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New Ekpyrotic Cosmology:  A Brief Review

Ekpyrotic Potential-

steep negative exponential
potential turns off

canonical kinetic energy

Buchbinder, Khoury, Ovrut



Density Perturbations-

This        the associated gauge-invariant 

perturbation R is scale invariant for large wavelengths outside the Hubble horizon.

Ghost Condensation and the Bounce-

. Choosing P(X) to be, for example, of the form

⇒
curvature

P (X) = −X + X2

P (X) = −X + X2

will violate the NEC and cause the contracting universe during the Ekpyrotic phase to

bounce to  an expanding phase.

⇒



Question:

Will the near scale invariant long wavelength perturbations R go unchanged

through the bounce-- or will the scale invariance be destroyed?

must carefully compute the evoltion of R⇒ through the dynamical 
bouncing phase.



Horndeski
2nd order equations of motion

=⇒



ghost condensate

canonical kinetic term

ekpyrotic phase

⇒ scale invariant spectrum



.

For a given metric, coordinates satisfying this are called “harmonic coordinates’’.



Solving these with the sample conditions κ = 1/4, τ̄ = 1, ḡ = 1/100

and initial conditions a = 1, φ =
17
2

, φ� = −10−5 ⇒at some time t0



Figure 3:

τ̄ = 1, ḡ = 1/100

Note that the bounce is completely smooth. Furthermore, going to physical time we find

⇒ the NEC is violated for a period of 

order 1~2 times the ghost condensate scale.

Choosing the 

⇒
⇒

completely classical

mass parameter to beX2 Λ ∼ 1017GeV

∆tbounce ∼ 102−3 1
MP



Also, the

With respect to harmonic time and the above intital parameters, the

are found to be

to linear order in Fourier space



Following one defines

“harmonic gauge” by

Figure 4:



(a) taking generic scalar perturbations around our background given by

(b) noting that

(c) and finally choosing the A,B,E,ψ functions to satisfy

δΓµ = 0

As in the unperturbed case, there is residual harmonic gauge freedom given by



These can be used to set the simplifying initial conditions

These equations can be solved subject to the above initial conditions. 

The complete set of equations of motion in harmonic gauge are

1
H

factors. This is the main reason for using harmonic gauge. Note that there are no



In harmonic gauge is well-defined and smooth at the bounce. For the above choices of 

parameters we find

Figure 5:

a

k

ka = 1

Momentum k is in Planck units.



⇒
Main Result:

The nearly scale-invariant scalar perturbations generated during the Ekpyrotic contracting

⇒

phase will pass essentially unchanged through a smooth bounce!

What is the behaviour of short wavelength modes--with  lphys < lH for all t?

tbounce

Must look at k ≥ 10−2



k = 10−2

k = 10−1

k = 100

−→
−→
−→

∆R10−1 ∼ 10

∆R100 ∼ 108



Does the exponential jump ∆Rk at the bounce for k ∼ 10−1> indicate an instability in the

bounce theory? No!

To understand this, we have to compute the  action for the scalar cuvature perturbationR
to cubic order.  Using both harmonic and ADM fluctuations, we find that

and .

near the bounce





Taking the ghost condensate scale to be Λ ∼ 1017GeV as we did previously gives

ΛṘ3 ∼ 10−2MP

Hence, the effective theory becomes strongly coupled just where the fluctuation  

amplitudes begin to change dramatically.



To further explore the relationship between the exponential growth in the gauge invariant 

curvature purturbations and their wave number, we repeat the previous analysis but with a 

different, and more revealing, set of parameters.  Again, we choose the interaction terms to be  

ḡ = 0
while choosing

κ =
1
4

, τ̄ = 108

Resolving the above equations in harmonic gauge using the same initial conditions 

Additionally, we choose a potential to be in the same form as above 

Specifically, we take the coefficient of the Galileon term to be

v(φ) =
1
2
[1 + tanh(λ(φ− φek−end))]

where

but with

V0 = 100, λ = 3, φek−end = 15, c(φ) = 3

leads to the following results.

a0 = 1, φ0 =
17
2

, φ�0 = −10−5

P(X,φ) = κ(φ)X + q(φ)X2 − V (φ) , g(φ)X�φ

]
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Figure 9:



The results for the curvature perturbations now become

Figure 10:

Momentum k is in Planck units.

Focussing in on the curvature perturbations for large wave number k, we find



Figure 11:



These results have a clear analytic interpretation. 

know that . Thus, we may obtain 

for the

11. More

However,



The Strong Coupling Scale:

Reintroducing mass scales, the full action we will consider is

It is most convenient to employ the Arnowitt-Deser-Misner (ADM) decomposition

.

Note that, henceforth,  “t” is physical time and we have restored mass units.



.







Ghost Condensate Bounces:

The onset of ghost condensations occurs when 

P,X = 0 ⇒ cs = 0

Between the two times that this occurs, the NEC is violated and the bounce occurs.

During the period when the NEC is violated, the bounce energy density is small since

the Friedmann equation is
ρ = 3M

3
P H

2

and H=0 at the exact bounce time. Also, before and after the NEC is violated, we do not   

expect any troublesome effects.⇒ The two times at which 

are the most important.  At these times, we find

P,X = 0



The dominant terms in the action are the . With the field redefinition



find

Figure 12:
.



It is important to note, however,  that

Figure 13:

1/4 ⇒ Λ ∼ 8× ρ1/4

⇒ Λ ∼ 8× 10−6 � 10−4

⇒ Effective field theory is no
longer valid in the region where

the fluctuation amplitudes blow up



.

.

As a concrete example, we leave all previous functions and coefficients the same but change 

the potential function to

where below.



Again plotting the strong coupling scale and the background energy density, but now for 
the above non-zero potential, we find

Figure 14:  The

Figure 15:

1/4
Λ ∼ 40× ρ1/4

Effective field theory is no
longer valid in the region where

the fluctuation amplitudes blow up

⇒
⇒
⇒

Λ ∼ 4× 10−5 < 10−4

But closer to blow up mass.


