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parameter caused by a super-Hubble perturbation of a light field. Using this generalized δN
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asymmetry at different length scales.
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1 Introduction

The hemispherical power asymmetry in the cosmic microwave background (CMB) was in-
dicated by the WMAP experiment years ago [1–4]. Later the Planck collaboration also
reported this feature in the CMB fluctuations [5, 6] and provided an independent measure-
ment of this anomaly. Phenomenologically, such a power asymmetry can be modeled as a
dipolar modulation of a statistically isotropic CMB sky in terms of temperature fluctuations
in a specific direction of the unit vector p̂. Translated into the expression of the primordial
power spectrum, the modulation required to explain this asymmetry can be written as a
spatially-varying power spectrum,

Pζ(k, ~r) = Pζ(k) [1 + 2A(k) p̂ · (x− x0)/xls] , (1.1)

where Pζ(k) is the isotropic spectrum, A(k) characterizes the amplitude of dipolar asymmetry,
xls is the comoving distance to the last scattering surface and x0 represents our current
location.

The amplitude of the dipolar asymmetry is given by A = 0.072 ± 0.022 for the CMB
power with ` . 60 [5]. However, the asymmetry does not necessarily exist at smaller length
scales. Particularly, the constraint from the Sloan Digital Sky Survey quasar sample [7]
requires A < 0.0153 (99% C.L.) for the power asymmetry oriented in the direction of the
CMB dipole in which the typical wavenumber is k ∼ 1Mpc−1. Moreover, the analysis of the
CMB data also indicates a smaller asymmetry amplitude at large ` [8, 9]. Thus, any model
that accounts for the CMB power asymmetry has to produce a strong scale dependence so
that it can be in agreement with the above observational constraints. In order to explain the
observed scale-dependent CMB anisotropy various theoretical models have been proposed in
the literature [10–41].

As pointed out in [14], a single-field slow-roll inflation model cannot generate such
an asymmetry without violating the constraints of homogeneity in the universe. The same
paper also proposed a so-called Erickcek-Kamionkowski-Carroll (EKC) mechanism based on a
curvaton model [42–45] and thus can explain this anomaly without violating the homogeneity
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constraint. However, the original model is inconsistent with the quasar bound since the
signature is scale-independent. Also, the model leads to a large value of non-Gaussianity
which has been ruled out by Planck [46]. Instead, a improved curvaton model in which the
curvaton decay takes place after dark matter freezes out was studied [47].

When dealing with cosmological perturbations in a system involving multiple scalar
fields, it turns out that the δN formalism [48–52] is very powerful, particularly when describ-
ing nonlinear terms. The application of the δN formalism in the study of the CMB power
asymmetry has been carried out in the literature [14, 20, 25, 28, 30, 31, 34–36]. It was found
in these studies that there may exist certain discrepancy if the nonlinear contributions to the
quadrupole were not treated in a full analysis, as was pointed out in [36].

In spite of all those models, we suggested that the hemispherical power asymmetry
may be generated by a modulation of primordial speed of sound parameter during inflation
as studied in ref. [29]. In the inflation model of K-essence field [53], the propagation of
the field fluctuation was found to be governed by a speed of sound parameter cs. This
parameter usually equals to unity when the kinetic term is of standard form. However, when
the kinetic term is nontrivial, the sound speed parameter could be smaller than unity and
yields a different squeezing process for the field fluctuation and thus modifies the primordial
power spectrum of the curvature perturbation. Further, the model of multi-speed inflation
is constructed by a collection of scalar fields with such nonstandard kinetic terms [54, 55].
Then, in this model there is one corresponding sound speed for each field, and therefore the
fluctuations of these fields do not propagate synchronously.

In the present work we extend the δN calculation by considering the spatially varying
primordial sound speed parameter of the inflaton field. Such a modulation of the sound speed
can be obtained by the super-Hubble perturbation of a second light field, which is dubbed
the EKC effect. This mechanism is implemented in the model of the multi-speed inflation. In
section 2, we give a brief review of this model and the δN formalism. In section 3 we illustrate
the feasibility of our mechanism by giving a detailed calculation of the asymmetry amplitude
A(k). Afterwards, in section 4 we consider a specific model and numerically examine the
effect of the modulation of sound speed parameter. Finally a scale-dependent asymmetry
amplitude is obtained to confront the observational data. Section 5 includes the conclusion
with a discussion.

2 A brief review of multi-speed inflation and δN formalism

Our starting point is based on the multi-speed inflation model, which was proposed in refs. [54,
55]. In a simple version of the model we consider that the universe is driven by two scalar
fields minimally coupled to Einstein gravity at early times, with one being a canonical field
χ and the second being a K-essence field φ which has a non-canonical kinetic term P (X,φ)
with X = −1

2g
µν∂µφ∂νφ. This K-essence type of the scalar field may arise from a low

energy effective field description of string theory or other more fundamental theories [53].
For instance, the non-canonical kinetic term could be of the Dirac-Born-Infeld-like (DBI)
form, and accordingly, the Lagrangian density can be written as

L = P (X,φ, χ)− 1

2
∂µχ∂

µχ− V (φ, χ) , (2.1)

with

P (X,φ, χ) =
1

f(φ, χ)

[
1−

√
1 + f(φ, χ)∂µφ∂µφ

]
. (2.2)

The coefficient f(φ, χ) inside the square root function is a warping factor for the scalar field φ.
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Here we assume that φ plays the role of inflaton while χ makes no contribution to
the background dynamics.1 In this model a distinct property is that the speed of sound
parameters of those two fields can behave differently. For χ, the sound speed is simply unity
since its kinetic term is canonical. For φ, however, the square of the sound speed is given by

c2s ≡
P,X

P,X + 2XP,XX
= 1− 2f(φ, χ)X , (2.3)

where P,X denotes the partial derivative of P with respect to X. Note that cs is time-
dependent and affected by the variation of scalar field χ. In this model the sound speed
parameter is expected to be related to the primordial non-Gaussianities via the following
expression [59]

fDBI
NL = − 35

108

(
1

c2s
− 1

)
. (2.4)

Then one can observe that a small value of the sound speed parameter can lead to a large
amount of primordial non-Gaussianity, while cs ∼ 1 corresponds to fNL � 1. Hence, the
model can be well constrained by cosmological observations such as the Planck data [60, 61].

2.1 Background dynamics

To study the background dynamics, we vary the Lagrangian with respect to the metric and
then obtain the energy-momentum tensor as follows,

Tµν = gµν(P − V ) + P,X∇µφ∇νφ . (2.5)

Moreover, varying the Lagrangian with respect to the inflaton yields the following generalized
Klein-Gordon equations,

∇µ(P,X∇µφ) + P,φ − V,φ = 0 , (2.6)

where P,φ denotes the partial derivative of P with respect to the scalar φ.
Considering a spatially flat Friedmann-Robertson-Walker (FRW) spacetime with its

metric

ds2 = −dt2 + a2(t)dx2 , (2.7)

we can read the energy density and pressure of the above cosmological system from the
energy-momentum stress tensor

ρ =
φ̇2

cs
− P + V, p = P − V . (2.8)

The equations of motion for the scalar fields now can be expressed as

φ̈+ 3Hφ̇− ċs
cs
φ̇− cs

∂P

∂φ
+ cs

∂V

∂φ
= 0 , (2.9)

where the Hubble expanding rate H ≡ ȧ/a has been introduced. The second Friedman
equation is given by

Ḣ = − 1

2M2
pl

(ρ+ p) = − φ̇2

2M2
plcs

, (2.10)

1For instance, this model was applied in refs. [56, 57] in order to realize a viable curvaton mechanism and
was investigated in [58] to produce negative-valued local non-Gaussianities.
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where Mpl is the reduced Planck mass, which is defined as 1/
√

8πG. Moreover, we can
introduce the following three slow roll parameters

ε ≡ − Ḣ

H2
, η ≡ ε̇

Hε
, s ≡ ċs

Hcs
, (2.11)

and they respectively characterize the variation of H, ε and cs in one Hubble time. To ensure
a sufficiently long and stable inflationary phase, these parameters are demanded to be much
smaller than 1 during inflation. In addition, combining eqs. (2.10) and (2.11), we get the
following relation

H2

φ̇2
=

1

2M2
plεcs

, (2.12)

which is very useful in the analysis of the generalized δN formalism in next section.

2.2 δN formalism and the isotropic spectrum

Having the background dynamics of multi-speed inflation, we review the basic idea of the
δN formalism in this subsection. Afterwards, we use this approach to calculate the power
spectrum of primordial curvature perturbation Pζ(k). During inflation the regions of super-
Hubble scales may be regarded as many “separate universes”. Each of these regions is
approximately homogeneous and isotropic, and thus, the corresponding evolution can be
locally described by an FRW one. However, due to quantum fluctuations, the primordial
parameters, such as the initial value of inflaton, are different in these regions, which can lead
to different expansion behavior. We may define N(x, t) as the local e-folding number from
a spatially flat slice to a uniform-density slice at time t. Then the curvature perturbation of
this region can be interpreted as the difference between N(x, t) and the background e-folding
number, i.e.

ζ(x, t) = N(x, t)−N(t) = δN(x, t) , (2.13)

which is known as the δN formalism and is formulated as follows,

δN =
∂N

∂φi
δφi +

1

2

∂2N

∂φi∂φj
δφiδφj + . . . , (2.14)

where a subscript i denotes the evaluation along the i-th unperturbed field trajectory.
Here δφi corresponds to the i-th field fluctuations whose wave lengths are smaller than

the current observable universe, i.e. k > x−1ls . Since in our model the background evolution
is independent of χ, there is ∂N

∂χ = 0. In this case, the relation between N and φ is simply
determined by the background dynamics of inflation

∂N

∂φ
= −H

φ̇
. (2.15)

To leading order in the expansion of eq. (2.14), the power spectrum of curvature perturbation
turns to be

Pζ(k) =
k3

2π2

∣∣∣∣∂N∂φ
∣∣∣∣2 |δφk|2 . (2.16)

As is well known, Pδφ ≡ k3

2π2 |δφk|2 '
(
H
2π

)2
in a quasi-de Sitter spacetime. Then using

eqs. (2.15) and (2.12), we derive ∣∣∣∣∂N∂φ
∣∣∣∣2 =

1

2M2
plεcs

, (2.17)
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and thus, the isotropic power spectrum in our model is expressed as,

Pζ =
H2

8π2M2
plεcs

. (2.18)

3 Asymmetric spectrum caused by the spatial varying sound speed

In this section we firstly extend the δN formalism by taking into account the effects of a
varying speed of sound parameter. Then we use this generalized approach to analyze the
generation of power asymmetry caused by the spatially varying sound speed.

3.1 A generalized δN formalism

As was reviewed in the previous section, the regular δN formalism considers only the direct
dependence of the e-folding numberN on the inflaton φ. However, there exist some primordial
parameters that may vary with the background evolution during inflation. In our case, from
eqs. (2.9) and (2.10), one can observe that the primordial sound speed parameter cs is such a
parameter. Thus we suggest that besides the initial value of inflaton φ(x), cs also influences
the local e-folding number through a generalized formalism: N(x, t) = N(φ(x), cs(x), t).
Accordingly, the δN formula in eq. (2.14) can be extended as follows,

ζ =
∂N

∂φ
δφ+

∂N

∂cs
∆cs +

1

2

∂2N

∂φ2
δφ2 +

∂2N

∂cs∂φ
δφ∆cs +

1

2

∂2N

∂c2s
∆c2s + . . . (3.1)

up to second order. As before, the derivatives of N with respect to cs are evaluated at the
value of the background sound speed cbs. In the following, we use the extended δN formalism
to analyze the effects of a spatially varying sound speed parameter and apply this approach
to calculate the corresponding asymmetric primordial power spectrum.

3.2 The spatial variation of the sound speed

Let us consider the situation that the sound speed cs is varying spatially as follows,

cs(x, t) = cs(t) + ∆cs(x, t) . (3.2)

According to eq. (2.3), this modulation of the sound speed can be achieved by considering
the long wavelength field perturbation ∆χ(x, t) through

∆cs(x, t) =
∂cs
∂χ

∆χ(x, t) . (3.3)

From eqs. (2.3) and (2.4), we have

∂cs
∂χ

= −f,χ
2f

(
cs −

1

cs

)
. (3.4)

For fNL � 1 (i.e. cs ∼ 1), the leading order of eq. (3.3) reduces to the one developed in
ref. [29], which is given by

cs = cs

[
1 +

54

35
fNL

f,χ
f

∆χ

]
.

– 5 –
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Different from the sub-Hubble perturbation δχ, here ∆χ(x, t) is a super-Hubble mode with
specific direction and wavelength. According to the Grishchuk-Zel’dovich (GZ) effect [62],
the very large scale mode ∆χ could modify the spectrum in the observable universe.

Following the treatment in ref. [36], we assume that ∆χ only exists at single wave
number kL and treat it as a non-stochastic quantity. Thus it can be expressed as

∆χ(x, t) = B(t) cos(kL · x) , (3.5)

where kL � x−1ls . We further assume that we are located at x0, then there is

kL · x = kL · x0 + kL · (x− x0) . (3.6)

Considering the limit of kL · (x− x0)� 1, one can expand eq. (3.5) to be

∆χ(x, t) = B(t)
[

cos θ − sin θ kL · (x− x0)
]
, (3.7)

with θ ≡ kL · x0. As a result, the spatially varying part of the sound speed parameter takes
the form of

∆cs(x, t) = ∆cs(t) + ∆̃cs(x, t) =
∂cs
∂χ

B(t)
[

cos θ − sin θ kL · (x− x0)
]
. (3.8)

3.3 The spatially varying spectrum

Having the above consideration, now we turn to calculate the asymmetric spectrum. In the
Fourier space, the extended δN formalism (3.1) yields

ζk =
∂N

∂φ
δφk +

∂N

∂cs
∆cs(k) +

1

2

∂2N

∂φ2

∫
d3p

(2π)3
δφpδφk−p +

∂2N

∂cs∂φ

∫
d3p

(2π)3
δφp∆cs(k− p)

+
1

2

∂2N

∂c2s

∫
d3p

(2π)3
∆cs(p)∆cs(k− p) , (3.9)

at second order.
The small scale perturbations δφk are approximated to be of highly Gaussian distribu-

tion, and thus, we have the following expressions,

〈δφk〉 = 0 , 〈δφkδφk′〉 = (2π)3
2π2

k3

(
H

2π

)2

δ(k + k′) , 〈δφkδφk′δφk′′〉 = 0 , (3.10)

where we have defined k ≡ |k|. As the large scale perturbation ∆χ is not stochastic, it has
no correlation with δφ and itself. Using these relations and for kL � k, one obtains the
asymmetric power spectrum

Pζ(k, r) =
k3

2π2
〈ζk1ζk2〉

(2π)3
=

[
∂N

∂φ
+

∂2N

∂cs∂φ
∆cs(x, t)

]2(
H

2π

)2

. (3.11)

To apply eq. (3.6), we can expand the power spectrum to the leading order of kL · (x− x0)
as follows,

Pζ(k,x) =

[
∂N

∂φ
+

∂2N

∂cs∂φ
∆cs(t)

]2(
H

2π

)2
[

1 +
2(∂2N/∂cs∂φ)

∂N
∂φ + ∂2N

∂cs∂φ
∆cs(t)

∆̃cs(x, t)

]
. (3.12)

– 6 –
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As indicated in eq. (3.8), ∆cs is only an overall shift of the background value. Therefore, we
can rewrite the background sound speed parameter during inflation to be cbs = cs + ∆cs and
then derive

∂N

∂φ
+

∂2N

∂cs∂φ
∆cs(t) =

∂N

∂φ

∣∣∣∣
cbs

. (3.13)

As a result, the asymmetric power spectrum can be further simplified as the same form
of eq. (1.1).

Moreover, the amplitude of the power asymmetry in this case is expressed as

A(k) = −(kLxls)
∂2N

∂cs∂φ

(
∂N

∂φ

)−1 ∂cs
∂χ

B(t) sin θ . (3.14)

Recall that, according to eq. (2.15), the background dynamics of our model yields the fol-
lowing relation

∂N

∂φ
= −H

φ̇
= − 1

Mpl

√
2εcs

. (3.15)

Furthermore, by taking the partial derivative of the above formula with respect to cs and
considering the variation of the slow roll parameter ε, we can get another useful relation

∂2N

∂cs∂φ
=

1

2Mpl

√
2εc

3/2
s

(
1 +

η

s

)
, (3.16)

where we have already applied the definition of slow roll parameters (2.11) and the following
relation

∂ε

∂cs
=

ε̇

ċs
=

εη

css
. (3.17)

Finally, substituting (3.15) and (3.16) into (3.14), we obtain the amplitude of the power
asymmetry of the following form

A(k) = kLxls

(
1 +

η

s

) f,χ
4f

(
1− 1

c2s

)
B(t) sin θ . (3.18)

Before moving to the next section, we would like to remark that in the EKC mechanism
the asymmetry amplitude is related to the local non-Gaussianity via

f localNL =
5

6

∂2N

∂φ2

/(
∂N

∂φ

)2

. (3.19)

Thus the observational constraints on primordial non-Gaussianity may result in the unnatural
fine tuning of model parameters or a running behavior of f localNL if the power asymmetry is
due to the inflaton field [36, 41]. In our approach the asymmetry amplitude (3.14) is not
related to the primordial local non-Gaussianity, and thus, there is no necessity to require any
fine tuning or a running f localNL .

4 Specific example and confronting observations

In this section, we use specific implementation of the multi-speed model to present how our
mechanism provides a successful explanation for the hemispherical power asymmetry and use
the observational data to constraint the model.

– 7 –
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Notice that the constraint of Planck on the primordial non-Gaussianity of the DBI
model only gives fDBI

NL = 2.6± 61.6 and cs > 0.069 [60], thus there is a large parameter range
that we could explore in our case. For example, if we demand cs ' 1 (i.e. fNL � 1 ) and
η/s� 1, eq. (3.18) reduces to

|A(k)| = 54

70

f,χ
f
fNL

H

2π
E, (4.1)

with H
2πE = kLrlsB(t) sin θ. This result has been fully discussed in the previous work [29].
Now let us take a more specific example based on ref. [54] which indicates the case with

η ∼ s and cs � 1. As we have pointed out, there are two undefined functions in the original
Lagrangian, the warping factor f(φ, χ) and the potential V (φ, χ). If we consider an AdS
warping throat, the warping factor can be expressed as

f(φ, χ) = f(φ) + f(χ) =
λ

φ4
+ γχp , (4.2)

while the IR type potential takes the following form

V (φ) = V0 −
1

2
m2φ2 . (4.3)

Under the relativistic limit of inflaton with small sound speed and the requirement |Ht| � 1
during inflation, an approximate solution of eq. (2.9) is given by [54, 55]

φ = −
√
λ

t

(
1− 9H2

2m4t2
+ . . .

)
, (4.4)

where the beginning of inflation is set at t→ −∞ and higher order terms are suppressed by
1
Ht . By eq. (2.3) the leading order of the sound speed parameter takes the form of

cs ' −
3H

m2t
. (4.5)

Afterwards, one can calculate the slow roll parameters at leading order, which are
given by

ε =
φ̇2

2csH2M2
pl

=
λm2

6M2
plH

3t3
+O

(
1

H4t4

)
,

η ≡ ε̇

Hε
= − 3

Ht
+O

(
1

H2t2

)
,

s ≡ ċs
Hcs

= − 1

Ht
+O

(
1

H2t2

)
. (4.6)

This indicates that η/s ≈ 3 in the relativistic limit. Thus the asymmetry amplitude in
eq. (3.18) yields

|A(k)| ' kLxls
χ(tk)

p

cs(tk)2
B(t) sin θ. (4.7)

From eq. (4.7), we can see that there exists a k-dependent behavior of the asymmetry ampli-
tude which originates from the evolution of the χ field via the sound speed during inflation.
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The amplitude of the power spectrum is fixed when the mode k exits the Hubble radius, i.e.
k < aH. The perturbation modes of different scales correspond to different Hubble-exit time
tk, while the evolution of χ as well as cs gives different field values at tk. Thus this can be
used to provide a natural explanation of the observational fact that A(k) is significant at
cosmological scale but turns to be negligible at the Mpc scale.

For the amplitude of the super-horizon perturbation ∆χ, it is unclear to us whether
this amplitude is enhanced or not. Since there is no observational evidence to imply any
enhancement of perturbation modes at super-Hubble scales, it is reasonable to assume that
∆χ has the same amplitude with δχ and δφ. Hence, we can approximately take kLxlsB(t) ∼
H
2π =

√
2εcsP

1/2
ζ Mpl ∼

√
1−ns
2 csP

1/2
ζ Mpl. Then eq. (4.7) becomes

|A(k)| '
√

1− ns
2

P
1/2
ζ pMpl sin θ

χ(tk)cs(tk)3/2
. (4.8)

According to the latest Planck data [60, 61], we learn that ns = 0.968±0.006, cs ≥ 0.069 and
ln(1010Pζ) = 3.062± 0.029 at the 68% confidence level. In the following, we set cs(ts) = 0.1
at the Planck pivot scale ks = 0.05Mpc−1. Then by applying eq. (2.4) we immediately get
fDBI
NL = −32, which is consistent with the constraint of the Planck data, which is fDBI

NL =
2.6 ± 61.6 [60]. Making use of eq. (4.5) and horizon exit condition a(tk)H(tk) = k, we get
the k-dependent sound speed, which is expressed as

cs(tk) = cs(ts)

[
1− m2cs(ts)

3H2
ln

(
k

ks

)]−1
. (4.9)

Further, by taking p sin θ ' 1, we obtain

|A(k)| '
18.5× 10−5Mpl

χ(tk)

[
1− m2cs(ts)

3H2
ln

(
k

ks

)]3/2
. (4.10)

For the large scale mode with` < 60, the CMB observation yields A = 0.072 ± 0.022.
Considering k ∼ l/xls ' 7.5 × 10−5`, we take A = 0.072 at ka ∼ 0.0045Mpc−1, which exits
the Hubble radius at tka . Therefore, we obtain

χ(tka) ' 4.38× 10−3 pMpl sin θ . (4.11)

However, for the small scale mode with kb ∼ 1Mpc−1, which exits the Hubble radius at tkb ,
the quasar observation indicates A ∼ 0.0153. Correspondingly, we derive

χ(tkb) ' 4.25× 10−3 pMpl sin θ . (4.12)

Since the large scale mode exits the Hubble radius much earlier than the small scale mode,
the calculation above suggests that during inflation the χ field evolves from large values to
small ones, which happens to be the picture of large field inflation.

To realize this picture, we turn to study the evolution of χ. Since it is a light field
during inflation, we can neglect the effect of potential term, i.e. V (χ) ' 0. Thus the equation
of motion of this canonical field is χ̈+ 3Hχ̇ = 0, which yields

χ(t) = C −De−3Ht , (4.13)
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Figure 1. Left: the asymmetry amplitude A varies with the comoving wave number k. Right:
the fractional changes ∆CTT

` /CTT
` in the CMB TT spectrum. The red point with the error bar

corresponds to the observational constraint at the CMB scale; the grey shadow region corresponds to
the bound allowed by the at the scale of k ∼ 1Mpc−1.

for a nearly constant Hubble constant. Here C and D are the integral constants and can be
determined by eq. (4.11) and eq. (4.12). With this solution and horizon exit condition, we
have χ(tk) = C −D′k−3. Then the asymmetry amplitude in eq. (4.10) is determined, whose
scale-dependence is shown in the left panel of figure 1. Furthermore, we can also demonstrate
the variation in CMB temperature power spectrum by CTT

` =
∫
dk
k Pζ∆

2
T`(k), where ∆T`(k)

is transfer function. Then

∆CTT
`

CTT
`

=

∫
2A(k)Pζ∆

2
T`(k)dk/k∫

Pζ∆
2
T`(k)dk/k

. (4.14)

Considering that the transfer function is sharply peaked at ` = kxls, we plot the variation of
the TT spectrum in the right panel of figure 1.

5 Conclusion

The hemispherical asymmetry of the CMB temperature fluctuations has drawn a lot of at-
tention of cosmologists. This anomaly, if confirmed, will be an important result which is
believed to connect with some unknown new physics. Thus it is interesting to explore plau-
sible theoretical explanations. In ref. [29], it was found that a statistically inhomogeneous
sound speed parameter can lead to the spatial variation of the primordial spectrum and a
rough calculation of the asymmetry amplitude was provided.

In the present paper, we firstly review the model of multi-speed inflation and the basic
ideas of δN formalism. Then, we generalize the δN formalism to include consistently the
contribution of the spatially varying sound speed. The modulation of cs can be caused by a
perturbation mode of very long wavelength seeded by a light field which is not necessary to
contribute to the background evolution as well as the generation of curvature perturbations
during inflation. And then in the framework of the multi-speed inflation, we give a system-
atic calculation of the asymmetry amplitude. We find that our approach is free from the
constraints of the local non-Gaussianity. For some particular choices of model parameters,
we can deduce back to the result derived in [29]. However, for a more generic case, the be-
havior of the spatial variation presents significantly differences from the previous result. We
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point out that our solution may provide a plausible explanation of the scale dependence of
the asymmetry amplitude, which accommodates the observations of both CMB and quasar.

Finally we would like to remark that the generalized δN formalism, which has taken
into account the modulation of primordial sound speed parameter, can be applied to any
early universe models involving nonstandard kinetic terms. Therefore, besides the specific
multi-speed model we considered in the present paper, it is also interesting to further study
inflation models with other k-essence fields.

Acknowledgments

We are grateful to Francis Duplessis, Chunshan Lin, Misao Sasaki, and Yi Wang for valuable
comments. YFC is supported in part by the Chinese National Youth Thousand Talents Pro-
gram, by the USTC start-up funding (Grant No. KY2030000049) and by the National Natural
Science Foundation of China (Grant No. 11421303). DGW is supported in part by the USTC
program of national science talent training base in astrophysics. WZ is supported in part by
Project 973 (Grant No. 2012CB821804), by the National Natural Science Foundation of China
(Grant Nos. 11173021, 11322324, 11421303), and by project of KIP and CAS. YZ is sup-
ported in part by the National Natural Science Foundation of China (Grant Nos. 11275187,
11421303), by SRFDP, and by the Strategic Priority Research Program “The Emergence of
Cosmological Structures” of the Chinese Academy of Sciences (Grant No. XDB09000000).

References

[1] H.K. Eriksen, F.K. Hansen, A.J. Banday, K.M. Gorski and P.B. Lilje, Asymmetries in the
Cosmic Microwave Background anisotropy field, Astrophys. J. 605 (2004) 14 [Erratum ibid.
609 (2004) 1198] [astro-ph/0307507] [INSPIRE].

[2] F.K. Hansen, A.J. Banday and K.M. Gorski, Testing the cosmological principle of isotropy:
Local power spectrum estimates of the WMAP data, Mon. Not. Roy. Astron. Soc. 354 (2004)
641 [astro-ph/0404206] [INSPIRE].

[3] H.K. Eriksen, A.J. Banday, K.M. Gorski, F.K. Hansen and P.B. Lilje, Hemispherical power
asymmetry in the three-year Wilkinson Microwave Anisotropy Probe sky maps, Astrophys. J.
660 (2007) L81 [astro-ph/0701089] [INSPIRE].

[4] J. Hoftuft, H.K. Eriksen, A.J. Banday, K.M. Gorski, F.K. Hansen and P.B. Lilje, Increasing
evidence for hemispherical power asymmetry in the five-year WMAP data, Astrophys. J. 699
(2009) 985 [arXiv:0903.1229] [INSPIRE].

[5] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XXIII. Isotropy and statistics of
the CMB, Astron. Astrophys. 571 (2014) A23 [arXiv:1303.5083] [INSPIRE].

[6] Planck collaboration, P.A.R. Ade et al., Planck 2015 results. XVI. Isotropy and statistics of
the CMB, arXiv:1506.07135 [INSPIRE].

[7] C.M. Hirata, Constraints on cosmic hemispherical power anomalies from quasars, JCAP 09
(2009) 011 [arXiv:0907.0703] [INSPIRE].

[8] S. Flender and S. Hotchkiss, The small scale power asymmetry in the cosmic microwave
background, JCAP 09 (2013) 033 [arXiv:1307.6069] [INSPIRE].

[9] S. Aiola, B. Wang, A. Kosowsky, T. Kahniashvili and H. Firouzjahi, Microwave Background
Correlations from Dipole Anisotropy Modulation, Phys. Rev. D 92 (2015) 063008
[arXiv:1506.04405] [INSPIRE].

– 11 –

http://dx.doi.org/10.1086/382267
http://arxiv.org/abs/astro-ph/0307507
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0307507
http://dx.doi.org/10.1111/j.1365-2966.2004.08229.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08229.x
http://arxiv.org/abs/astro-ph/0404206
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0404206
http://dx.doi.org/10.1086/518091
http://dx.doi.org/10.1086/518091
http://arxiv.org/abs/astro-ph/0701089
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0701089
http://dx.doi.org/10.1088/0004-637X/699/2/985
http://dx.doi.org/10.1088/0004-637X/699/2/985
http://arxiv.org/abs/0903.1229
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1229
http://dx.doi.org/10.1051/0004-6361/201321534
http://arxiv.org/abs/1303.5083
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5083
http://arxiv.org/abs/1506.07135
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.07135
http://dx.doi.org/10.1088/1475-7516/2009/09/011
http://dx.doi.org/10.1088/1475-7516/2009/09/011
http://arxiv.org/abs/0907.0703
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0703
http://dx.doi.org/10.1088/1475-7516/2013/09/033
http://arxiv.org/abs/1307.6069
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6069
http://dx.doi.org/10.1103/PhysRevD.92.063008
http://arxiv.org/abs/1506.04405
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.04405


J
C
A
P
0
2
(
2
0
1
6
)
0
1
9

[10] L. Dai, D. Jeong, M. Kamionkowski and J. Chluba, The Pesky Power Asymmetry, Phys. Rev.
D 87 (2013) 123005 [arXiv:1303.6949] [INSPIRE].

[11] K. Land and J. Magueijo, Template fitting and the large-angle CMB anomalies, Mon. Not.
Roy. Astron. Soc. 367 (2006) 1714 [astro-ph/0509752] [INSPIRE].

[12] L. Campanelli, P. Cea and L. Tedesco, Cosmic Microwave Background Quadrupole and
Ellipsoidal Universe, Phys. Rev. D 76 (2007) 063007 [arXiv:0706.3802] [INSPIRE].

[13] C.G. Boehmer and D.F. Mota, CMB Anisotropies and Inflation from Non-Standard Spinors,
Phys. Lett. B 663 (2008) 168 [arXiv:0710.2003] [INSPIRE].

[14] A.L. Erickcek, M. Kamionkowski and S.M. Carroll, A Hemispherical Power Asymmetry from
Inflation, Phys. Rev. D 78 (2008) 123520 [arXiv:0806.0377] [INSPIRE].

[15] A.L. Erickcek, S.M. Carroll and M. Kamionkowski, Superhorizon Perturbations and the Cosmic
Microwave Background, Phys. Rev. D 78 (2008) 083012 [arXiv:0808.1570] [INSPIRE].

[16] T. Kahniashvili, G. Lavrelashvili and B. Ratra, CMB Temperature Anisotropy from Broken
Spatial Isotropy due to an Homogeneous Cosmological Magnetic Field, Phys. Rev. D 78 (2008)
063012 [arXiv:0807.4239] [INSPIRE].

[17] S.M. Carroll, C.-Y. Tseng and M.B. Wise, Translational Invariance and the Anisotropy of the
Cosmic Microwave Background, Phys. Rev. D 81 (2010) 083501 [arXiv:0811.1086] [INSPIRE].

[18] M.-a. Watanabe, S. Kanno and J. Soda, The Nature of Primordial Fluctuations from
Anisotropic Inflation, Prog. Theor. Phys. 123 (2010) 1041 [arXiv:1003.0056] [INSPIRE].

[19] Z. Chang and S. Wang, Inflation and primordial power spectra at anisotropic spacetime
inspired by Planck’s constraints on isotropy of CMB, Eur. Phys. J. C 73 (2013) 2516
[arXiv:1303.6058] [INSPIRE].

[20] D.H. Lyth, The CMB modulation from inflation, JCAP 08 (2013) 007 [arXiv:1304.1270]
[INSPIRE].

[21] L. Wang and A. Mazumdar, Small non-Gaussianity and dipole asymmetry in the cosmic
microwave background, Phys. Rev. D 88 (2013) 023512 [arXiv:1304.6399] [INSPIRE].

[22] Z.-G. Liu, Z.-K. Guo and Y.-S. Piao, Obtaining the CMB anomalies with a bounce from the
contracting phase to inflation, Phys. Rev. D 88 (2013) 063539 [arXiv:1304.6527] [INSPIRE].

[23] Z.-G. Liu, Z.-K. Guo and Y.-S. Piao, CMB anomalies from an inflationary model in string
theory, Eur. Phys. J. C 74 (2014) 3006 [arXiv:1311.1599] [INSPIRE].

[24] J. McDonald, Isocurvature and Curvaton Perturbations with Red Power Spectrum and Large
Hemispherical Asymmetry, JCAP 07 (2013) 043 [arXiv:1305.0525] [INSPIRE].

[25] M.H. Namjoo, S. Baghram and H. Firouzjahi, Hemispherical Asymmetry and Local
non-Gaussianity: a Consistency Condition, Phys. Rev. D 88 (2013) 083527 [arXiv:1305.0813]
[INSPIRE].

[26] A.R. Liddle and M. Cortês, Cosmic microwave background anomalies in an open universe,
Phys. Rev. Lett. 111 (2013) 111302 [arXiv:1306.5698] [INSPIRE].

[27] A. Mazumdar and L. Wang, CMB dipole asymmetry from a fast roll phase, JCAP 10 (2013)
049 [arXiv:1306.5736] [INSPIRE].

[28] A.A. Abolhasani, S. Baghram, H. Firouzjahi and M.H. Namjoo, Asymmetric Sky from the Long
Mode Modulations, Phys. Rev. D 89 (2014) 063511 [arXiv:1306.6932] [INSPIRE].

[29] Y.-F. Cai, W. Zhao and Y. Zhang, Cosmic microwave background power asymmetry from
primordial sound speed parameter, Phys. Rev. D 89 (2014) 023005 [arXiv:1307.4090]
[INSPIRE].

– 12 –

http://dx.doi.org/10.1103/PhysRevD.87.123005
http://dx.doi.org/10.1103/PhysRevD.87.123005
http://arxiv.org/abs/1303.6949
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6949
http://dx.doi.org/10.1111/j.1365-2966.2006.10078.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10078.x
http://arxiv.org/abs/astro-ph/0509752
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0509752
http://dx.doi.org/10.1103/PhysRevD.76.063007
http://arxiv.org/abs/0706.3802
http://inspirehep.net/search?p=find+EPRINT+arXiv:0706.3802
http://dx.doi.org/10.1016/j.physletb.2008.04.008
http://arxiv.org/abs/0710.2003
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.2003
http://dx.doi.org/10.1103/PhysRevD.78.123520
http://arxiv.org/abs/0806.0377
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.0377
http://dx.doi.org/10.1103/PhysRevD.78.083012
http://arxiv.org/abs/0808.1570
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.1570
http://dx.doi.org/10.1103/PhysRevD.78.063012
http://dx.doi.org/10.1103/PhysRevD.78.063012
http://arxiv.org/abs/0807.4239
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.4239
http://dx.doi.org/10.1103/PhysRevD.81.083501
http://arxiv.org/abs/0811.1086
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.1086
http://dx.doi.org/10.1143/PTP.123.1041
http://arxiv.org/abs/1003.0056
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.0056
http://dx.doi.org/10.1140/epjc/s10052-013-2516-5
http://arxiv.org/abs/1303.6058
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6058
http://dx.doi.org/10.1088/1475-7516/2013/08/007
http://arxiv.org/abs/1304.1270
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.1270
http://dx.doi.org/10.1103/PhysRevD.88.023512
http://arxiv.org/abs/1304.6399
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6399
http://dx.doi.org/10.1103/PhysRevD.88.063539
http://arxiv.org/abs/1304.6527
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.6527
http://dx.doi.org/10.1140/epjc/s10052-014-3006-0
http://arxiv.org/abs/1311.1599
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.1599
http://dx.doi.org/10.1088/1475-7516/2013/07/043
http://arxiv.org/abs/1305.0525
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.0525
http://dx.doi.org/10.1103/PhysRevD.88.083527
http://arxiv.org/abs/1305.0813
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.0813
http://dx.doi.org/10.1103/PhysRevLett.111.111302
http://arxiv.org/abs/1306.5698
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.5698
http://dx.doi.org/10.1088/1475-7516/2013/10/049
http://dx.doi.org/10.1088/1475-7516/2013/10/049
http://arxiv.org/abs/1306.5736
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.5736
http://dx.doi.org/10.1103/PhysRevD.89.063511
http://arxiv.org/abs/1306.6932
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6932
http://dx.doi.org/10.1103/PhysRevD.89.023005
http://arxiv.org/abs/1307.4090
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.4090


J
C
A
P
0
2
(
2
0
1
6
)
0
1
9

[30] K. Kohri, C.-M. Lin and T. Matsuda, Scale-dependent CMB asymmetry from primordial
configuration, JCAP 08 (2014) 026 [arXiv:1308.5790] [INSPIRE].

[31] S. Kanno, M. Sasaki and T. Tanaka, A viable explanation of the CMB dipolar statistical
anisotropy, Prog. Theor. Exp. Phys. 2013 (2013) 111E01 [arXiv:1309.1350] [INSPIRE].

[32] J. McDonald, Hemispherical Power Asymmetry from a Space-Dependent Component of the
Adiabatic Power Spectrum, Phys. Rev. D 89 (2014) 127303 [arXiv:1403.2076] [INSPIRE].

[33] H. Firouzjahi, J.-O. Gong and M.H. Namjoo, Scale-dependent hemispherical asymmetry from
general initial state during inflation, JCAP 11 (2014) 037 [arXiv:1405.0159] [INSPIRE].

[34] D.H. Lyth, Generating fNL at ` . 60, JCAP 04 (2015) 039 [arXiv:1405.3562] [INSPIRE].

[35] M.H. Namjoo, A.A. Abolhasani, S. Baghram and H. Firouzjahi, CMB Hemispherical
Asymmetry: Long Mode Modulation and non-Gaussianity, JCAP 08 (2014) 002
[arXiv:1405.7317] [INSPIRE].

[36] T. Kobayashi, M. Cortês and A.R. Liddle, A separate universe view of the asymmetric sky,
JCAP 05 (2015) 029 [arXiv:1501.05864] [INSPIRE].

[37] R. Kothari, S. Ghosh, P.K. Rath, G. Kashyap and P. Jain, Imprint of Inhomogeneous and
Anisotropic Primordial Power Spectrum on CMB Polarization, arXiv:1503.08997 [INSPIRE].

[38] S. Jazayeri, Y. Akrami, H. Firouzjahi, A.R. Solomon and Y. Wang, Inflationary power
asymmetry from primordial domain walls, JCAP 11 (2014) 044 [arXiv:1408.3057] [INSPIRE].

[39] S. Mukherjee, P.K. Aluri, S. Das, S. Shaikh and T. Souradeep, Direction dependence of
cosmological parameters due to cosmic hemispherical asymmetry, arXiv:1510.00154 [INSPIRE].

[40] S. Mukherjee and T. Souradeep, Litmus Test for Cosmic Hemispherical Asymmetry in the
CMB B-mode polarization, arXiv:1509.06736 [INSPIRE].

[41] C.T. Byrnes, D. Regan, D. Seery and E.R.M. Tarrant, The hemispherical asymmetry from a
scale-dependent inflationary bispectrum, arXiv:1511.03129 [INSPIRE].

[42] D.H. Lyth and D. Wands, Generating the curvature perturbation without an inflaton, Phys.
Lett. B 524 (2002) 5 [hep-ph/0110002] [INSPIRE].

[43] S. Mollerach, Isocurvature Baryon Perturbations and Inflation, Phys. Rev. D 42 (1990) 313
[INSPIRE].

[44] A.D. Linde and V.F. Mukhanov, NonGaussian isocurvature perturbations from inflation, Phys.
Rev. D 56 (1997) 535 [astro-ph/9610219] [INSPIRE].

[45] K. Enqvist and M.S. Sloth, Adiabatic CMB perturbations in pre-Big-Bang string cosmology,
Nucl. Phys. B 626 (2002) 395 [hep-ph/0109214] [INSPIRE].

[46] Planck collaboration, P.A.R. Ade et al., Planck 2013 Results. XXIV. Constraints on
primordial non-Gaussianity, Astron. Astrophys. 571 (2014) A24 [arXiv:1303.5084] [INSPIRE].

[47] A.L. Erickcek, C.M. Hirata and M. Kamionkowski, A Scale-Dependent Power Asymmetry from
Isocurvature Perturbations, Phys. Rev. D 80 (2009) 083507 [arXiv:0907.0705] [INSPIRE].

[48] A.A. Starobinsky, Multicomponent de Sitter (Inflationary) Stages and the Generation of
Perturbations, JETP Lett. 42 (1985) 152 [Pisma Zh. Eksp. Teor. Fiz. 42 (1985) 124] [INSPIRE].

[49] D.S. Salopek and J.R. Bond, Nonlinear evolution of long wavelength metric fluctuations in
inflationary models, Phys. Rev. D 42 (1990) 3936 [INSPIRE].

[50] M. Sasaki and E.D. Stewart, A General analytic formula for the spectral index of the density
perturbations produced during inflation, Prog. Theor. Phys. 95 (1996) 71 [astro-ph/9507001]
[INSPIRE].

[51] D.H. Lyth, K.A. Malik and M. Sasaki, A General proof of the conservation of the curvature
perturbation, JCAP 05 (2005) 004 [astro-ph/0411220] [INSPIRE].

– 13 –

http://dx.doi.org/10.1088/1475-7516/2014/08/026
http://arxiv.org/abs/1308.5790
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.5790
http://dx.doi.org/10.1093/ptep/ptt093
http://arxiv.org/abs/1309.1350
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.1350
http://dx.doi.org/10.1103/PhysRevD.89.127303
http://arxiv.org/abs/1403.2076
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.2076
http://dx.doi.org/10.1088/1475-7516/2014/11/037
http://arxiv.org/abs/1405.0159
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0159
http://dx.doi.org/10.1088/1475-7516/2015/04/039
http://arxiv.org/abs/1405.3562
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.3562
http://dx.doi.org/10.1088/1475-7516/2014/08/002
http://arxiv.org/abs/1405.7317
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7317
http://dx.doi.org/10.1088/1475-7516/2015/05/029
http://arxiv.org/abs/1501.05864
http://inspirehep.net/search?p=find+EPRINT+arXiv:1501.05864
http://arxiv.org/abs/1503.08997
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.08997
http://dx.doi.org/10.1088/1475-7516/2014/11/044
http://arxiv.org/abs/1408.3057
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.3057
http://arxiv.org/abs/1510.00154
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.00154
http://arxiv.org/abs/1509.06736
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.06736
http://arxiv.org/abs/1511.03129
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.03129
http://dx.doi.org/10.1016/S0370-2693(01)01366-1
http://dx.doi.org/10.1016/S0370-2693(01)01366-1
http://arxiv.org/abs/hep-ph/0110002
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0110002
http://dx.doi.org/10.1103/PhysRevD.42.313
http://inspirehep.net/search?p=find+J+"Phys.Rev.,D42,313"
http://dx.doi.org/10.1103/PhysRevD.56.R535
http://dx.doi.org/10.1103/PhysRevD.56.R535
http://arxiv.org/abs/astro-ph/9610219
http://inspirehep.net/search?p=find+EPRINT+astro-ph/9610219
http://dx.doi.org/10.1016/S0550-3213(02)00043-3
http://arxiv.org/abs/hep-ph/0109214
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0109214
http://dx.doi.org/10.1051/0004-6361/201321554
http://arxiv.org/abs/1303.5084
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5084
http://dx.doi.org/10.1103/PhysRevD.80.083507
http://arxiv.org/abs/0907.0705
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0705
http://inspirehep.net/search?p=find+J+"JETPLett.,42,152"
http://dx.doi.org/10.1103/PhysRevD.42.3936
http://inspirehep.net/search?p=find+J+"Phys.Rev.,D42,3936"
http://dx.doi.org/10.1143/PTP.95.71
http://arxiv.org/abs/astro-ph/9507001
http://inspirehep.net/search?p=find+EPRINT+astro-ph/9507001
http://dx.doi.org/10.1088/1475-7516/2005/05/004
http://arxiv.org/abs/astro-ph/0411220
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0411220


J
C
A
P
0
2
(
2
0
1
6
)
0
1
9

[52] D.H. Lyth and Y. Rodriguez, The Inflationary prediction for primordial non-Gaussianity,
Phys. Rev. Lett. 95 (2005) 121302 [astro-ph/0504045] [INSPIRE].

[53] C. Armendariz-Picon, T. Damour and V.F. Mukhanov, k-inflation, Phys. Lett. B 458 (1999)
209 [hep-th/9904075] [INSPIRE].

[54] Y.-F. Cai and H.-Y. Xia, Inflation with multiple sound speeds: a model of multiple DBI type
actions and non-Gaussianities, Phys. Lett. B 677 (2009) 226 [arXiv:0904.0062] [INSPIRE].

[55] Y.-F. Cai and W. Xue, N-flation from multiple DBI type actions, Phys. Lett. B 680 (2009) 395
[arXiv:0809.4134] [INSPIRE].

[56] Y.-F. Cai and Y. Wang, Large Nonlocal Non-Gaussianity from a Curvaton Brane, Phys. Rev.
D 82 (2010) 123501 [arXiv:1005.0127] [INSPIRE].

[57] S. Li, Y.-F. Cai and Y.-S. Piao, DBI-Curvaton, Phys. Lett. B 671 (2009) 423
[arXiv:0806.2363] [INSPIRE].

[58] J. Emery, G. Tasinato and D. Wands, Mixed non-Gaussianity in multiple-DBI inflation, JCAP
05 (2013) 021 [arXiv:1303.3975] [INSPIRE].

[59] X. Chen, M.-x. Huang, S. Kachru and G. Shiu, Observational signatures and non-Gaussianities
of general single field inflation, JCAP 01 (2007) 002 [hep-th/0605045] [INSPIRE].

[60] Planck collaboration, P.A.R. Ade et al., Planck 2015 results. XVII. Constraints on primordial
non-Gaussianity, arXiv:1502.01592 [INSPIRE].

[61] Planck collaboration, P.A.R. Ade et al., Planck 2015 results. XX. Constraints on inflation,
arXiv:1502.02114 [INSPIRE].

[62] L.P. Grishchuk and Y.B. Zel’dovich, Long-wavelength perturbations of a Friedmann world and
anisotropy of the RELICT radiation, Sov. Astron. 22 (1978) 125.

– 14 –

http://dx.doi.org/10.1103/PhysRevLett.95.121302
http://arxiv.org/abs/astro-ph/0504045
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0504045
http://dx.doi.org/10.1016/S0370-2693(99)00603-6
http://dx.doi.org/10.1016/S0370-2693(99)00603-6
http://arxiv.org/abs/hep-th/9904075
http://inspirehep.net/search?p=find+EPRINT+hep-th/9904075
http://dx.doi.org/10.1016/j.physletb.2009.05.047
http://arxiv.org/abs/0904.0062
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.0062
http://dx.doi.org/10.1016/j.physletb.2009.09.043
http://arxiv.org/abs/0809.4134
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.4134
http://dx.doi.org/10.1103/PhysRevD.82.123501
http://dx.doi.org/10.1103/PhysRevD.82.123501
http://arxiv.org/abs/1005.0127
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.0127
http://dx.doi.org/10.1016/j.physletb.2008.12.056
http://arxiv.org/abs/0806.2363
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.2363
http://dx.doi.org/10.1088/1475-7516/2013/05/021
http://dx.doi.org/10.1088/1475-7516/2013/05/021
http://arxiv.org/abs/1303.3975
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.3975
http://dx.doi.org/10.1088/1475-7516/2007/01/002
http://arxiv.org/abs/hep-th/0605045
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605045
http://arxiv.org/abs/1502.01592
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01592
http://arxiv.org/abs/1502.02114
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.02114

	Introduction
	A brief review of multi-speed inflation and delta N formalism
	Background dynamics
	delta N formalism and the isotropic spectrum

	Asymmetric spectrum caused by the spatial varying sound speed
	A generalized delta N formalism
	The spatial variation of the sound speed
	The spatially varying spectrum

	Specific example and confronting observations
	Conclusion

