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. Summary

It 18 argued that galaxy formation is an inevitable congsequence
of sufficiently chaotic initial conditions within the constraints
implied by Einstein's field equations. Anisotropic rotation-free
universes are shown to generate vorticity when, at early epochs,
neutrino viséosity dissipates the anisotropic expansion. The vor-
ticity Becomes turbulent within the particle horizon, and the non-
linear density fluctuationslthereby induced lead to the eventual
formation of galaxies. kPresent limits on global vorticity restrict
the primordial turbulence fo velocities of a few percent of the
speed of light. This nevertheless enables the presunt thénry to

accpunt for many observed properties of galaxies.
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Galaxies are the basic units of cosmology. Our knowledge

of the expansion and isotropy of the Universe is attained by

observations of remote galaxies. It is pertinent therefore to

ask how essential galaxies are to the Universe. Are galaxies

| an inevitable consequence of gravitational theory applied to

the large scale structure of the Universe, or are they merely
local perturbations; supetficialities in an otherwise homogeneous
universe? |
This latter viewpoint is adopted by advocates of the linearized:
theory of gravitational instability in an expanding universe.1 As.
is well known, from the work of Lifshitz2 and others, statistical
initial fluctuations fail to give a satisfactory interpretation qf
the origin of galaxies. The outstanding uncertainty lies in choosing
the 1n;tial conditions: both'the amplitude of the initial fluctuations -
and the initial epoch at which they are presumed present must be speci-
fied. This necessarily requires a delicate adjustment of parameters:
if one starts the perturbations prematurely, one forms galaxies too
soon after decoupling. Alternatively, if one delays the perturbationélw A
one may not form any galaxies at all by the present epoch. |
One.suspects that the extreme sensitivity to specification of
initial conditions may make this theory untenable. On the other hand,
this result has been advocated recently as a reason for rejecting
Einstein's field equationé.3 Clearly, before resorting to such drastic
measures, one should asﬁertain whether there exists any means of manu-
facturing galaxies in the context of Einstein's theory that is relativelf'
insensitive to the chQice of initial conditions. Such a scheﬁe can be"

developed, and a brief expositionvis presented'below.4<



In such an approach, it 1s’necessary to consider first the
question of the uniqueness of the cosmological model adopted. The
Universe presen;ly appears isotropic, but at early epochs a variety
of possible anisotropies may have existed. Misner has argued force-
fullyS that many anisotropic, rotation-free universes which expand
from temperatures above 1010 °k become highly isotropic by the time
the radiation temperature has cooled to 3 °K. The smoothing 1is due
to the effect of neutriﬁo viscositi at temperatures just above 1010 oK',
when the neutrino collision rate is comparable to the expansion rate
of the Universe.

| At first sight, this result, obtained for spatially homogeneous-
models, may appeai to have litﬁle in comhon with the problem of the
origin of structure in éhe Universe. However there is a direct con?
nection, as will presently be demonstrated. The argument consists of
three stages.

The essence of the first stage lies in the following theorem6: _‘

that viscous dissipation of shear anisotropy generates vorticity,

even in an initially rotation-free universe. This»result has been

derived for anisotropic cosmological models, wﬁich do not deviate
grossly from Friedmann models at late epochs. Vorticity has thus been
generated in a class of anisotropic cosmologiéal models which allow a
relatively wide range of 1nitia1'condition;.

More general models would of course contain rotationiéb initio.
In fact, there is adequ@te feason to believe that rotation may be an

essential feature of the early universe, as a consequence of the various

singularity theotems.7



"differential expansion velocity across a comoving scale L decreases as

Consider thereforeithe fate of vorticity in an expanding universe;’
On sufficiently small scales,‘phocon viscosify is effective at damping
out any motioné. The scale over which the damping occurs is just the
random-walk distance of a photon (as it is scattered by free electrons) '
over a cosmological exbansion time. The rotation rate w 1{is alwayé :
small compared to the expansion rate, or at epoch t , wt<<1 .

It is useful to study the evolution of a fixed comoving volume
corresponding to a comoving length scale L . Since particles arev

neither created or destroyed, this corresponds to a specified total mass

‘of matter. As the universe éxpands, the scale L 1s first encompassed

by the particle horizon at an epoch L/c. The differentialvexpansioh
velocity across L at §ubaequent epochs t 1is L/t , and the rota-
tional velocity associated with tﬁe séale L 1s uL << c .

Rotation decays freely with the expansion, and angular momentum
is conserved. It follows (cf. equation (1)) that the rotational velocity .
over any specified comoving length-scale reﬁains constant until the epoch"

(denoted by redshift z*) at which the mass-density of radiation first

drops below the matter-density.8

At-subsequent epochs, the rotational velocity decays inversely asi o
the‘expansion scale factor.p (This difference is dué to the additional j 
inertia.of the radiation gas, which is alwesys well coupled to the mattér'
prior to the decoupling epoch at 2z <y 1000). |

On the other hand, duting radiation-dominate |l v oocts {2 > z2.), thé"
1+ 2z (since 1 + 2 t-%) . ConseQuently, as the redshift decreases;j :

the comoving écale‘"L will begin” to undergo more and more rotation



. L » whence v =1, t

periods during the course of an expansion time. Moreover, since
L << c¢ , and the sound velocity prior to decoupling is close to

¢ (the sound vélocity in a radiation gas 18 c#3 , and the bulk
of the pressuré i# contributed by the radiation)'the fluid motion
is highly incoﬁpressible.

There is one further clue that is needed to complete the second
stage in the development of the main argument. One can define a
Reynolds numbér associated with a fluid velocity v over a comoving
scale L by A = S5SvlL («::)\)-1 , where )\_s(nec)-1 is the mean free
fath of a photoh._ It is readily shown that over mass-scales of |
interest, & is extremely large at early epochs. (X decreases with.

time (as (1 + z)2) » but even at 2z, , one finds that cEJaAAOOO (v/c) 08/3

for a mass-scale corresﬁonding to 1011 MO .

The magnitude of the Reynolds number attaineﬁ at z >z, indicateshyb.'
that the fluid motion should develop into turbulence on scales Lv<<‘ct‘.'
Tﬁe maximum scale that participatesxin the turbulence is determined by
requiring this scale Lmax to 1nteractvwith‘other turbulent eddies over
a time comparable to the cosmological expansion time. If the velocity
associated with this scale is Vmax ; it is qpparent that one can estimate
Vnax by equ&ting it to the'differenfial expansion velocity over scale |

-1

max max - max

The scales that participate in the turbulence extend down to those
Scales at which photon viécosity becomes an important source of dissi- .
pation of the vortical motions. It/woﬁld accordingly seem to be an
excellent assumption that over intermediate écales, homogeneous and iso-

tropic turbulence develops, characterized by an energy flow from larger  ;



eddies to smaller eddies. The energy flow proceeds at a constant
rate independent of eddy scale, and is determined only by the
parameters of the largest séale. A hiera;chy of eddies coexists
at any given point in the flow, and the lifetime of an eddy is on
the order of its scale divided by the eddy velocity.

Provided that @i‘>> 1', the turbulent flow is continuously
supplied by thé decay and dissipation of the global rotatioﬁ. As any ‘
fixed comoving scale is'overtaken by the particle horizon, it is
eventually drawn into the turbulent fiow, and provides its energy to,
and merges with, the residual turbulence.

A crucial moment in this scenario occurs at zy, . The rotational
velocity 1s constant prior.to this epéch, but subsequently decfeases.
One can show that the comoving mass-scale Mmax (corresponding to Lmax) o
increases with time as larger and larger mass-cales participate in the

turbulence, until it reaches its maximum value at =z, . At this poin: ;
16 '

- 3
Moo (z,) amounts to some 7 x 10 (vmax/c) 0 Mo .

What is the eventual fate of turbulence that avoids dissipation?
To answer this, note that viscous dissipation is effective through the

decoupling epoch, when mass-scales of 1011 - 1012

M® are dampedig_ Now
the turbulent scale Mﬁax (z*) is frozen out of the turbdlent flow
after z, . Only considerably smaller scales, less than Mmax gvaluated.n
at decoupling; have a sufficiently short turn-over time to be able to
subsequently maintain the turbulence. However the corresponding mass-
scale amounts to less than 1 percenf of Mmax (z*) ,» 1f O =1 ,_and

would have been completely damped out by viscosity prior to decoupling

unless v > 0.1c « Such a high value of v can be excluded
max max _



since it would produce excessive anisotropy in the microwave
background radiation, which sets the limit Viax < 0.03c.10
Hence we conclude that turbulence is unlikely to persist after
decoupling. This concluéion holds even for low density
(0.01 €0 < 1) cosmological modelta.11
At this point, it is.appropriate to introduce the final stage
in the main argument. Recall that the discussion has been for a
spatially homogeneous universe. In fact, the onset of isotropic
homogeneous turbulence must necegsarily induce second-order density
fluctuations. A recent study12 of inhomogeneities generated by
turbulence in an expanding univérsekfound a non-linear gfowing mode
of second order 1ﬁ Viax On galactic mass-scaies, the amplitude
attained by this mode can be of order 0.1 to 1 percent at decoupling,
provided that Viax ~ 0.0lc at z; . In‘other words, one now has_’
sizable density fluctuations, and can apply the standard theory 0£» 
density perturbations of an expanding universe.1 It follows that
the density fluctuations should enter the non-linear growth regiﬁe,.
and presumably form galaxiés, by z=1-10.
It remains to indicate how certain of the observed properties'
of galaxies can be fitted into this scheme. The origin of the tota-‘
13

tion of galaxies is a natural consequence

observed in many groups of galaxies.14 Small seed magnetic fields

are generated by primordial vorticityls, and these may be the precursors '

of galactic fields, when suitably amplified. Primeval turbulence in the“

fireball can even affect the cosmic helium abundance, and velocities.

Voax 10-20 would produce fluctuations of a few percent in the

primordi&l helium abundance.16

» as are the positive energies

o



In summary, it has been shown that a wide range of possible
anisotropic universes should generate a residual vorticity at
T s 1010 °k . As this vorticity enters the particle horizon, it
forms a turbulent flow, which generates the density fluctuations
that eventually give rise to galaxies. The present discussion is aimed.at
at serving as a pointer to the direction of future researchkinto galaxy
formation and anisotropic cosmologies in the context of Einstein's field.

equations. We have argued the case, and it cannot be over-emphasized,

that galaxies are an inevitable consequence of sufficiently chaotic

(but spatiallyvhomogeneous) cosmologies.
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one obtains a solutioh (for radiation-dominated expansion) for w
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1 v
w- 18 the vorticity vector, 0?' .1s the shear tensor, )\ ' 1s the

neutrino collision rate (assumed constant), and . a(t) the expansion
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d .3 v a3
dt (a oab) Aa Oab *

In the limit of small anisotropy, .
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] that a spatially homogeneous universe be non-voooling. Hence avoidance
{ . R
I o
|
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11 1/3 2 -1

28 -4/3 MO) cm sec o

max max

Provided that Q « 0.1, one can account for the angular momentum per

30

unit mass of our own galaxy (amounting to some 10 cm2 secul){
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observed peculiar motions could be attributable to a primordial origin

z, ~ 100.
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