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Abstract

In this review the role played by pressure in space will be presented. It will be presented the Friedman's and Einstein theory. It
will be shown the role of pressure in forming the metallic form of hydrogen, helium and iron play an important role in the for-
mation of the magnetic field. It will be also shown the role of pressure in the fomation the amorphous forms of ice in space of
which presumably originates the water on our planet. Will be also mentioned the role of negative pressure in the inflation of
the Universe and its role in the formation of wormholes. We will show the role of pressure in the evolution of the Universe and

in forming the objects such as black holes, red giant, white dwarfs, neutron stars.
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1. Introduction

Pressure is everywhere: on Earth, in space, in stars, in
planetes. The Earth's atmosphere exerts pressure on us. The
average pressure on the Earth is 101321 pascal (Pa). The
pressure in outer space is very low: 1.322x107"'Pa. Pressure
substantially impacts on the structure, nature and properties
of matter in the Universe Pressure acts on different levels of
organization of matter — from subatomic, atomic, through
molecular, macromolecular, cosmic level The pressure im-
pacts on the nature of whole cosmos: galaxy, stars, all planar
systems and our Earth both non-living and living matter. Ac-
tion of pressure on the structure of matter is manifested in
changes distances beetwen molecules. At the quantum level
of matter pressure specifically changes the position of the
energy levels, split in zero field, impacts on the hyperfine
interactions. It follows significant changes in the structure
and properties of matter, especially in solids. Pressure plays
an important role in the formation of amorphous ice, which
occurs in some planetary oject such as: the molecular clouds,
circumstellar disks, and the primordial solar nebula, comets,
Kuiper Belt objects, icy moons. It is suppossed that the water
came to Earth from comets with amorphous ice. This made it
possible to initiate life on our planet. Very high pressure

(several tens to several hundreds of GPa) formulates metallic
hydrogen, and metalic helium which occurs in some plnets.
These metal molds are the source of the magnetic field of the
planets. In Solar system the gas planets such as Jupiter and
Saturn may contain large amounts of metallic hydrogen and
metallic helium. The pressure has played a key role in the
expansion of space-time, the formation of wormholes, red
giant, white dwarfs, neutron stars, black holes and others
object in the Universe. A special role is played a negative
pressure. The process of inflation after the Big Bang was
caused by the negative pressure. It seems that pressure plays
an important role in the ongoing expansion of space-time.

2. Pressure in Stars and Space
We know from the school that the formula:
P=F/S

is used to find pressure.
Where:
F is a force,
F=ma
m - mass, a — acceleration.
a = dv/dt,
where v denotes velocity and ¢ tine, S - is an area.
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From the classical definition of pressure results: it must act
some force F to a defined area S. The pressure p applies in
particular to the gas. Pressure is defined as the force F exert-
ed by a gas on a surface S then. In other words the pressure is
the momentum per unit time per unit area. The basic unit of
pressure is the newton N per square meter m* N/m” This
definition of pressure shall be applied to classical objects
with which we meet on a daily basis.

But the pressure p can be also expressed as energy E per
unit volume V-

p=E/V

In this case, the basic unit of pressure p is joule J per cubic
meter m*: J/m’. This definition of pressure shall be applied to
all objects in space.

In conclusion, pressure p can therefore be expressed by ei-
ther as force per unit area or an energy per unit volume. This
means that the forces of matter are equivalent energy waves.

The values of pressure in space are as follows:

101325 Pa - the average pressure on the Earth at see level -
the atmospheric pressure,

1.12x10* Pa — the pressure of bottom of the Mariana
Trench on Earth

3.0x10” Pa - plasma pressure,

4x107"" Pa — the pressure of the atmpsphere of the moon

1.322x10"" Pa - the pressure in outer space,

10" Pa - the pressure in outer space in intergalactic voids
(the lowest pressure ever measured)

10" Pa - the pressure of interstellar space, between stars
in the Milky Way

107 Pa — radiation pressure of sunlight on a perfectly re-
flecting surface at the distance of the Earth.

10" Pa- atmospheric pressure on Pluto,

400-900 Pa - atmospheric pressure on Mars,

9.2 MPa — atmospheric pressure on Venus,

388 GPa — pressures typically reserved for the centre of
planets,

about 364. 77 GPa = 3.7 x 10''Pa - the pressure in the cen-
ter (kernel) of the Earth,

4 x10 MPa - the pressure on the outer surface of the Sun,

23 700 000 GPa = 2.4 x10'® Pa - the pressure inside (ker-
nel) of the Sun.

10”-10°* Pa — the pressure range of the interior of a neu-
tron star,

10'" Pa - The Planck pressure - not reached except shortly
after the Big Bang or in a black hole.

The value of negative pressure of the false vacuum that
prevailed at the beginning (in the early) of the Universe is
unknown, but we know that the pressure was extermelly
large negative.

Let us consider the role of pressure in the space presented
in the Einstein and Friedman theory [1]-[3]. Einstein's equa-
tions contain a further source of gravity: the inner pressure of
matter. For stars like our Sun, the inner pressure results from
the thermal motion of the particles of the stellar gas. This
motion, is kept going by nuclear fusion processes heating up
the star's interior. The more compact a star, the greater the

pressure that is needed to prevent further collapse. If the in-
ner pressure needed to counterbalance gravity would be too
great - instead of preventing the collapse, the gravitational
influence of such pressure would accelerate it. This leads to
collapsing a star until a black hole is formed.

The Einsein and Friedman equations indicating the rela-
tionship between pressure and mass density. Einstein’s equa-
tions were tested by Friedmann for solutions. Friedmann first
solved Einstein’s equations for a cosmological model. He
found negatively curved spaces that solved Einstein’s equa-
tions. We present briefly the assumptions of the theory re-
garding the role of pressure in space.

In the space we can compute the pressure from the de-
pendence of the energy E on the volume V for a fixed number
of fermions:

dE =pdV

Nuclear reactions in the stars are kept under control by a
pressure-temperature conditions. Equation of hydrostatic
equilibrium describes 2™ stellar equilibrium:

dp/dr= ~Gmp/r*

where:

p denotes star's pressure

r is a star's radius

O is star's density

m denotes star's mass

G — gravity constant.

This equation is called as hydrostatic equilibrium equation.

Total pressure of star is presents as an equation of state in
star defined as pressure of a gas as a function of its density
and temperature

p :pgas+pr

where:

Peas = Pi T P, denotes gas pressure,

p; - the pressure of the ions,

. — the electron pressure,

p- - the radiation pressure.

The radiation pressure is a particular type of relativistic
gas.

The ratio of radiation to gas pressure is:

Peas/Di= 7107

Gas pressure is most important in low mass stars. Radia-
tion pressure is most important in the high mass stars. Radia-
tion pressure has had a major effect on the development of
the cosmos, from the birth of the Universe to ongoing for-
mation of stars and shaping of clouds of dust and gasses on a
wide range of scales. However radiation pressure is not im-
portant in the centre of the Sun. In the Sun, the radiation
pressure is quite small with compared to the gas pressure.
Radiation pressure from the member stars eventually dispers-
es the clouds of dust and gases, which can have a profound
effect on the evolution of stars clusters. The cluster formed
by the radiation pressure of the hot young stars reduces the
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cluster mass enough to allow rapid dispersal. Solar radiation
pressure affects objects throughout much of the Solar Sys-
tem.

The problem of pressure in stars, is known as the equation
of state - an equation that specifies the pressure in a gas given
its density and temperature. According to the theory of
Friedman the equation of state cannot be derived from gravi-
ty theory. It must be obtained from the thermodynamic prop-
erties of the matter mixture. We may suppose every compo-
nent of to have an equation of state of the form:

p =plp]

p— is matter density.
p is given by the following continuity equation:

dp =-3(p+pc?)(daa)

a — is the factor related with the expansion.

The above continuity equation shows that the source of the
gravitational field is the mass distribution in the Universe,
given by the density, which is constant in space but varies
with time.

The pressure p depends only on the density, and here we
can further restrict to the canonical form of a proportionality,
i.e.

p = (/3)-1)pc®

This equation is the outcome of the condition of inerrabil-
ity of Einstein equation. The above Equation is homologous
to the first law of thermodynamic.

Let us consider the relativistic pressure. The velocity v in
the pressure integral is nearly equal c, the speed of light and
the energy and momentum are no longer related by:

E = p*/(2m).
In vacuum the energy and momentum are related by:
p=-pc’
For hot matter (radiation) the pressure p is:
p=pc/3

For cold matter p =0
For kinetic energy of non-ralativistc particles the pressure

p1s:
p=2pc*/3

where:

p-is a density, ¢ — is a light speed.

The pressure of light p; is the force F defined as the pres-
sure produced by light on reflecting or absorbing bodies.

F = dpy/dt

where ¢ is a time.
The pressure of light was first discovered and measured
experimentally by P. N. Lebedev in 1899 [4]. In astrophysics

the light pressure provides the stability of stars. The light
pressure is essential for the dynamics of circumstellar and
interstellar gas. Some shapes of comet tails are explained by
the action of the light pressure. It allows their stability to
counteract the forces of gravity, creates the tails of comets.
Apart from the light pressure causes disturbances of the or-
bits of artificial earthsatellites. Light pressure is very small -
for the solar radiation is up to 10~ Pa.

In the hydrodynamic models, the starting point is the rela-
tivistic hydrodynamic equation:

ouT pv =0,

where:
T v is the energy momentum tensor which is given by

T pv = (¢ + p)UpUv — pgpuv.

Where:

O - energy density

p - pressure

U- four velocity

guv - metric tensor.

The above hydrodynamic equation has been solved numer-
ically [5].

Connection between radiation pressure p, and temperature
T is estimated for the blackbody radiation:

p: =(1/3)aT*
Where « is called the radiation constant.
a=17.565767x10"° J/m’K*.

Let us consider case where quantum mechanical effects
become important. The quantum effects are become im-
portant in two circumstances. One is when the temperature is
low, and all the particles try to pack into the inner few grid
points. The other is when the density of particles is high - a
large number of particles is in a small space V. When V'is
small, then the quantum grid points are spaced a larger dis-
tance apart, which means there are few sites available for
particles to occupy.

In 3D space, we can write this as:

AV Np>1’.

where
h=6.626 x 10°* J s is the Planck’s constant.
It follows pressuredp

N’p =h*/AV

This relates the uncertainty in the volume where a particle
is located to the uncertainty in its 3D momentum.

At the quantuum level phenomenon of quantuum degener-
acy pressure occurs. The result is an emergent pressure
against compression of matter into smaller volumes of space.
Electron degeneracy pressure is a particular manifestation of
quantuum degeneracy pressure. Electron degeneracy pressure
can be computed [6].
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3. Metallic Hydrogen and Helium

Very high pressure of several hundred MPa (above 250
GPa) plays a direct role in the formation of metallic hydrogen
and metallic helium, which exist in space. Its occurs in some
planets. In Solar System planets such as Jupiter and Saturn,
are filled with liquid metal alloy of helium and hydrogen.
Now it is assumed that metallic hydrogen may be a building
block for the liquid Sun [7]. Metallic physical state of hydro-
gen and helium, the result of the enormous forces that oper-
ate in the interiors of the gas giants - planets that do not have
a fixed shell. The pressure which prevails is close to 70 mil-
lion times the atmospheric pressure on Earth. Jupiter is com-
posed primarily of hydrogen and helium, but 90% of Jupiter's
atoms are hydrogen. Extremely strong gravitational field of
the planet squeezes the components for such high pressure
that they pass into the liquid state. Moreover, at the 0.7 deep-
er than the radius of the pressure is so high that hydrogen
goes into the so-called the metallic state, and can conduct
electricity. It is this layer is responsible for the generation of
magnetic fields in the dynamo process. A similar situation
occurs inside of the Saturn. The existence of metallic hydro-
gen and helium explains why these planets possess a magnet-
ic field.

In the interior of the Earth for the similar dynamo process
is responsible of liquid iron which forming the kernel of the
Earth. It arises as a result of very high pressure and tempera-
ture inside planety. Interior of the Earth a pressure is approx.
0.36 x 1012 GPa.

On Earth, liquid metallic hydrogen has been made in
shock wave experiments — at temperaturesof thousands of
kelvins, pressures of over a million atmospheres (>100 GPa)
and density of approximately 0.6 g/cm [8]. Satisfactory re-
sults for obtaining metallic hydrogen definitively gave the
technique of diamond anvils [9]. Possibility of existence of
the metallic phase of hydrogen obtained under high pressure
was predicted in 1935 by Wigner and Huntington [10].

4. Amorfous Ice

Pressure is an important factor in the formation of amor-
phous ice in space. At low pressure and temperature, water
ice can occur in a number of metastable states. Amorphous
ices play an important role in the trapping of volatile mole-
cules and have vastly different physical properties from crys-
talline states, for example a much lower thermal conductivity.
It is supposed that amorphous ice occurs on comets could
bring water on our planet, making Earth capable of to devel-
op life. The amorphous ices can be grouped into three catego-
ries: low-density amorphous ices (LDAs), high-density
amorphous ices (HDAs), and very-high density amorphous
ices (VHDASs) [11]. These amorphous ices undergo amor-
phous - amorphous and amorphous - crystalline transitions
and structural relaxations [12].

The amorphous ice is found in: the comets, molecular
clouds, circumstellar disks, and the primordial solar nebula,
Kuiper Belt objects, icy moons.

Comets orbiting far from their parent stars can contain
large amounts of amorphous ice and only when they hit on
the orbits of peryheliach closer to the star, it undergoes crys-
tallization. There is evidence that amorphous ice occurs on
Centaur, and Jupiter Family comets [13]. Thermodynamic
models show that the surface temperatures of those comets
are near the amorphous /crystalline ice transition temperature
of ~ 130 K, supporting this as a likely source of the activity
[14]. The crystallization of amorphous ice can produce the
energy needed to power outbursts such as those observed for
Centaur Comet 29P/Schwassmann-Wachmann 1 [15- 16]. It
was found that if the ice survives in the high density amor-
phous form, then an high-density to low density transition
can cause deep cracks in the comet interior [17].

The presence of amorphous ice in molecular clouds has
been observationally confirmed [18]. Amorphous ice is ex-
pected in the circumstellar disk of IRAS 09371+1212, where
signatures of crystallized ice were observed [19]. Kouchi et
at. [20] showed that the amorphous interstellar ices may sur-
vive the transition from molecular cloud to solar nebula in
the region beyond the heliocentric distance of Saturn during
the nebular lifetime of about 108 years. That is where comets
and the satellites of Uranus and Neptune are formed. It is
expected if the original amorphous ice survived the molecu-
lar cloud collapse, then it should have been preserved at heli-
ocentric distances beyond Saturn's orbit [20].

The objects in the Kuiper Belt are expected have amor-
phous water ice. Water ice has been observed on several ob-
jects [21 — 22]. The signatures of crystalline water ice was
observed on (5000) Quaoar [23].

Callisto is the furthest from Jupiter, receiving the lowest
radiation flux and therefore maintaining its crystalline ice.
Ganymede exhibits amorphous ice at high latitudes and crys-
talline ice at the lower latitudes. This is thought to be the
result of the moon's intrinsic magnetic field [24]. Saturn's
moon Enceladus was mapped by the Visual and Infrared
Mapping Spectrometer (VIMS) on the NASA/ESA/ASI Cas-
sini space probe. The probe found both crystalline and amor-
phous ice, with a higher degree of crystallinity at the "tiger
stripe" cracks on the surface and more amorphous ice be-
tween these regions [25].

5. Pressure Impact on Evolution and
Structure of the Universe

The pressure was enormous impact on the evolution of
space, especially in the process of inflation. It is assumed that
in the early Universe density was constant. Therefore, pres-
sure p was negative and, in fact, p = -p, where p is a density
of matter. According to Einstein's conception pressure acts
like gravity and can also be regarded as a specific form of
energy. At very small volumes, system must perform the
work volume, and for that it need a negative pressure. It is
thought that the negative pressure is created in the quantum
tunneling. The negative pressure causes the density does not
change with the development of space. The negative pressure
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is defined as the property of a hypothetical false vacuum
which is to exert a lower pressure than the vacuum common.
A manifestation of the negative pressure would force an-
tigravity. In the theory of cosmological inflation is assumed
that once the Universe was filled with false vacuum having a
negative pressure. This negative pressure worked like a huge
force energy the expansion, which led to an exponential in-
crease in the volume of the universe. This pressure-induced
gravitational repulsion is how dark energy causes the accel-
erated expansion of the Universe.

Alen A. Guth developed the theory of inflation [26] where
the negative vacuum pressure may have played a fundamen-
tal role in the very early phase of expansion of the Universe,
called the inflationary phase. The extremely short fraction of
a second, the order of 10 s, could be the exponential expan-
sion. According to Guth is postulated the existence of a new
physical field. The energy of this field should be constant for
a very short time after the Big Bang. Constant energy means
an exponential increase in the size of the Universe. With
something that we have today and the corresponding energy
called dark energy. One of the forms of the energy is negative
pressure. According to Guth the pressure of the false vacuum
can be determined by a simple energy-conservation argu-
ment.

The pressure p of the false vacuum is given by:

P = -Uus

uy. - energy density of the false vacuum.

The pressure of the false vacuum is negative then, and ex-
tremely large. General relativity predicts that the gravitation-
al field which slows the expansion of the Universe is propor-
tional to u, + 3p, so the negative pressure p of the false vacu-
um overcomes the positive energy density to produce a net
repulsive gravitational field. Observations indicate that the
Universe is expanding, and its expansion is accelerating. It is
thought, that for the acceleration of this is responsible dark
energy - it is alleged the type of negative pressure, which fills
the space.

Quantum theory supposes that the negative pressure, as a
specific form of energy, it can also play a significant role in
the formation of the wormholes. It has been shown theoreti-
cally that quantum field theory allows states where energy
can be arbitrarily negative at a given point. Negative energy
manifesting as negative pressure can cause the formation of a
wormhole then. The wormholes are covered by pressure cur-
tains that stop the atmospheres of the connecting planets.

According to the theory of relativity the pressure acts like
gravity. The pressure makes the star material is compressed
to a very small volume, which leads to the formation of red
giant, white dwarfs, neutron stars and finally to black holes.
The pressure of matter causes gravitational. The curvature of
spacetimeis produced by the mass-energy and pressure con-
tent of the matter in space-time. Gravitational collapse occurs
when an object's internal pressure is insufficient to resist the
object's own gravity. Pressure adds to the energy density of
the source field and hence contributes to the collapse of mat-
ter in the same way as does the energy density. According to

the theory of general relativity, pressure increases the
strength of a gravitational field. The gradient of positive p
provides an outward force resisting the collapse of matter
while the same p added to pc’ enhances the collapse. This
effect is significant in neutron stars, although it has not been
experimentally tested [27]. In the termodynamics of black
holes the pressure given by the cosmological constant. The
first law of black hole thermodynamics includes term with
pressure p: pdV, where V denotes volume [28].

6. Conclusions

In this review we have presented the role of pressure in
space. We briefly presented the views and theories of Ein-
stein and Friedman on the role of pressure in stars and space.
We presented states of matter (metallic hydrogen and helium,
amorphous ice) forming in space due to the enormous pres-
sure interplay with other factors affecting the operation of
multiple objects in space and the role exerted also on our
planet. We also showed the effect of pressure on the structure
and evolution of space-time.

We can conclude that the pressure seems to be the deciding
factor in the formation, evolution and functioning of the Uni-
verse. Pressure is a peculiar kind of strength and can be treat-
ed as a special kind of energy decisive that our Universe is
such and no other. If there was no pressure would occur infla-
tion space, not have been possible amorphous ice which is
probably the source of water on Earth not have been possible
forms of metallic hydrogen, helium and iron which are the
source of the magnetic field. Without the pressure there
would be no magnetic fields then. Without pressure there
would be no Earth and life and any form both non-living and
living matter. We showed, that pressure interact gravitational-
ly. We owe this workings of the Universe and its evolution:
expansion, formation of white dwarfs, red giants, black holes
and other objects. The pressure has played a significant role
in the process of inflation, in the earliest moments of the evo-
lution of the Universe.
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