [hep-th]].

[48] J. Khoury and P. J. Steinhardt, “Generating Scale-Invariant Perturbations from Rapidly-Evolving Equation of State,” arXiv:1101.3548 [hep-th].

[49] J. L. Lehners and P. J. Steinhardt, “Dark Energy and the Return of the Phoenix Universe,” Phys. Rev. D 79, 063503 (2009) [arXiv:0812.3388 [hep-th]].

[50] J. L. Lehners and P. J. Steinhardt, “Dynamical Selection of the Primordial Density Fluctuation Amplitude,” arXiv:1008.4567 [hep-th].

[51] J. L. Lehners, “Ekpyrotic and Cyclic Cosmology,” Phys. Rept. 465, 223 (2008) [arXiv:0806.1245 [astro-ph]].

[52] J. L. Lehners, “Ekpyrotic Non-Gaussianity – A Review,” Adv. Astron. 2010, 903907 (2010) [arXiv:1001.3125 [hep-th]].

[53] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, “Ghost condensation and a consistent infrared modification of gravity,” JHEP 0405, 074 (2004) [arXiv:hep-th/0312099].

[54] C. Deffayet, G. R. Dvali, G. Gabadadze and A. I. Vainshtein, “Nonperturbative continuity in graviton mass versus perturbative discontinuity,” Phys. Rev. D 65, 044026 (2002) [arXiv:hep-th/0106001].

[55] M. A. Luty, M. Porrati and R. Rattazzi, “Strong interactions and stability in the DGP model,” JHEP 0309, 029 (2003) [arXiv:hep-th/0303116].

[56] A. Nicolis and R. Rattazzi, “Classical and quantum consistency of the DGP model,” JHEP 0406, 059 (2004) [arXiv:hep-th/0404159].

[57] A. Nicolis, R. Rattazzi and E. Trincherini, “The galileon as a local modification of gravity,” Phys. Rev. D 79, 064036 (2009) [arXiv:0811.2197 [hep-th]].

[58] C. Deffayet, G. Esposito-Farese and A. Vikman, “Covariant Galileon,” Phys.

Rev. D 79, 084003 (2009) [arXiv:0901.1314 [hep-th]].

[59] N. Chow and J. Khoury, “Galileon Cosmology,” Phys. Rev. D 80, 024037 (2009) [arXiv:0905.1325 [hep-th]].

[60] N. Agarwal, R. Bean, J. Khoury and M. Trodden, “Cascading Cosmology,” Phys.

Rev. D 81, 084020 (2010) [arXiv:0912.3798 [hep-th]].

[61] A. Padilla, P. M. Saffin and S. Y. Zhou, “Bi-galileon theory I: motivation and formulation,” JHEP 1012, 031 (2010) [arXiv:1007.5424 [hep-th]].

[62] A. Padilla, P. M. Saffin and S. Y. Zhou, “Bi-galileon theory II: phenomenology,” JHEP 1101, 099 (2011) [arXiv:1008.3312 [hep-th]].

[63] K. Hinterbichler, M. Trodden and D. Wesley, “Multi-field galileons and higher co-dimension branes,” Phys. Rev. D 82, 124018 (2010) [arXiv:1008.1305 [hepth]].

[64] M. Andrews, K. Hinterbichler, J. Khoury and M. Trodden, “Instabilities of Spherical Solutions with Multiple Galileons and SO(N) Symmetry,” arXiv:1008.4128 [hep-th].

[65] P. Creminelli, M. A. Luty, A. Nicolis and L. Senatore, “Starting the universe:

Stable violation of the null energy condition and non-standard cosmologies,” JHEP 0612, 080 (2006) [arXiv:hep-th/0606090].

[66] A. Nicolis, R. Rattazzi and E. Trincherini, “Energy’s and amplitudes’ positivity,” JHEP 1005, 095 (2010) [arXiv:0912.4258 [hep-th]].

[67] P. Creminelli, A. Nicolis and E. Trincherini, “Galilean Genesis: an alternative to inflation,” JCAP 1011, 021 (2010) [arXiv:1007.0027 [hep-th]].

[68] S. L. Dubovsky and S. M. Sibiryakov, “Spontaneous breaking of Lorentz invariance, black holes and perpetuum mobile of the 2nd kind,” Phys. Lett. B 638, 509 (2006) [arXiv:hep-th/0603158].

[69] C. de Rham and A. J. Tolley, “DBI and the Galileon reunited,” JCAP 1005, 015 (2010) [arXiv:1003.5917 [hep-th]].

[70] K. Van Acoleyen and J. Van Doorsselaere, Phys. Rev. D 83, 084025 (2011) [arXiv:1102.0487 [gr-qc]].

[71] A. Lukas, B. A. Ovrut and D. Waldram, “On the four-dimensional effective action of strongly coupled heterotic string theory,” Nucl. Phys. B 532, 43 (1998) [arXiv:hep-th/9710208].

[72] A. Lukas, B. A. Ovrut and D. Waldram, “The ten-dimensional effective action of strongly coupled heterotic string theory,” Nucl. Phys. B 540, 230 (1999) [arXiv:hep-th/9801087].

[73] A. Lukas, B. A. Ovrut, K. S. Stelle and D. Waldram, “The universe as a domain wall,” Phys. Rev. D 59, 086001 (1999) [arXiv:hep-th/9803235].

[74] A. Lukas, B. A. Ovrut, K. S. Stelle and D. Waldram, “Heterotic M-theory in five dimensions,” Nucl. Phys. B 552, 246 (1999) [arXiv:hep-th/9806051].

[75] A. Lukas, B. A. Ovrut and D. Waldram, “Non-standard embedding and fivebranes in heterotic M-theory,” Phys. Rev. D 59, 106005 (1999) [arXiv:hepth/9808101].

[76] A. Lukas, B. A. Ovrut and D. Waldram, “Five-branes and supersymmetry breaking in M-theory,” JHEP 9904, 009 (1999) [arXiv:hep-th/9901017].

[77] R. Donagi, B. A. Ovrut and D. Waldram, “Moduli spaces of fivebranes on elliptic Calabi-Yau threefolds,” JHEP 9911, 030 (1999) [arXiv:hep-th/9904054].

[78] A. Grassi, Z. Guralnik and B. A. Ovrut, “Five-brane BPS states in heterotic M-theory,” JHEP 0101, 037 (2001) [arXiv:hep-th/0005121].

[79] E. Lima, B. A. Ovrut and J. Park, “Five-brane superpotentials in heterotic Mtheory,” Nucl. Phys. B 626, 113 (2002) [arXiv:hep-th/0102046].

[80] V. Braun, B. A. Ovrut, T. Pantev and R. Reinbacher, “Elliptic Calabi-Yau threefolds with Z(3) x Z(3) Wilson lines,” JHEP 0412, 062 (2004) [arXiv:hepth/0410055].

[81] V. Braun, Y. H. He, B. A. Ovrut and T. Pantev, “A heterotic standard model,” Phys. Lett. B 618, 252 (2005) [arXiv:hep-th/0501070].

[82] V. Braun, Y. H. He, B. A. Ovrut and T. Pantev, “A standard model from the E(8) x E(8) heterotic superstring,” JHEP 0506, 039 (2005) [arXiv:hep-th/0502155].

[83] V. Braun, Y. H. He, B. A. Ovrut and T. Pantev, “Vector Bundle Extensions, Sheaf Cohomology, and the Heterotic Standard Model,” Adv. Theor. Math. Phys. 10, 4 (2006) [arXiv:hep-th/0505041].

[84] V. Braun, Y. H. He, B. A. Ovrut and T. Pantev, “The exact MSSM spectrum from string theory,” JHEP 0605, 043 (2006) [arXiv:hep-th/0512177].

[85] V. Bouchard and R. Donagi, “An SU(5) heterotic standard model,” Phys. Lett.

B 633, 783 (2006) [arXiv:hep-th/0512149].

[86] L. B. Anderson, J. Gray, Y. H. He and A. Lukas, “Exploring Positive Monad Bundles And A New Heterotic Standard Model,” JHEP 1002, 054 (2010) [arXiv:0911.1569 [hep-th]].

[87] J. Khoury, J. L. Lehners and B. Ovrut, “Supersymmetric P(X,phi) and the Ghost Condensate,” arXiv:1012.3748 [hep-th].

[88] J. Garriga and V. F. Mukhanov, “Perturbations in k-inflation,” Phys. Lett. B 458, 219 (1999) [arXiv:hep-th/9904176].

[89] J. Khoury, J. L. Lehners and B. Ovrut, to appear.

[90] J. Wess and J. Bagger, “Supersymmetry and supergravity,” Princeton, USA:

Univ. Pr. (1992) 259 p.

[91] G. R. Dvali, G. Gabadadze and M. Porrati, “4D gravity on a brane in 5D Minkowski space,” Phys. Lett. B 485, 208 (2000) [arXiv:hep-th/0005016].

[92] G. R. Dvali and G. Gabadadze, “Gravity on a brane in infinite-volume extra space,” Phys. Rev. D 63, 065007 (2001) [arXiv:hep-th/0008054].

[93] G. Dvali, G. Gabadadze and M. Shifman, “Diluting cosmological constant in infinite volume extra dimensions,” Phys. Rev. D 67, 044020 (2003) [arXiv:hepth/0202174].

[94] S. L. Dubovsky and V. A. Rubakov, “Brane-induced gravity in more than one extra dimensions: Violation of equivalence principle and ghost,” Phys. Rev. D 67, 104014 (2003) [arXiv:hep-th/0212222].

[95] G. Gabadadze and M. Shifman, “Softly massive gravity,” Phys. Rev. D 69, 124032 (2004) [arXiv:hep-th/0312289].

[96] G. Dvali, S. Hofmann and J. Khoury, “Degravitation of the cosmological constant and graviton width,” Phys. Rev. D 76, 084006 (2007) [arXiv:hep-th/0703027].

[97] C. de Rham, G. Dvali, S. Hofmann, J. Khoury, O. Pujolas, M. Redi and A. J. Tolley, “Cascading gravity: Extending the Dvali-Gabadadze-Porrati model to higher dimension,” Phys. Rev. Lett. 100, 251603 (2008) [arXiv:0711.2072 [hep-th]].

[98] C. de Rham, S. Hofmann, J. Khoury and A. J. Tolley, “Cascading Gravity and Degravitation,” JCAP 0802, 011 (2008) [arXiv:0712.2821 [hep-th]].

[99] C. de Rham, J. Khoury and A. J. Tolley, “Flat 3-Brane with Tension in Cascading Gravity,” Phys. Rev. Lett. 103, 161601 (2009) [arXiv:0907.0473 [hep-th]].

[100] C. de Rham, J. Khoury and A. J. Tolley, “Cascading Gravity is Ghost Free,” Phys. Rev. D 81, 124027 (2010) [arXiv:1002.1075 [hep-th]].

[101] N. Arkani-Hamed, H. Georgi and M. D. Schwartz, “Effective field theory for massive gravitons and gravity in theory space,” Annals Phys. 305, 96 (2003) [arXiv:hep-th/0210184].

[102] A. I. Vainshtein, “To the problem of nonvanishing gravitation mass,” Phys. Lett.

B 39, 393 (1972).

[103] B. Jain and J. Khoury, “Cosmological Tests of Gravity,” Annals Phys. 325, 1479 (2010) [arXiv:1004.3294 [astro-ph.CO]].

[104] J. Khoury, “Theories of Dark Energy with Screening Mechanisms,” arXiv:1011.5909 [astro-ph.CO].

[105] D. Guarrera and A. J. Hariton, “Papapetrou energy-momentum tensor for Chern- Simons modified gravity,” Phys. Rev. D 76, 044011 (2007) [arXiv:gr-qc/0702029].

[106] K. Hinterbichler, J. Khoury, J. L. Lehners and B. Ovrut, to appear.