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We analyze the possibility of global anisotropy of the Universe. We consider an altered Friedmann
Lemaitre Robertson Walker metric in which there are different scale factors along the three different axes of
space. We construct the corresponding altered Friedmann equations. We show that any initial anisotropies
decrease into the future. At late times, the difference in Hubble parameters changes as 1/4/7 in a radiation
dominated era and as 1/t in a matter dominated era. We use constraints from big bang nucleosynthesis and
the cosmic microwave background to constrain the level of anisotropies at early times. We also examine
how the approach back in time to the singularity is radically altered; happening much more abruptly, as a
function of density, in an anisotropic universe. We also mention improved bounds that can arise from
measurements of primordial gravitons, Weakly interacting massive particles, and neutrinos.
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I. INTRODUCTION

In standard treatments of cosmology, one assumes
statistical isotropy. Such an assumption seems well justified
from various measurements in cosmology. In this work, our
goal is to provide more precise observational bounds on
global anisotropy. By global anisotropy, we mean a form in
which the metric is anisotropic even after averaging.

In particular, we shall consider the case in which the
Friedmann Lemaitre Robertson Walker (FLRW) metric is
altered so that the three axes of space can each expand at
a prioridifferentrates. A first basic question is then this: If one
allows for different expansion rates in different directions;
how does this evolve into the late Universe? Here we first
show that in fact the difference in expansion rate asymptoti-
cally vanishes into the far future. Therefore any initial global
anisotropies (of this form) are absent in the late Universe. We
compute precisely the rate at which these vanish for both
matter and radiation dominated eras.

Conversely, this global anisotropy becomes larger back
in time into the early Universe. We compute this growth
and find strikingly different behavior compared to standard
FLRW cosmology as we approach the big bang singularity.
In particular, while two of the three axes approach zero size,
the third (typically) approaches infinite size. This all
happens as the local energy density approaches infinity.
So the very early stage of the Universe could have been a
very unusual shape—dramatically elongated along just one
axis. That one axis then contracts, then expands, and all
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axes eventually expand at similar rates. This all happens
within known physics (for example, there is no violation of
the null energy condition). Early interesting work on
anisotropic universes, includes Refs. [1,2]. Further inter-
esting developments include Refs. [3-20]. Often (though
not all) in this literature, the focus has been on late time
constraints on anisotropy. However, as we will show, for the
class of models of interest here (Bianchi-type I) the most
interesting constraints come from the very early Universe.

We use several observations to constrain this possible early
anisotropic era. The fact that current data is broadly com-
patible with an isotropic universe means that this era, if it
occurred at all, must have only been in the very early universe.
We use constraints from the cosmic microwave background
(CMB) and big bang nucleosynthesis (BBN) to place bounds
on the time of this era. Furthermore, we consider improving
these bounds considerably in the future if there are observa-
tions of Weakly interacting massive particle (WIMPs),
primordial neutrinos, or primordial gravitons.

The outline of our paper is as follows: In Sec. II we present
the equations of an anisotropic universe. In Sec. III we
study a matter dominated era. In Sec. IV we study a radiation
dominated era. In Sec. V we discuss bounds from CMB and
BBN. In Sec. VI we discuss the approach to the big bang
singularity. In Sec. VII we discuss thermal relics, including
gravitons and WIMPs. In Sec. VIII we discuss anisotropy in the
distribution of relic neutrinos. Finally, in Sec. IX we conclude.

II. ANISOTROPIC UNIVERSE

Let us consider a universe that is homogenous but
anisotropic. We shall focus on a spatially flat universe.
In comoving coordinates, the metric is taken to be

© 2024 American Physical Society
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ds* = —di* + a(1)?dx* + b(1)?dy* + c(1)?dz*, (1)

where a, b, ¢ are the scale factors associated with the x, y, z
axes, respectively. This is a Bianchi-type-I form of metric.

We are assuming standard general relativity G,, =
82GT,, with standard sources. The {7t} component of
the Einstein field equations gives a modified first
Friedmann equation as

817G
(HHy+HHo + HH) ==Zp. (2)

W | =

where p is energy density, and the Hubble parameters
associated with each axis are defined as

a b é
H, =—, H, =—, H,=-. 3
a a b b c ( )

Equation (2) is reminiscent of the usual first Friedmann
equation, with the difference that the left-hand side is
replaced with a kind of average of the Hubble parameters
squared.

The {xx},{yy}, and {zz} components of the Einstein
field equations are

HyH, + -+ 5 = —82GP,, 4)
b ¢

H,H, +%+5 = -8zGP,, (5)
a C
i b

HaHb +Z+E: —Sﬂ'GPZ, (6)

where P,, Py, P, are the pressures in the x, y, z directions,
respectively.

We can combine the above four Einstein equations to
obtain a modified second Friedmann equation as

lfa b ¢ 4rG
§<E+E+E>:_T(p+PX+Py+PZ)’ (7)

which is reminiscent of the usual second Friedmann
equation, with the difference that the left-hand side is
replaced with a kind of average of the acceleration
parameters.

Relatedly, we can form the continuity equation, as
follows

p:_(Ha(p‘l'Px)+Hb(p+Py)+Hc(p+Pz))’ (8)

which generalizes the wusual continuity equation of
p=-3H(p+P).

III. MATTER DOMINATION

In a matter dominated era, we have P, = P, = P, = 0.
The above continuity equation says that the energy density
evolves as

a(ty)b(t)c(ty)
a(t)b(t)e(t)

where #, is some reference time. This makes good physical
sense; the energy density of matter evolves as p(f) «
1/Vihys» With Voo o« abe, the physical volume.

In this case, the spatial parts of the Einstein equations are
relatively simple:

p(t) = p(to) ©)

b ¢
HH, +—+-=0, 10
pHe 45+ (10)
HH, +2+=0, (11)
a C
i b
H,H,+=+~=0. 12
oHy+- 4 (12)

A. Axisymmetric

We can find an exact solution of these equations if we
consider the special case in which two of the three scale
factors are equal. Let us set a = b, but allow ¢ to be
different. Then the metric is axisymmetric around the z
axis. Equation (12) becomes very simple

w2 +22<0. (13)
a

In this limit « is not mixed with the other scale factor ¢, and
so it has a standard solution for a matter dominated era

alt) = ay (t - T) . (14)

Iy

(where ay, t, 7 are constants.) Inserting this into Eq. (11),
we can then solve for ¢(¢), finding the general solution

c(t):c0<tt_—01>2/3<1+5(tﬁ)1)). (15)

Here ¢ is the key new parameter of the solutions, which
measures the amount of anisotropy. If we set ¢ = 0, then
we return to an isotropic universe. For ¢ # 0, the universe is
anisotropic.

We note that even with ¢ # 0, at late times c(7) —
co(t/ty)?3, which is the standard relation in a matter
dominated universe. So the solution asymptotes to
an isotropic universe at late times. In fact we can set
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co = ag without loss of generality, by a rescaling of x, y, z,
making it clear that the metric is FLRW at late times.

Conversely, the universe could be very anisotropic at
early times. A priori we cannot say what sign of ¢ should be
taken. We could have ¢ > 0, in which case the scale factor
along the z axis goes to infinity as ¢ — 7 (see top panel of
Fig. 1, where we set 7 = 0). Or we could have ¢ < 0, in
which case the scale factor along the z axis goes to zero at a
time when the scale factor along the other axes remains
finite (see middle panel of Fig. 1, where we shift 7 to bring
the singularity to t = 0).

The associated Hubble parameters are

Ha_Hb_ﬁ, (16)

H,. =

2 1=t/ 2(t = 7))
3<r—r>< [T 2o/ (1= 7)) ) (17)

The ratio of these Hubble parameters is given in bottom
panel of Fig. 1. At late times, these Hubble parameters
approach each other as

Hc:Ha<1—3;<t70>+...). (18)

So the corrections decrease as 1/1.

B. Fully asymmetric

Now let us consider the more general case in which all
the scale factors a, b, c¢ are different. In this case, we do not
have an analytical solution of the above equations, since the
equations are all coupled. Nevertheless, we can solve the
equations numerically. Our results are given in Fig. 2.

At late times, we can perform a series expansion to
obtain the form of the solutions. We insert the following

a(t) = a, (%)2/3 <1 +a <t70> +a (%0)2 + ) (19)
b(1) = by (%)2/3 (1 + b <t70> + b, (%0)2 n ) (20)
e(r) = cq (é)w (1 +e <t7°> e <t7°>2 + > (21)

We can always set ay = by = ¢, without loss of generality,
so that the scale factors match at late times. The coef-

ficients, @,, b;, ¢, parametrize the deviation from isotropy.
However, not all three of these parameters are meaningful,
as we can always perform a shift on time 7 to map one of

them to zero. For example, we can transform ¢t — ¢ —
3b,ty/2 to eliminate b;. So we in fact only have two
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FIG. 1. Evolution of a universe for a matter dominated,
axisymmetric universe (a = b). Red curve is a(z). Top
panel is ¢ = +1 with blue curve c(¢). Middle panel is ¢ = —1
with green curve c(#). Bottom panel is Hubble ratio H./H,
for each of the above cases (¢ = +1 in blue and ¢ = —1 in
green).
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FIG. 2. Evolution of a universe for a matter dominated,
fully asymmetric universe (a # b # ¢). Blue curve is a(t), red
curve is b(z), and green curve is c¢(f). Middle panel are
the Hubble ratios H,/H, in blue and H,/H, in green
(with H,/H, =1 in red). We chose an initial condition with
H,(t)) < Hy(ty) and H_.(ty) > H,(ty). The dashed curves are
the late time asymptotes of Eqgs. (19)—(21). Bottom panel shows
density p.

residual anisotropy parameters (&, and ¢,), which is obvi-
ously the correct amount to describe the ratio of Hubble
parameters H,/H,, H./H,. The higher order coefficients
@y, by, &, etc., are all computable from insertion into the
Einstein equations and matching order by order in an
expansion; so they do not introduce further parameters.
By truncating the expansion at just the leading O(#*/3)
and subleading O(t!/3) terms for the Hubble parameters,
we obtain the dashed curves of Fig. 2. We see that they
match the full numerical result rather well at late times.

IV. RADIATION DOMINATION

In a radiation dominated era, we have to include
pressure. Since we are allowing for an anisotropic universe,
we could imagine that the pressures in the different
directions P,, P,, P, are different. However, so long as
the material undergoes sufficiently rapid interactions, it is
expected to have an isotropic pressure P = P, = P, = P..
We shall focus on this situation in this section. For the case
in which interactions are slow, especially when a species
decouples, then there can be different free streaming in
different directions, leading to different pressures. We will
examine this in more detail in Sec. VIII.

Assuming isotropy in pressure, then we have the
standard relation for radiation

7):

W

(22)

The continuity equation then gives the following time
dependence of energy density

p(t) = p(t;) (%) 4/3. .

In this radiation era, the equations are moderately more
complicated than the matter era. Even when one considers
the axisymmetric case with a = b, the Einstein equations
now still have a and b coupled through the pressure. Hence
we do not have exact solutions.

Nevertheless, we can still solve the Einstein equations
numerically. Our results are given in Fig. 3.

Once again, we can perform a late time series expansion.
In this case, the series requires fractional powers as

wo-all) " (ron(8) o8-,

(24)
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FIG. 3. Evolution of a universe for a radiation dominated,

fully asymmetric universe (a # b # ¢). Blue curve is a(z), red
curve is b(t), and green curve is c¢(¢). Middle panel are the
Hubble ratios H,/H, in blue and H./H, in green (with
H,/H, =1 in red). We chose an initial condition with
H,(ty) < H,(ty) and H,.(ty) > H,(ty). The dashed curves
are the late time asymptotes of Eqs. (24)—(26). Bottom panel
shows density p.

c(r) = cq <é> v (1 g <[7°> g (%) + )

(26)

By insertion into the Einstein equations, we find that the
leading coefficients, must obey the relation

ay+ by +¢ =0. (27)

This again makes good physical sense: it cuts us down to
two residual parameters, say a;,¢; (with b, = —a; — ¢;)
describing the anisotropy. Then all other higher order
parameters, &2,52,52, etc., are computable from these
parameters from solving the Einstein equations order by
order (similar to the matter era case described earlier).

V. CMB AND BBN BOUNDS

We first consider the CMB. This is well measured to be
consistent with statistical isotropy; with variations in
temperature at the 6T/T ~ 107> level. If at the time of
CMB (redshift z ~ 1100) the Universe carried significant
global anisotropy of the sort analyzed here, then this would
distort the CMB observations across the sky. By imposing
that the anisotropy in the Hubble parameters was no more
than 10~ we can place a bound

_ 2|Ha _Hc|

o = <107
H,+H,

at z~ 1100 (28)

and similarly for the pairs H,, H,, etc. This is a very tiny
anisotropy at this redshift z ~ 1100.

Let us suppose this anisotropy takes on some value at
CMB 5(CMB), such as §(CMB) = 107 to saturate the
above bound. We can ask the following: At what earlier
time was the anisotropy O(1)? To determine this, we
should do this in two steps: (i) evolve back from the CMB
at a time ¢y = 380, 000 yrs and matter dominated to the
time of matter-radiation equality 7., =70, 000 yrs and
(i1) evolve back from equality and radiation dominated to
the time of the O(1) anisotropy. During matter domina-
tion, the anisotropy evolves as ~1/¢ and during radiation
the anisotropy evolves as ~1/+/t. During the first step, we
have

5(eq) ~ 5(CMB) (’(;'MB> ~5.45(CMB).  (29)
eq

During the second step, we have

5(1) ~ 8(eq) (t—Q> " (30)

t
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The time 7, at which the anisotropy is O(1), i.e., 5(z,) = 1
can be readily obtained as

t4 & 301,,5(CMB)>. (31)

So if we saturate the CMB level of anisotropy
5(CMB) = 1073, this time is

5(CMB) ~ 1073 <> t, =~ 100 minutes (32)

This time is somewhat later than BBN and so it would cause
huge disruption from the standard cosmology. If we impose
a more conservative value of 5(CMB) = 107°, so to be 0.1
times the value of the known anisotropies, then this makes
t4 ~ 1 minute, which is in fact around the start of BBN.

So as to not significantly alter the predictions of BBN,
including its successful predictions of the relic helium,
deuterium, and (partially successful) lithium abundances,
we should expect a relatively small amount of anisotropy at
that time. This implies a slightly sharper bound. For the
anisotropy to be <10% at the time of 1 minute (the
beginning of BBN), so as to be compatible with successes
of BBN, we need

5(CMB) <1077 < t4 < 0.6 seconds. (33)

Hence this pushes the anisotropy timescale to less than a
second after the big bang, which is a temperature of
T ~MeV, around the time of neutrino decoupling and
the subsequent electron-position annihilation. In this case
the first second of the Universe is still radically altered, a
point we now turn to.

VI. TOWARDS THE SINGULARITY

Let us now examine how the anisotropy alters the very
early Universe as we head back towards the singularity.

In both a matter dominated era and a radiation dominated
era (the latter being more relevant for the very early
Universe, while the former could be relevant in some
models that prefer an even earlier matter era), we derive a
different expansion compared to that given above. Ast — 0
one can show that power law solutions apply, which we
write as

a(t) o« t%, b(t) x 1, c(t) < 1, (34)

for some exponents a, B, y. By inserting this into the
Einstein equations and then taking the small 7 limit, we can
establish the allowed values these exponents.

In any era with anisotropy, we find that these exponents
are related by the following pair of conditions:

ap +ay + py =0, (35)

a+pf+y=1 (36)

We can use this pair of conditions to solve for two of the
exponents in favor of the other one. So for example, we can
express a and y in terms of f as

a=3(1-pF 142537, (7
r=5-pe\1+2p-32). ()

where the F choice for a requires the corresponding =+
choice for y. Special cases of this are (i) « = f = 2/3, and
y=—1/3,0r(ii) a = f =0, and y = 1. These correspond
to the early time limit of the axisymmetric cases studied
earlier. While more general values of f lead to fully
anisotropic behavior in all three axes. In particular, the
generic case is that two of the three exponents are positive
and one is negative. This corresponds to two axes
approaching zero size and the other approaching infinite
size, as seen in the top panel of Figs. 2 and 3. We note that
this can have important consequences for theories of the
very early Universe, such as inflation. However, the full
ramifications for theories of the beginning of the Universe
is beyond the scope of the present work. We have checked
that vacuum domination tends to erase anisotropies into the
future, but we shall not go into the details here. The time at
which significant anisotropy can occur shall be addressed
in the next subsection.

Note that since the sum of the exponents is always
a+ f+y =1, we always have number density scaling as
n«l/(abc) x1/t. So we get a different scaling of
densities compared to the usual FLRW case. In a matter
era, this means the energy density scales as

p(t) POTOEG) 3 % (matter), (39)

as t — 0. While in a radiation era, this means the energy
density scales as

1 . .
W“W (radiation), (40)

1
mn«(
as t — 0. Let us contrast this with the standard result in an
isotropic FLRW universe with either matter or radiation
domination

1
Prirw (1) a2 (41)

Hence the approach of the density to the singularity is less
steep than in the isotropic case. The density p versus time is
given in the bottom panel of Figs. 2 (matter) and 3
(radiation). For the matter case, the early time asymptote
of p & 1/11is the dotted line of Fig. 2. For the radiation case,
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the early time asymptote of p  1/1*/3 is the dotted line
of Fig. 3.

At late times, the system isotropizes and we see in the
figures how the density then scales in the usual way: i.e.,
p = prrw & 1/12, as given by the dashed lines.

A. Timescale

As above, let us denote 7, the characteristic timescale at
which the anisotropy is O(1). Then we can summarize the
above by writing

(t/ tA)Pﬂ 1 5 A
t) = t) X , 42
) = () x T
where p = 1 for matter and p = 2/3 for radiation.
Now recall that the usual FLRW equation is
Prirw = 3MpH?, (43)

where Mp; = 1/+/87G is the (reduced) Planck mass. Recall
that the Hubble parameter is H = 2/(3¢) for matter and
H = 1/(2t) for radiation. Suppose there is some interesting
phenomenon at some density p,, such as a phase transition
(QCD or electroweak) or BBN. In an isotropic FLRW
universe, the corresponding time #, at which this occurs is

Mp

N

Now let us consider an anisotropic universe, and suppose
the interesting phenomenon occurs at a time ¢, <y, i.e.,
during the anisotropic phase. Using the above results, this is
related to the density by

N M3, N Mpi\/pa
Pila Px

L.FLRW ~ (44)

t, (matter), (45)

3/2 1/4
MP{ NMPIPA/

3/4 3/4
,0*/ Vg P*/

where, in the second step of the estimate, we used the fact
that at ¢, we can roughly use the FLRW equation
ta ~ Mp/\/pa. For an event in the very early Universe
of high energy density p, > p,, we have ¢, much less than
the FLRW prediction. We return to this in Sec. VII A.

(radiation), (46)

t,~

VII. THERMAL RELICS

For a species X with number density ny, the evolution of
its number density is governed by the Boltzmann equation.
For an anisotropic universe, the usual form is modified to

iy + (H, + Hy + Hong = —(o|v])(ng —ni o). (47)

where ny . is the equilibrium distribution. The condition to
maintain equilibrium is that the annihilation rate

I' = (o|v|)ny needs to be larger than the (average)
Hubble rate

H,+ H,+H,
Hyye = . 3 . (48)
In the anisotropic era in the very early Universe, with
t < ty, we have

at+p+y 1
Have_ 3[ _3[. (49)
[Compare this to the usual FLRW case during a radiation
era of H = 1/(2¢).] Thus we recover a familiar rule to
maintain equilibrium at time ¢ is ' 2 1/¢ [the precise
boundary is only an O(1) number different than the usual
FLRW case.]

A. Primordial gravitons

Suppose we have O(1) anisotropy at some temperature
Ty, with p, ~ T4, where we are assuming an early radiation
era. We can wonder: at what time is the Planck density
era where p, ~Mp? The usual answer is of course
tiprw ~ 1/Mp; = tp. But for an anisotropic universe,
Eq. (46) gives

/2‘ (at Planck density). (50)
Pl

T
t, ~—=

For any temperature of anisotropy 74 less than the Planck
temperature, these timescales are shorter than the Planck
time, and therefore we anticipate they have no physical
meaning. This means that the Planck density era was so
short lived that gravitons likely did not thermalize.

We can be more precise about this as follows: At
temperature 7, the graviton-graviton annihilation rate into
the Standard Model plasma is

T5
My,
From Egs. (46) and (49) the corresponding (average)
Hubble rate at temperature 7" was

T3

Hye~——r.
ave MP] TA

(52)
Equating the above pair of results, I'~ H,,, gives the
temperature of graviton freeze-out 7y of

3/2
My

T

Tp~ (53)

For any T, less than the Planck temperature, 75 is larger
than the Planck temperature, which is likely unphysical.
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This suggests there would be no relic graviton bath.
This differs from the FLRW prediction of a relic species
of gravitons from the Planck era (unless inflation inter-
vened) [21]. Therefore any future detection of primordial
gravitons would rule out an anisotropic universe all the
way back to the Planck era.

Alternatively, we can ask the following: Suppose physics
breaks down for sub-Planckian timescales ¢ < ¢, = tp), then
what is the corresponding density p,? From Eq. (46) we
obtain

Py~ TﬁﬁMﬁ{‘% (at Planck time). (54)

So, for example, if there was an O(1) amount of anisotropy
at T, ~ MeV, the era of electron-position annihilation, then
this Planck time era has a density of p, ~ (10'! GeV)*.
This density is lower than that required in typical theories
of unification and inflation models. Hence this could have
profound consequences.

B. Thermal WIMPs

Consider a massive particle in standard FLRW cosmol-
ogy that was initially in thermal equilibrium then its
annihilations into the Standard Model particles froze out.
We shall generically refer to this as a “WIMP” (irrespective
of whether its interactions involve the weak force or not).
The relic abundance is computed from the Boltzmann
equation to be

PWIMP 1
= ~ , 55
éFLRW ny <G| ’U|>Mp] ( )

where we are using a convenient (late) time independent
variable &, which is the ratio of energy density of the WIMP to
the photon number density. The observed relic dark matter
abundance is Qg ~ 0.26. This translates into the time
independent parameter of &, &~ 3 V. So this needs (o] v|) ~
1/(20 TeV)? to give the observed relic abundance.

However, this analysis needs to be revisited if this freeze-
out occurred during an initial anisotropic era. Repeating the
analysis with the (average) Hubble estimate during an
anisotropic radiation era of Eq. (52) gives roughly (up to
some mild log dependence)

PWIMP N Tp ( 5 6)

5 9,
n (o|v)Mp T 5

14

where the freeze-out temperature is typically T ~ my /20,
where my is the mass of the WIMP. Compared to the
standard FLRW case, this is an increased relic abundance
by a factor of ~T'r/T,.

In order to not overclose the Universe, one needs to have
a correspondingly higher annihilation cross section. Such
WIMPs would be even easier to detect. Given current
constraints, which require the annihilation cross section to

be low, we cannot have a huge ratio T/T, > 1. This
means a future detection of WIMPs would constrain
Tr/T, <1 and so the anisotropy would be pushed back
to at or before the WIMP freeze-out era.

The allowed range of WIMP masses and couplings has
been constrained by both direct detection, indirect detec-
tion, and collider experiments. A simple scaling for
the cross section is (ov) ~ g*/(162m%), where g is a
coupling [22]. If we impose the unitarity bound ¢ < 4z
then the mass my is bounded to avoid over closure. The
usual bound from Eq. (55) is my <50 TeV [22]. But in
the presence of an early anisotropic era with Eq. (56), this
bound is altered to my < 50./T4/Tr TeV, which is a
tighter bound. Therefore if the WIMP is discovered with a
mass close to 50 TeV, then the era of anisotropy would be
pushed back to T4 = Tr ~ my/20 ~ 2.5 TeV. Moreover,
if a lighter WIMP is discovered with a corresponding
coupling g that matches the standard calculation, the era
of anisotropy would be pushed back to the corresponding
T, Z my/20. For any reasonable WIMP, this would still
be orders of magnitude higher in temperature than the
previous bound from CMB/BBN of Sec. V.

Alternatively, if there is a mismatch between the mea-
sured WIMP mass, coupling, and predicted abundance,
then it may indicate that an early anisotropic era took place.

VIII. DECOUPLED SPECIES

When species decouple and free stream, the average
velocity squared in the jth direction can be written as

3 2
=2 [ gy )

where 7, is occupancy number, E, = / p? + m?, and the
normalization is provided by the number density

3
”:g/(;inénocc(p)' (58)

The momentum redshifts as

a b c
Px :;dpdx’ Py :?dpdy’ 2 :?dpdz’ (59)
where the d subscripts indicate some reference value,
which may be taken to be the value at the time of
decoupling.

For the axisymmetric case in which a = b (but c is
different) we have solved for this evolution. We assume that
until decoupling we have an isotropic distribution (v2) =

(v3) = (v?) = 1/3 due to rapid interactions. However, it
departs from this isotropy of velocities after decoupling.
We then plot the average z velocity squared versus scale

factor and versus time in Fig. 4. The blue curve is the case
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FIG. 4. Dependence of z velocity squared (v2) for a radiation
dominated, axisymmetric universe (a = b) after decoupling. Top
panel gives this as a function of ratio of scale factors ¢/a. The
gray horizontal line is the standard reference value of 1/3.
Bottom panel gives this as a function of time #: blue curve is
for c¢;/a, = 2 and green curve is for ¢ /a, = 1/2.

in which at the time of decoupling ¢,/a,; = 2 and the green
curve is the case in which at the time of decoupling
cq/aq = 1/2. We have used the leading asymptotic expan-
sion described above for this plot. And we have ignored the
particle mass here. In the first (second) case, we end up with
faster (slower) velocities in the z direction at late times; this
follows because in this case the z direction expands slower
(faster) until the universe isotropizes at late times.
Applying the above to primordial neutrinos makes an
interesting prediction: the speed of neutrinos in different
directions will be different. This requires the detection of
primordial neutrinos, which is an ongoing challenge.

IX. CONCLUSIONS

In this work, we have considered a globally anisotropic
universe. In particular, we considered a Bianchi-type-I
model, in which the three axes of space can have different
scale factors. We assessed this against a suite of different
kinds of observables. First, we showed that any initial
anisotropy decreases forwards in time in an expanding
universe; the relative difference between the axes Hubble
parameters decreases as 1/+/f in a radiation era and as
1/t in a matter era. This means that if there was such
an anisotropic era, it would have occurred in the early
Universe.

We used bounds from CMB to push back the anisotropic
era to just minutes after the big bang. Moreover we used
consistency of BBN to push the anisotropic era to just
seconds after the big bang.

Then we computed the change in the behavior to the
initial big bang singularity. It occurs much more abruptly
than in standard FLRW. In particular, instead of Hubble
depending on temperature as H ~ T?/Mp,, we have that
(average) Hubble depending on temperature as
H~T3/(MpT,), where T, is the temperature when the
universe was (O(1) anisotropic. Thus in the very early
Universe, for 7> T, this is an especially large expan-
sion rate.

We showed that this means no primordial gravitons
would have even been in thermal equilibrium, even at
Planck densities. So a future detection of a relic thermal
bath of gravitons would push the era of anisotropy all the
way back to the Planck era.

We then computed the change in the freeze-out of a
WIMP, finding that the relic abundance is enhanced relative
to the usual formula by a factor of ~T/T, as well.
Therefore a future detection of WIMPs can probe this
era and allow us to constrain, or infer the existence of, such
an anisotropic phase.

Finally, we mentioned a novel effect of relic decoupled
species, such as neutrinos, acquiring different momenta
along the different axes. Since this difference in momenta is
injected at early times, it is not erased as the Universe at
large scales becomes isotropic at late times. This means that
relic neutrinos today would have a residual anisotropic
spectrum.
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