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Abstract: In this paper we investigate two-fluid, zero curvature, tilted FRW
models. In these models matter content of the universe is represented by a perfect
fluid and is comoving with respect to the space-time coordinates. The other fluid
is a viscous fluid which represents tilted cosmic microwave background radiation
{(CMBR). Models are presented describing the cosmic picture before and after the
recombination epoch. Apart from presenting physically sound two-fluid models,
our investigation aims to model the observed dipole anisotropy of CMBR as
uniform streaming motion of the entire galactic content of the observable
universe.
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1. Introduction

In the hot big-bang mode! tracing the entire cosmic history dating back to inflation
as a two-fluid description where one fluid represents the matter content and ancther models
the radiation distribution, is fairly accurate as compared to a sequence of two single fluid
regimes. In the present epoch the observable universe is composed of highly isotropic
background radiation in the microwave region (CMBR) and the matter in the form of
galactic concentrations obeying the Hubble flow.The dipole anisotropy' of the CMBR is
interpreted as a result of the motion of the local group relative to the Hubble flow™”. An
alternative interpretation is that relative to the rest frame of CMBR entire galactic content
of the observable universe has a uniform streaming velocity implying that the dipole
anisotropy is cosmological in origin®>®. Such an interpretation gives rise to a tilted
universe. Since the universe at large is spatially homogeneous and isotropic, the
background geometry is close to that of a Robertson-Walker space-time with zero or
constant (positive or negative) spatial curvature. It is generally argued that a maximally
symmetric (isotropic and homogeneous) space-time, such as Robertson-Walker space- -time,
is consistently manifested only by a maximally symmetric energy-momentum tensor. On
the contrary a critical examination of Einstein field equations along with Bianchi identities
(conservation laws) without any precondition revezals that even a non maximally symmetric
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energy-momentum tensor can give rise to a maximally symmetric space-time. In fact, it has
been shown that FRW cosmologies do not necessarily represent perfect fluid solutions but
can also be exact solutions of the field equations for a viscous fluid in a frame non
comoving to the coordinates of the R-W metric™®.

Our object is to present two-fluid models with the background geometry that of R-W
space-time. In these models we assume that matter content is a perfect fluid comoving with
the space-time coordinates. CMBR is modeled as a viscous fluid moving axially relative to
the matter content. It may be mentioned here that in two-fluid FRW models® CMBR is
comoving with the space-time coordinates whereas the matter distribution is taken to be
tilted. We follow the opposite track based on two counts. Matter is presently dominant
cosmic component distributed in an isotropic and homogeneous manner so as to fit in the
FRW frame work. Secondly tiny anisotropies are observed everywhere in CMBR which
makes an adequate case for the CMBR to be represented by a viscous fluid.

2. Field Equations

The zero curvature Robertson-Walker line elements in the axial coordinates is given by
@.1) ds? =c2de? - R ()ax? + dy? + a?),

where coordinates are comoving with the matter that is, the four-velocity of the matter is
givenby v; = (1 ,0,0,0). Equations of general relativity are

1 872G
(2.2) RU—'z—RgU+/\gy =“7Tu

where
p
(23) Tj=Pm *+Pm)ViVj—Pm8ij +?r(4uiuj - gij) - 2105 +qjuj +qju;.

Here the non tensor suffixes m and r denote fluid parameters of matter and radiation
respectively. ; is the time-like unit four-velocity of tilted CMBR and has a non-zero spatial
component

(2.4) u; =(@,0,0-BR), a?-p*=1.

SR accounts for the deviation of CMBR from the Hubble flow. The physical and
kinematical quantities associated with the model are functions of t alone. 1 is the shear
viscosity coefficient of CMBR and oj; the shear tensor:

1 1
@25) oy= E[Ui;yﬂj’ + uj;YHl")]~—§u;’;,H,-j , Hy=wu;-g;.
The heat conduction vector g; satisfies the condition

(2.6) giu' =0.

which, in view of (2.4), gives

@7 q; =Q-$0.0,0R), Q% =q;q".



Galactic Motion Relative to CMBR in Two-Fluid FRW Models 137

The independent field equations of general relativity are

2 .
_87G 2
@29 3R, .- CZ&(3+4[32)+c2pm+4T]Bﬁ3+2B s
¢ 3 3c\/1+62

2.10) o nBbrap?)
263 g1+ 2

Thus, we are left with a set of three independent equations in variables p,,p,,, pp, f and
n along with the scale factor R. Thus to integrate the field equations into a determinate

solution we require three additional relations. One of these is the equation of state of matter
for which we shall assume the ylaw

@.11) P = (¥ =Dpmc?.

Apart from the equation of state we shall make assumptions for either two of R, fand 7.
The resulting models are presented in the following section.

3. Cosmological Medels with Interacting Radiation and Matter
Model (i) Here we assume the power law form for R and n
3.hH a) R=1", by np=t",

where m and n are positive numbers. From (2.8), (2.9), (2.10), (2.11) and (3.1), we get a
differential equation in £

; 2
(.2) n4-3)8 e 2(3ym2—2m—/\;42)=0,
2cB\1+ B 8aGt

provided y #4/3. In view of (3.1b), the equation (3.2) integrates into

(4‘37)1:1 B _czm(37m—2)t"_1+02/\yt"+l_(4—3y)lna=0

G = L4y1+ g2 8xG(n-1) 8nG(n+1) — 2

where ‘a’ is the constant of integration. Solving for 3, we get

5aex c? (3;m—2)mt""l_ Ayt™
PG=3)| anG@-1) 4nG(m1)

(3.4) B= :
[a® &xp < | @Em-2)m™ Ayt™
(

4-3)| 2aG(-1)  2aG(n+1)
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We note that #> 0 for all 7 and decreases gradually from a finite value at £ = 0 to zero as
t—wo, provided m <2/3y, n>1, 0<a<]1.We further note that SR — 0 as ¢ approaches

0 and «. Thus, if AR increases from zero to its maximum, then tapers off to zero as t — .
The kinematical behavior of the model is reasonable. Since initially photons and matter
were in a bound state, there could be no relative motion.

From (2.7), (2.8), (2.9), (2.10), (2.11), (3.1) and (3.4), the physical parameters are given by

:6m(2m—])—4/\t2 _[2m—3}/m2+/\7t2](3+3b4+10b2)

a) p b) p
" 8aG(@4-3p)? T 8aG@ -3y’ (1-b%)?
(3.5)
2 {2m-3ym? + ap? \b(1+5%)
AGt (4-37) (1-b2)
where
2 2 n-1 n+l

(G6) b=aexp—F By m 2m) _art™

(4-—3}/)4713G (n—l) (n+])
As a particular case of this model, we assume A = 0. Equation (3.4) assumes a simple form

2aeb"ml c? 2 -3m)m

al) ’BZT_W’ = T G (-4 -3y)

From (2.7), (2.8), (2.9), (2.10), 2.11), (3.1) and (3.7), we obtain

n-1i -1
=3yt ) 3435% 6301 11042201 }
3l 2m - 1) (2m ?m)[ ae ae

DO G- $1G(4 -3 (1- 22t P ’
€X)
) BR= 2at"’eb""_i d) Q:ac2(2m—3ym2)eb],"“ (1+a23251i:l) '
1-a?eh G (*(4-3y) (1= 2201 2

We note that meO for m>1/2; p, >0 for m<2/3y. p,, Q and n are always

monotonically decreasing function of time, whereas p,, / p,. is monotonically increasing.

Model (ii) Here we assume power law for R and f
3.9 R= 4", B =B RERT".

The above assumptions imply that we are not only assuming the scale factor R(f) but
also R, the deviation of radiation from the Hubble flow. From equations (2.7), (2.8),

(2.9), (2.10), (2.11) and (3.9), we obtain
_6m(2m—1)=4n

3.10
e P 87G(4 -3¢
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2
_@m=3ym’ + )3 +4 By RE"
87tG(4 - 3},)t2mn+2
(.12) BR = Borg™ im0,

2 15 2 2 2mn 2 2n
PoRE(2m -3 + AV +
(.13) 0 " Py ()( Ym YNt ﬂoRO

2nG(4 - 3y) mn ;2mn+2

2 _ 2 2 2mn , g2p2n
(.14) n=C@m=3ym”+ Ay ) vt BoR{

41G(4~3y)mn fmn+l

@3.11) P,

y

s

[}

_ 6m(2m—1)—4 A y?

3.15
. Q=T T4 3

_ @m=3ym?+ artH3eEm +4BRE")

3.16 Q
) ' 3m2(4-3y)2m

- §

provided y = 4/3. From (3.10) and (3.11) the following realistic conditions surface:

3m(2-3ym)+3 Ay 1
87G(4-3y)¢3

3.17) m>%£1+ 1—36—/\1(2,], Pro2
Thus our model forces a lower limit on p,, which corresponds to the universe in which
CMBR obeys the Hubble flow. In others words an increase in the deviation of CMBR from
Hubble flow results into a corresponding increase in p,,. Model parameters are y, m and
n. These are to be determined by the cosmological parameters 4, p,q,B8,Ra, Roand 7. In
the absence of A, model parameters are related to the cosmological parameters by

2m-1 (3+4[33)p,,,0 3y=d- Smam-1) _ 2(2-3ym) 1 2.

2-3ym 6 py anGpppty:  AnG(A=37)m10

We note that for a physically meaningful model, we get 1/2<m <2/3y . We further note
that p, is a monotonically decreasing function of time. For n>0, p, and p,/p,

display a reasonable behavior as these monotonically decrease and increase respectively.
On the other hand AR increases monotonically for 0 <n < 1, remains constant for n =1 and

decreases monotonically for n> 1.
4. Coémological Models with Non- interacting Radiation and Matter

The matter distribution is assumed to be dust, i.e.

(4.1) P =0.

The two-fluids are non-interacting which implies that®
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3
4.2) P = pmo(%] -

From the equation (2.8), (2.9), (2.10) and (4.1), we obtain a second order non linear
differential equation in R only®

% 47Z'Gpm0R03 _ 2

(4.3) RR®>+ R’R- ZAR?=0.
3 3
The first integral is
. A2 8aG 3 b
(4.4) P =g e il off e,
3 3R R?

b being constant of integration. In the absence of A its solution is given by

12
@.5) RPN [R+ 3 3) (Rm———L}—],
67Gpmo RS 872G P moRp 42GPmoRy

where ¢, is a constant of integration to be evaluated by the initial condition, i.e. R = 0 at +=0:

3b3/2
enGpmoR )

b is evaluated by subjecting (4.4) to the conditions at the present epoch:

(4.6) f =

8
C&) b= RS‘[H& ~5nGpmo},

H, being the value of Hubble’s parameters at the present epoch. This completes the
evolution of R from (4.5) as a function of t. From equations (2.9), (2.10), (4.2) and (4.4),
we obtain the following equation in S and 5 for A=10 as

ng__, ¢’ _
7=

ﬁ«h + 3% 4nGR
Eliminating ¢ between (4.4) and (4.8), we obtain
andg , R

4.8) 0.

4.9) =0,
By1+p2 2R3R+al
with
b
(410) al=-——2£”g—3, ay= """‘ﬂ"_‘j’ .
a ° SnGmeRO

Some sort of physical input involving f and 1 is required, however, in the following lines
we shall try to integrate (4.8) subject to various hypothetical assumptions involving Bor n.
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Model (iii) We assume
4.11) —ﬂ—=(—£~jn , n>0.
Bo \Ro
From the equation (2.7), (2.10), (4.8) and (4.11), we obtain
b (R*+4BiRY)

a = ,
) pr 87.[G RZnM
b RnCZ R2n+ 2R 2n
@12) b 0= BoRo ¢y 2 Bo Ro ,
TG RIS
) bc3\/3(R2"+BZ,R§")
c n=

4nGn R™? J;ZHG meR: R+3b

We note that p,,, p,, @ and 5 are always monotonically decreasing function of time,
whereas p,, / p, is monotonically increasing. From (4.11), it is evident that [ R increases

or decreases monotonically according as 0 < n <1 or n > 1 respectively and remains
constant for n = 1.

Model(iv)
(4.13) p=t".
From the equations (2.7), (2.10), (4.8) and (4.13), we obtain

B2 +4) b i ol

8aGR* ¥ T aaGRY 4nG nR*

(4.14) p, =

P Pr» O and n are always monotonically decreasing function of time, whereas py, !/ py
is monotonically increasing. SR increases or decreases monotonically according as 0 <n
<1 orn> 1 respectively.

To study the properties of the model at various stages of evolution, we assume that at the
present epoch the cosmological parameters are given by

Ro =1.229904 x 10®* cm,  BoRo =6 x 107 ems”?, Ho=1.782473425x 107%™,
pro =447 x 10 gem™  pro= 5.681493957 X 10°%° g cm™.

In view of the equations (4.5), (4.7) and (4.13), these values give rise to b = 5.719281489 x
107, n = 1.484202062 and o, = 3.739832126 x 107 s. To study the properties of the model
iv) at various stages of evolution, we solve the equation (4.5) with the help of numerical
aethods. For the value of R calculated at corresponding epoch, the equation 4.3) is
atisfied upto the sixth places of decimal only. We have worked out various cosmological
roperties of the corresponding universe in the age interval 108 s to 10 s (Table I). We
bserve that o, Prr Cm, PR, and (2 are monotonically decreasing function of time,

hereas p,, / oy is monotonically increasing,.
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Model (v)
1
R

Equation (4.8) is integrated into

(4.16) ﬂ~(———)ze_blt b =2
. =~ l_e_zblt ’ 1—41'[G ’

the constant of integration being made to vanish. We note that for u > 0,  satisfies the
boundary conditions B - ast— 0and f — 0 as t — o.From (2.7), (2.10), (4.8) and
(4.16), we get

_ b(3 +3e4bit +1072bty by Q= bele bit(1+¢72bit)
4 -2b,t ’ GRA(1—e-2b,12
872G R *|1-e—4by aGRY(1-¢7“0if)

Pm» Pr» Q and n are always monotonically decreasing function of time, whereas p,, / p,

@.17) a)p

T

is monotonically increasing. BR is indeterminate as¢t — 0 and t & oo,

Model (vi) 7 = constant.

{t is a reasonable assumption in the present epoch where R is large. Equation (4.9) is easily
integrable in an epoch where n is constant. The resulting integral is

(4.18) ln——i——l oz+—l ~1;+—;1——i (—1+—l— —1+—21— +-islr(—l+~]—+ (—1+—1J =0,
14148 an &RqR- &R 4a|\R 24 R aR| 164 \R 24 W\R' 2R
where c, is constant of integration. Solving for S we obtain

(4.19) p=

(4.20) ws~l—c2+ ! L2+2L 3|1, 12 -Lze 2] \e 35I 1, 12+ —%*21 .
an @R {R azR 432 R 26.2 R azRJ 1632 R 232 R aZRJ

From the equations (2.7), (2.10), (4.8) and (4.19), one obtains

b3 +3e™ +10e2" bele(1+e2%
@42 a) pr= ( i, 2w 2) by @ =_g_g4(__c§_%'
87GR*(1-¢“") G R*(1-¢“")

We put the equation (4.9) in the following form
2
“4.22) - dp 5 do =0, ¢ = yR+ay” .
B \ﬁ +p? ((P 2 - 822)3

Since ¢ is large, the last equation is simplified by retaining terms of first order of smallness
in the second member as:
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(4.23) U 35[ L L :‘dq)=0.
p1+p2 1623022 @+ay

The resulting integral is

3
5
(4.24) [3=_:2§E’ Ssbl(¢+32)‘6“a'az,
1-8 ¢—a>
b, being constant of integration. From equations (2.7), (2.10), (4.8) and (4.24), we obtain
4 2 2 2
4.25) a) rzb(3+3S +1205), b - be S(1+2S) .
82G(1-s?)* R* 2G(1-s%)* R*

We note that $— 0 as R — o« and f is indeterminate as R — 0. p,,.p,, SR and Q are

monotonically decreasing function of time. The ratio p,, / p, is a monotonically increasing
function of time.

5. Conclusion

We present tilted, two-fluid cosmic models where the matter field displays Hubble
expansion and the radiation field is represented by a viscous fluid indicating a deviation
from the Hubble flow. This deviation from the Hubble flow in FRW space-time models the
observed dipole anisotropy in CMBR which is assumed to arise from the uniform streaming
motion of observable galaxies relative to CMBR. Parameters appearing in the models are
determined from the currently available data of cosmological parameters. In each of the
models, obeying the y-law equation of state, all the cosmological parameters behave
reasonably. One of the models put a lower limit on the p,o which corresponds to CMBR in

Hubble expansion. The model gives rise to a critical value of p,o which corresponds to
uniform streaming motion throughout the cosmic evolution.
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