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CMB Dipole

T(6) = Tems

v/1- B2(1- B cosH)

V (km/ sec) (lgal,bsal)’

Sun-CMB 369.5+ 3.0 (264.44+ 0.3,48.4% 0.5) Kogut et al (1993)
(COBE/ DM R-based)

Sun-LSR 20.0+ 14 (57 % 4,23+ 4) Kerr & Lynden-Bell (1986)
LSR-GC 222+ 5 (91.1+ 0.4,0) Fich et al (1989)
GC - CMB 552.2+ 5.5 (266.5%+ 0.3,29.1+ 0.4) Kogut et al (1993)

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

627 + 22 (276 + 3,30+ 3) Kogut et al (1993)




Pre-Inflation Cosmology

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

Y k/H%a? should dominate
Qo B As universe slows down

time Could we be at this epoch?



1T Q2 Is even slightly different
than 1.000, then the scale
entering the horizon now exhibits
pre-inflation curvature
fluctuations



The universe may be slightly open

Q =1-Q, . =-0.00052=0.00065; -0.0027 =£=0.0004
Q.. >0.994 (95% C.L.)

Normal matter: Qg = 0.0463+0.001

. =0.0482%0.001
 Dark Matter: Qpy =0.240£0.001
. = 0.258%0.001
« Dark Energy: Q, =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



If so, then the current visible
horizon is just beginning to show
the pre-inflation curvature

current horizon

Pre-inflation hubble scale = 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 nflation fields/Open Intlation

— 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 ;




Question:

Is the CMB dipole due to motion of the
LLocal Group or does it extend across the
universe?

(Is there a universal cosmic dipole moment?)



Great Attractor: 35h~t Mpc
Lynden-Bell (1983)

Large Scale Structure in the Local Universe
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1) Bulk flow extends
.y e beyond 130 h Mpc

B AR 2) No infall detected
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Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in farenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)




Does the dark flow extend to Gpc distances?

Galaxy Clusters+CMB provide a means to study
bulk flow at scales > 200 Mpc
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Kinetic Sunyev-Zeldovich Effect
Kashlinsky (2012)

» \ Yo
A

photon:
Net effect: Redshift of CMB

photons along line of sight to the

cluster.
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Dark Flow

“Dark flow” galaxy clusters and flow direction by distance

)

(km/se

Kashlinsky (2012)

Vg = 800200 km s
(1b) = (28314, 12+14)

Clusters from 0.8 — 1.2 billion light-years away (250 to 370 megaparsecs)

Clusters from 1.2 — 1.7 billion light-years away (370 to 540 megaparsecs)

Clusters from 1.3 — 2.1 billion light-years away (380 to 650 megap:

Clusters from 1.3 — 2.5 billion light-years away (380 to 755 megap:



But!! Planck Data seem to
contradict this: arXive:1303.5090

redshift z
0.5/0

instr noise + CMB + tSZ

See However: Atrio-Barandela
100 1000 arXive:1303.6614 => detection

Sphere comoving radius [Mpc h™']
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An Analytic Formulation of
Constraints on Pre-Inflation
Fluctuations in a nearly flat Open
ACDM Cosmology

G. J. Mathews, I. Suh, N. Q. Lan, and T. Kajino Phys. Rev. D92,
123514 (2015), arXiv:1406.3409.
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Inhomogeneous inflation

Kurki-Suonio, Graziani, Mathews, PRD 44, 3071(1991)
Mathews, Lan, Kajino PRD (2015) arXiv1406.3409M
1L 1 L AL *

Preinflation fluctuation of

inflaton field

SNOEU RV aeaRse, H A stays constant. If £); <<1, the curvat
ins to dominate the expansion soon and HA

lation géfs going, the uni

yw-rolling solution
V()
= If Q,=1.002£0.008 is slightly less than 1, there Is a
contribution to the CMB dipole moment from
preinflation fluctuations 1

AATHEWS



General Inflaton Field
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Initial Conditions
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Analytic Model
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COBE Normalization
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CMB Fluctuations
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Window Functions

Expand in
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1

Cy = 7 D (lagm|?) = 157 pK? (36)

m

from which we obtain (|as|?) = 785 uK?*. Therefore,
for 1 — Qy < 6 x 1072 we deduce

ko < 0.013 . (37)

kO < 0.013 (VDF =254 km s l)
< 83—)/10_4 (VDF = 1,000 Km S_l)



Constraints on Preinflation
Parameters

25



Solution
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 og
allowed values of the wavelength parameter | for preinflation isocurvature fluctuation in the inflation field.



Horizon scale

Present Hubble scale

For fluctuation, (1/k0 > 0.013!' =
77 times Hubble scale
23 times cosmic horizon
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Conclusions

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 Iin 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 Qi < 0.4 (Qk,i > 0.6). This parameter reduces to Qi < 0.1 if a dark
flow as large as 1000 km s—1 is allowed.
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Thank you



