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Undisturbed Universe
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For our Universe 2,0 = 0, €2, 0 ~ 0. Therefore, Qa0 + Qpo = 1.

The age of the Universe

V1=Qumo+1
0 3\/Q/\o QMO
Hy* arcosh (1/\/9,\// 0)
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Let us choose a time moment z; deeply at the matter-dominated
phase of the Universe (10 < z; < 100). At z = z the future void
is only a shallow underdensity |01 = |Apm/pm.1| < 1. The density
contrast on the matter-dominated stage is proportional to a(t),
and it is more convenient to characterize the underdensity by

R=(z+1)5= (D)5 R= <a°> 51,

a a1

N remains constant on all the matter-dominated stage of the
Universe. We can illustrate the physical meaning of X with the
help of symmetry: an overdensity and an underdensity of the same
size and absolute density contrast |d1| occur in the primordial
perturbations with the same probability.

p(R) =

8o exp <_ Nzgg) i N — Zform + 1
ogV 27 2052; , g(zform)
Since N is constant on the matter-dominated stage, it does not

depend on the choice of z.
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A spherical void

Y
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The evolution of the Universe inside R may be described by usual
Friedman's equation, though its parameters should slightly differ
from those of the undisturbed Universe. We denote the critical,
matter, dark energy, and curvature densities of the undisturbed
Universe by pc, pm, pA, pa, of the 'universe’ inside R — by

dc, Am, GA, Ga, respectively. We denote the scale of the 'universe’

inside R by b(t), and the Hubble constant — by Q = %
8rG ai\3
2 _ “1
H* = 3 [PAJer,l(a)],
8 G
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@ Apparently, gan = pa.
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The final trick

J 0y bo gp
ty = t= —_— tp = — ty =t
U / /0 aH’ R /0 be U R

It is essential that by # ag: the void center expands much stronger
than the Universe on average. Let us denote k = by/ap. It is
apparent that the central density of a void is gm0 = pm,o/k?’. As is
customary, we will characterize voids by their present-day central
underdensity

dmo0 — Pm0 i 1

A
‘ Pm,0 k3

The solution

2 arcosh (1/«/ mO / V/xdx

3 1 \/x3+Q %Nx—x3)
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A non-spherical void

2 2 2 .
X z .o

P:PCQ(2+y2+ > P— _divi
e & € p

1
O =y + E (bexx2 + ¢yyy2 + ¢zzz2) )
Oxx + Gyy + $zz = 41Go(0) = 4G (p — pc)-

On the stage when the perturbation is linear we may easily
calculate the velocity field created by it. For instance, if we
consider the x component, dvy/dt = x¢x(t). At some previous

moment of time, T,
dvy a(T)
dr a(t)

, a(r)
Vi = /0 a(t) ¢Il( )d
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A non-spherical void

dvy, dv, dv, ta(r)
e - - = N\ \Pxx zz d ’
dx * dy dz /0 a(t) (G2 & Gy + 922)dT

divv = 47rG/0 Z((Z))(p(T) — pe(1))dT.

The velocity distribution is anisotropic in the case of an ellipsoidal
perturbation: coefficients ¢, ¢y, ¢, are essentially different.

The velocity components are not completely independent, however:
they are implicitly bound by the Poisson’s equation, and as a result
the velocity divergence does not depend on the void ellipticity at
all. The last equation shows that the central density evolution of
an ellipsoidal void is exactly the same as in the
spherically-symmetric case, at least, on the linear stage of the void
formation.
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Comparison with N-body simulations

N-body simulations (Lavaux & Wandelt, 2012)
3
p(r)_A0+A3< r>

PM.,0 Rv

The best fit Ag = 0.13 +0.01, A3 = 0.70 £ 0.03 for voids of
Ry = 8h~! Mpc. So A, = —87%, the voids are almost empty.

Gaussianity

= oo () = ren ()

The volume V(A,) occupied by the regions with matter density

less than A,
k3(R) ( N2>
V(A (X)) x exp | ——=
( C( )) 0'8\/% p 20_%
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Conclusions

@ The central density of a void is solely determined by the
amplitude of the initial perturbation. The dark energy
suppresses the voids, as well as all other structures.

@ N-body simulations somewhat overestimate the emptiness of
voids: the majority of them should have the central
underdensity §. ~ —50%, and there should be almost no voids
with 6. < —80%.

© The central region of a void is a part of an open Friedmann’s
'universe’, and its evolution differs drastically from the
Universe evolution: there is a long stage when the curvature
term dominates, which prevents the formation of galaxy
clusters and massive galaxies inside voids.

@ The density profile in the void center should be very flat.
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