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where theexpansion assumed β 1 with thedominant fluctuat ion generated in the (second)

dipole term, followed by small contribut ions to the quadrupole and negligible contribut ions

to octupole and higher moments (Peebles & Wilkinson 1968).

If theent ire CMB dipole isof kinemat ic origin, its observed amplitude in theSun-centric

system corresponds to velocity of V = 370 km/ sec in that direct ion. At least a substant ial

part of this mot ion must originate from the local mot ions of the Sun and the Galaxy, so the

convent ional paradigm has been that all of the CMB dipole can be accounted for by mot ions

within the nearby 30− 100 Mpc neighborhood. This then allows to translate the measured

CMB dipole into the corresponding velocity under the assumpt ion that its origin is purely

kinemat ic. However, in order to isolate t ruly cosmological mot ions, oneshould subtract from

the CMB dipole measured in the Sun-centric system the mot ions of the Sun with respect to

the Galaxy and the mot ion of the lat ter with respect to the Local Group. Table 5.1 adopts

the values from Kogut et al (1993, Table 3) in this conversion to the mot ion of the Local

Group with respect to the CMB.

CMB dipole is not equal to the Local Group velocity and is in the direct ion ∼ 45◦ away

from Virgo. The mot ion of the Local Group with respect to the CMB appears to be at 630

km/ sec in the direct ion given in the last entry of Table 5.1. The difference was used by Lilje

et al (1986) to predict bulk mot ion of the Local Supercluster at ∼ 600 km/ sec.

The big quest ion in this context is at what scale is the matter frame, as defined by the

uniform and isotropic expansion of galaxies and clusters, at rest with respect to the CMB

as defined by its dipole. We next move to discussing the early (most ly late 20th century)

important at tempts at answering this quest ion. The progress toward this goal was advanced

in two independent direct ions: 1) reconstruct ing the peculiar velocity field direct ly with

measurements of deviat ions from the Hubble flow using various galaxy distance indicators,

and 2) reconstruct ing peculiar gravitat ional field, using galaxy and cluster surveys, which

presumably drives this flow. In the gravitat ional instability paradigm the direct ion of the

Table 5.1. Summary of local mot ion data reproduced from Kogut et al (1993).

V (km/ sec) (lG al , bG al )
◦ Refs

Sun-CM B 369.5 ± 3.0 (264.44 ± 0.3, 48.4 ± 0.5) K ogut et al (1993)

(COBE/ DM R-based)

Sun-LSR 20.0 ± 1.4 (57 ± 4, 23 ± 4) K err & Lynden-Bell (1986)

LSR-GC 222 ± 5 (91.1 ± 0.4, 0) Fich et al (1989)

GC - CM B 552.2 ± 5.5 (266.5 ± 0.3, 29.1 ± 0.4) K ogut et al (1993)

Sun - LG 308 ± 23 (105 ± 5, − 7 ± 4) Yahil et al (1977)

LG-CM B 627 ± 22 (276 ± 3, 30 ± 3) K ogut et al (1993)
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5. Result s from ear lier measurement s

In this sect ion we review briefly the earlier measurements of peculiar velocit ies start ing

with the CMB dipole anisotropy.

There are two ways of get t ing at the peculiar velocit ies: 1) by direct measurements of

deviat ions from the Hubble expansion using various phenomenologically established distance

indicators, and 2) measuring the peculiar gravity from the distribut ions of selected sources

(galaxiesor clusters) and determining theexpected direct ion and amplitudeof the infall flows

induced by this gravitat ional potent ial. The two methods should agree in the absence of the

solenoidal component. The prior results from them are reviewed briefly below following the

CMB dipole subsect ion.

In a nutshell, the problem was - and remains - that the two are not ent irely consistent

in the sense that they give, at stat ist ically significant levels, different direct ions, coherence

length and even the amplitude of the peculiar flow. It can, in principle, be argued that

the light-t races mass assumpt ion is not strict ly valid in methods 2) or that some massive

structures loom behind the Zone-of-Avoidance (ZoA) obscured from view by the Milky Way

galaxy. Nevertheless, this unsat isfactory - at face value - situat ion has led Gunn to state

already in 1988 that “Most of the problem ... would disappear if the [CMB] did not, in fact ,

provide a rest frame” since the basic cornerstone of these analyses is that the ent ire CMB

dipole arises from the Doppler effect due to local peculiar mot ion.

Excellent reviewson thesubject exist in theliterature, such asearly discussionsby Davis

& Peebles (1983) on the Virgo infall, Gunn (1988) on the Great Att ractor era measurements,

followed by the later overviews of the subject by Strauss & Willick (1995) and Willick (2000)

among many others. We refer the reader to these reviews for further details.

5.1. CM B dipole and t he local mot ions

The dipole anisotropy of the CMB has by now been well established from the COBE

FIRAS (Fixsen et al. 1994a) and DMR (Kogut et al 1993) measurements. With respect to

the Sun rest frame, the CMB has a dipole amplitude of 3.346± 0.017 mK in the direct ion of

(l, b)CMB = (263.85± 0.1, 48.25± 0.04)◦ (Hinshaw et al. 2009).

For a black-body background, such as the CMB, the mot ion at local velocity vloc ≡ βc

generates a CMB dipole in the direct ion of the motion of:

T(θ) =
TCM B

1− β2(1− β cosθ)
TCMB [1 + β cosθ− β2 cos2 θ+ O(β3) × octupole] (5.1)

β  = V/c
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Can we learn 

anything 

about 

physical 

properties 

the universe 

prior to 

inflation?
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Yes, if the universe is slightly open

Curvature evolution

time

tot

k/H2a2 should dominate

As universe slows down

Could we be at this epoch?



If Ω0 is even slightly different 

than 1.000, then the scale 

entering the horizon now exhibits 

pre-inflation curvature 

fluctuations
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The universe may be  slightly open
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• Normal matter:       B = 0.0463±0.001

• = 0.0482±0.001

• Dark Matter:            DM = 0.240±0.001

• = 0.258±0.001

• Dark Energy:            = 0.714 ±0.010

• = 0.692 ±0.010
WMAP 9yr data , G. Hinshaw et al ApJ (2013)

Planck Collaboration, 2 yr data, astro-ph: 0675550 

k = 1- tot = -0.0005±0.00065;  -0.0027  ±0.0004

tot > 0.994   (95% C.L.)



If so, then the current visible 

horizon is just beginning to show 

the pre-inflation curvature
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Pre-inflation hubble scale = current horizon

current horizon



Models for Pre-Inflation expansion
• Pre-inflation isocurvature fluctuations 

– Kurki-Suonio, Graziani, Mathews (1991); G. J. Mathews, N. Q. Lan,  T. 

Kajino (2015).

• Multiple inflation fields/Open inflation 

– Turner 1981; Sasaki et al.1993, Butcher et al. 1995; Linde et al.1995;1999; 

Langlois 1996; Chiba and Yamaguchi 1999; Yamauchi et al. 2011; 

Sugimura et al. 2012

• Pre-inflation landscape – Quantum entanglement of the wave-

function for the universe with those of super-horizon modes 

– Mersini-Houghton (2005), Holman & Mersini-Houghton (2006) and 

Holman, Mersini- Houghton & Takahashi (2008a) 

• =>  CMB dipole ≠ CMB rest frame 8



Question:
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Is the CMB dipole due to motion of the 

Local Group or does it extend across the 

universe?

(Is there a universal cosmic dipole moment?)



Great Attractor: 35h-1 Mpc  
Lynden-Bell (1983)
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Matheson (1996)

1)  Bulk flow extends 

beyond 130 h-1 Mpc

2) No infall detected 

from other side
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Abell 1689 Coma

Does the dark flow extend to Gpc distances?

Galaxy Clusters+CMB provide a means to study 

bulk flow at scales > 200 Mpc   (Kashlinsky 2012)



Kinetic Sunyev-Zeldovich Effect
Kashlinsky (2012)
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Net effect:  Redshift of CMB 

photons along line of sight to the  

cluster.

– 37 –

in eq. (6.2) can be expanded in Taylor series. On average, one “ typical” scattering leads to

the following fract ional frequency shift :

∆ ν
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v
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· x̂ ) − (

v

c
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In this expression, the direct ion of the incoming photon is random, but the outgoing photon

must be in the direct ion of observat ion x̂obs = − x̂ . When eq. (6.3) is averaged over all

possible incoming photon direct ions then all terms linear in x̂ are zero.

To obtain the net energy-momentum transfer between the CMB radiat ion and the hot

X-ray gas one needs to average over the ent ire electron populat ion. On average CMB pho-

tons undergo τ scatterings, where τ is the projected cluster opt ical depth due to Thomson

scattering. If ne(r ) denotes the number density of electrons in the cluster measured from the

center of the cluster, τ is given by

τ = σT ne(r )dl ∼ 6× 10− 3 (
ne

10− 3cm− 3
) (

Rcluster

3 Mpc
) (6.4)

where the integration is taken along the line of sight. The averaged frequency shift induced

on a photon of frequency ν by the cluster electron populat ion is

τ
∆ ν

ν
= − τ

v

c
x̂obs − τ

v

c
· x̂obs

2

, (6.5)

with averages taken over the cluster distribut ion. The two terms on the RHS above are

different in nature. Thefirst of these corresponds to the temperature shift due to the motion

of the cluster as a whole; it is termed the Kinematic (sometimes called kinet ic) SZ (KSZ)

effect. The second term is due to the thermal motions of electrons in the cluster potential

well. It isusually expressed in termsof theelectron temperature, i.e. (vx̂obs)
2 ∝ kB Te/ mec

2

and is commonly known as the Thermal SZ (TSZ) effect.

The KSZ effect has a clear physical interpretat ion. If we neglect the random motion of

the electrons in the potent ial well of the cluster, and consider only their motion due to the

peculiar velocity vcl of the cluster, then v = τ̄vcl . If in the observer rest frame the CMB

photons are isotropic, in the cluster rest frame the radiat ion field will have a dipole pattern.

At the velocit ies and frequencies involved, Compton scattering is elast ic, and there is no net

transfer of energy. Scattering produces only a change in the direct ion of the photons. The

effect on the observer reference frame is different, however. For example, if the cluster is

moving away along the direct ion of observat ion x̂obs, photons coming towards the observer

are blue-shifted in the reference frame of the cluster as they are scattered off their trajectory

while other photons, less energet ic, are scattered back towards the observer. The net effect

CMB 

photons
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Dark Flow
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VBF = 800±200 km s-1

(l,b) = (283±14, 12±14)

Kashlinsky (2012)



But!! Planck Data seem to 

contradict this: arXive:1303.5090
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Planck Collaboration: Peculiar velocity constraints from Planck data

Fig. 9.Bulk flow amplitude measured in Planck data with the all-
sky method, after subtraction (vectorially) of the Galactic contri-
bution (black crosses), compared with 95 % upper limits derived
from simulations containing CMB and instrumental noise only
(blue arrows) or also including tSZ signal (black arrows). The
fact that the crosses are below the arrows at all scales shows that
there is no significant bulk flow detection.

ulations show that the directions of bulk flows of the magnitude
seen in the data cannot be recovered with great precision. Errors
are of the order of tens of degrees, depending on the bulk flow
direction (Mak et al. 2011).

Finally, we notice that the upper limits to the bulk flow that
we find with this method are above those found in the previ-
ous subsection. This is not surprising, as we are fitting here for
both the velocity direction and amplitude, and we compute er-
rors in a different way. The upper limits obtained with this ap-
proach should be considered as more conservative. Nevertheless
they are about a factor of five better than what was found using
WMAP data.

4.2.3. Revisiting the Kashlinsky et al. (2010) filter

The idea of constraining the local bulk flow of matter by look-
ing at the dipolar pattern of the kSZ in the galaxy cluster pop-
ulation was first discussed by Haehnelt & Tegmark (1996) and
further developed by Kashlinsky & Atrio-Barandela (2000). The
method was applied by Kashlinsky et al. (2008, 2009) to WMAP
data, analyses that have been followed by more recent studies
(Kashlinsky et al. 2010, 2011). In this section, we perform a di-
rect application of their filter to both WMAP and Planck data,
and interpret it at the light of the results already outlined in this
work.

We first implement the filter of Kashlinsky et al. (2010) on
the MCXC cluster sample and the WMAP-7 data. After using the
extended temperature KQ75 mask, we obtain filtered maps from
the cleaned Q, V and W band WMAP data. Since the filtered
maps for the four W-band Differencing Assemblies (DAs) used
by those authors are publicly available3, a direct comparison of

3 The data were downloaded from the URL site
ht t p: / / www. kashl i nsky. i nf o.

the filtered maps can be performed: for instance, for the filtered
maps corresponding to the fourth W-band DA, the temperature
rms outside the joint mask in our filtered map is 74µK, very
close to the 77µK obtained from the map used by Kashlinsky
et al. (2010). The rms of the difference map amounts to 35µK,
and a visual inspection shows the similarity between both maps.
Each cluster is assigned a radius of 25 , and the r emove di pol e
routine from HEALPix is used when computing the monopole
and dipole in the subset of pixels surrounding the clusters. The
monopole and dipole components obtained for the WMAP W
band are displayed by the black, vertical dot-dashed lines in
Fig. 10. These are in very good agreement with the results ob-
tained by Kashlinsky et al. (2010).

We next distribute the same number of clusters surviving the
mask randomly on the unmasked sky 1000 times, assign them a
circle of radius 25 and repeat the monopole and dipole compu-
tation. For each of the 1000 cluster configurations, we separately
compute the monopole and dipole for each of the DAs. This per-
mits us to obtain the rms for each component and DA, in such
a way that a combined estimate of the monopole and dipole can
be extracted from all DAs by inverse-variance weighting the es-
timate for each DA. This is carried out for the real cluster con-
figuration on the sky and for the 1000 mock (random) configura-
tions. From the latter, we obtain the histograms shown in Fig. 10.
The average quantities out of the 1000 simulations are displayed
by the solid, vertical lines. Black lines refer to WMAP data, and
our results show that the y-component of the dipole is peculiar,
in the sense that it falls far in the negative tail of the distribution.

When repeating these analyses with the 2D-ILC map, we ob-
tain the results displayed by the red lines in the same figure. In
this case, the dipole components from the real data fall further
outside the distribution provided by the histograms, as none of
the 1000 mock cluster configurations provides a dipole of larger
amplitude than the one measured from the real MCXC sample.
These results suggest that the dipole measured at the MCXC
cluster positions is indeed peculiar if compared to dipole esti-
mates from randomized cluster positions.

Nevertheless, there is one aspect to be studied more closely,
namely the angular distribution of clusters on the sky. In what
follows, the filtered map built upon the 2D-ILC data will be used.
So far our Monte Carlo simulations assumed that clusters were
placed randomly on the sky, i.e., the clustering of our sources
has been neglected. We next perform tests in which the angu-
lar configuration of our MCXC cluster sample is preserved. The
first test consists of repeating the filtering and subsequent dipole
computation on 1000 CMB mock skies following the WMAP-
7 best-fit model. These mock CMB maps contain no kSZ and
hence should give rise to no significant kSZ dipole. Out of this
ensemble of mock skies, we compute the dipole using the posi-
tions of MCXC clusters (as described above) and obtain a his-
togram from the recovered dipole amplitude. This permits us to
judge how peculiar our measurement is with respect to the sim-
ulation outputs. In a second test, we rotate the clusters’ angular
positions around the Galactic z-axis on the real filtered map ob-
tained from the 2D-ILC data. We conduct 360 rotations of one
degree step size, in Galactic longitude, while preserving Galactic
latitude, and the relative angular configuration of MCXC clus-
ters on the sky. Since the mask mostly discards pixels at low
Galactic latitude (close to the Galactic plane), most clusters that
are originally outside the mask remain outside the mask after ro-
tating. For each rotation a new value of the dipole is recorded,
and information on dipole statistics is then built up using outputs
obtained from the real map with the real rotated cluster config-
uration on the sky. This rotation test, unlike the one based upon
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See However: Atrio-Barandela

arXive:1303.6614 => detection
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Inhomogeneous inflation
Kurki-Suonio, Graziani, Mathews, PRD 44, 3071(1991) 
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 If Ω0 = 1.002±0.008 is slightly less than 1, there is a 

contribution to the CMB dipole moment from 

preinflation fluctuations

Fluctuation wavelength

Preinflation fluctuation of 

inflaton field

Fluctuation amplitude
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mK , or h|a1|2i < 5.29 ⇥ 106 µK 2. H owever i f we
adopt an upper l imit t o t he dark flow veloci t y of
1000 km s− 1 t hen t he dark flow must be in an
opposit e dir ect ion t o t he local proper mot ion and
t his would cor respond t o 9.06 mK , or h|a1|2i <
82.0⇥ 106 µK 2.

A s is wel l known, t he quadrupole moment is
suppressed in t he CM B power spect rum. T he
W M A P 9yr dat a l ist s

C2 ⌘
1

5

X

m

h|a2m |2i = 157 µK2 (36)

fr om which we obt ain h|a2|2i = 785 µK 2. T herefore,
for 1− ⌦0 = 6⇥ 10− 3 we deduce

k0 < 0.013 (vD F = 254 km s− 1)

< 8.3⇥ 10− 4 (vD F = 1, 000 km s− 1) . (37)

In an open ⇤CDM universe, the largest observable scale,
that of thecosmic microwavebackground, has thecomov-
ing size

r l

a0

=
1

H0

Z 1

0

dx
p
⌦⇤x4 + (1− ⌦0)x2 + ⌦m x + ⌦γ

. (38)

For a nearly flat ⌦0 = 0.994 cosmology we can adopt
values ⌦⇤ = 0.697, and ⌦m = 0.297, (with ⌦γ = 0)
that are consistent with the Planck [1] and WMAP [2]
results. For these parameters, then r l / a0 ⇡ 3.3/ H0. So
k0 = 1 would cor respond t o t he present H ubble
scale, k0 = 0.3 cor responds t o t he present hor i-
zon, so in or der for a pre-inflat ion fluct uat ion t o
cont r ibut e t o t he dipole moment whi le not a↵ect -
ing t he quadrupole and higher moment s, t he pre-
inflat ion isocurvat ure fluct uat ion cor responding
t o a dark flow velocit y of 254 km s− 1 must reside at
> 0.013− 1 ⇡ 77 t imes t he present H ubble scale, or
23 t imes t he present hor izon implying t hat infla-
t ion persist ed for 3.1 e-folds beyond t hat required
t o solve t he hor izon problem. On t he ot her hand,
i f a dark flow t i l t were as large as 1000 km s− 1,
t hen t he pre-inflat ion fluct uat ion would reside at
361 t imes t he cur rent hor izon implying t hat infla-
t ion persist ed about 6 e-folds beyond t hat needed
t o sat isfy t he hor izon problem. T his is similar t o
t he conclusions in [26, 30].

E. Const r aint s on Pr e-inflat ion par am et er s

From our deduced values for k0 and adopt ed
cont r ibut ions t o t he CM B dipole, Eq. (32) , we
can infer t he ampli t ude of t he pre-inflat ion fluc-
t uat ion, i .e.

δ⇢

⇢+ p
> 0.068 (vD F = 254 km s− 1)

> 0.27 (vD F = 1, 000 km s− 1) . (39)

T hen, fr om Eq. (20) we have a relat ion between
t he fr act ion of energy in t he inflat on field and t he
ot her paramet ers,

f = K 2 δ⇢

⇢+ p

2
[1− l2(1− ⌦i )]

3

⌦i l4
< 1 (40)

Figure 1. summar izes values for ⌦i and l t hat
sat isfy t he const raint f < 1 based upon vD F = 254
km s− 1 fr om t he upper l imit of t he Planck analysis,
and t hat t he quadrupole and higher moment s not
exceed t he value from t he observed power spec-
t r um. Similar ly, Figure 2. shows values for ⌦i

and l t hat sat isfy t he const raint f < 1 based upon
vD F = 1000 km s− 1. T he upper region in bot h
figur es shows t hat only values of l near unit y can
sat isfy t his const raint whi le t he t he upper l imit t o
t he ini t ial closure paramet er is ⌦i < 0.4 (⌦k ,i > 0.6)
as f ! 1. T his value reduces t o ⌦i < 0.4 if a dark
flow of 1000 km s− 1 is al lowed.

0 0.2 0.4 0.6 0.8 1
f

0

0.2
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l  

i 

FIG. 1: (Color online) Const raints on the pre-inflat ion pa-
rameters as a funct ion of the fract ion f of the init ial pre-
inflat ion energy density in the inflaton field for a preinflat ion

fluctuat ion corresponding to a present t ilt velocity of 254 km
s− 1 from the upper limit to the Plancl analysis [27]. Lower

shaded region shows allowed values for the init ial closure pa-
rameter ⌦i . Upper shaded region shows the allowed values

of the wavelength parameter l for pre-inflat ion isocurvature
fluctuat ions in the inflaton field.

I I I . CON CL U SI ON

Although open inflat ion models are not part icularly
appealing because they imply that only enough infla-
t ion occurred such that the pre-inflat ion curvature is
just beginning to enter the horizon, they are also in-
terest ing because they suggest that there may be an
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t o solve t he hor izon problem. On t he ot her hand,
i f a dark flow t i l t were as lar ge as 1000 km s− 1,
t hen t he pre-inflat ion fluct uat ion would reside at
361 t imes t he cur rent hor izon imply ing t hat infla-
t ion persist ed about 6 e-folds beyond t hat needed
t o sat isfy t he hor izon problem. T his is sim ilar t o
t he conclusions in [26, 30].

E. Const r aint s on Pr e-inflat ion par am et er s

Fr om our deduced values for k0 and adopt ed
cont r ibut ions t o t he CM B dipole, Eq. (32) , we
can infer t he ampli t ude of t he pre-inflat ion fluc-
t uat ion, i .e.

δ⇢

⇢+ p
> 0.068 (vD F = 254 km s− 1)

> 0.27 (vD F = 1, 000 km s− 1) . (39)

T hen, fr om Eq. (20) we have a r elat ion between
t he fr act ion of energy in t he inflat on field and t he
ot her paramet er s,

f = K 2 δ⇢

⇢+ p

2
[1− l2(1− ⌦i )]

3

⌦i l4
< 1 (40)

Figur e 1. summar izes values for ⌦i and l t hat
sat isfy t he const r aint f < 1 based upon vD F = 254
km s− 1 fr om t he upper l im it of t he Planck analysis,
and t hat t he quadrupole and higher moment s not
exceed t he value fr om t he observed power spec-
t r um. Simi lar ly, F igure 2. shows values for ⌦i

and l t hat sat isfy t he const r aint f < 1 based upon
vD F = 1000 km s− 1. T he upper region in bot h
figur es shows t hat only values of l near unit y can
sat isfy t his const r aint whi le t he t he upper l im it t o
t he init ial closure paramet er is ⌦i < 0.4 (⌦k ,i > 0.6)
as f ! 1. T his value reduces t o ⌦i < 0.4 if a dark
flow of 1000 km s− 1 is al lowed.
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FIG. 1: (Color online) Const raints on the pre-inflat ion pa-
rameters as a funct ion of the fract ion f of the init ial pre-

inflat ion energy density in the inflaton field for a preinflat ion
fluctuat ion corresponding to a present t ilt velocity of 254 km

s− 1 from the upper limit to the Plancl analysis [27]. Lower
shaded region shows allowed values for the init ial closure pa-

rameter ⌦i . Upper shaded region shows the allowed values
of the wavelength parameter l for pre-inflat ion isocurvature

fluctuat ions in the inflaton field.

I I I . CON CL U SI ON

Although open inflat ion models are not part icularly
appealing because they imply that only enough infla-
t ion occurred such that the pre-inflat ion curvature is
just beginning to enter the horizon, they are also in-
terest ing because they suggest that there may be an

6

mK , or h|a1|2i < 5.29 ⇥ 106 µK 2. H owever if we
adopt an upper l imit t o t he dark flow velocit y of
1000 km s− 1 t hen t he dark flow must be in an
opposit e direct ion t o t he local proper mot ion and
t his would cor respond t o 9.06 mK , or h|a1|2i <
82.0⇥ 106 µK 2.

A s is well known, t he quadrupole moment is
suppressed in t he CM B power spect rum. T he
W M A P 9yr dat a l ist s

C2 ⌘
1

5

X

m

h|a2m |2i = 157 µK2 (36)

from which we obt ain h|a2|2i = 785 µK 2. T herefore,
for 1− ⌦0 = 6⇥ 10− 3 we deduce

k0 < 0.013 (vD F = 254 km s− 1)

< 8.3⇥ 10− 4 (vD F = 1, 000 km s− 1) . (37)

In an open ⇤CDM universe, the largest observable scale,
that of thecosmic microwavebackground, has thecomov-
ing size

r l

a0

=
1

H0

Z 1

0

dx
p
⌦⇤x4 + (1− ⌦0)x2 + ⌦m x + ⌦γ

. (38)

For a nearly flat ⌦0 = 0.994 cosmology we can adopt
values ⌦⇤ = 0.697, and ⌦m = 0.297, (with ⌦γ = 0)
that are consistent with the Planck [1] and WMAP [2]
results. For these parameters, then r l / a0 ⇡ 3.3/ H0. So
k0 = 1 would cor respond t o t he present H ubble
scale, k0 = 0.3 cor responds t o t he present hor i -
zon, so in order for a pre-inflat ion fluct uat ion t o
cont r ibut e t o t he dipole moment while not a↵ect -
ing t he quadrupole and higher moment s, t he pre-
inflat ion isocurvat ure fluct uat ion cor responding
t o a dark flow velocit y of 254 km s− 1 must reside at
> 0.013− 1 ⇡ 77 t imes t he present H ubble scale, or
23 t imes t he present hor izon imply ing t hat infla-
t ion persist ed for 3.1 e-folds beyond t hat required
t o solve t he hor izon problem. On t he ot her hand,
if a dark flow t i l t were as large as 1000 km s− 1,
t hen t he pre-inflat ion fluct uat ion would reside at
361 t imes t he cur rent hor izon imply ing t hat infla-
t ion persist ed about 6 e-folds beyond t hat needed
t o sat isfy t he hor izon problem. T his is simi lar t o
t he conclusions in [26, 30].

E. Const r aint s on Pr e-inflat ion par am et er s

From our deduced values for k0 and adopt ed
cont r ibut ions t o t he CM B dipole, Eq. (32) , we
can infer t he ampl it ude of t he pre-inflat ion fluc-
t uat ion, i .e.

δ⇢

⇢+ p
> 0.068 (vD F = 254 km s− 1)

> 0.27 (vD F = 1, 000 km s− 1) . (39)

T hen, from Eq. (20) we have a relat ion between
t he fract ion of energy in t he inflat on field and t he
ot her paramet er s,

f = K 2 δ⇢

⇢+ p

2
[1− l2(1− ⌦i )]

3

⌦i l4
< 1 (40)

Figure 1. summar izes values for ⌦i and l t hat
sat isfy t he const raint f < 1 based upon vD F = 254
km s− 1 fr om t he upper l imit of t he Planck analysis,
and t hat t he quadrupole and higher moment s not
exceed t he value from t he observed power spec-
t r um. Similar ly, F igure 2. shows values for ⌦i

and l t hat sat isfy t he const raint f < 1 based upon
vD F = 1000 km s− 1. T he upper region in bot h
figures shows t hat only values of l near uni t y can
sat isfy t his const raint whi le t he t he upper l imit t o
t he ini t ial closure paramet er is ⌦i < 0.4 (⌦k ,i > 0.6)
as f ! 1. T his value reduces t o ⌦i < 0.4 if a dark
flow of 1000 km s− 1 is al lowed.
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FIG. 1: (Color online) Const raints on the pre-inflat ion pa-
rameters as a funct ion of the fract ion f of the init ial pre-

inflat ion energy density in the inflaton field for a preinflat ion
fluctuat ion corresponding to a present t ilt velocity of 254 km

s− 1 from the upper limit to the Plancl analysis [27]. Lower
shaded region shows allowed values for the init ial closure pa-

rameter ⌦i . Upper shaded region shows the allowed values
of the wavelength parameter l for pre-inflat ion isocurvature

fluctuat ions in the inflaton field.

I I I . CON CL U SI ON

Although open inflat ion models are not part icularly
appealing because they imply that only enough infla-
t ion occurred such that the pre-inflat ion curvature is
just beginning to enter the horizon, they are also in-
terest ing because they suggest that there may be an
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V < 254 Km/s V < 1000 Km/s

Constrains on the preinflation parameter as a function of the fraction f of the initial preinflation energy density

in the inflation field for a preinflation fluctuation corresponding to a present till velocity of 254km/s and 1000km/s.

Lower shaded region shows allowed value for the initial closure parameter Omega(i).Upper shaded region shows the

allowed values of the wavelength parameter l for preinflation isocurvature fluctuation in the inflation field.
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6

mK , or h|a1|2i < 5.29 ⇥ 106 µK 2. H owever if we
adopt an upper l imit t o t he dark flow velocit y of
1000 km s− 1 t hen t he dark flow must be in an
opposit e direct ion t o t he local proper mot ion and
t his would cor respond t o 9.06 mK , or h|a1|2i <
82.0⇥ 106 µK 2.

A s is well known, t he quadrupole moment is
suppressed in t he CM B power spect rum. T he
W M A P 9yr dat a l ist s

C2 ⌘
1

5

X

m

h|a2m |2i = 157 µK2 (36)

from which we obt ain h|a2|2i = 785 µK 2. T herefore,
for 1− ⌦0 = 6⇥ 10− 3 we deduce

k0 < 0.013 (vD F = 254 km s− 1)

< 8.3⇥ 10− 4 (vD F = 1, 000 km s− 1) . (37)

In an open ⇤CDM universe, the largest observable scale,
that of thecosmic microwavebackground, hasthecomov-
ing size

r l

a0

=
1

H0

Z 1

0

dx
p
⌦⇤x4 + (1− ⌦0)x2 + ⌦m x + ⌦γ

. (38)

For a nearly flat ⌦0 = 0.994 cosmology we can adopt
values ⌦⇤ = 0.697, and ⌦m = 0.297, (with ⌦γ = 0)
that are consistent with the Planck [1] and WMAP [2]
results. For these parameters, then r l / a0 ⇡ 3.3/ H0. So
k0 = 1 would cor respond t o t he present H ubble
scale, k0 = 0.3 cor responds t o t he present hor i-
zon, so in order for a pre-inflat ion fluct uat ion t o
cont r ibut e t o t he dipole moment while not a↵ect -
ing t he quadrupole and higher moment s, t he pre-
inflat ion isocurvat ure fluct uat ion cor responding
t o a dark flow velocit y of 254 km s− 1 must reside at
> 0.013− 1 ⇡ 77 t imes t he present H ubble scale, or
23 t imes t he present hor izon implying t hat infla-
t ion persist ed for 3.1 e-folds beyond t hat required
t o solve t he hor izon problem. On t he ot her hand,
if a dar k flow t i l t were as large as 1000 km s− 1,
t hen t he pre-inflat ion fluct uat ion would reside at
361 t imes t he cur rent hor izon implying t hat infla-
t ion persist ed about 6 e-folds beyond t hat needed
t o sat isfy t he hor izon problem. T his is similar t o
t he conclusions in [26, 30].

E. Const r aint s on Pr e-inflat ion par amet er s

From our deduced values for k0 and adopt ed
cont r ibut ions t o t he CM B dipole, Eq. (32) , we
can infer t he ampli t ude of t he pre-inflat ion fluc-
t uat ion, i .e.

δ⇢

⇢+ p
> 0.068 (vD F = 254 km s− 1)

> 0.27 (vD F = 1, 000 km s− 1) . (39)

T hen, fr om Eq. (20) we have a relat ion between
t he fract ion of energy in t he inflat on field and t he
ot her paramet ers,

f = K 2 δ⇢

⇢+ p

2
[1− l2(1− ⌦i )]

3

⌦i l4
< 1 (40)

Figure 1. summar izes values for ⌦i and l t hat
sat isfy t he const raint f < 1 based upon vD F = 254
km s− 1 fr om t he upper l imit of t he Planck analysis,
and t hat t he quadrupole and higher moment s not
exceed t he value from t he observed power spec-
t rum. Similar ly, Figure 2. shows values for ⌦i

and l t hat sat isfy t he const raint f < 1 based upon
vD F = 1000 km s− 1. T he upper region in bot h
figures shows t hat only values of l near unit y can
sat isfy t his const raint while t he t he upper l imit t o
t he ini t ial closure paramet er is ⌦i < 0.4 (⌦k ,i > 0.6)
as f ! 1. T his value reduces t o ⌦i < 0.4 if a dark
flow of 1000 km s− 1 is al lowed.
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FIG. 1: (Color online) Const raints on the pre-inflat ion pa-
rameters as a funct ion of the fract ion f of the init ial pre-
inflat ion energy density in the inflaton field for a preinflat ion

fluctuat ion corresponding to a present t ilt velocity of 254 km
s− 1 from the upper limit to the Plancl analysis [27]. Lower

shaded region shows allowed values for the init ial closure pa-
rameter ⌦i . Upper shaded region shows the allowed values

of the wavelength parameter l for pre-inflat ion isocurvature
fluctuat ions in the inflaton field.

I I I . CON CL U SI ON

Although open inflat ion models are not part icularly
appealing because they imply that only enough infla-
t ion occurred such that the pre-inflat ion curvature is
just beginning to enter the horizon, they are also in-
terest ing because they suggest that there may be an

For fluctuation, (1/k0 > 0.013−1 ≈ 

77  times Hubble scale

23 times cosmic horizon

6

mK , or h|a1|2i < 5.29 ⇥ 106 µK 2. However if we
adopt an upper l imit t o t he dark flow velocity of
1000 km s− 1 t hen t he dark flow must be in an
opposit e direct ion t o t he local proper mot ion and
t his would cor respond t o 9.06 mK , or h|a1|2i <
82.0⇥ 106 µK 2.

A s is well known, t he quadrupole moment is
suppressed in t he CM B power spect rum. T he
W M A P 9yr dat a list s

C2 ⌘
1

5

X

m

h|a2m |2i = 157 µK2 (36)

from which we obt ain h|a2|2i = 785µK 2. T herefore,
for 1− ⌦0 = 6⇥ 10− 3 we deduce

k0 < 0.013 (vD F = 254 km s− 1)

< 8.3⇥ 10− 4 (vD F = 1, 000 km s− 1) . (37)

In an open ⇤CDM universe, the largest observablescale,
that of thecosmic microwavebackground, hasthecomov-
ing size

r l

a0

=
1

H0

Z 1

0

dx
p
⌦⇤x4 + (1− ⌦0)x2 + ⌦m x + ⌦γ

. (38)

For a nearly flat ⌦0 = 0.994 cosmology we can adopt
values ⌦⇤ = 0.697, and ⌦m = 0.297, (with ⌦γ = 0)
that are consistent with the Planck [1] and WMAP [2]
results. For these parameters, then r l / a0 ⇡ 3.3/ H0. So
k0 = 1 would cor respond t o t he present Hubble
scale, k0 = 0.3 cor responds t o t he present hor i-
zon, so in order for a pre-inflat ion fluct uat ion t o
cont r ibut e t o t he dipole moment while not a↵ect -
ing t he quadrupole and higher moment s, t he pre-
inflat ion isocurvat ure fluct uat ion cor responding
t o a dark flow velocit y of 254 km s− 1 must reside at
> 0.013− 1 ⇡ 77 t imes t he present Hubble scale, or
23 t imes t he present hor izon implying t hat infla-
t ion persist ed for 3.1 e-folds beyond t hat required
t o solve t he hor izon problem. On t he ot her hand,
if a dark flow t i lt were as large as 1000 km s− 1,
t hen t he pre-inflat ion fluct uat ion would reside at
361 t imes t he cur rent hor izon implying t hat infla-
t ion persist ed about 6 e-folds beyond t hat needed
t o sat isfy t he hor izon problem. T his is similar t o
t he conclusions in [26, 30].

E. Const raint s on Pr e-inflat ion paramet ers

From our deduced values for k0 and adopt ed
cont r ibut ions t o t he CM B dipole, Eq. (32), we
can infer t he amplit ude of t he pre-inflat ion fluc-
t uat ion, i.e.

δ⇢

⇢+ p
> 0.068 (vD F = 254 km s− 1)

> 0.27 (vD F = 1, 000 km s− 1) . (39)

T hen, from Eq. (20) we have a relat ion between
t he fract ion of energy in t he inflat on field and t he
ot her paramet ers,

f = K 2 δ⇢

⇢+ p

2
[1− l2(1− ⌦i )]

3

⌦i l4
< 1 (40)

Figure 1. summar izes values for ⌦i and l t hat
sat isfy t he const raint f < 1 based upon vD F = 254
km s− 1 from t he upper l imit of t he Planck analysis,
and t hat t he quadrupole and higher moment s not
exceed t he value from t he observed power spec-
t rum. Similar ly, Figure 2. shows values for ⌦i

and l t hat sat isfy t he const raint f < 1 based upon
vD F = 1000 km s− 1. T he upper region in bot h
figures shows t hat only values of l near unit y can
sat isfy t his const raint while t he t he upper limit t o
t he init ial closure paramet er is⌦i < 0.4 (⌦k,i > 0.6)
as f ! 1. T his value reduces t o ⌦i < 0.4 if a dark
flow of 1000 km s− 1 is al lowed.
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FIG. 1: (Color online) Constraints on the pre-inflat ion pa-
rameters as a funct ion of the fract ion f of the init ial pre-

inflat ion energy density in the inflaton field for a preinflat ion
fluctuat ion corresponding to a present t ilt velocity of 254 km

s− 1 from the upper limit to the Plancl analysis [27]. Lower
shaded region shows allowed values for the init ial closure pa-
rameter ⌦i . Upper shaded region shows the allowed values

of the wavelength parameter l for pre-inflat ion isocurvature
fluctuat ions in the inflaton field.

I I I . CON CLU SI ON

Although open inflation models are not part icularly
appealing because they imply that only enough infla-
t ion occurred such that the pre-inflat ion curvature is
just beginning to enter the horizon, they are also in-
teresting because they suggest that there may be an

Present Hubble scale
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We have analyzed a chaotic open inflationary universe characterized by a

general inflaton effective potential, but in which there is a plane-wave

isocurvature fluctuation in the power spectrum.

We have shown in a simple analytic model that such fluctuations are con-

strained by the requirement that they not exceed the observed limit on the

pre-inflation dipole contribution deduced in the Planck analysis or the

magnitude of the quadrupole and higher moments in the CMB power

spectrum.

Indeed, from these constraints alone we find that the pre inflation

fluctuation in the power spectrum must reside at least ∼ 80 times the

current Hubble scale.

Also, if there is a pre-inflation component to the current cosmic dipole

moment, then the initial pre-inflation closure parameter could have been as

large as Ωi < 0.4 (Ωk,i > 0.6). This parameter reduces to Ωi < 0.1 if a dark

flow as large as 1000 km s−1 is allowed.
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