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Recently we presented limits on the deviation of the Universe from a Friedmann-Robertson-
Walker form, which are implied directly by anisotropies in the cosmic background radiation, without
assuming inflationary or other models of evolution. Here we weaken some of our previous assump-
tions, ensuring that all assumptions are in principle observational, and obtain improved limits.
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I. INTRODUCTION

In [1] we developed a covariant and gauge-invariant for-
malism for analyzing the direct relationship between tem-
perature anisotropies of the cosmic background radiation
(CBR), and deviations of the Universe from a Friedmann-
Robertson-Walker (FRW) form. We presented a set of
limits on the kinematic, dynamic, and geometric indica-
tors of anisotropy and inhomogeneity. Since completing
[1], we have been able to weaken some of the assump-
tions, ensuring that all assumptions are in principle ob-
servational, and then to derive a more complete and a
sharper set of limits.

This paper is supplementary to [1], and we assume the
discussion, basic equations, and notation of [1]. Refer-
ences to equations from [1] will be in the form (I:number).

II. AN IMPROVED SET OF OBSERVATIONAL
ASSUMPTIONS

In [1], we introduced, in addition to observational as-
sumptions (i.e., assumptions on the CBR anisotropies, in
principle subject to observational testing), the following
nonobservational assumption.

(I:C3): There exist constants o, 3, v of the order of 1
such that
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|Gab| < @®logsl, lﬁa@b”’l < /6@|€7aﬂ|a
|VoEpe| < vO|Eqs| -

This assumption was introduced to bound certain deriva-
tives, and then led to limits on the density inhomogeneity,
vorticity, and electric Weyl tensor. No limits were found
in [1] for the expansion inhomogeneity or the magnetic
Weyl tensor.

We can avoid the disadvantage of the nonobservational
assumption (I:C3), and at the same time complete the
set of limits, as follows. We retain assumption (I:B1),
which simply formalizes the observed bounds on the co-
variant temperature multipoles 7,,...q,: i.e., there exist
O[1] constants €z, such that

|Tay-ar| < €L - (1)

The assumptions (I:B2), (I:B3) of [1], which express in
general form that the first derivatives of the tempera-
ture multipoles are bounded, are simply extended up to
third order derivatives (and thus remain observational in
nature). Thus we replace (I:B2), (I:B3) by

(B2'): There exist O[1] constants €}, €}*, €1** such that

[farar] < €10, |fayap] < €1'0% [Tayoay] <ep"0%,
(2)
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B3’): There exist O[1] constants €' ,e”, eIt such that
L)€L €L

I@bTa1~~-aL| < 629, I@b@c'ral...%[ < 6?@2 ,
I@b@cﬁ,ﬂal...aJ < 62”93 , (3)

and O[1] constants 62*, ez**, ey* such that
'(ﬁc'ralma;‘).l < 62*62, |(<70T01""1L)”| < 61[:**63’
(VaVeTarap) | < €if*03 . (4)

We have normalized the derivatives relative to the ex-
pansion of the Universe, and we will not need the higher
derivative limits. Note that €} was denoted €, in [1], and
e} was denoted ¢} in [1]. On the basis of (B2'), (B3),
we can find limits on all important quantities, including
the expansion inhomogeneity and magnetic Weyl tensor

(see Sec. III). Assumption (I : C3) may be discarded.

In practice €},e}* and especiall eT,eﬂ,... are not
p L €L p Y €r-€r,

known from observations. In order to produce more use-
ful versions of the limits, we need a reasonable estimate of
these quantities. We make a simple extension of assump-
tions (I:C1), (I:C2) to cover second and third deriva-
tives:

(C1'): The spatial gradients of the temperature mul-
tipoles are not greater than their time derivatives:

62 <€}, e?,er < et e}TT,etL**, eg* <€ . (5)

(C2'): The bounds on the time derivatives of the
temperature harmonics are estimated by O¢}, ~ € /tg,
O ~er /%, O3y ~eL/th, so that

* 1 ~ 1 Aok ok 1
€1 ™ 3€L, €I ™ G€r, €1 " so€r . (6)

In [1] we employed the Copernican assumption as for-
mulated in (I:A1l). George Smoot (private communi-
cation) recently pointed out to us that the Copernican
principle is ultimately partially testable. The Sunyaev-
Zeldovich effect allows us to confirm to some degree that
distant galaxies do see isotropic CBR, for otherwise the
scattered radiation would have a significantly distorted
blackbody spectrum. Thus, it may eventually be possi-
ble to determine some of the limits given in Egs. (2) to
(4) observationally.

III. IMPROVED AND EXTENDED LIMITS ON
ANISTROPY AND INHOMOGENEITY

To begin with, we assume only (1)—(4), and not (5),(6).
(1) leads immediately to the limits (1:46) on the radiation
anisotropy tensors ¢q, map, £abe- Limits on the derivatives
of the radiation tensors arise from differentiating (I:41),
using (1)—(4) and the evolution and constraint equations
(I:11)—( I:24). A lengthy but straightforward calculation
leads to the results

lda| < 310(3€1 +€) , (7)

IVags| < 2uOel | (8)

Ga] < 551O0%[(20 + 4QR + 2Qpr)e1 + 24€} + 9eX*], (9)

VaVige| < 3u0%€lT, (10)
[(Vags) | < $10°(3€l” + 4¢l) (11)
[(VaVege) | < 103 (3el™ + 4€lt) |, (12)
7rab| < T51O(fe2 +¢€3) , (13)
|Varpe| < %p@e; , (14)

|7.1.'abl < %HG)?[@O +4Qpr + 2QM)62 + 24€; + 96;*] ’
(15)

[(Vamee)'| < Ep©?(4eh + 3¢l*) (16)
|(Vamee) | < 15 1©3[(20 + 4Qg

+2QM)e; + 24el +9€)**], (17)

IVaVpVermge| < Epu@3efit | (18)
[Vabbed| < ZuOcl , (19)
|(Vabbea) | < 155107 (4€l + 3€}%) (20)
|@a@b§cd6| < 3%”@26:‘;1‘ , (21)
|(VaViede)| < 12510 (4ell + 3€1) . (22)

The density parameters are Qg = u/3H?,Qp = p/3H?2.
Limits on other derivatives are not needed.

Now (7)—(22) are used in the evolution and constraint
equations (I:11)—(1:24) and their derivatives in order to
find limits on the quantities that characterize the devi-
ation of the Universe from FRW form. We emphasize
that the following limits are gauge invariant, covariant
and imposed directly by observational quantities, i.e.,
the temperature dipole, quadrupole, octopole, and their
derivatives.

From ( I:13) and (I:14) we get immediately

Vanl _ IV
v’ T

< H(8ey +12¢] + 2eb),  (23)
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|wab| *
|65bl Ser+ €5+ 5ef 4 2 eg . (24) o < 9¢l + 3¢l* + gfy . (25)
The remaining limits require more complicated manipu- . . R

lation of the evolution and constraint equations. From  From (I:23), using V. (1:16), V. (I:14), and [V, (I:14)]
(1:27), using V,, (1:13) to get |V,Vippu|, we find to get limits on |V Egp|, |Vcoas|, and |(Veoap)|, we find

v Q
! G‘;”' < ZHe + (Q—"i)ﬂ[mel + 12€} + 61€l
M

3
+ ( W) H([165€l" + 45€]™ 4 110€] + 69¢}* + 9ef™* + 1811 . (26)

From V,(I:12), using (I:13) and (I : 26) to get |(Vau) |, we find

Va9
(C]

From (I:16), using (I:14)" to get |dap| and (I:12), (I:15), (I: 26), we find

< H[50€; + 51¢} + 9€i* + 3¢’ + 2ep + 18€h + Bel*] + 4(2Qr + Qu)Hey . (27)

Ea * * * ok *
| ®b| < H[50€} + 15el* + B¢y + 146 + 3e3* + S0l + 2€l*] + £ (11QR + 15Qa7) He; . (28)

From (I:22), using V(I : 27) (with ¢ = p) and V.V4(I : 13) to get |V.wqs|, and V(I : 14) to get |Vooqp|, we find

Ha * *
| @bl < H[45€lt + 9l 4+ 9¢l + 3¢l + 1—5863'” + %e};”] . (29)

If the dipole is assumed negligible, then all the €;’s may be set to zero in (23)—(29). Equations (23)—(29) complete
the limits (1:49), (1:50). They show explicitly the role of the dipole, quadrupole, and octopole in determining limits
on all indicators of anisotropy and inhomogeneity; they are direct (i.e., model independent); and they are based on
minimal observational assumptions (1)—(4).

We can now use the stronger observational assumptions (5),(6) to recast (23)—(29) in terms of the observationally
realistic €y.:

|f7;u| _ 4W;T| < H(12e1 + %ey) | (30)

|U(;b| S+ 36z + Ses (31)

L%ﬂ < Be+ Ee (32)

W(;’" < 2He, + (QIL) [60€; + 134€5 + 6e3] + (gz) H[16e; + Fes] (33)
Iﬁg)gl < H(2¢; + 8¢;) + 4(29Qr + Q) Hey (34)

IE(;” (Ber + 13262 + Les) + ;5 (11Qr + 15Qx)Hes (35)

Hal _ prosse, 4526, 1 1ey) . (36)

(S}
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If the dipole is neglected, then we can set €; = 0 in (30)—(36). The bounds (30)—(36) improve and extend the results
(I:56), (1:57), (1:62)—(I:64). They are the main results of the quest for a direct link from feasible observational limits
on the CBR to limits on the deviations of the universe from FRW since the last scattering (within our past light cone).

From these limits we can obtain conservative estimates of present-time bounds on the anisotropy and inhomogeneity
of the universe, improving and extending the limit (1:65)—(1:67). Let

€ = max(ey, €2, €3)

denote the upper limit of currently observed anisotropy in the CBR temperature variation, and take (Qg)o < 1.
Then (30)—(36) imply

Va a a
Vel ) o 1784, (M) < 6, ("" "') < 4e. (37)
n o e /, e /,
E, H,
(I bl) < [$(Qar)o + 56]Hoe, (I bl) < 10Hje , (38)
e /, e /,
V.0 V.,
0 P 0
[
where C(2) = 5 + 200/(Qar)o. The latter is stronger | Eab|
- L . " a 4
than the limit (I:67), but is still relatively weak, consis- o < [5(Qn1)0 + 38]Hoe
tent with inhomogeneities in the large-scale matter dis- 0

tribution. The improved limit (39) leads to a table of | H oo
values improving on that in [1]: o < 4Hye , (41)
0

Q)0 0.02 0.1 0.3 1

c(Q) 10005 2005 672 205

V.0
If the dipole is neglected, then we can set ¢; = 0 in (| o |) < 4[(ar)o0 + 2]Hoe ,
(30)—(36) to obtain “dipole-free” estimates improving on 0
(I:65a)—(I:67a): v
ap| 140
—_— < | ==—— + 5| Hope . 42
( o ) [(QM)O ° (42)
ﬁa a
(]—MI) < 5Hge, (%) < 4e ,
N 0 0 ACKNOWLEDGMENTS
|was| R.M. was supported by research grants from
%) <e, (40) Portsmouth University and the FRD. G.E. and W.S.
0 thank the FRD for financial support.

[1] R. Maartens, G. F. R. Ellis, and W. R. Stoeger, Phys. Rev. D 51, 1525 (1995).



