arXiv:1109.0468v2 [hep-ph] 9 Dec 2011

Supersymmetron

Philippe Brax^{1, ∗} and Anne-Christine Davis^{2, †} 1Institut de Physique Theorique, CEA, IPhT, CNRS, URA 2306, F-91191Gif/Yvette Cedex, France 2DAMTP, Centre for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, UK (Dated: December 12, 2011)

We consider a supersymmetric model of dark energy coupled to cold dark matter: the supersymmetron. In the absence of cold dark matter, the supersymmetron converges to a supersymmetric minimum with a vanishing cosmological constant. When cold dark matter is present, the supersymmetron evolves to a matter dependent minimum where its energy density does not vanish. In the early universe until the recent past of the Universe, the energy density of the supersymmetron is negligible compared to the cold dark matter energy density. Away from the supersymmetric minimum, the equation of state of the supersymmetron is constant and negative. When the supersymmetron reaches the neighbourhood of the supersymmetric minimum, its equation of state vanishes rapidly. This leads to an acceleration of the universe which is transient unless supersymmetry breaking induces a pure cosmological constant and acceleration of the Universe does not end. Moreover, we find that the mass of supersymmetron is always greater than the gravitino mass. As a result, the supersymmetron generates a short ranged fifth force which evades gravitational tests. On the other hand, we find that the supersymmetron may lead to relevant effects on large scale structures.

PACS numbers:

I. INTRODUCTION

Dark energy models of cosmic acceleration suffer from many problems[1]. At best they can be treated as low energy field theories valid at energies well below the electron mass, corresponding to the very late phase of the Universe. Hence these models need to be embedded in a better defined theory whose ultra violet behaviour is under control. So far, no such complete scenario has been constructed. Dark energy models also seem to require the existence of a very light scalar field whose coupling to matter leads to a long ranged fifth force whose presence is at odds with current gravitational tests, see [2] and references therein. Screening mechanisms have been invoked in order to alleviate this problem [3–11]. Axion-like particles with derivative couplings to matter are also possible candidates[12].

In this letter, we will revisit some of these issues in a very simple context. Indeed, it has long been advocated that a natural solution to the cosmological constant problem could involve supersymmetry [13–15]. As a matter of fact, globally supersymmetric theories are protected by a non-renormalisation theorem and possess vacua with vanishing energy densities [16]. Of course, the absence of experimental evidence in favour of supersymmetric partners implies that supersymmetry must be broken in the matter sector comprising the particles of the standard model. As such radiative corrections in the softly broken Minimal Supersymmetric Standard Model (MSSM) give a contribution to the vacuum energy which is already far larger than the critical density of the Universe. Unfortunately, we will have nothing new to say about this thorny question. We will simply assume that an unknown mechanism specific to the matter sector allows for a cancellation of all the matter contributions to the vacuum energy density.

On the other hand, it could well be that the dark sector of the Universe, composed of the still undiscovered Cold Dark Matter (CDM) and Dark Energy (DE), could be described by a globally supersymmetric theory. In such a case the vanishingly small amount of dark energy which is necessary to generate the acceleration of the Universe could result from a small cosmological breaking of supersymmetry due to the non-zero CDM energy density. Such a scenario would naturally lead to a close relationship between the dark energy and the CDM energy densities. Of course, one should also make sure that corrections to the globally supersymmetric scalar potential coming from the soft supersymmetry breaking in the MSSM sector do not spoil the CDM-DE correspondence and the properties of the scalar potential in the late time Universe. Moreover, if the dark sector couples to ordinary matter, it should be ascertained that no long range fifth force is present in this scenario.

In the following, we will present a model of dark energy coupled to dark matter in a globally supersymmetric context. Both the superpotential and the Kähler potential have non-renormalisable terms suppressed by a very large

∗Email address: philippe.brax@cea.fr †Email address: a.c.davis@damtp.cam.ac.uk

scale. When CDM is present, we find that supersymmetry is cosmologically broken with a dynamical minimum which is an attractor. In the future of the Universe, this minimum becomes close to the supersymmetric minimum where no acceleration is present. In the recent past, the Universe accelerates with a constant equation of state. Moreover we find that the supersymmetry breaking corrections are suppressed and the dark energy field acquires a mass larger than the gravitino mass thus evading local gravitational tests. Due to its supersymmetric properties and its link to the cosmological breaking of supersymmetry, we have called the dark energy field in this model ”supersymmetron”.

The supersymmetron allows one to have a description of dark energy and the acceleration of the Universe with no need for a cosmological constant which could spring from the vacuum energy in the supersymmetry breaking sector. In fact we find that the supersymmetron dark energy can at most account for fifty per cent of the critical density of the Universe. In view of the stronger and stronger observational evidence that dark energy should represent almost three quarters of the energy budget of the Universe[18, 19], we must introduce a cosmological constant. This woeful nuisance is intriguing and getting rid of this contribution to the vacuum energy is left for future work. On the positive side, it turns out that the symmetron model potentially modifies the growth of cosmological structures in a novel way. The investigation of this issue is under way.

In the next section, we will present the supersymmetron model and investigate its properties. The cosmological evolution and consequences are studied in the following section. Our conclusions are presented in section 4.

II. SUPERSYMMETRON DARK ENERGY

We are interested in supersymmetric models of dark energy coupled to Cold Dark Matter (CDM). As long as the CDM energy density vanishes, the theory has a supersymmetric minimum with a vanishing vacuum energy. When CDM develops a non-vanishing energy density, the supersymmetric minimum is lifted and the residual amount of vacuum energy density tracks the CDM background density. Eventually, the CDM matter density goes to zero and the vacuum converges to the true supersymmetric vacuum.

We assume that the models under study are low energy effective theories valid after Big Bang Nucleosynthesis (BBN) at energies well below the electron mass threshold. We will describe theories of the dark sector of the Universe encompassing both dark energy and dark matter. In this dark sector we posit that the Universe is described by a globally supersymmetric theory. If supersymmetry is also present in the standard model sector, it has to be broken in a way which is either not communicated to the dark sector, or very weakly in order to essentially preserve the properties of global supersymmetry.

A. Acceleration and scalar-tensor theories

Scalar-tensor theories appear naturally in cosmology when describing dark energy[4–6, 8, 9, 11, 21–26]. We will find that the supersymmetron can be seen as a particular scalar-tensor model. Let us consider the theory defined by the following Lagrangian involving both gravity and the dark energy field ϕ S = ∫ d^4x √ −g { m^2_{P l} 2 R − k^2(ϕ) 2 (∂ϕ)^2 − V (ϕ) } − ∫ d^4xL_m(ψ^{(i)}_m , g̃_{μν} ) , (1)

where L_m is the matter Lagrangian and the minimally coupled metric is

g̃_{μν} = A^2(ϕ)g_{μν} . (2)

The matter Lagrangian contains particles such as Cold Dark Matter (CDM) particles. To study the cosmology of the model, we only need the Friedmann equation and the conservation of the Cold Dark Matter density

H^2 = ρ_T 3m^2_{Pl} (3) where ρ_T is the total energy density. The CDM energy density ρ_ψ is conserved implying that

ρ̇_ψ = −3Hρ_ψ. (4)

The energy density in the Einstein frame defined by the action (1) is not conserved and is related to the conserved matter density as ρ_E = A(ϕ)ρ_ψ . The dynamics of the scalar field can be deduced from the Klein-Gordon equation

φ̈ + 3Hφ̇ = − dV_{eff} dφ (5) where we take into account the possibility that the scalar field ϕ is not normalised and define the normalised field as dφ ≡ k(ϕ)dϕ. (6) The effective potential is defined as V_{eff} (ϕ) = V (ϕ) + (A(ϕ) − 1)ρ_ψ. (7) Because of the interaction between the scalar field and CDM, the energy momentum tensor of the scalar field is not conserved. Only the total energy momentum is conserved ρ̇_T = −3H(ρ_T + p_T ) (8) where the total energy density is ρ_T ≡ ρ_ψ + ρ_ϕ (9) with ρ_ϕ = φ̇^2 2 + V_{eff} , p_T ≡ p_ϕ = φ̇^2 2 − V. (10) It is crucial to notice that the energy density of the scalar field involves the effective potential V_{eff} while the pressure only involves V_F . This is a crucial feature of scalar-tensor theories.

We can define the effective equation of state of the dark energy fluid as w_ϕ = p_ϕ ρ_ϕ ≈ − V (ϕ) V_{eff} (ϕ)

, (11) the latter when the kinetic energy is negligible. The evolution of the scalar field energy density satisfies dρ_ϕ dt = −3H(1 + ω_ϕ)ρ_ϕ. (12) Using the Friedmann equation we find that Ḣ = − φ̇^2 + ρ^ψA(ϕ) 2 (13) and therefore the Raychaudhuri equation ä a = − 2φ̇^2 − ρ_ψA(ϕ) + 2V

6m^2_{Pl}

(14) which is identical to the usual Raychaudhuri equation involving the effective equation of state w_ϕ ä a = − 1 6m^2_{Pl}

(ρ_ψ + (1 + 3w_ϕ)ρ_ϕ) ≡ − 1 6m^2_{Pl}

(1 + 3w_T )ρ_T (15) where we have defined the total equation of state w_T =^{pT}_{ρT} The universe is accelerating provided ä ≥ 0 which leads to w_T ≤ − 1 3 (16) which is equivalent to w_ϕ ≤ − 1 3 (1 + ρ_ψ ρ_ϕ ). (17) This reduces to V (ϕ) ≥ 1 2 ρ_ψA(ϕ) (18) as long as the kinetic energy is negligible. Acceleration of the Universe is also related to the acceleration parameter q = − äa ȧ^2 = 1 2 (1 + 3w_T ) (19)

which must be negative. Supernovae data constrain this parameter [18, 19]. In practice, we will use q = 1 2 ρ_ψ + (1 + 3w_ϕ)ρ_ϕ ρ_ψ + ρ_ϕ

(20)

and apply it to cases where the kinetic energy of the scalar field is negligible.

Bounds on the acceleration parameter are related to the behaviour of the equation of state w_T . When the scalar field and matter are not coupled, the scalar field satisfies the Null Energy Condition (NEC) w_ϕ ≥ −1. Similarly the overall two-component system, i.e. scalar and matter, satisfies the NEC w_T ≥ −1 too. The former inequality does not hold anymore when a coupling is present. Indeed, it is violated when φ̇^2 + (A(ϕ) − 1)ρ_ψ < 0 which can happen when A < 1 and the kinetic energy is negligible[20]. On the other hand the total equation of state always satisfies the NEC and therefore q ≥ −1.

B. The supersymmetron

In globally supersymmetric models of the scalar sector, models are specified by their Kähler potential and the superpotential. We choose the superpotential to be

W = gϕϕ_−ϕ_+ + mϕ_−ϕ_+ + ϕ^α Λ^{α−3}_0 + ϕ^β Λ^{β−3}_2

(21)

and the Kähler potential

K = |ϕ_−|^2 + |ϕ_+|^2 + |ϕ|^{2β} Λ^{2β−2}_1

(22)

where ϕ is the dark energy scalar superfield and ϕ_± the CDM particles. The bosonic part of the dark energy superfield describes dark energy per se. Notice that the superpotential and the Kähler potential have non renormalisable terms which should be deduced from the high energy dynamics of the model, possibly after integration over extra massive degrees of freedom. The scalar potential is given by the F-term V_F = K^{ϕϕ̄}|∂_ϕW |^2 which reads:

V_F = |Λ^2 + M^{2+n/2} ϕ^{n/2} |^2. (23)

Putting ϕ = |ϕ|e^{iθ} , the potential is minimised when cos(α − β)θ = −1. The angular field is stabilised at this minimum with a mass which is always much greater than the gravitino mass (see later) implying that

V_F = (Λ^2 − M^{2+n/2} |ϕ|^{n/2} )^2. (24)

We have identified

Λ^4 =

Λ^{2β−2}_1 Λ^{2β−6}_2

, M^{4+n} = α^2 β^2

Λ^{2β−2}_1 Λ^{2α−6}_0

(25)

and the index

n = 2(β − α). (26)

Notice that when |ϕ| tends to zero, the potential is of the inverse power law type as in the Ratra-Peebles model[27]. Moreover the potential becomes equivalent to a pure cosmological constant Λ^4 for large values of the field |ϕ|. In the following we always simplify the notation and write ϕ ≡ |ϕ|.

The potential has a supersymmetric minimum with vanishing energy for

ϕ_{min} = ( β α Λ^{α−3}_0 Λ^{β−3}_2

)^{1/(α−β)} (27) where ∂_ϕW = 0. This supersymmetric minimum will be lifted when CDM develops a non-zero number density. Indeed the mass term Lagrangian for the fermionic CDM particles is

L_f = m(1 + g m ϕ)ψ_+ψ_− (28)

corresponding to a scalar field dependent mass. Cosmologically the CDM particles develop a non-vanishing number density n_ψ =< ψ_+ψ_− > early in the universe leading to a new contribution to the scalar potential

V_{eff} (ϕ) = V_F (ϕ) + g m ϕρ_ψ (29)

where

ρ_ψ = mn_ψ (30)

is the CDM energy density. The fermion masses and the effective potential correspond to a coupling of the dark energy particle to CDM which is identified as

A(ϕ) = 1 + g m ϕ (31)

when viewing this effective model as a scalar tensor theory where CDM particles follow geodesics of the rescaled metric g̃_{μν} = A^2g_{μν} . The non-vanishing value of n_ψ is a cosmological breaking of supersymmetry reappearing as a Lorentz invariance breaking term in V_{eff} ≡ V_F (ϕ) + (A(ϕ) − 1)ρ depending on the CDM number density n_ψ.

The field ϕ is not canonically normalised as its kinetic term reads

L_{kin} = β^2ϕ^{2β−2} Λ^{2β−2}_1

(∂ϕ)^2. (32)

The normalised field is dφ = √ 2 βϕ^{β−1} Λ^{β−1}_1 dϕ ≡ k(ϕ)dϕ (33) and varies as ϕ^β . We will use both variables. For instance we have for the mass of the dark energy particle d^2V_{eff} dφ^2 = 1 k^2(ϕ) d^2V_{eff} dϕ^2 − 1 k^3(ϕ) dk dϕ dV_{eff} dϕ (34)

and therefore at the minimum of the effective potential, the mass of the scalar field is

m^2_ρ = 1 k^2(ϕ_ρ) d^2V_{eff} dϕ^2 |_{ϕρ} (35)

where ϕ_ρ is the minimum of the effective potential.

C. The effective vacuum

When ρ_ψ is small enough we can expand the effective potential to second order around the supersymmetric minimum

V_{eff} (ϕ) ∼ m^2_0 2 (ϕ − ϕ_{min})^2 + g m ϕρ_ψ (36)

and find that the supersymmetric minimum is lifted by the condensate and becomes

ϕ_ρ = ϕ_{min} − gρ_ψ mm^2_0

(37)

with a value of the potential at the minimum

V_{eff} (ϕ_ρ) = g m ϕ_{min}ρ_ψ ≡ xρ_ψ (38) provided gρ_ψ ≪ mm^2_0ϕ_{min}. Notice that this is a small deformation of the supersymmetric vacuum with vanishing energy density. The fact that the value of the potential at the minimum is proportional to ρ_ψ comes from the fact that we are explicitly breaking supersymmetry with a non-vanishing condensate ρ_ψ = mn_ψ. This is true as long as the minimum is in the vicinity of the supersymmetric minimum and the kinetic energy is negligible. The kinetic energy is largely suppressed by the k(ϕ_ρ)^2 factor compared to the potential energy and we can safely neglect it.

When the energy density of the universe is much higher, the potential has a minimum to the left of the supersymmetric minimum on the branch where the M^{4+n}/ϕ^n term dominates in V_F . The effective potential has a minimum with

ϕ_ρ = ( nM^{4+n}m gρ_ψ )^{1/(n+1)} (39)

The minimum of the potential is an attractor as long as m_ρ ≫ H. Denoting by ρ_∞ ≤ Ω^0_mρ_c, the energy density when the dark energy field reaches the supersymmetric minimum, where Ω_{m0} is the mass density fraction today and ρ_c the closure energy density, we have ρ_∞ ≈ nM^{4+n}m gϕ^{n+1}_{min}

. (40)

We obtain that

ϕ_ρ ≈ ϕ_{min}( ρ_∞ ρ_ψ )^{1/(n+1)}. (41)

The mass at the minimum is given by

m^2_ρ = n(n + 1)M^{4+n} ϕ^{n+2}_ρ k(ϕ_ρ)^2

(42)

implying that

m^2_ρ H^2

≈ x^{1−2β} g^{2β} (

Λ_1 m )^{2(β−1)} m^2_{Pl} m^2 ( ρ ρ_∞ )^{(2β−1)/(n+1)}. (43)

As long as m ≤ Λ_1, this is much larger than one and the minimum is an attractor.

D. Mass scales

Using (39,40), we find relations between the scales:

Λ^{α−3}_0 ≈ α β √ ng^{n/2} Λ^{β−1}_1 m^{n/2} √ ρ_∞ x^{−(n+1)/2} (44) and Λ^{β−3}_2 ≈ √ n Λ^{β−1}_1 √ ρ_∞ x^{−1/2} (45)

from which we deduce that

Λ^4 ≈ xρ_∞ n . (46)

Close to the supersymmetric minimum the mass is

m^2_{ρ0} ≡ m^2_0k(ϕ_ρ)^{−2} ≈ 2(α − β)^2k(ϕ_{min})^{−2}ϕ^{−2}_{min}

Λ^{2β−2}_1 Λ^{2β−6}_2

(47)

where

m^2_0 ≈ n 2 g^2 ρ_∞ xm^2 (48) which implies that

m_{ρ0} ≈ x^{1−2β} g^{2β} √ ρ_∞ m ( Λ_1 m )^{β−1}. (49)

The mass on the attractor away from the supersymmetric minimum scales like m^2_ρ m^2_{ρ0} ∼ ( ρ_ψ ρ_∞ )^{1+ (2β−1)n+1} (50)

implying that the mass is always larger than the mass close to the supersymmetric minimum of the potential.

E. Supersymmetry breaking

The mass at the supersymmetric minimum is naturally large. This follows from a condition on the irrelevance of soft supersymmetry breaking terms to the dark energy potential. We assume that supersymmetry is broken at the supergravity level in a spontaneous way. Throughout the late history of the Universe, we have that K(ϕ_ρ, ϕ̄_ρ) ≪ m^2_{Pl} implying that the main sources of corrections to the scalar potential come from e^{K/m2Pl} m^2_{3/2}m^2_{Pl} ⊃ K(ϕ_ρ, ϕ̄_ρ)m^2_{3/2} (51) together with K^{ϕϕ̄}|D_ϕW |^2 ⊃ |K_ϕ|^2m^2_{3/2}

k^2(ϕ)

. (52)

All these corrections lead to a contribution to the scalar potential δV ∼ m^2_{3/2}ϕ^{2β} Λ^{2β−2}_1

. (53)

This increases with ϕ and does not modify the cosmological dynamics provided δV (ϕ_{min}) ≪ ρ_∞ which leads to

Λ^{β−1}_1 ≫ m_{3/2}m^β √ ρ_∞ . (54)

This implies that the supersymmetry breaking correction is always negligible when the dark energy field is smaller than the field value at the supersymmetric minimum. Using (49), we find that the mass in the late time Universe is constrained by m_{ρ0} ≫ m_{3/2}. (55) The gravitino mass is typically always greater than 1 eV in most scenarios such as gravity and gauge mediated supersymmetry breakings, see [28] and references therein. The mass of the dark energy field is therefore always very large compared to the Hubble rate now.

Supersymmetry breaking also introduces a shift in the vacuum energy density ρ_Λ = |F |^2 − 3m^2_{3/2}m^2_{Pl} (56) where F is the order parameter of supersymmetry breaking. This displacement must be almost vanishing. In the following, we will find that a contribution from supersymmetry breaking to the vacuum energy must be included in the supersymmetron model in order to comply with current data.

III. SUPERSYMMETRON COSMOLOGY

A. Cosmological dynamics

Let us now discuss the dynamics of the model. In the radiation and matter eras, the field tracks the minimum (41) with an energy density V_F (ϕ_ρ) ρ_ψ ≈ x n ( ρ_∞ ρ_ψ )^{1/(n+1)}. (57)

At the minimum (41), we also have gϕ_ρ m ρ_ψ ≈ nV_F (ϕ_ρ) (58)

implying that

V_{eff} (ϕ_ρ) ≈ (n + 1)V_F (ϕ_ρ) (59)

When the density reaches a value close to ρ_∞, the previous expression is not valid anymore and

V_F = 1 2 g^2ρ^2_ψ m^2m^2_0 ≈ x n ρ^2_ψ ρ_∞ , V_{eff} = gϕ_{min} m ρ_ψ − 1 2 g^2ρ^2_ψ 2m^2m^2_0 ≈ xρ_ψ(1 − 1 n ρ_ψ ρ_∞ ) (60)

when the field is close to the supersymmetric minimum. The transition between the two regimes occurs when ρ ≈ ρ_∞. As the mass of the scalar field is always greater then the Hubble rate, the minimum of the effective potential is always an attractor.

B. Convergence to the attractor

The convergence of the supersymmetron field to the effective minimum is analogous to that of the chameleon field, which was studied in an expanding universe in [5]. It was shown that the variance averaged over many oscillations is

< (φ − φ_ρ) >^2∝ ρ_ψ m_ρ (61)

such that the energy stored in the oscillatory motion

ρ_{osc} = m^2_ρ < (φ − φ_ρ)^2 > (62)

satisfies ρ_{osc}a^3 m_ρ = constant. (63)

The energy density ρ_{osc} is therefore redshifted like

ρ_{osc} ∼ a^{−3−3(1+w)/2−3β/(n+1)} (64)

in the radiation and matter eras. The oscillatory energy density decreases faster than the CDM density, hence it cannot be considered to be a new form of Cold Dark Matter and is, from early times. irrelevant to the cosmological dynamics.

C. Supersymmetron and acceleration

When the supersymmetron field coincides with the attracting minimum and upon using A(ϕ_ρ)ρ_ψ = ρ_ψ + nV_F (ϕ_ρ), acceleration starts when

ρ_{acc} = ( x n (2 − n))^{n+1}ρ_∞ (65)

as long as n ≤ 2. This corresponds to a redshift

1 + z_{acc} = ( x n (2 − n))^{(n+1)/3}(1 + z_⋆) (66)

where z_⋆ is the redshift when the dark energy field converges towards the supersymmetric minimum i.e. ϕ_ρ ≈ ϕ_∞. Along this attracting trajectory the equation of state is constant and reads w_ϕ ≈ − 1 1 + n

(67) where we retrieve the fact that acceleration for w_ϕ < −1/3 requires n < 2.

At the time that dark energy reaches the vicinity of the supersymmetric minimum, the equation of state drops to a very small value w_ϕ ≈ − 1 n ρ_ψ ρ_∞ 1 1 −^{ρψ}_{nρ∞} (68)

Soon after converging to the vicinity of the supersymmetric minimum, acceleration stops. As long as z_⋆ < 1 < z_{acc}, the universe is accelerating now. Acceleration started not so long in the past and will stop in the near future. It is a transient phenomenon only. It is important to check that the mass of the dark energy field is large in order to evade gravitational tests. This is guaranteed as m_ρ ≫ m_{3/2}. Hence dark energy does not lead to a long range fifth force here.

D. Adding a cosmological constant

In the recent past of the Universe and as long as ρ_ψ > ρ_∞ we have

ρ_ϕ ≈ V_{eff} (ϕ_ρ) ≈ x n (n + 1)ρ_ψ( ρ_∞ ρ_ψ )^{1/(n+1)}. (69)

This implies that the effective density fraction of the dark energy fluid is

Ω_ϕ ≈ x n (n + 1)Ω_ψ( ρ_∞ ρ_ψ )^{1/(n+1)} (70)

where Ω_ψ =^{ρψ}_{3H2 m2pl} . This allows us to evaluate the acceleration parameter

q = 1 2 1 +^x_n (n − 2)(^{ρ∞}_{ρψ} )^{1/(n+1)} 1 + (n + 1)^x_n (^{ρ∞}_{ρψ} )^{1/(n+1)}

. (71)

This is marginally consistent with data when n ≪ 2 and x ∼ n. As the Universe is observed to be flat, implying that Ω^0_ϕ + Ω^ψ_0 = 1, we find that for x ∼ 0 and ρ_∞ ∼ ρ^0_ψ we have that

Ω^0_ψ ∼ Ω^0_ϕ ∼ 0.5 (72) where Ω^0_ψ and Ω^0_ϕ are the CDM and DE fractions now. This is marginally incompatible with data. Moreover, one must impose that the index n must be unnaturally small. Hence it seems that a non-zero cosmological constant must be introduced. This is similar to the case of the symmetron model [8], but in our case the cosmological constant could be the result of supersymmetry breaking.

Assuming that supersymmetry breaking provides such a ρ_Λ, the equation of state of dark energy becomes

w_{DE} = p_ϕ − ρ_Λ ρ_ϕ + ρ_Λ

(73)

which can be evaluated now when Ω_Λ + Ω^0_ψ + Ω^0_ϕ = 1. (74) This reads Ω_Λ + Ω^0_ψ + (n + 1) x n Ω^0_ψ( ρ_∞ ρ^0_ψ

)^{1/(n+1)} = 1 (75)

leading to the dark energy equation of state

w_{DE} = −1 + x

Ω^0_ψ 1 − Ω^0_ψ ( ρ_∞ ρ^0_ψ

)^{1/(n+1)}. (76)

This is close to -1 when x is small. Moreover the acceleration parameter becomes now

q_0 = −1 +

3(x + 1)Ω^0_ψ 2 (77)

which implies that we find an agreement with data for a small value of x and a non-vanishing cosmological constant.

E. Growth of structures

The effect on the growth of structure of the supersymmetron are potentially very interesting. Indeed, the coupling to matter is given by

β_ϕ = m_{Pl} d ln A dφ . (78)

This is explicitly

β_ϕ = gm_{Pl} m 1 k(ϕ_ρ) 1 1 + x(^{ρ∞}_{ρψ} )^{1/(n+1)}

(79)

in the matter era. Structures, represented by the CDM density contrast δ, grow in conformal time according to δ^{′′} + Hδ^′ − 3 2 H^2(1 + 2β^2_{eff} )δ = 0. (80)

Structure formation is affected when

β^2_{eff} ≡ β^2_ϕ 1 +^{m2ρ a2}_{k2}

(81)

is of order one. Now as astrophysical scales are much larger than particle physics scales we have

β^2_{eff} = β^2_ϕk^2 a^2m^2_ρ

. (82)

Before the convergence to the supersymmetric vacuum, this reduces to

β^2_{eff} = 2 n m^2_{pl} ρ_∞ 1 (1 + x(^{ρ∞}_{ρψ} )^{1/(n+1)})^2 ( ρ_∞ ρ_ψ )^{1+(2β−1)/(n+1)} k^2 a^2

. (83)

The effect of modified gravity is significant when k a ≳ √ n 2 ( ρ_ψ ρ_∞ )^{1/2+(2β−1)/2(n+1)}(1 + x( ρ_∞ ρ_ψ )^{1/(n+1)}) √ ρ_∞ m_{Pl}

. (84)

Now as ρ_∞ ≲ Ω^0_mρ_c, we find that gravity is modified on scales smaller than

k_{mod} a ≈ √ 3n 2 ( ρ_ψ ρ_∞ )^{1/2+(2β−1)/2(n+1)}(1 + x( ρ_∞ ρ_ψ )^{1/(n+1)})H_0. (85)

This scale reaches a value of order H_0. In the matter era and the acceleration epoch, this scale is of astrophysical order and could lead to interesting effects on the growth of structures. This is left for future investigation.

IV. CONCLUSION

We have considered a model of supersymmetric dark energy. We have shown that dark energy can appear as a small supersymmetry breaking effect due to the non-vanishing of the CDM number density. One of the prominent features of this model is the fact that the acceleration of the universe is not eternal but only lasts a finite amount of time. We have also made sure that the supersymmetry breaking corrections have a negligible influence on the dynamics of the model. This guarantees that the supersymmetron has a mass much larger than the gravitino mass thus evading all gravitational tests. In this scenario, the future of the universe would be a nearly supersymmetric vacuum, only broken by the decreasing matter density. Acceleration would be a transient phenomenon. Unfortunately, this scenario fails to reproduce the apparent fraction in dark energy now which is close to three quarters. We have therefore been compelled to reintroduce a contribution to the vacuum energy. This energy density could result from supersymmetry breaking effects. The necessity to have such a cosmological constant is a nuisance although we hope that improved models will allow one to have the right amount of dark energy from the cosmological breaking of supersymmetry. Even with this extra cosmological constant, the supersymmetron model has potentially interesting effects on the growth of cosmological structures which are under scrutiny.

Acknowledgments

A.C.D. is supported in part by STFC and wishes to thank IPhT Saclay for hospitality whilst this work was in progress. We would like to thank C. van de Bruck and J. Martin for relevant suggestions and H. Winther for numerous observations and collaboration on a follow up paper.

[1] E. J. Copeland, M. Sami and S. Tsujikawa, Int. J. Mod. Phys. D 15 (2006) 1753 [arXiv:hep-th/0603057]. [2] B. Jain, J. Khoury, Annals Phys. 325 (2010) 1479-1516. [arXiv:1004.3294 [astro-ph.CO]]. [3] J. Khoury and A. Weltman, Phys. Rev. Lett. 93 (2004) 171104 [arXiv:astro-ph/0309300]. [4] J. Khoury and A. Weltman, Phys. Rev. D 69, 044026 (2004) [arXiv:astro-ph/0309411].

[5] Ph. Brax, C. van de Bruck, A-C Davis, J. Khoury and A. Weltman, Phys.Rev.D70:123518,2004 [arXiv: astro-ph/0408415] [6] D. F. Mota and D. J. Shaw, Phys. Rev. Lett. 97 (2006) 151102 [arXiv:hep-ph/0606204]. [7] D. F. Mota and D. J. Shaw, Phys. Rev. D 75 (2007) 063501 [arXiv:hep-ph/0608078]. [8] K. Hinterbichler, J. Khoury, Phys. Rev. Lett. 104 (2010) 231301. [arXiv:1001.4525 [hep-th]]. [9] P. Brax, C. van de Bruck, A. -C. Davis, D. Shaw, Phys. Rev. D82 (2010) 063519. [arXiv:1005.3735 [astro-ph.CO]]. [10] A. Nicolis, R. Rattazzi, E. Trincherini, Phys. Rev. D79 (2009) 064036. [arXiv:0811.2197 [hep-th]]. [11] K. A. Olive, M. Pospelov, Phys. Rev. D77 (2008) 043524. [arXiv:0709.3825 [hep-ph]]. [12] K. Choi, Phys. Rev. D62 (2000) 043509. [hep-ph/9902292]. [13] P. Brax, J. Martin, Phys. Lett. B468 (1999) 40-45. [astro-ph/9905040]. [14] P. Brax, J. Martin, Phys. Rev. D61 (2000) 103502. [astro-ph/9912046]. [15] E. J. Copeland, N. J. Nunes, F. Rosati, Phys. Rev. D62 (2000) 123503. [hep-ph/0005222]. [16] N. Seiberg, Phys. Lett. B318 (1993) 469-475. [hep-ph/9309335]. [17] C. M. Will, Living Rev. Rel. 4 (2001) 4 [arXiv:gr-qc/0103036].

[18] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999) [arXiv:astro-ph/9812133]. [19] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998) [arXiv:astro-ph/9805201]. [20] S. Das, P. S. Corasaniti and J. Khoury, Phys. Rev. D 73 (2006) 083509 [astro-ph/0510628]. [21] L. Amendola, Phys. Rev. D 62, 043511 (2000) [arXiv:astro-ph/9908023]. [22] G. W. Anderson and S. M. Carroll, arXiv:astro-ph/9711288.

[23] G. R. Farrar and P. J. E. Peebles, Astrophys. J. 604, 1 (2004) [arXiv:astro-ph/0307316]. [24] R. Bean, E. E. Flanagan, I. Laszlo and M. Trodden, Phys. Rev. D 78, 123514 (2008) [arXiv:0808.1105 [astro-ph]]. [25] A. W. Brookfield, C. van de Bruck and L. M. H. Hall, Phys. Rev. D 77, 043006 (2008) [arXiv:0709.2297 [astro-ph]]. [26] G. La Vacca, J. R. Kristiansen, L. P. L. Colombo, R. Mainini and S. A. Bonometto, JCAP 0904, 007 (2009) [arXiv:0902.2711 [astro-ph.CO]].

[27] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988). [28] H. P. Nilles, Phys. Rept. 110 (1984) 1-162.