On the thermodynamics of photonic gas in connection with the problem
of the cosmological constant

Author: Miheev Sergey Vladimirovich August 29, 2022 pyc. s13. cTp. 19

Abstract

The Rayleigh-Jeans law determines the spectral density, and is the basis of the theory of
radiation. This law is generalized by adding a restriction related to the discreteness of the
wavelength. In the generalized Rayleigh-Jeans law, there was a symmetry between low and high
frequencies — a negative spectral dimension.

Based on the Hawking formula, for the entropy of a black hole, the number of microstates of one
zero oscillation is determined. This number is equal to the Gelfond constant: e™.

A model of a cosmological photonic black hole is used to determine the temperature and zero
energy of the universe. With the help of numerical integration, up to the third significant digit,
the cosmological constant is calculated — 75% of the density of the universe.

The generalized Rayleigh-Jeans law is written in quantum form for the hypersphere. The lattice
constant of the world crystal is determined: the Planck length multiplied by the number pi

divided by the number two and by the root of the sixth power of the number three — 7 = [, # .
Accordingly, the minimum wavelength is twice as long: 2r = [, 61\/5 .

In addition, the author is struck by the fact of the continued sale of his 2006 brochure, which he
posted publicly on the Internet, after the author's release in 2018.

This article is published to reduce the harm from the author's previous publications, the spread of
which cannot be stopped. Consistently, in the most popular form, the old ideas of the author and

the causes of errors are presented.

Disclaimer

Your familiar picture of the world may be destroyed when you try solve the problem of the
cosmological constant. This UV divergence cannot be eliminated by cutting off the frequency.
You will be forced to introduce a negative spectral dimension starting from some critical
frequency. The reason for the appearance of a negative dimension can only be the multiplicity of
the wavelength of the minimum length. The multiplicity of the wavelength to the minimum
length means that our universe is a small disturbance (soliton) that has arisen and is moving in
the world crystal. After calculating the temperature of the universe and its zero fluctuations, you
will have to admit that the universe is not capable of adiabatic expansion. Consequently, the true
size of the universe, measured by the Planck length, does not change. The illusion of the
expansion of the universe is a consequence of our contraction. Observations of supernovae
confirm that this compression is only accelerating. As a result of compression, the gravitational
constant increases. How will it all end? What will happen then? Other wrong questions will
arise. The answers to these questions may cause you discomfort.

Calmly assess all the risks associated with continuing reading. You have been warned.



Wise advice

Professor Philipp von Jolly's advice to student Max Planck:
You'd better study another science. Theoretical physics is close to completion, and only some
minor problems remain to be investigated in it.

Planck did not listen to wise advice and staged a scientific revolution in physics. He partially
solved the problem of blackbody radiation. At the same time, he managed to imperceptibly lay a
mine of enormous destructive power under the foundation of physics. As a sapper, Max Planck
deserves the greatest praise.

Without attracting too much attention, Planck introduced Planck units of measurement into
physics, which he defined through fundamental constants. Now, any of the Planck units can be
used as a fundamental constant. This makes it possible to exclude from the number of
fundamental constants the speed of light, the Planck constant or the gravitational constant. For
example, a theory of gravity can be constructed without a gravitational constant, using the speed
of light, Planck's constant, and Planck's length.

The unsolved problem of blackbody radiation

There are no problems, everything is fine and life is easy if radiation is considered without
taking into account the combined influence of gravity and zero vacuum fluctuations. Let's write
down the equations of a photonic black hole without taking into account zero energy. The
entropy, temperature, and density of a photonic black hole are determined by its gravitational
radius R and Planck length [, .

A photonic black hole and a Schwarzschild black hole have the same mass, energy, and density,

with the same radius of curvature:

=2 CG Y gravitational radius of a photon and black hole (1)

— photon and black hole mass (2)

Where h= % — reduced Planck constant

h — Planck ‘s constant
¢ — the speed of light in a vacuum
G — gravitational constant

Ly = /Gc—j‘ _ Plank length 3)
Egy =M c?= Z ?ZC — photon and black hole energy 4)
pl
Vgy = 2m?R3 — the volume of the 3-hypersphere is equal to the volume of the photon
and black hole (5)
E Rhec hc .
p(Epy)= % BT AR photon and black hole energy density (6)
aTp =p (Egy) = Mzh# — radiation density of a photonic black hole (7)
pl

Where Tp — photonic gas temperature
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n“k .. .
a= —radiation density constant
15h3¢3

k — Boltzmann constant

p (Egy) hc 15h3¢3 15h%c*
Hence Ty = = =
P a 4m2R2 12, w2kt 4mtkAR? 1Y
415 hc . . .
Tp = T the temperature of a photonic gas in a photonic black hole (8)
pl

The entropy density of a photonic black hole is equal to the entropy density of a photonic gas

4
p(Sp)=2aT}
4 T k (145 3 h3 C3

p(Sp) = —)*
3 15h3¢3 m3 k3 |R3 £

p(Sp)= % 4\/% _x entropy density of a photonic black hole 9)
i1 ’R3 L
Sp = Vin p(Sp) =2m2R% S " | = k
s P(Sp) =21 T
n R3l3
Sp= 2 4\/T nk ’ — entropy of a photonic black hole (10)

The scientific community considers all theories in which zero energy is equal to zero to be
alternative. Therefore, if we are moving along the main scientific road, then we must add a zero
energy density to formula (7).

But you can't just add zero energy to the formula (7), which determines the temperature (8) and
entropy (10) of radiation. In the thermodynamics of radiation, everything has been agreed upon
for a long time, and there is nothing superfluous. There's no room for extra energy. Moreover,
there is no room for monstrously large energy. This contradiction can be resolved only by radical
methods. To do this, it is necessary to re-change the theory of blackbody radiation. The new
changes should be deeper than the changes proposed by Max Planck. It's time to change the
whole system, including its foundation — the Rayleigh-Jeans law.

In fact, we have not one, but two problems

The first problem is in plain sight. It seems that physicists are secretly proud of the
incredibly large error of 120 orders of magnitude that they received when calculating the
cosmological constant. However, there is no reason for such pride here, since they obtained the
exact density value. They just calculated not the energy density of the cosmological constant, but
something else. Physicists will someday understand what they really calculated.

According to the Rayleigh-Jeans law, the number of oscillators per unit volume at a single
frequency interval is proportional to the square of the frequency. Zero energy is proportional to
frequency. Hence, the zero energy density is proportional to the frequency cube. The total energy
per unit volume is obtained by integrating the density over all frequencies. It is proportional to
the maximum frequency raised to the fourth power. If the maximum frequency is equal to the
Planck frequency, then the energy density will be huge — Planck density.
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To obtain an adequate energy density (the density of the universe), the maximum frequency of
radiation should be less than the frequency of visible light. In this case, it is unclear how you
were able to read this text.

The second problem is subtle and insidious. It is connected with the need for thermodynamic
equilibrium of radiation, and with the need to find indistinguishable microstates associated with
the entropy of zero energy. This is a non-trivial task, since thermodynamics was created without
taking into account zero energy. Unaccounted microstates were not needed, and they were so
indistinguishable that it is now extremely difficult to believe in their existence, even if they are in
plain sight.

The inconvenience of zero energy turned out to be significant and long-lasting. Therefore,
physicists have created alternative theories in which zero energy is considered equal to zero.
We don't need this alternative. We will add zero energy to the equation of a photonic black hole
(7) and consider the thermodynamics of the resulting system.

Epy = Ey + E; —the energy of a photonic black hole (11)
Where E, — zero energy ; E; = aVgy T — photonic gas energy

The thermodynamic equilibrium condition implies the equality of temperatures of all parts of the
thermodynamic system:

_ dEpy _ dEo+dE;

= ————— — the temperature of a photonic black hole (12)
dSpy dSo+ dSt
T= % — photonic gas temperature (13)
t
T= % — Zero energy temperature (14)
0

Where Sgy — entropy of a photonic black hole
S = % aVpy T° — entropy of a photonic gas

So — entropy of zero energy

A specialist should appear here and declare:

«Pathology and ignorance! You forgot about the third principle of thermodynamics. In 1911,
Max Planck formulated the third principle of thermodynamics as a condition for the entropy of
all bodies to vanish when the temperature tends to absolute zero. At absolute zero temperature,
the system is in the basic quantum mechanical state. The probability of this state is W = 1, hence
the entropy S=k In W =0 ».

Allow me to object to an imaginary critic. If S, =0, then dSy; =0 and dE, = 0.

If zero energy cannot change, then it is the same for a microscopic photonic black hole and for a
hole the size of the universe. Therefore, the zero energy is negligible — in fact, it is zero.
However, such equality is a sign of the alternative theory. Therefore, either the third principle of
thermodynamics is an alternative theory, or the generally accepted theory of zero energy is
erroneous.
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However, in the third beginning of thermodynamics, a loophole is left to resolve the
contradiction that has arisen: "The entropy of the ground state (entropy of zero energy) is zero
only if the ground state is not degenerate." If the ground state corresponds to a set of microstates
with the same energy, then the entropy of zero energy is greater than zero.

The author believes that the number of microstates corresponding to one zero oscillation is equal
to the Gelfond constant e™ = (-1)~! ~ 23.14
Accordingly, the entropy of one zero oscillation Sy =k In e™ = 1k

A brief search on the Internet showed that the square of the Gelfond constant is used to describe
the photonic sphere of a black hole: «Divergent reflections around the photon sphere of a black

holey, published: 09 July 2021, author: Albert Sneppen.
https://www.nature.com/articles/s41598-021-93595-w

To get these transcendental numbers and correct the theory of radiation, we will be helped by a
specialist in black holes — Hawking.

Hawking will help us

The union of great minds can work wonders. Therefore, we use the Planck length 1,; when

writing the Hawking formula for the temperature Ty and for the entropy Sgy of a Schwarzschild
black hole:

hc3

Ty = P black hole temperature (16)
Since M= ha — black hole mass
2cly
_ he® 2cly 3 on 2Ly 3hocly  nocly he
Hence Thn =55G "n G onk Rh  Gh ankR 2, amkR  4mkR
_ he
Ty = e black hole temperature (17)
3
Spn = i:é — black hole entropy (18)
Where A =4n R?
_4mR?k 8
Hence Sgpy = Y
2
Spy =mk le— — black hole entropy (19)

pl

Let's compare the parameters of a photonic black hole and a Schwarzschild black hole.

Tp = 4\/% % — the temperature of a photonic gas in a photonic black hole (8)
pl

hc
T =
BH = 4nkr
244

Sp= 3 \/; nk \/f; — entropy of a photonic black hole (10)
pl

2
Spy =7k le_ — black hole entropy (19)

pl

— black hole temperature (17)


https://www.nature.com/articles/s41598-021-93595-w
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The transformation of a photonic black hole into a Schwarzschild black hole is accompanied by

. . . . R .
an increase in entropy and a drop in temperature by approximately - number of times.
pl

Why and how does this happen?

At a critical density, the gravitational instability of Jeans appears in the photonic gas.
Inhomogeneities grow and break up. The growth of inhomogeneity is associated with the
curvature of space, with an increase in the number of oscillators, with an increase in the number
of microstates and the entropy of the system. A certain amount of zero energy is spent on the
formation of each new oscillator. The celebration of life continues until all the energy of the
photonic gas turns into zero energy. At the very end, a gravitational coffin is obtained — a black
hole in which there is nothing but irremediable — zero vibrations, and a strongly curved space —
spatial foam.

Similar arguments were used by Bekenstein, proving to Hawking the existence of non-zero
temperature and entropy in a black hole. Within the framework of this model, the Hawking
formula for the entropy of a black hole can be derived from the Schwarzschild formula and the
foundations of quantum mechanics:

A =21 R — maximum wavelength of a black hole (20)
lhc _2m hc hec

Eomin R 2R minimum oscillation energy of a black hole (21)

A
Where h=2nh — Planck ‘s constant

2
N= EEi = };Thzc g = % — the maximum possible number of black hole oscillations (22)
omin pl pl
Where Egy =M c? = };?ZC — black hole energy (4)

pl

If we take the entropy of the zero oscillation equal to 7 k, then we get the Hawking formula:

Sgy =mk le—Z (19) =m k N—maximum possible entropy of a black hole (23)
pl

Entropy is associated with the phase of any oscillations. The uncertainty of the phase is equal to
the number .

In normal oscillations, the phase can be measured and used to store information. Consequently,
microstates that are not taken into account in thermodynamics are associated with the oscillation
phase.

It is necessary to find a proof that the number of degenerate microstates associated with the zero

oscillation phase is equal to the Gelfond constant e™ = (-1)~* ~ 23.14.

The second clue hidden in the Hawking formula

The oscillations of a black hole are in the ground state, that is, they have the lowest
possible energy. In the ground state, there are no microstates associated with the permutation of
oscillators. Therefore, the entropy of a black hole is simply equal to the number of oscillations
multiplied by the entropy of one oscillation.
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Thus, it follows from Hawking's formula that the number of oscillations of a black hole is
proportional to the square of the gravitational radius, that is, proportional to the square of the
largest wavelength of the black hole.

The Rayleigh-Jeans law sets the exact opposite dependence of the number of oscillations on the
wavelength. The number of oscillations is inversely proportional to the square of the wavelength,
since it is proportional to the square of the frequency.

Opposites are reduced to one functional dependence, by raising the length to a power minus one.
This is how the hint of a negative spectral dimension hidden in the Hawking formula manifests
itself.

Negative spectral dimension

Negative spectral dimension is used in physics to eliminate ultraviolet divergence, without
coarse frequency clipping. If, starting from a certain frequency, the spectral dimension is less
than minus one, then the vibrational energy density decreases with increasing frequency quite
quickly. In this case, the integral of the energy density converges, even if the limiting frequency
is assumed to be equal to infinity. Negative dimension is like another mathematical trick.
Actually, it's not a trick. The negative spectral dimension arises from the Rayleigh-Jeans law
when one additional condition is added.

Generalization of the Rayleigh-Jeans law

The Rayleigh-Jeans law was obtained by considering vibrations in a cubic resonator box.
When it is output, it is determined through the wave number. In this intermediate form, the
Rayleigh-Jeans law is applicable in all cases. In this form, it is easily generalized and expanded.
Let's write down this law for a space of arbitrary dimension — .

dN =S, K" 1dK — wave density (24)

— the number of waves with different components of the main wave number in the range of the
main wave numbers [K, K+dK]

Where S,,_; — (n-1)-hypersphere of unit radius (the surface of an n-hyperball)

K — the main wave number

K?=Y"_, K? —the square of the main wave number (25)
Where K, —x-component of the main wave number

The wave number is limited by the size of the resonator box. An integer number of half-waves

should fit on the edge of the resonator box. Rayleigh and Jeans also knew this.
L 2L 2Lv
AJ2 - A - c
Where L — the length of the edge of the resonator box
A — wavelengths
v — wave frequency
c — the speed of light

However, the reflected waves depend on the incident waves. The number of independent waves
is the spectral density, which is halved when each spatial dimension (reflection) is taken into
account. Therefore, the effective wave number in the resonator box is two times less than the real
one.
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In a space that is not bounded by walls, the real wave number is equal to the effective one. We

will use the effective wave number:

K= % = LTV — the main wave number (26)

Vmin—— — the minimum frequency of the wave, at K =1 (27)

~ |0

In a resonator box, the maximum frequency and energy of zero oscillations is equal to infinity.
Cutting the frequency, at the Planck frequency, reduces the energy density to a huge Planck
density.

However, this problem is easily solved by introducing an additional restriction in the Rayleigh-
Jeans law. An integer number of minimum lengths must fit on the half-wave. The shortest wave
corresponds to the oscillations of the neighboring nodes of the world crystal in the opposite
phase.

As aresult of an additional restriction, the spectral density begins to decrease when the critical
frequency is exceeded, and becomes negligible at the maximum frequency.

To simplify the calculations, we will not change the form of the Rayleigh-Jeans law for short
waves (high frequencies). For high frequencies, we will determine the wave number not through
the edge length of the resonator box, but through the edge length of the minimum cube.

K= zl — the main wave number (28)

Where [,,, —edge length of the minimum cube
C

Vimax = — — maximum wave frequency (29)
m

o~

Thus, the frequency spectrum is divided into a low frequency range [V,y; »V.] and a high
frequency range [V¢,Vimax |- Where v, — critical frequency.

At the boundary between the ranges, the wave number reaches its maximum value:

L A .
Kmax = = l—c — maximum wave number (30)
C m

Where A, — critical wavelength

A=L1, > A=+L1L,

Ve=—= —— — critical frequency (31)

L )
K =—=——== |— — maximum wave number 32

In each frequency range, only one of the two restrictions really applies — the strongest.

For long waves, there is a limitation associated with the size of the resonator box. At the same
time, the spectral density is proportional to the volume of the resonator:

AN=S,_, K"K =151 -1,y <y <y, (33)

ch

[¢ c L Lv
Wherev,,; ,== ; V.= K= —=—
mn L > VC \/ma A c

For short waves, there is a limitation associated with the discreteness of the wavelength. At the
same time, the size and shape of the resonator do not affect the spectral density in any way. The
spectral density is inversely proportional to the volume of the minimum cube.



dN = Sp_y K"K =22y 00y v <v v, (34)
__c . _C A
Where v, = Nt Vinax =1 ; K T

As a result of the introduction of an additional restriction, the Rayleigh-Jeans law became
symmetric. Now, one main wave number corresponds to two groups containing the same number
of waves. Each long wave corresponds to a short wave.

.. . : L v
In addition to the minimum wave number 1, the maximum wave number Knqy = == /Vm‘”‘
m min

(32) appears. In addition to the maximum volume L", the minimum volume [}}, appears.

Remark 1

The Rayleigh-Jeans law will become more universal if it is defined in terms of the volume V of
the studied space and in terms of the minimum volume [}},. In this form, the law can be used to
calculate the spectral density in an arbitrary finite space. The length L is defined as an edge of an

n-hypercube whose volume is equal to the volume of the space under study: L = V.
Such substitution is possible due to the fact that the spectral density of oscillations is directly
proportional to the volume L", or inversely proportional to the minimum volume [}, .

Remark 2

If the size of the space L significantly exceeds the minimum wavelength L,,,, L >> [,,, then
without prejudice to accuracy, we can take the minimum frequency equal to zero, and the
maximum frequency equal to infinity.

However, in the case of calculating the oscillation energy in one-dimensional space, the
maximum frequency must be specified accurately.

Preliminary assessment of zero energy

According to many physicists, dark energy is zero vacuum energy. Hence, information
about dark energy or the cosmological constant (from 60% to 75% of the density of the universe)
this is the most reliable information about zero vacuum energy.

The percentage of zero energy does not depend on the volume of space. Otherwise, the fraction
of zero energy of the vast universe would be close to zero or one. Consequently, the photonic gas
energy and zero energy are related to their total temperature by one common functional
dependence. The exact dependencies differ only by a constant multiplier. There should be a
constant multiplier in the equation for zero energy, which determines the proportion of zero
vacuum energy — dark energy.

Using the generalized Rayleigh-Jeans law, it is possible to calculate the spectral density of
oscillations, the total energy of zero oscillations and their entropy. The temperature is calculated
based on the change in energy and entropy. For a known temperature, according to Planck's
formula, the energy of a photonic gas is calculated.

The author made this calculation. It follows from the calculation that in a photonic black hole,
the zero energy is about 100 times greater than the energy of a photonic gas. That is, the
proportion of the dark energy of the universe should be approximately 99%. This is more than
the maximum value of 75% obtained by cosmologists. Therefore, a mistake was made. It cannot
be called the greatest or monstrous. Therefore, it cannot be ignored. The error must be found and
corrected.
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48 — The Answer to the Main Question

The author was so amazed by the simplicity of calculating the cosmological constant that it
was easy to believe that a simple fraction of %4, which arose during the calculation, determines
the proportion of zero oscillations. After that, the author used dirty methods of fitting parameters

The author chose the wrong order of solving the problem. First it was necessary to find the main
number — the answer to the Main Question about the cosmological constant, about the minimum
length and everything else.

This number is 233! = 8*6 = 48 — the coefficient of degeneracy of zero oscillations (35)

It arises from the symmetry of space.

Three Inversions of each of the three coordinates — mirror reflections — 23 = 8

Permutations of three coordinates — 3! =6

However, not everything is as simple as it seems. The difficulty of realizing an elementary fact
cannot be explained only by the overexcitation of the author. The exclusivity of our three-
dimensional space has also become a serious obstacle to understanding.

Already in four-dimensional space, 2%4! = 16 * 24 = 384 cannot be the number of degeneracy of
zero oscillations in energy. Euclidean geometry does not allow.

Everything is different there.

48 is the Answer to The Main Question. And there is no other answer other than that.

Made a calculation — activated the Max Planck mine

Egy =M c?

— photon and black hole energy (4)

T2 12
This formula for the energy of a Schwarzschild black hole, by its very appearance, shows the
way to quantum gravity. It testifies to the possibility of creating a theory of gravity without using
Newton's gravitational constant. But first, we need to solve less complex problems. We will
calculate the cosmological constant, the minimum wavelength, and the lattice constant of the
world crystal.

In a space with dimension n > 2, the size of which significantly exceeds the minimum length,
L>>1,, ,wecan take vy, ;=0 ; Vipaxr= .

.. _c
Critical frequency: v, = N 31

In three - dimensional space n = 3 ; the area of the unit sphere S,,_;=4n

3 3
N9 = LC# fovc 2dv = L3 ;T 3 = 43—“ Ex number of long waves (36)
3 . 3 3
Nt= % J, vtav= % V3= 43—“ :“3 number of short waves (37)
N=N9+N!'= < L — the number of all waves (38)
Ny = E =63 \/; = \/; the number of all zero oscillations (39)
Where 233! =48 is the degeneracy coefficient — The answer to the Main Question (35)
So=mk Ny = ﬂlsk \/l: — SHTPONHUS HYJEBBIX KOJeOaHM (40)

Where nk — entropy of one zero oscillation, see (23)
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k — Boltzmann constant

Zk 3 2
BT /13 dL =— /13 dL — change in the entropy of zero oscillations (41)
1 L*4m vchy 4am hL3 (v 4t hL3 mhl3
ES=— ‘—vidy=—— [ "‘v3dv = vi= 4
0 48 ¢3 fO 2 48%2 (3 fO 48+2x4 3 ¢ 96¢3 €
C
Since v, = —=
¢ JLzm
mhcL
Og =5z~ Zero low frequency energy (42)
m
1 c34m oo hv  _ 4am hc® (oo _ 4wt hcd  _ mhed  _
E(l)_ n f —vtdv= 3 f dv = 3 vl = 3Vc2
48 1% Jve 2 482 13, Jvc 48x2+2 13, 4813,
C
Since v, = —=
¢ JLin
mhcl .
§ = e~ Zero high frequency energy (43)
m
mhcl mhcl 3mthcl
E Eg+E0 2 2 2
9612, 4814 96 12,
mhcl .
E,= oY zero energy of a photonic black hole (44)
mhc
dE, = 2L dL — changing the zero energy of a photonic black hole (45)

The zero energy and entropy of zero oscillations depend on the size of the space L (on the
volume L3). These dependences (41) (45) determine the temperature of zero energy 7, which is
equal to the temperature of a photonic black hole, and the temperature of its photonic gas

T:%_T{hc 12 [, 3hc
dsSo 3212, w2k \ L 8mkyL Im
. C ..
Since v, = N critical frequency
3h .
T= :lc( — the temperature of a photonic black hole (46)

This temperature determines the energy of the photonic gas. Using the classical Rayleigh-Jeans
law, it is possible to calculate the total energy using Planck's formula. At the same time, the
number of oscillators is twice the number of waves. This is due to the fact that photonic
oscillators differ in phases, polarizations, and contain two waves — forward and reverse.
However, this classical calculation does not take into account that at a frequency greater than the
critical one, the spectral density begins to decrease with increasing frequency. For an accurate
calculation, it is necessary to use the generalized Rayleigh-Jeans law.

Calculate the energy of a low-frequency photonic gas:

3 3 3
g _ A L4 ve hv 2 _L°8mh vy v
E) =2— [ Vidv=" [ —dv
ekT -1 ekT -1

Where ,nl, — the fill factor of the oscillator with the frequency v
ekT -1
3hv,

Let’s make substitutions: v=xv,; T= oy

L38Th x3
ALY L R
c3

LELIY
e3”"—1
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Since v, = ———
¢ [Lim
3
Ef = 81721“ ) ! o dx — low frequency photonic gas energy (47)
m e3 -1

Similarly, we calculate the energy of a high-frequency photonic gas:
3 foe) h 3 h fore) -3

El{ = 2 : :T[ f hvv V_4dV = : 83“ f 1I/w dV
tm Ve err—1 tm Ve err—1

Where % — the fill factor of the oscillator with the frequency v

erT -1
Let’s make substitutions: v=xv,; T= 38}1::;
El Cc 81Th _2 f

‘ e3 —1
Since v, = ——
JLlm
foe) -3

El= 8“;”“ f 1 ;Cnx dx — high frequency photonic gas energy (48)

m e3 -1
The total energy of the photonic gas:

3

E,=EJ +El= thCL ( f g d + f I —=——dx ) — photonic gas energy (49)

-1
Numerical calculatlon of 1ntegrals on the Wolfram—Alpha website:
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%$5BPowers5
Bx%2C3%5D%2CPower35Be%s2CDivide$5B8%CEF$80x%2C3%5D%5D—
1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate®5BDivide$5BPowers5Bx%$2C—
3%5D%2CPower3s5Be%2CDivide%$5B8%$CF%80x%$2C3%5D% 5D~
1%5D% 2C TBx%2C1l% 2CoE2 88%9E%7D%5D

(f dx + f ——dx )= 0,00129908797 (50)
3% 1
Slnce Eo = 32 ;2 — zero energy of a photonic black hole (44)
=28 (f ——dx + f ——dx ) = 0,33256652032 =~ - (51)
3% 1 3% 1
n= Lo 7~ 0,75043 = Z — cosmological constant — zero energy share (52)
t

If we use Planck's formula to calculate the energy of a photonic gas, we get:

Et_ 8 )
—=2 dx
Eo fo e3x—1
Let’s make a substitution: x = y—= Y5
PGS —d
231 ey-1 y
Since fo =0
Ee _ o8 w _L:i___ >1
Eo 2 (23 ) 245%«3 245 80 0,3375

0,33256652032

~0,98538
0,3375

Thus, the use of the generalized Rayleigh-Jeans law leads to a decrease in the calculated energy
of thermal radiation, compared with the energy determined by the Planck formula. The deviation
reaches a maximum when calculating a photonic black hole. However, even in this extreme case,
the deviation is less than 1,5%.


https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
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When using Planck's formula, we obtain the cosmological constant:

n= ~0,74766
Eo+

Therefore, the value of the cosmological constant is in the interval:
0,74766 <n < 0,75043
It is probably closer to the upper limit obtained using the generalized Rayleigh-Jeans law.

The cosmological constant n = 0,75 if there is a mathematical equality:

Jy —m—dx + [~ dx = == == 0,00130208(3) (53)
0 e 3 *_1 e 3 *_1 2°%3
In this case, the energy of the photonic gas in the photonic black hole:
81'[th x3 8mhcL 1
E;,= Eg-i-Et (f x d+f 83 _1d )= lrzn%
E, = ZT::TC; — the energy of a photonlc gas in a photonic black hole (54)

The number 48 appeared in the formula — the Answer to the Main Question. This indicates the
correctness of the assumption made.

Add to the zero energy (44) the energy of the photonic gas (54), we get:

mhcl mhcL 4mhcl TthcL

Egy =Ey+ E; = 2L i Tz g the energy of a photonic black hole (55)

The volume of a photonic black hole is equal to the volume of the 3-hypersphere and the volume
of the resonator box.

2
13 =2m2R3 hence L=3/2 73 R (56)
Substitute the value of L in the formula (55)

\/—n3

2412,

Egy = Rhc — the energy of a photonic black hole (57)

The energy we received (57) is equal to the well-known energy of a black hole

Rhc Rhc

BH — 2 2 ()
212 w2
Rhc l 2 13 3 l 6
Hence: —Rhc=—F; 2="-—=—3; B=—
m Tl " 6 303 Wl 3346
8
n6 . .
lm=—1—2 Ly — edge length of the minimum cube (58)
32%26
3 4 . .
Ly, = e l — minimum volume (59)

This minimum volume determines the spectral density of short waves. It is equal to the volume
of the minimum ball. At the same time, the quantization of the wavelength is determined by the
radius of the minimum ball. See below «Quantization of short waves» formula (73).

3 _ ™ g3 _4m 3 3_ T 3
Ly = lpl—?r hence r _mll’l
r= %g Ly = 1,30798 1, — the radius of the minimum ball (60)
— the lattice constant of the world crystal
2 r=%=l, =2,61595 L, —minimum wavelength (61)

V3
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Quantization of waves on the hypersphere

On the hypersphere, the Rayleigh-Jeans law becomes quantum. The wave corresponds to a
positive integer main wave number. At the same time, the main wave number is the sum of its
integer components. One of the components is taken modulo.

On the 3-hypersphere, such a description of the wave is identical to the quantum description of
the electron shells of the hydrogen atom.

The Rayleigh-Jeans quantum law can be used to describe microscopic photonic and hypersphere-
shaped black holes.

When deriving the Rayleigh-Jeans law, it is written for a cubic resonator box:
K?=Y%"_, K2 - the square of the main wave number (25)
Where n — dimension of space

L ) .
=5- the main wave number (effective)

L — the length of the edge of the resonator box
A — wavelength

K, = Ai — the x component (effective) of the main wave number is an integer
X

A, — projection of the wave vector (without 27) on the x coordinate axis

This entry is equivalent to the entry:
1 — n

7= Lx=1 % — inverse square of the wavelength (62)

It is obtained by generalizing the inverse Pythagorean theorem: in a right triangle, the inverse
square of the height on the hypotenuse is equal to the sum of the inverse squares of the legs.

However, in a resonator box, the main wave number, the square root of an integer, may be
irrational. In normal quantum mechanics, such irrationality is unacceptable. In addition, a black
hole differs in its shape from a box.

For long waves on the n-hypersphere, the Rayleigh-Jeans law takes the usual form for quantum
mechanics — the main wave number K is the sum of its components:

K=|Kq| n=1 (63)
K=|Kq| + X%-2 K, n>2 —the main wave number of the long wave (64)
Where K; — the analogue of a magnetic quantum number, can change its sign, is taken modulo

n — dimension of space

2TR .
K= -~ the main wave number — natural number

2TmR .
K, = ~_ —X-component of the main wave number — natural number
X

R — radius of the n-hypersphere

Two different sets of components correspond to one main wave number K. In one set K; = 0, and
in the other K; # 0. The first set is equal to the number of partitions of the number X into n-1
parts, including empty parts. The second set is equal to the product of the number of inversions
of the sign of the component K; — 2 by the number of partitions of the number K-1 into » parts,
including empty parts.

The total number of components is determined through binomial coefficients:
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NR=CR2_,+2CRE 2~ the number of long waves with the main wave number K (65)
Since C = CR_, + C¢Z

. _ (K+n-1)! (K+n-2)! _ (K+n-1) (K+n-2)! K (K+n-2)! _
Ng = Ciin-1+ CRin—2 = (n-1'K! (-1 (K-1)! (n—-1)! K! (n-1)! K!
(K+n-2)!((K+n—1) + K) _ (K+n—-2)! 2K+n-1)
(n-1)!K! (n-1)! K!
Ng = (2K+r(ln 1)1)('1(;11 2 _ the number of long waves with the main wave number K (66)
3 2
NE=2;NE=2K+1;Ni=(K+1)?; N =—+>—+==+]
Ng = 2_ K™=! _ the number of long waves with the main wave number K >> n (67)

(n—-1)!
Thus, from quantization of waves on the n-hypersphere, we obtained the number of long waves
Ng with the main wave number K.

Exactly the same dependence (67) arises from the Rayleigh-Jeans law for low frequencies:

dAN=S,_, K" 1dK = Lf—"l v ldy Vimin<V<ve (33)
_L_Lv
K= A C

Replace the volume L™ with the volume of the n-hypersphere V' =§,, R"

Sn R™ Sy _ . .

dN = C—nnl v~ 1dy — spectral density of low frequencies on the n-hypersphere (68)
Sno1 Sy = =2 (273 (88) (proof of equality at the end)
Hence dN = % Rn Ly
Since the frequency v = %

_2Q@m)" ™ ¢ _ 2 (rrR)"' . 2mR
dN = (n-Dich =17 1 (n-1)! An-1 )
Let's write the formula back in terms of the wave number. The maximum possible wave number

21R
that does not depend on the dimension of the space is K; = %

dN = (ni—l)' Ké‘_lng — the wave density of long waves on the n-hypersphere (69)
Where K, = ? — the main wave number ; R — radius of the n-hypersphere; A — wavelength
Hence

N= Kg~ 1_ the number of waves with the main wave number K, on the n-hypersphere (70)

(n !
This number coincides with the number of long waves (67), which is obtained by quantization of
the wave on the n-hypersphere, for large values of the wave number K >> n.

Quantization of short waves

After quantization of long waves, the generalized Rayleigh-Jeans law lost its symmetry.
The restoration of order is accompanied by the growth of chaos. Therefore, we will not stop.
The transcendental number & enclosed in S,,_; prevents the quantization of high frequencies:
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dN=S,_1 K" 1dK = Can_l v gy Ve SVS Vg (34)

K=2-_C

lm  Lnv

Replace the minimum volume [}, with the volume of the n-hyperball

= Sn=t 4% the minimum volume is equal to the volume of the n-hyperball (71)

dN: % ‘V_(n+1)dv

Sn_]_ rn
dN = an: v~ M+ gy _ spectral density of high frequencies (72)
Since the frequency v = %
n jn+i
dN=" L d S =2t g,

Let's write the formula back in terms of the main wave number. Note that in one-dimensional
spacen=1;A""1 =1 ;7" =r any main wave number corresponds to two waves with opposite
wave vectors.

Hence K; = % — the main wave number (73)
_M" n-1 —on, A"t 4
dAN=—A"""dr=2"n —d —
rn @rn17 2r
dN = 2"n K*"'dK, — wave density of short waves (74)

Where K; = ;—r — the main wave number ; » — the radius of the n-hyperball ; A — wavelength.

Hence,
N=2"n K]** — the number of waves with the main wave number K; (75)

Exactly the same dependence (75) occurs when quantizing short waves, with large values of the
main wave number K >> n . This quantization is similar to the quantization of long waves on the
n-hypersphere (64). However, unlike quantization of long waves, all non-zero components can
change their sign, and the order of the components matters:

K= Y2_;|Ky| — the main wave number of the short wave (76)
Where n — dimension of space

A .
K= Py the main wave number — natural number

A . :
K, = ﬁ — x-component of the main wave number — integer

r — the radius of the n-hyperball of the minimum volume

One main wave number K corresponds to Ng different sets of components. The number Ng is
determined by the number of different placements of nonzero components of the main wave
number. This number is determined by the product of the number of inversions of the sign of
non-zero components by the number of component placements, and by the number of partitions
of the main wave number into x terms:

n!

NR=YK_ 2% oo © %-1 — the number of short waves with the main wave number K <7 (77)
Ng=Yn_,2% (r:!x)' C¥Z1 — the number of short waves with the main wave number K > n (78)
Where C¥Z] = #g{)'—x)' — binomial coefficient

n! (K-1)!

~ Jn n—1
(n—x)! (x—1)! (K=x)! 2"nK

If K>>n,then Ng =Y 7_, 2%
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N2 =2"nK™ ! — the number of short waves with the main wave number K >> n (79)

Quantum recording of the generalized Rayleigh-Jeans law on the hypersphere

The number of long waves N with the main wave number K:

_ (2K+n-1) (K+n-2)! g
N= 1< K <K, (80)

N:(n:)l Kn1 n<<K<kJ_ (81)

2mR . n!\— |[7R .
Where K = - the main wave number — natural number ; K7 = 2(7)271 ’; — maximum

main wave number of long waves; A — wavelength ; n — dimension of space ; R — radius of the n-
hypersphere; r — the radius of the n-hyperball.

The number of short waves N with the main wave number K:

2%n! (K—1)! 1
N= Zx 1 (n—x) (x=1)! (K—x)! =K <n=Knax (82)
_ 2*n! (K-1)! l
N = Y oo D n< K< Kmax (83)
N=2"'n K"1 n<<K<Klg. (84)

A . 2. L [nR . .
Where K = P the main wave number — natural number ; K}, 4, = (;)Zn ’; — maximum main
wave number of short waves ; A — wavelength ; n — dimension of space ; R — radius of the n-

hypersphere; r — the radius of the n-hyperball.

Critical wavelength:

. Sn—
Since L™ = S,R™ ; I}, = nTlr"

1 1
Ao =L T = (L 13)2n = (S,R™ 227 )n

Since S, Sp_1 = =2 (273 (88) (proof of equality at the end)
Ae = (@ R™ rn)Zn = (;)Zn V2mRr — critical wavelength (85)

For long waves, the maximum main wave number is:

Kihor = 2= (Byon 2 (—)znf (86)

For short waves, the maximum main wave number is:
Kmax == (—) w 2R _ (—)Zn / 87)

For large principal wave numbers K >> n, the quantum description turns into a classical one.
That is, the classical description can be used to calculate spectral density, critical wavelength,
entropy, and temperature. At the same time, the number of long waves is equal to the number of
short waves.

However, when quantizing waves in a space of dimension n > 2, an important effect occurs.
Long and short waves are grouped differently according to their main wave number. Short wave
groups are larger than long wave groups. However, the number of short wave groups is less than
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the number of long wave groups. The asymmetry is due to the fact that the n-hyperball is less
symmetric than the n-hypersphere.

Proof of equality:
_2(@m"
Sn—l STl - (n—l)!

Where §,, — volume of the n-hypersphere of unit radius

The proof can be obtained using the Gamma function
ffooo e *dx, ... ffooo e~ dx, =S, 4 fooo rn=le=1* g

Where r2=x2 +x2+ ... +x2

o _ © 1 1 p0 1 _ 1 poo 1_ _ 1 N
Jy e dx=f"e7dy2) =5 [ yT eV dy=; [y eV dy =3 T(A) =
Hence [° e ™ dx = 2fO°° e dx=+m

0 1 _y2 _oon__l_ 1_1002_1_ _1_.n
Jo e dr = [z 2z eT?d(22) =5 [ 2z eT*dz=T(3)
n

1
n+s

n— I _2nz __4m z
Hence (\/E) = Sp-1 ZF(Z) — Sp-1 E(g) — Sp-15n E(g)ﬁ,(nTﬂ
Since ['(z) = (z-1) ['(z-1)
n n+ly o1 (n—l)!: (n—-1)!
PO =TQ) S =V

2N+l on _ 2 (271')”
(n-1)! (n-1)!

Hence S,_1S,= (88)

That's how you will begin to study the ancient formulas and believe in the transmigration of
souls.
https://www.youtube.com/watch?v=FzPk _MBqdwlI
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O TepmoanHamMuke (POTOHHOIO ra3a B CBSI3H € MP0OIeMoii
KOCMOJIOTHYeCKOM MOCTOSHHOM

ABtop: Muxees Cepreit Bnagumuposuu Asrycr 29, 2022

BBenenue

3akoH Panes-/xuHca onpenenser CeKTpaabHYIO INIOTHOCTD, U ABJISIETCS OCHOBOM Teopuu
U3ITy4eHus. DTOT 3aKOH 0000IIeH, MyTeM J0OaBICHHS OrpaHUYCHHUSI, CBI3AHHOTO C
JUCKPETHOCTBIO JUVIMHBI BOJIHBL. B 000011eHHOM 3akoHe Panes-/[)xuHca, BO3HUKIIA CHUMMETPUS
MEX/1y HU3KUMHU U BBICOKHMHU 4acTOTaMH — OTPHIIATENIbHAS CIEKTpajibHasi pa3MEpPHOCTb.
Ha ocnoBe ¢popmynbl X0oKkuHTa, 17151 SHTPOIIUU YEPHOU JBIPHI, ONIPEAETICHO YHCIIO
MHUKPOCOCTOSIHUH OJJHOTO HYJIEBOTO KOJIeOaHHs. DTO YHCIIO paBHO MOCTOsTHHOM [enbdonna: e™.
Hcnonp30BaHa MOJIEIb KOCMOJIOTHYECKO (POTOHHON YEPHOU IBIPHI, 1Jis ONpeAeTICHuUs
TEMIIEPATYPbI U HYJIEBOM 3HEPIHH BeeleHHOW. C MOMOUIbIO YMCIEHHOTO HHTETPUPOBAHUS, C
TOYHOCTBIO 10 TPEThEH 3HavaIe nudpbl, paccCuuTaHa KOCMOJIOTUYECKast MOCTOsSTHHAS — 75%
IJIOTHOCTH BCEJIEHHOM.
O06006mennsbIit 3akoH Panes-/kuHca 3anmucad B KBAaHTOBOU (opme [utst ruriepcdepsl.

OripezeieHa MoCTosIHHAS PEIIETKH MUPOBOTO KpUcTaiia: JuynHa [lnanka, yMHOKEHHas Ha
Vs

4KUCIIO Pi, AENEHHOE HA YMCIIO [IBA U HAa KOPEHb IECTOM CTENEHU OT YUCIa TPU — 7 = Ly 75

[
CoOTBETCTBEHHO, MUHMMAJIbHASA JJIMHA BOJIHBI B [1Ba pasa Oosbiue: 2r = Ly 5
Kpome Toro, aBTop nmopaxkeH (hakToMm MpoAoKEHUs PoIaXku ero opornrtopsr oT 2006 rona,
KOTOPYIO OH BBUIOKUJI JIJIs1 OOIIEro JOCTyIa B UHTEpHETe mociie ocBoboxaeHus B 2018 rony.
Ota cTaThs OMyO0IMKOBaHA, YTOOBI YMEHBIIUTH BPE]l OT MPEIbIAYIINUX MyOIUKAINi aBTopa,
pacmnpocTpaHeHHe KOTOPhIX HEBO3MOXKHO OCTaHOBUTH. [locieoBaTensHo, B Hauboee

HOMYJSPHOM popMe, U3NIararoTcs crapble UJeH aBTopa U MPUYMHBI OIINOOK.
IIpeaynpexaenue

Bama npuBbIyHas KapTuHA MUpa MOKET OBITH pa3pyllleHa MPH MOMBITKE PEIINUTh
po0JIeMy KOCMOJIOTMUECKON MOCTOSIHHON. DTy yIbTpaQHOJIETOBYIO PACXOIUMOCTh
HEBO3MO>KHO YCTPAaHUTh 00pe3aHreM 4acTOThl. Bl OyieTe BHIHYKI€HBI BBECTH OTPHUIATEIHHYIO
CIIEKTPaJIbHYIO Pa3MEPHOCTh, HAUUHASI C HEKOTOPOH KPUTHUYECKOW 4acTOThI. [IpuunHoin
MOSIBJIEHNE OTPUIIATEIILHON pa3MEPHOCTH MOXKET OBITh TOJIBKO KPATHOCTD JUTHHBI BOJTHBI
MUHHUMaJIbHOM JutnHe. KpaTHOCTH JUITMHBI BOJTHBI MUHMMAJIBHOW JUTMHE O3HAYaEeT, YTO Halla
BCEJIEHHAsl 9TO HEOOJIBIIIOE BO3MYIIEHHE (COUTOH), KOTOPOE BOSHUKJIIO M IBIJKETCS B MUPOBOM
kpuctasie. [Tocne pacuera Temneparypsl BCEJICHHON U ee HYJEBhIX Kosiebanuii, Bam npunercs
MIPU3HATH, YTO BCEJICHHAS HE CIIOCOOHA K aanabatuueckomy pacimpenus. CienoBaTeabHo,
HMCTUHHBIN pa3Mep BCEIEHHOM, u3mMepseMblid 1nuHoM [1nanka, He MeHserca. Mimo3us
pacuIMpeHus BCEIEHHOM SIBIISIETCS CIIEJICTBUEM HaIllero ckatus. HabmoqeHus 3a CBepXHOBBIMU
3BE€3/1aMH MOJATBEPKIAI0T, UTO 3TO CKATHE TOJIBKO yCKopsieTcs. B pe3ynbrare cxxarus
YBEJIMYUBACTCS TPaBUTAIIMOHHAs TocTOsTHHAS. UeM Bce ATo 3akoHunTCs? Uto Oymer motom?
Bo3nukHyT Apyrue HenpaBuibHbIE BOIIPOChl. OTBETHI Ha 3TU BOIIPOCHI MOTYT BbI3BaTh y Bac
TUCKOMOOPT.

CHoKoOMHO OIIEHUTE BCE PUCKHU, CBA3aHHBIE C MMPOJIOKEHUEM UTeHUsI. Bbl IpeaynpeKaeHbl.
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Mynapslii coBer

Cogert npodeccopa Gununma ¢on Ko crynenty Makcy [lnanky:
Bawm nyumie 3aHAThCS H3y4eHUEM Ipyroi Hayku. Teoperndeckas (usuka Oim3ka K
3aBEpILEHUIO, U B HEH OCTAJIOCh UCCIIEAOBATh JIUIIb HEKOTOPHIE HE3HAUUTEIbHBIE IPOOIIEMBI.

[TnaHK HE MOCIyIIAJICsI MyAPOTO COBETA U YCTPOMI B (Pr3uKe HAyYHYIO peBomonui. OH
YaCTUYHO pemni nmpobiaemMy u3nydeHus: abcooTHO YepHoro Tena. [Ipu aTom, oH ycren
HE3aMEeTHO 3aJI0KUTh MO (yHIaMEHT (GU3UKH MUHY OTPOMHOM pa3pylIUTeabHOM cribl. Kak
cariep, Makc [1naHk 3acityKUBaeT BeJIMYalIIIe MOXBaJIbl.

He npuBnekas uznumnero BHUManus, [1nank BBen B pU3UKY MJIaHKOBCKUE €IMHUILIBI
U3MEpEHUs, KOTOpPbIE OH OIpee Yyepe3 (pyHaaMeHTaabHble TocTosiHHBIE. Teneps, nobas u3
IUTAHKOBCKUX €IMHUI] MO>KET OBITh UCIIOJIb30BaHa B KauecTBe (PyHAaMEHTaIbHOM MOCTOSHHOM.
DTO0 MO3BOJISET UCKIIIOUUTH U3 YKciia PyHIaMEHTAIbHBIX TOCTOSTHHBIX CKOPOCTh CBETA,
nocTosiHHYO [ll1anka wny rpaBUTallMOHHYIO IOCTOsAHHYI0. Hanpumep, Teopust rpaBuTanuu
MOJKET OBITh MOCTpOeHa 0e3 rPaBUTALIMOHHON MOCTOSHHOM, C UCIIOIb30BAaHHEM CKOPOCTH CBETA,
noctosiHHOM [Inmanka, u ayune! [lnanka.

He pemennasi mpodJsema u3jiy4yeHusi a0COJIOTHO YePHOIo TeJia

[TpoOnem HeT, Bce XOpOLIO U KU3HB JIETKa, €CIIN U3JIy4€HUE pacCMaTpuBaeTcs 0e3 yuera
COBMECTHOT'O BJIMSIHUS TPABUTAIIMH U HYJIEBBIX KOJICOAHNH BaKkyyma. 3aluIIeM ypaBHEHUS
($OTOHHO YepHOU ABIPHI O3 y4eTa HyJIeBO SHEPTHH. DHTPOIHIO, TEMIIEPATYPY U TNIOTHOCTh
(GOTOHHOM YEPHOH JBIPBI ONIPEEIUM YEPE3 €€ TPABUTALMOHHBIN paguyc R v amuny Ilnanka [, .

®oToHHas YyepHas Ablpa ¥ yepHas Apipa [IBammmibaa uMEIOT OMHAKOBYIO MACCY, SHEPTHUIO, U
IJIOTHOCTh, ITPU OJIMHAKOBOM PAJINYCE KPUBHU3HBI:

2GM . N .
=~z — I'PaBUTALMOHHBIN PajuyC (OTOHHOW U YePHOU IBIPHI (1)
Rc? Rh ¢® _ Rh

26 2c Gh 2cl?

— Macca (POTOHHOM U YEpHOIl IbIPHI (2)

h .
I'ne h= g — HPUBCACHHAA ITOCTOAHHAA IInanka

h — mocrosanas [ltanka
C — CKOpPOCTb CBC€TA B BAKYYMC
G- T'paBUTalMOHHAA IMTOCTOSIHHAs

’G h
Ly = —5 — AIMHA [Tnanka 3)
2 Rhc o )
Egy =Mc* = 2.~ OHeprus (GOTOHHOM 1 YepHOIl IBIPBI 4)
pl
Vgy = 2m%R3 — 06bem 3-runepcdeps! paBeH 00beMy GOTOHHOM U UepHOI JBIPHI (5)
EBH Rhc hc o o
Egy)=—= = — IUIOTHOCTB YHEPTUH (POTOHHOUN M YEPHOU JIBIPHI (6
P (Ep) Ven 2m?R321%  4m?R21Y priu ¢ pHOIt ZbIpbt (6)
hc o o
aTy = p (Egy) = — 57 — IUIOTHOCTb U3JTy4eHHs! POTOHHOM YEPHOI TBIPBI (7)
41“R lpl
I'ne Tp —Temmneparypa pOTOHHOTO ra3a
w2kt
a = T~ — TIOCTOAHHAA MIOTHOCTH H3Iy4eHHs

k — mocrostunas boneiimMana
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p(Epg) _  hc 15h3¢3 15h%c*
CnenoBarensHo Tp = =
A P4 4an2gp2 1 m2k*  amtk*RZ L
415 hc o o
Tp = & % == Temmeparypa (dhoToHHOTO Ta3a B (POTOHHOW YEPHOU JBIpE (8)
pl

[Tn0THOCTH SHTPONUH (POTOHHON YEPHOU IBIPHI PaBHA INIOTHOCTH SHTPOIUU (POTOHHOTO ra3a
_4 3
p(Sp)=+ aTP
4- miK? (15 3 h3 c3

= —)4
6 i O i T

p(Sp)= IHA X notHocTs SHTPONUH (POTOHHOMN YEPHOU IBIPHI 9)
3 15 1 [R3 13
«, pl
144 2 414
= Ve p(Sp) =2m*R> - f \/W’T f \/;
p
S p= 3 22 \/; SHTpOIHUS (OTOHHOHN YEPHOU JBIPHI (10)

Hayunoe coo0111ecTBO cunTaeT albTepHATUBHBIMU BCE TEOPUH, B KOTOPBIX HYJIEBask YDHEPIHsI
paBHa Hym0. Clie10BaTeNbHO, €CIH MBI IBHXKEMCS 0 IIaBHOW HAYYHOW AOPOre, TO Mbl 00S3aHbI
n00aBuTh B (hopmyity (7) IIIOTHOCTh HYJICBOK YHEPTHH.

Ho Henp3st mpocTo Tak B34Th U 100aBUTH HYJIEBYIO SHEPruUio B hopmyity (7), koTopas
onpenensier Temneparypy (8) u surponuto (10) uznyuenus. B TepMoanHaMuke U3ydeHus BCe
JTaBHO COTJIaCOBAHO, M HET HUYETO JHIIHEero. TaMm HeT MecTa Juisd JONOJIHUTEIbHOW SHEPTUH.
Tem Gosee Tam HET MeCTa IS YYAOBUIIHO OOJBIION SHEPTHHA. DTO IPOTUBOPEUHE MOKHO
pa3pemnTh TOJbKO pauKaIbHBIMU MeTOIaMu. [[71s1 3T0ro He06X0AMMO OBTOPHO U3MEHUTh
TEOPHIO U3ITydeHHs a0COTIOTHO YepHOTO Tena. HoBbie M3BMEHEHUS JOKHBI OBITh TITy0XKe
U3MEHEHUH, peoKeHHbIX Makcom [Tnankom. [Ipuiino BpeMst MEHATH BCIO CHCTEMY, B TOM
yucie ee pyHmament — 3akoH Panes-/xunca.

Ha camom s1eJie y Hac He 0J1HA, a IBE MPOOIeMBbI

[TepBas mpoOiema HaxoIUTCs y BceX Ha BUAy. Bo3HuKkaeT Breyariaenue, 4to Gu3nku
BTaifHe TOpATCS HEBEPOSATHO O0JIbIION OmMOKoi B 120 mOpsAKOB, KOTOPYIO OHH MOJTYUYHIIU IPU
pacueTe KOCMOJIOTMYECKON NOCTOSTHHONW. OHAKO 3/1eCh HET OCHOBAHMM I TAKOM rOpJOCTH,
IIOCKOJIBKY MMH II0JIy4€HO TOYHOE 3HaYEHHUE IIIOTHOCTU. [IpocTo OHM paccynTany He INIOTHOCTD
HHEPTUU KOCMOJIOTHYECKOM MMOCTOSIHHOM, a HeuTo pyroe. @U3uku Koraa-Huoyab NOWMYyT, 4TO B
JEHCTBUTEIIBHOCTU OHU PACCYUTAIIN.

CornacHo 3akony Panes-Jl>)kuHca, 4uciio OCHUUIATOPOB B €MHULIE 00beMa Ha €IMHUYHOM
MHTEPBAJIE 4acTOT, IPONIOPLIMOHAIBLHO KBaApaTy 4acToThl. Hynesas sHeprus npornopuyuoHalbHa
yactore. Clie1oBaTeNbHO, INIOTHOCTh HYJIEBOM SHEPTHH MPONOPIMOHAIEHA KYOY YaCTOTHI.
[TonHas sHEprus B eIMHULE 00beMa MOJIy4aeTCcsi MHTErPUPOBAHUEM INIOTHOCTH 110 BCEM
yactoTaMm. OHa NPONOPLUHOHATIbHA MAaKCUMAJIBHONW YaCTOTE, BO3BEACHHON B UYETBEPTYIO CTEIIECHbD.
Ecnu makcuManbHast yactoTa paBHa yactote [lmaHka, To MIOTHOCTh SHEPTUH Oy/IeT OTPOMHOM —
IUTAHKOBCKOW IIJIOTHOCTBIO.
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Jlis nonydeHus afeKBaTHOM MJIOTHOCTH SHEPTUU (IIJIOTHOCTH BCEJIEHHON) MaKCUMAaJIbHAsS
Y4aCcTOTa M3JIyUYEHHs TOJHKHA ObITh MEHbBIIIE YaCTOThI BUAMMOTO CBeTa. B TakoMm ciydae,
HEIOHATHO KaK Bbl cMOIIM POYUTATH 3TOT TEKCT.

Bropas npoGnema HezameTHa 1 koBapHa. OHa CBsI3aHa ¢ HEOOXOIUMOCTBIO
TCPMOANHAMHUYCCKOI'O paBHOBCCUSA U3JTYYCHHA, U C HCO6XOHI/IMOCTBIO HanTH HCPpaA3JININMBIC
MUKPOCOCTOSIHUSI, CBA3aHHbBIE C SHTPONIMEN HYJIEBOW SHEPrUM. DTO HE TPUBUANIbHAS 3a/1a4a,
MOCKOJIBKY TEPMOJAMHAMUKA CO3/IaBasIach 0e3 yyeTa HyJaeBoi sHepruu. Heydurenusie
MHUKPOCOCTOSIHUS HE OBUIM HYXHBI, U OHU OBUIN /10 TAKOH CTENEHU Hepa3IMYUMBbl, YTO TENEPb
KpalHe CII0KHO IOBEPUTH B UX CYIIECTBOBAHUE, IaXKE €CIIU OHU HAaXOAATCS y BCEX Ha BUAY.

HeynoGcTBa OT HyJIeBOM SHEPrUH OKa3aIUCh 3HAUUTEILHBIMU U POAOIKUTENbHBIMU. [loaTOMY
bu3nKK co3nanu aabTepHATUBHBIE TECOPUH, B KOTOPBIX HYJIEBask YHEPTHs CUUTACTCS PaBHOM
HYJIIO.

HawMm sTa anprepHaTtuBa He HyHa. MbI 100aBUM B ypaBHEHHE (POTOHHON YepHOU ABIPHI (7)
HYJIEBYIO DHEPTHIO U PACCMOTPUM TEPMOJUHAMUKY MOJYYHUBIICHCS CUCTEMBI.

Egy = Ey + E; —sHeprust pOTOHHOMN YepHOH ABIPHI (11)
Ine E, — Hynesas sueprus ; E, = aVgy T? — sHeprus (poToHHOro rasa

43 YCIO0BUA TCPMOANHAMHUYICCKOI'O paBHOBECHUS CIICAYCT PABCHCTBO TCMIICPATYP BCCX yacTen
TepMOﬂHHaMquCKOﬁ CHUCTCMBI.

7T =—==———_TteMmueparypa GOTOHHOI YEPHOU IHIPHI 12
D5y 250+ IS, patypa ¢ PHO¥ 1BIP (12)

T= % — TemriepaTypa OTOHHOIO rasza (13)
t

T= % — TeMIeparypa HyJIeBOW SHEPTUH (14)
0

I'ne Spy — »HTpONUSA GOTOHHOM YEPHOU ABIPHI
4
S = 3 aVpy T° — suTponus GOTOHHOrO rasa

So — DHTpONHUS HYJIEBON SHEPTUU

311ech AOKEH MOSIBUTHCS CIIELIUATIUCT U 3aBUTh:

«ITaronorust u HeBexecTBO! Bbl 3a0buTH ITPO TpeThe Hauano TepmoauHamMuku. B 1911 rogy
Makc [lnank chopmynupoBai TpeThe HadaJIo0 TEPMOJIMHAMHUKHN KaK yCI0BUE OOpaIieHus B HYJIb
SHTPOMIUHU BCEX TEJ IPU CTPEMIICHUH TeMIIepaTypbl K abcontoTHOMY HYy:0. [Ipu abcomtoTHOM
HyJIE TEMIIEpaTypbl CUCTEMA HaXOUTCSI B OCHOBHOM KBaHTOBO-MEXaHUYECKOM COCTOSTHUU.
BepositHOCTB 3TOTO cocTostHus W = 1, criegoBaTensHO, SHTponust S =k In W =0 ».

[To3BOJIBTE BO3pa3uTh BoOOpaxkaeMoMy KpuTuKy. Eciu Sy =0, To dSy =0 u dE, = 0.

Ecnu HyneBast SHEprusi He MOXKET U3MEHUTHCS, TO OHA OJJMHAKOBA Y MUKPOCKOITUYECKOM
(OTOHHO¥ YepHOU JBIPHI U Y JABIPHI pa3MepoM cO BeeneHHY0. ClieoBaTeIbHO, HyJIeBast SHEPTUs
npeHeOpexuMo Maia — (PaKTHYeCKH paBHA HYIH0. OHAKO, TAKOE PABEHCTBO SIBJIICTCSI
NPU3HAKOM aJIbTePHATUBHOCTH Teopuu. ClieI0BaTEeNIbHO, JINOO TPEThE HAYAIO0 TEPMOAMHAMUKU
SIBIISICTCS QJIbTEPHATUBHOMN Teopuei, 1100 0OIICTIPUHSTAs TEOPHUs HYJICBON SHEPTUH SIBIISCTCS
OIIMOOYHOM.
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Opnaxo, B TpETbEM Hayajie TEPMOJAMHAMUKH OCTaBJICHA JIa3€iiKa i1 pa3pelIeHNs] BOSHUKIIIETO
IPOTUBOPEUUS: « DHTPOIHS OCHOBHOI'O COCTOSIHUS (SHTPOIUS HYJIEBOW SHEPTUH) paBHA HYIIIO
TOJIBKO B TOM CJIy4ae, €CJIM OCHOBHOE COCTOSIHME HE BBIPOKIEHO». ECIIM OCHOBHOMY COCTOSIHUIO
COOTBETCTBYET MHOXKECTBO MUKPOCOCTOSIHUM C OJMHAKOBOW YHEPIUEH, TO SHTPOIUS HYJIEBON
SHEPTuu OO0JIbIIE HYIIS.

ABTOp CUHMTAET, YTO YUCIO MUKPOCOCTOSIHUN, COOTBETCTBYIOIUX OJHOMY HYJIEBOMY
KoJyieOaHuto, paBHO nocrosiHaoi ['enbponma e™ = (-1)7! = 23.14
COOTBETCTBEHHO, SHTPOIIUS OJHOTO HYJIEBOro Kosebanus Sy =k In e™ = nk

KpaTkuit nouck B MHTEpHETE MOKa3ajl, YTO KBaApaT MocTosHHOM ['enbdonaa ucnoiabp3yercs s
onucanus GoToHHO ceprl yepHOil nbIpbl: «Pacxoasmirecs oTpaxeHus: BOKpYT (hOTOHHOI

chepsl uepHOU IbIpb», myosmkanus oT 09 utons 2021 roxa, aBrop: Albert Sneppen.
https://www.nature.com/articles/s41598-021-93595-w

HOJ’Iy‘-II/ITI) OTHU TPAHCUCHACHTHBLIC YHCJIa U UCIIPABUTH TCOPHUU U3ITYUCHUA, HAM ITIOMOXKCT
CIICHHUAIMCT I10 YCPHBIM JbIpaM — XOKHHT.

XOKHHI HAM IIOMO.KeT

OO0benuHeHne BEIMKUX YMOB CIIOCOOHO TBOPUTH uyieca. [loaToMy MBI HCHIONB3YEM JITTHHY
IInanka [, npu 3amucu popmyiel XOKMHTa JJIs TEMIIEPATyphl Ty M UL SHTPOIIUHK Sgy YEPHOM

neipbl [IBapimmibaa:
hc3

Ty = Soroy  femieparypa YEPHOM JIBIPHI (16)
ITockoisbKy —2 — Macca YEPHOH JBIPHI
pl
he3 213, 3 n 21} 3n clfy h cl? he
Cnenosatenbio Tgy = E=— P —— =
A BH “gnkG Rh G 8wk Rh  Gh4mkR I% 4mkR 4mkR
hc o
Ty = TR~ TeMIepaTypa YepHOH JBIPHI (17)
Akc? .
Sen =7, o — OHTPOTIMS 4EPHOU JIBIPBI (18)
I'ne A =4n R?
4mR*k 3
CnenoBatenbHO Sgy = ———— —
4 hG

R? o

Spgy =mk z — OHTPOIIHS HEPHOH JIbIPEI (19)

pl

CpaBHuM napaMeTpbl GOTOHHON YepHO JIbIpbl U YepHOM biphl LlIBapimmibaa.

415 hc o o
Tp = /: — = — Temmeparypa ¢doroHHOTrO raza B GOTOHHOI YepHO# abIpe (8)
s pl
he
Ty = = p ~ Temmeparypa yepHo# abIpsI (17)

Sp= 2 4\/: nk l — sHTponus GoToHHON YepHOil 1bIpsI (10)

Sy =m k —— — DHTpONMsI YepHOH AbIpHI (19)
pl


https://www.nature.com/articles/s41598-021-93595-w
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[TpeBpatenue (OTOHHOM YEpHOM ABIPHI B uepHYI0 AbIpy LIBapiimmibaa, cConpoBoXKaaeTCS

’ R
POCTOM SHTPOIIHMHU U MMAACHHUEM TEMIICPATYPhI HpI/I6J'II/ISI/ITCJ'IBHO B l_ YHUCJIO pas.
pl

[ToueMy u Kak 3TO POUCXOAUT?

[Tpu KpUTUYECKOH MIIOTHOCTH, B (POTOHHOM ra3e MOsBISETCS TPABUTAMOHHAS HEYCTOMYUBOCTh
Jxunca. HeogHopoaHocTH pacTyT u qpo0saTcs. POCT HE0JHOPOIHOCTH CBS3aH C UCKPUBICHUEM
IIPOCTPAHCTBA, C YBEIMUYEHUEM YHCIIa OCHUIUIATOPOB, C YBEIIMUEHUEM YUCIIA MUKPOCOCTOSIHUM 1
SHTpONUU cucTeMbl. Ha 0Opa3oBaHue KaXXJ0r0 HOBOI'O OCLIIIISITOpA TPATUTCS OIpPE/IeIeHHAs —
HyseBas sHeprus. [Ipa3qHUK )KU3HU MPOIOIKAETCS, MTOKa BCS SHEPTrus (POTOHHOTO rasa He
HepenIeT B HYJIEBYIO SHEPrui0. B caMoM KOHILE OTyyaeTcsi TpaBUTALIMOHHBIN Ipo0 — uepHas
JpIpa, B KOTOPOH HUYErO HET, KPOME HEYCTPAHUMBIX — HYJIEBBIX KOJIEOAHUN, U CUIIBHO
HCKPHUBJICHHOTO IIPOCTPAHCTBA — IPOCTPAHCTBEHHOMU IIEHBI.

[Toxoue J0BOABI HCOJIb30BANl BEKEHITEH, JOKa3bIBask XOKUHIY CYILIECTBOBAHHUE HE HYJIEBOM
TEMIIEPATyphl U SHTPOIUHU Y YEPHOI JIbIphl. B pamkax 3Toit Moaenu, popmyna XOKHHTa AJs
SHTPOMUU YEPHOU ABIPHI MOXKET OBbITh Mmoy4deHa u3 popmyssl HIBapimmabsaa U OCHOB
KBaHTOBOUW MEXaHUKHU:

A =2m R — MakcuMasbHas JUIMHA BOJHBI YEPHOU JBIPHI (20)
_1hc_2mhc _ hc o 71
Eomin= T T 2emR zr ~ MMHMMAJIbHAS SHEPIUs KoJ1e0aHusl YEpHOU JbIPBI (21)

I'me h=2nh —nocrosauuas [Tnanka

= ——— = —— — = — — MaKCUMaJIbHO BO3MOXHO€ YHCJIO0 KOJeOaHUl YepHOU bIpel (22)

Rh .
Ine Egy =M c?= > lzc — BHEPIust YepHOU JAbIPHI (4)
pl

Ecnu npuHSTH SHTpONUIO HYJIEBOTO KoJieOaHus paBHOH Tt k, TO MBI mostydum Gopmyny XOKHHTa:

R? o
Spy =7k 2 (19) =n k N — MakcuMaabHO BO3MOXHAs SHTPOIHUS YEPHOU JIBIPBI (23)
14

C ¢a3oii mo0bIx KosebaHui csizaHa SHTponus. HeonpenenenHocTs Ga3bl paBHA YUCITY T

Y HOpMasbHBIX KoJIeOaHUH (a3a MOXKET ObITh H3MEpEeHa U UCIOIb30BaHA JIJIsl XPaHEHHS
uHpopmanuu. CreaoBaTenbHO, ¢ (ha3oil koaeOaHHs CBA3aHbl MUKPOCOCTOSIHUS, HE YUTCHHBIE B
TEPMOJIMHAMHUKE.

Heo6xoanMo HaliTH 0Ka3aTeIbCTBO TOTO, UTO YMCIIO BBIPOKAECHHBIX MUKPOCOCTOSTHUM,
CBA3aHHBIX ¢ (ha30il HyIeBOTo KoneGaHus, paBHO nocTosHHOM [enbponna e™ = (-1)7! =~ 23.14.

Bropas noackaska, ckpeiTas B (popmyJie XOKHHIa

Konebanus uepHOi IbIpbl HAXOJATCS B OCHOBHOM COCTOSIHUH, TO €CTh UMEIOT
HaVMEHBIIIYI0 BO3MOYKHYIO DHEPIUI0. B OCHOBHOM COCTOSIHUM HET MUKPOCOCTOSIHUH CBSI3aHHBIX
C IEPECTAHOBKOM OCHMIIIATOPOB. 1103TOMY SHTpONUS YEPHOU ABIPHI IPOCTO PAaBHA YUCITY
Kosie0aHui, YMHOKEHHOMY Ha SHTPOIIHIO OJHOT0 KosieOaHusl.

Taxum o6pazom, u3 hopmyasl XOKHHTA CIEAYET, YTO YUCIIO KoJIeOaHUH YEPHOU JBIPHI
MIPONOPIMOHAIBHO KBaJAPaTy IPaBUTALIMOHHOTO PAINYCA, TO €CTh MPONOPLUHUOHAIBHO KBAAPATy
HauOO0JIbIIEN JJIMHBI BOJTHBI YEPHOU JBIPHI.
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3akoH Panes-/[xuHca 3a1aeT npsiMO MPOTHUBOMOIOKHYIO 3aBUCUMOCTD YHCia KOJIeOaHui OT
JUIMHBI BOJIHBL. YHcI0 Konebanuii 00paTHO MPONOPIIMOHAIBHO KBAAPATY JIJTMHbI BOJIHBI,
IIOCKOJIBKY OHO IIPONIOPLMOHAIIBHO KBAJAPATy YaCTOTHI.

[TpOTHBOMOIOKHOCTH CBOAATCS K OJHON (PYHKIIMOHAIBHOW 3aBUCUMOCTH, ITyTEM BO3BEIICHUS
JUIMHBI B CTETIEHb MUHYC eIMHUIIA. Tak nmposBusieTcs, CKpbIThIi B hopMyne XOKHHTa HAMEK Ha
OTPHULATEIIBHYIO CIIEKTPAJIbHYIO Pa3MEPHOCTb.

OTpI/IIIaTeJILHaH CIICKTpaJbHasl pa3MEpPHOCTH

OTtpunarenbHas CrieKTpaibHasi pa3MEPHOCTh UCIONIB3YETCs B PU3UKE ISl YCTPAHEHUS
yIbTpapuOoIETOBON pacXxoauMoCTH, 6€3 rpyooro odpeszanus 4actoTsl. Eciiu, HaunHas ¢
HEKOTOPOI YacTOThI, CIIEKTPaJIbHAS Pa3MEPHOCTh MEHBIIIE MUHYC €TUHUIIBL, TO IIIOTHOCTh
SHEPruU KOJIeOaHUH YMEHBIIIAETCS C YBEIMUEHUEM YaCTOThI IOCTATOYHO OBICTpO. B 3ToM
Clly4ae, MHTerpall OT IJIOTHOCTU SHEPTUHU CXOJUTCS, 1aXKe €CIIU MPU3HATH MPEEIbHYIO YacTOTY
paBHOI1 6eckoHeuHoCcTH. OTpULIaTeIbHAS Pa3MEPHOCTh NIOX0Ka HA OYepeAHON MaTeMaTUYECKUN
Tprok. Ha camom zene, 310 He Tprok. OTpuliaTenbHas ClieKTpaibHas pa3MEPHOCTh BO3HUKAET U3
3akoHa Panes-/Ixunca npu 100aBICHUH OAHOTO AOMOIHUTEIBHOTO YCIOBHSL.

O6o0menne 3axkona Panes-skunca

3akoH Panes-/[xuHca ObLI MOJIydeH IyTeM pacCMOTpEeHUs KosleOaHui B KyOMUecKoM
AmuUKe — pezonarope. IIpu ero BeIBoOzE, OH ONPEACIIACTCSA YepE3 BOJIHOBOE YnCI0. B Takom
IIPOMEKYTOUYHOM BHJIE, 3aKOH Panes-/[xuHca npumMeHuM BO Beex citydasx. B Takom Buze, oH
JIErKO 0000IIAeTCs U pacIIUpseTCs. 3aluIIeM 3TOT 3aKO0H JUIS IPOCTPAHCTBA IPOU3BOIBHOM
pa3MEpHOCTH — 71.

dN = S,,_; K" 1dK — BonHOBas mi1oTHOCTE (24)

— YHCJIO BOJIH C PA3JIMYHBIMUA KOMIIOHEHTAMH TJIABHOTO BOJHOBOIO YKCIIA B IMAINa30HE TTIaBHBIX
BOJIHOBBIX yncen [K, K+dK]

I'ne S,,—1 — (n-1)-runepcdepa eAMHUUHOTO paguyca (IIOBEPXHOCTh A-TUIIEPIApa)

K — rinaBHO€E BOJIHOBOE YHCIIO

K?=Y%"_, KZ — KBajipar IJIaBHOTO BOJIHOBOTO YKCIIa (25)
I'me K, —Xx-KOMIIOHEHTa INIABHOT'O BOJIHOBOI'O YUCIIA

BoaHoBoe uncio OIrpaHUYUBACTCA pasMEepaMi AlIUKa-pE30HATOPA. Ha pe6pe AMUKA-PE30HATOpA

JOJI’KHO YKJIAJBIBAThCS 11€710€ YHCIIO MOIYBOJIH. ITO OBLIO U3BECTHO eiie Panero u J[xunCy.
L 2L 2Lv
AJ2 A c
['me L — nninHa pebpa siuka-pe3oHaropa
A — IUTMHA BOJIHEL
V — 4aCcTOTa BOJIHEI

C — CKOpPOCTBb CBETa

O}IHaKO, OTPaXCHHBIC BOJIHBI 3aBUCAT OT MMaJaromuX BOJIH. Yucno He3aBUCHUMBIX BOJIH —
CHEKTpaJibHas IUIOTHOCTh, YMEHBIIAETCA B /IBA pa3a MpHU yyeTe KakJI0ro MpOoCTPaHCTBEHHOTO
u3MepeHus (otpaxenus). [loromy, a¢dhekTuBHOE BOIIHOBOE YHCIIO B SILIMKE-PE30HATOPE B JIBA
pa3a MEHbIIIE PEAILHOTO.
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B npoctpancTBe, KOTOpOE HE OTPAaHMUEHHO CTEHKAaMU, PEaIbHOE BOJIHOBOE YUCIIO PABHO

sppexTuBHOMY. MBI Oy1eM HCIIONB30BaTh 3()(HEKTUBHOE BOTHOBOE YUCIIO:

Lv
== — INIaBHOE BOJIHOBOE YHCJIO (26)

— MUHUMAaJIbHAs YacTOTa BOJIHBI, pu K = 1 (27)

B simmke-pe3oHaTope MakCUMallbHasi 4acTOTa ¥ SHEPTHS HYJIEBBIX KoJicOaHUIl paBHA
O6eckoneunoctu. OOpe3aHue 4acToThl, Ha YacToTe [1aHka, yMEHbIIIaeT INIOTHOCTh SHEPTUH 10
OTPOMHOM TJIAHKOBCKOH TNIOTHOCTH.

OpHako, Ta nmpodiiemMa JIETKO peliaeTcsi BBEACHHEM JOMOTHUTEIBHOTO OTPAaHHYEHHSI B 3aKOH
Panes-Jxunca. Ha moyBoTHE TOHKHO YKIIaIBIBATHCS 1I€7I0€ YMCIIO MUHUMAIIBHBIX JUTHH.
Camoii KOpOTKOW BOJTHE COOTBETCTBYIOT KOJICOAHHSI COCEAHHUX Y3JI0B MHPOBOT'O KPHCTAJLIA B
npotuBodase.

B PE3YIBTATE NOIOJIHUTCIBHOI'O OIrpaHUYCHU A, CIICKTpajlbHasA IJIOTHOCTh HAYNHACT
YMCHBIIATHCA IPHU NPCBLIIICHUN KpHTquCKOﬁ 4aCTOThI, U CTAHOBUTCA HpeHe6pe>1<HMo MaJion
IIpu MaKCHMAaJIbHOM 4acToTe.

Jlns ynpoleHus pacueToB, Mbl He O0yZieM MeHSTh popMy 3akoHa Panes-/xuHca Ui KOPOTKUX
BOJIH (BBICOKHX 4acTOT). J{71s1 BBICOKMX YacTOT, Mbl ONPEAEIUM BOJIHOBOE YUCIIO HE YEPE3 JUITUHY
pebpa sAmmKa-pe3oHaTopa, a uepe3 JUIMHy pedpa MUHIMAaIBHOTO Ky0a.

A
K= .~ — TJIaBHOE BOITHOBOE YHCIIO (28)
m

I'ne l,, — anuHa peOpa MUHUMAIBHOTO Ky0a

C
Vimax = — — MaKCUMaJlbHasl 4acTOTa BOJIHBI (29)
lm

Takum 00pa3om, YaCTOTHBIN CIIEKTP pa3AeiisaeTCs Ha JUANa30H HU3KOM YaCTOTHI [V n Vo] H
JINAIa30H BBICOKOM YaCTOTHI [V, Vinayx |- [ 1€ V. — KpUTHUECKask 4aCTOTa BOJIHBI.

Ha rpanwuiie Mexay Auana3oHaMy BOJIHOBOE YHCIIO IOCTUTAeT MAKCUMAIIbHOTO 3HAYCHHUS:
L A

Kax = == l—c — MaKCHUMaJIbHOE BOJTHOBOE YHUCIIO (30)
(4 m

['me A, — KpuTHYECKast THHA BOJTHBI

A2=L1, — A=+L1,

C C
V. = — = ———= — KpUTHYECKas 4acToTa 31
C }\C \/m p ( )
L L L
Kpax =— =—-"—=—== |— — MakCUMaJbHOE BOJIHOBOE YHCIIO (32)
Ae JLlm Im

B xaxa0M 4aCTOTHOM JIaria3oHe, peajbHO JEHCTBYET TOJIBKO OJHO M3 IBYX OTPaHUYECHUHN —
HanOoJIee CUIbHOE.

JIns1 IIMHHBIX BOJIH AEMCTBYET OIPAaHUYEHHE, CBSI3aHHOE C pa3Mepamu simuka-pe3onaropa. [Ipu
3TOM, CHEKTpajbHas INIOTHOCTh MPONOPIHOHATIbHA 00bEMY pe30HaTopa:

AN = Sp_q K" 1K =250t yn=1gy, <y <y, (33)
Lv

c L
;K: — T —
Lln A c

Tne vipin=7 sV =

~lo
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JI71s1 KOPOTKHMX BOJIH IEUCTBYET OTPAHUUYEHUE, CBA3AHHOE C TUCKPETHOCTBIO JUIMHBI BOJHEL. [Ipn
3TOM, pa3Mepsl U popMa pe30HATOPa Ha CIIEKTPAIBHYIO INIOTHOCTh HUKAK HE BIUSIOT.
CriekTpanbHas IUIOTHOCTh 00pPaTHO MPONOPIMOHATIFHA 00bEMY MHHUMAJIBHOTO Ky0a.

MSpq
dN=Sn_1 Kn_ldK=—C l;‘: L v (n+1)d\/ V¢ SVSVmax (34)
c A c
Tneve === Vimax =~ K=—-=1—

B pe3ynbrate BBeIeHHS JOMOJIHUTEIBLHOIO OrpaHUYEHHs, 3aK0H Panes-/xunca cran
CUMMETpUYHBIM. Tenepp, OJHOMY IIIaBHOMY BOJJHOBOMY YHCJIY COOTBETCTBYIOT JIBE I'PYIIIbI,
coJepaKale 0OJANHAKOBOE YUCIIO BOIH. Kax 101 JJIMHHOM BOJIHE, COOTBETCTBYET KOPOTKas
BOJIHA. B 70110JIHEHNE K MUHUMAJIbHOMY BOJIHOBOMY YMCIy | MOSBIISETCS MaKCUMaJIbHOE

L v
BOJIHOBOE YUCIIO K,y = /—l = ’—Vm“x (32)
m min

B nononHeHne K MaKCUMaIbHOMY 00beMY L™ mTOgBIISIETCS MUHUMAIBHBINA 00beM [T .
Yy m

3ameuanue 1

3akoHn Panes-/[xunHca ctaHeT Ooliee YHUBEPCAIBHBIM, €CIIH €0 ONPEIeIUTh Yepe3 00beM
UCCIIeyeMOro MpocTpancTBa V U yepe3 MUHUMAbHBINA 00beM [},. B TakoM BHjie 3aKOH MOXKHO
UCIIOJIb30BATh JIJISL pacyeTa CIIeKTPAIbHON TUIOTHOCTH B IIPOU3BOJIBHOM KOHEYHOM
npoctpancte. [nnHa L onpezensieTcst Kak pedpo n-runepkyoa, 00beM KOTOPOro paBeH 00beMy
HcciIeayeMoro npocrpanctea: L= VV .

Taxkast moJIcTaHOBKA BO3MOJKHA B CBSI3H C TEM, UTO CIIEKTPaJIbHAS TUIOTHOCThH KOJICOAHUH MPSMO
pOMNOPHHOHATbHA 00beMy L™ , 00 00paTHO MPONOPIIHOHATIbHA MUHUMAIBHOMY 00beMy 7.

3ameuanmue 2

Ecnu pa3mep mpocTpancTBa L 3HAYUTENBHO MPEBBINIAET MUHUMAIBHYIO ITTUHY BOJIHBI [,
L>>1,, , 10 6€3 yuiepba 15 TOYHOCTH, MOXKHO MPUHATh MUHUMAJIBHYIO YaCTOTY PAaBHOU HYIIIO,
a MAaKCUMAaJIbHYIO YaCTOTY PaBHOW OECKOHEYHOCTH.

Onnako, B cIy4yae pacuera SHEPTUH KojieOaHUW B OJJTHOMEPHOM IPOCTPAHCTBE, MaKCUMaJIbHAs
4acTOTa JIOJDKHA OBITh YKa3aHa TOYHO.

HpenBapuTenLHaﬂ OICHKA HyJ'leBOi;l IHEPIrumn

[To MHEHHIO MHOTUX (PU3UKOB, TEMHAsI SHEPTUs — 3TO HYJIEBasi SHEPTUs BaKyyMma.
CrnenoBartenbHO, CBEJICHUS O TEMHOM 3HEPTHH WM KOCMOJIOTHYEeCKO MocTossHHOM (0T 60% 10
75% TIOTHOCTH BCEJICHHOM) 3TO caMble JOCTOBEPHbIE CBEACHUS O HYJIEBOM SHEPTUU BaKyyMa.
[TporieHTHAas 107151 HYJIEBOI SHEPIHM HE 3aBUCUT OT 00beMa MPOCTpaHCTBa. B mpoTHBHOM
cilyuae, 105151 HyJIEeBOM SHEpruM OrpOMHOM BCeJICHHOM Oblta Obl OJIM3Ka K HYITIO MJIH K €JMHULIE.
CrnenoBartenbHO, 3HEPTHsl (POTOHHOTO Ta3a M HyJIeBasi SHEPTHsl CBS3aHbI ¢ UX 001IeH
TeMIIepaTypoil 0HOM 0011el (HyHKIIMOHAIBHOW 3aBUCUMOCTBIO. TOYHBIE 3aBUCUMOCTH
OTJIMYAOTCS TOJIBKO ITOCTOSHHBIM MHOXUTENIEM. B ypaBHEHUHU 7151 HYJIEBOW SHEPTUU JOJIKEH
OBITH MOCTOSTHHBII MHOKUTEIb, KOTOPBIN OMPEeNseT OO HyJIEBOM SHEprUM Bakyyma —
TEMHOU DHEPTHH.

Hcnone3yst 00001eHHbIN 3akoH Panes-/[)kuHca, MOKHO paccunTaTh CIEKTPaIbHYIO MIOTHOCTh
Kosie0aHu, MOHYIO YHEPTHI0 HYJIEBBIX KoJieOaHUH U ux sHTponuto. [1o n3MeHeHnto sHepTruu u
SHTPONHH pacCUUThIBaeTcs Temmneparypa. s nu3BectHoil TeMieparypsl, no ¢popmyie [Tnanka,
paccuuThIBaeTCsA SHEPrUsl POTOHHOTO rasa.
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ABTOp crenan Takoi pacuer. 13 pacuera cienyer, 4to B (POTOHHOI YEpHOM JpIpe HysIeBas
sHeprus mpuMepHo B 100 pa3 6obiie sHEprun POTOHHOTO Ta3a. To ecTh A0Sl TEeMHOM SHEepPTUn
BCEJICHHOH JIOJDKHA COCTABJIATh IpUMEPHO 99%. D10 Gosbliie MaKCUMaIbHOTO 3HaYeHus B 75%,
NOJIy4eHHOT0 KocMoioramu. CienoBarenbHo, Obuta fonymieHa ommoka. Ee Henmb3s Ha3BaTh
BeJIMYaNIIe uiau 9ynoBUITHON. [1loaTOMY ee Helb3s UTHOpHPOBaTh. OMUOKY HE00X0IUMO
HaWTU U UCIIPABUTD.

48 — OTBer Ha I'1aBHbIH Bonpoc

ABTOp OB HACTOJIBKO MOPAXKEH MPOCTOTON pacueTa KOCMOJIOTHYECKON OCTOSIHHOM, YTO
JIETKO MOBEPUJ U B TO, YTO IIPOCTAasi IpOOk ¥4, BO3HUKIIAS MPU PacyeTe, ONPEAeIIseT A0
HyJIeBbIX KosneOanuii. [locie 3Toro, aBTop UCHOIB30BaJ IPsI3HBIE METOIbI MTOATOHKU
napaMeTpoB.

ABTOD BbIOpas HEMIPaBUIIbHBIN NOPSAOK pelieHus 3agaun. CHavaia Hajo ObUIO HAMTH r1aBHOE
yucio — OteT Ha ['maBHBIA Bonpoc 0 KOCMOJIOTHYECKOM MOCTOSIHHOM, O MUHUMAJIBHOM JJIMHE U
BCETO OCTAJIBLHOTO.

Dto yncno 233! = 8*6 = 48 — k0>PPUILMEHT BBIPOKIEHNS HYJIEBLIX KOIeOaHHil (35)
OHO BO3HUKAET U3 CUMMETPUU ITPOCTPAHCTBA.

Tpu VHBepcun Kax a0l U3 Tpex KOOPAUHAT — 3epKajlbHble OTpaxeHus — 25 = 8

IlepectanoBKkM Tpex koopauHaT — 3! =6

Opnnako, 371eCh HE BCE TaK MPOCTO, Kak KaxeTcs. CIoKHOCTh OCO3HAHUS 3JIeMEHTapHOro (pakTa
HEJNb3s1 O0BSICHUTH TOJIBKO MepeBo30yxaeHueM aBTopa. Cepbe3HbIM MPENITCTBUEM IS
MOHMMAaHHUS, CTaJla TAKKe UCKIIIOUUTEIBHOCTh HAILIET0 TPEXMEPHOTO IIPOCTPAHCTBRA.

ViKe B 4eThIpEXMEPHOM HpocTpaHcTse, 244! = 16 * 24 = 384 He MOKeT OBITh YHCIOM
BBIPO’KJICHUS HYJIEBBIX KosieOaHuil 1o 3Hepruu. EBKIna0Ba reoMeTpust He O3BOJISIET.

Tam Bce nHoe.

48 — Otser Ha ['naBHbIN Bonpoc. 11 HeT HUKaKkoro Apyroro oTBera, KpoMe 3TOro.

Cnenan pacuer — akTuBupoBaj Muny Makca Ilnanka

Rhc o o
Egy =M c?= o2~ OHeprus (GOTOHHOM 1 YepHO JbIpHI (4)
pl
Ota Gopmyia A sHepruu yepHoi Abipsl LlIBapimmibaa, caMuM CBOUM BUAOM IOKa3bIBaeT
yTh K KBAHTOBOM rpaBuTanui. OHa CBUAETEILCTBYET O BO3MOXXHOCTHU CO3/1aHUS TEOPUU
rpaBUTalMU 0€3 HCIOIb30BaHMsI TPaBUTALIMOHHON ocTosiHHOW HbloToHa. Ho cHauana, Ham
HEO0OXOIUMO PEIINTh MEHEE CIO0XKHBIE MPoOsIeMbl. MBI paccunTaeM KOCMOJOTHYECKYIO

MOCTOAHHYIO, MUHUMAJIbBHYIO IJIMHY BOJIHBI, U TIOCTOAHHYIO PCHICTKH MUPOBOI'0 KpUCTalja.

B mpocTtpaHcTBE ¢ pa3sMEPHOCTBIO /1 > 2, pa3Mep KOTOPOTO 3HAYUTEIBHO PEBOCXOIUT
MUHUMAIBHYIO JUTHHY, L >> L, MOXHO TIPUHATD Vi ri= 0 5 Vipax= 0 .

Kputnueckas yacrora: v, = \/L;T (31)
m

B TpexmepHOM npocTpaHcTBe 72 = 3 ; IIIOIAb €IUHUYHON cepbl Sy, 1= 4n

L34m v L34m am (L3
N9 ==— [“v2dy="—v3 =— |5 — 4uCIIO JIMHHBIX BOJIH (36)
c3 Yo 3¢3 ¢ 3 41,
1 c3am poo cdam  _5  4m L3
N = [TvTtdv= Vg ° =— |5 — 4MCII0 KOPOTKUX BOJH (37)
3, “ve 313, ¢ 3 A3



29

—_Ng 1_ 8’]’[ L3
N=NY9+N"'= e YHUCJIO BCEX BOJIH (38)
Ny = ﬁ = 48—*3 /lT Ty ’13 — YHCIIO BCEX HYJIEBBIX KOJICOAHMIA (39)
I'ne 233! = 48 — kosdpuuuent Beposkaenus — Otset Ha 'nasublii Borpoc (35)
n?k ,
So =nk Ny = e |7 ~ PHTPOIIS HYTEBBIX KoJieOaHui (40)

['me mk — sHTpOMHSA OJHOTO HYJIEBOTO KoJIeOanwusi, cMOTpH (23);
k — mocrosiHHast BOJIBI_IMaHa

T’k 3
= =— M3MEHEHHE SHTPOIIUU HYJEBBIX KOJeOaHM
dSy T 7 13 dL a L dL - usmene e €0 41
1 L3471 vchv 5 41 h L3 3 4am RL® 4 mhI® 4
EJ =— —v2dv = dv vi=
0 48 3 fO 2 48+2 3 f 48+2x4 ¢3 ¢ 96¢3 €
[
[Tockonbky V., =
N
g _mhcL o
0 = 9gz — HYJIEBAs SHEPIHs HU3KOH HaCTOThI (42)
m
1 _ 1 cam J-OOh_v ~4 gy = 4m hcd foo ~3 4y = am_ hc® 5, mhc® 5
0 48 1% v 2 48«2 13, Jv¢ 48x2+2 13, € 4813, €
c
ITockonbky vV, =
JLlm
1 _mhcl .
0 = g2~ HY/IEBas SHEPTHs BLICOKOH YaCTOTHI (43)
m
mhcel mhcl 3mhclL
E Eg+E0 2 z 2
9612, 4814 96 12,
mhcl o .
0= 5,2~ HyJIeBas SHeprus (hOTOHHOI YEPHOU JTBIPHI (44)
m
mhc . o .
dE, = 2 dL — u3MeHeHue HylneBoi sHeprus (POTOHHOM YEpHOU JBIPbI (45)
m

Hynesast sHeprHst 1 SHTPONUS HYJIEBBIX KOJIEOAHUI 3aBHCAT OT pa3Mepa mpocTpancTsa L (0T
oobema L3). Dtn 3aBucumoctH (41) (45) onpenensior Temneparypy HyneBoii snepruu 7,
KOTOpasi paBHaA TeMIieparype (GOTOHHOI YepHOH ABIPBI, ¥ TeMIeparype ee (poTOHHOTO Ta3a.

T_dEO _mhc 12 13 3hc
ds, 3213, m?k T snk

c
ITocKoNIbKY V, = ——= — KpUTHYECKasl YaCTOTa
¢ JLin

3hv, o o
=g~ Temmeparypa (OTOHHO YepHOU IBIPbI (46)
Ota TemnepaTypa onpenemnseT SHepruo GoToHHOTOo rasza. Mcnonb3ys KJIacCHUeCKuid 3aKOH
Panes-/Ixunca, MmoxxHo o ¢popmyne [lnanka paccuntars monHyr sHepruto. [Ipu sTom, yrcio
OCHMJUTSITOPOB B /1B pa3a OOJIbIIIE YUCIA BOJH. JTO CBSI3aHO C TEM, YTO (DOTOHHBIE
OCHMJUTSITOPBI OTAMYATCS (ha3aMu, TOJSPU3AIUSAMHE, U COJIEPKAT JABE BOJIHBI — MPSAMYIO
o0OpaTHyIoO.

OpnHako, TOT KJIACCHUECKUN pacueT He YUUTHIBACT, YTO HA YACTOTE OObIEH KPUTHUECKOMH,
CIIEKTpaJbHasl INIOTHOCTh HAYMHAET YMEHBIIATHCSA C POCTOM 4acTOThL. /{15 TOUHOrO pacyera
HEO0OXOMMO HCIIOIb30BaTh 0000IIEHHBIN 3akoH Panes -/ xuHca.
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Paccunraem sHeprust GOTOHHOTO raza HU3KOW YacTOTHI:

3 3
g _ A L4 ~ve hv V2 L 8Th v
Et =2 f dv fo hv dv

c3 Y0 c3 av
em'l ekl -1
1 o
I'me —— — k03 PUIMECHT 3aMOTHEHUS OCIIIUIATOPA ¢ YaCTOTOU V
ekT -1
3hv,
Cnemaem mOACTaHOBKU: V=X V. ; T = Py
3 3
g_L’8mh 4 r1 x
Et = C—3VC fO ST dx
-=X
e3”"—1
[Tockonbky vV, =
Llm
8mhcl 1 x3 .
Etg =z ) 0 TET, dx — sHeprust POTOHHOTO Ta3a HU3KOU YaCTOTHI (47)

e3 -1

AHanoru4Ho paccuuTacM SHEPTHUIO (bOTOHHOl"O ra3a BEICOKOM 4aCTOTHI:

3 3 -3
c°4m o hv - c°8mh poo v
Etl:2 3 f hv v 4d1/: 3 f hv dv
l Ve — l Ve phdd
m ekT—1 m ekT -1
1 .
I'me —5— — K03 GUIUESHT 3aMOTHEHHSI OCIIWILIATOPA C YACTOTOH V
hv
ekT -1
3hv,
CrenaeM MoJACTaHOBKU: V=XV, ; [ = Py
c 8nh _ x~3
Ef =——v:? [ —r—dx
In e 3 x_1
Cc
[Tockoneky v, =
N
| _ 8mhcL oo x73 .
E! =—— [ ——— dx — >Heprus (OTOHHOTO Ta3a BHICOKOH YaCTOThI (48)
l 1 3%_q
e 3%
[Tonnas sHeprust JOTOHHOTO rasa:
8mhcl 1 %8
E,=EJ +El= 112” ([, —== o, - d +f T —=——dx ) — 2Heprus (OTOHHOTO ra3a (49)
es3 -1

YucneHHbIH pacyer I/IHTeraJ'IOB Ha caiite Bonb(bpaM—AJIb(ba:
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%$5BPower%5
Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%$80x%2C3%5D%5D~
1%5D%2C%7Bx%$2C0%2C1%7D%5D+%2B+Integrate®5BDivide$5BPowers5Bx%$2C—
3%5D%2CPower$5Be%2CDivide%5B8%CF%$80x%2C3%5D%5D~
195D°2C°7BX%2C1°2C%E2°88°9EO7D°5D

(f dx + f ——dx )= 0,00129908797 (50)
HOCKOJ‘ILKy EO oYy : HyJeBast SHeprust (POTOHHOMH qepHoﬁ IbIpHI (44)
=28 (f d +f i ——dx ) = 0,33256652032 = =3 (51)
-1
n= EO:EL' = 0,75043 = Z — KOCMOJIOTMYECKasl IOCTOSIHHAS — JI0JIs1 HYJIEBOM dHEprun (52)

Ecan ncrmons3oBath q)OpMyﬂy IImanka JJId pacyeTa SOHEPrun q)OTOHHOFO rasa, TO IIOJIYyUYUuM:
E¢ _n8 o] x3
=2 f 0o “Bm. dx

Eo e3x1

3 3
C;[enaeM TOJICTAHOBKY: X = ) o = —5—

fo) 3
=25yt [ dy



https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
https://www.wolframalpha.com/input?i2d=true&i=Integrate%5BDivide%5BPower%5Bx%2C3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C0%2C1%7D%5D+%2B+Integrate%5BDivide%5BPower%5Bx%2C-3%5D%2CPower%5Be%2CDivide%5B8%CF%80x%2C3%5D%5D-1%5D%2C%7Bx%2C1%2C%E2%88%9E%7D%5D
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90_15

g8 dyam_ 3 3 =03375>2
SRR :

Ey 245x3 245

0,33256652032
————=0,98538
0,3375

Takum o0Opa3om, ucnosib30BaHrue 0000IeHHOTO 3akoHa Panes-/[)xuHca mpuBOIUT K
YMEHbILIEHUIO PACUETHON SHEPTUU TEIIOBOTO U3ITyYeHUs, 10 CPABHEHUIO C SHEPTHUEH,
onpenensieMoit hopmysoit [lnanka. OTKIOHEHHE TOCTUTAET MaKCUMyMa TIPH pacdeTe GOTOHHON
yepHOU JbIpbl. OHAKO, 1aXke B ’TOM KpailHEM cily4ae, OTKIIOHEHHE MeHble 1,5%.

[Tpu I/ICHOJ‘IBSOBaHI/II/I dbopmynsl [Inanka, mogyyaeM KOCMOJIOTHYECKYIO TOCTOSHHYIO:

n—Eo = 0,74766

CrnenoBaTenbHO, 3HAUEHHE KOCMOJIOTUYECKON MTOCTOSIHHOM HaXOAUTCSI B UHTEPBAJIE:

0,74766 <n <0,75043

BepositHO, OHO OTM)Ke K BEpXHEMY TPE/eITy, MOJTYyICHHOMY ¢ UCTIOJB30BaHHEM 0000IICHHOTO
3akoHa Panes-/>xunca.

KOCMonoqueCKaﬂ noctosiHHas 1 = 0,75, ecnu CylIecTByeT MaTeMaTHueCKOe PaBEHCTBO:
1 -3
fo d +f ——— dx =—=——0 ,00130208(3) (53)
e 3 x—1
B takom cnyqae, 3Hepr1/1$1 (doToHHOrO ra3a B Q)OTOHHOI?I YEPHOU JbIpe:

g | _ 8mhcL 1 x3 -3 81'[th 1
Ee=E  +E¢= 12 (fo BT dx+f —r—dx ) =—— P
m es” e 3 -1
ThcL o o
t = Joag 2~ 2HEPTHA (1)OTOHHOFO raza B (()OTOHHOH YEpHOM JbIpe (54)
m

B dbopmyne nosBuiiocs uncno 48 — Oter Ha ['maBHBIN Bompoc. DTO CBHIETENBCTBYET O
NPaBUWIBHOCTH CICTAHHOTO MPEIIIOI0KCHUS.

[TpubGaBuM k HyneBol sHepruu (44) suepruto GpoToHHOTrO raza (54), MOITy4uM:
mhcl mhel 4mthcLl _ mhcl

Een =Bot Ee = T 5 ~amn, 202
m m m m
O6beM GOoTOHHOI YepHOH bIpBI paBeH 00beMy 3-runepcdepbl, U 00beMy AIMKa-pe30HATOPA.

— sHeprust POTOHHOM yepHOU AbIpel  (55)

2
L3 =2m?R3 cnenoBarensho L = /2 w3 R (56)
[ToncraBum 3Hauenue L B popmyny (55)
Yzn3 o
Epy = Al Rhc — >Heprust poTOHHON YEPHOU IBIPHI (57)

[Tomy4yennast Hamu sHeprus (57) paBHa 001IEU3BECTHON YHEPTUN YEPHOU JBIPHI:

__Rhc__ Rhc
BH_le 47”2 ()

5 8 8 8
3~ 8 8
3 Rhc l V2 n3 w3 3
CrenoBaTebHO: —Rhc=—, F=——=—%,;,"=7—
4 tin b e 6 305 I 32408
8
6
lm=—<—3 lp; — nnmHa pebpa MUHUMABEHOTO Kyba (58)
32*26
13, = l — MUHUMAJIbHBIH 00BeM (59)

6\/_
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OTOT MUHUMAJIbHBIA 00BEM OIpEeIesieT CIIEKTPAIbHYIO INIOTHOCTh KOPOTKUX BOJIH. OH paBeH
00beMy MUHUMAIBHOTO M1apa. [Ipu 3TOM, KBaHTOBaHME JITMHBI BOJIHBI ONPEIENIICTCS PAInyCcoM
MUHHMaJIbHOTO mapa. Cmotpu Hwke «KBaHTOBaHMe KOPOTKHX BOJIH» Gopmyina (73).

4

3 _ M 3 _4T 3 3_ T 3
L P~z Lo S 77 CenoBaTenpHo 17 = Lo
T
r=oes L,y =1,30798 l,,; — paaMyc MUHMMAJIBHOIO IIapa (60)
— MMOCTOSIHHASI PEIIETKH MUPOBOTO KpUCTALIa
2r= % Ly =2,61595 1, — MuHMMaNbHAs JUTMHA BOJIHBI (61)

KBanToBanue BoJIH Ha runepcdepe

Ha runepcdepe, 3akon Panes-/lxuHca cTaHOBUTCS KBAaHTOBBIM. BosiHe cOOTBETCTBYET
1eJI0€ TOJIOKUTENBHOE IIIaBHOE BOJIHOBOE YKciio. [Ipu 3TOM, riiaBHOE BOJIHOBOE YHUCIIO SIBIISIETCS
CYMMO¥} CBOMX II€JIbIX KOMIOHEHT. O/IHa U3 KOMIIOHEHT OepeTcs 0 MOAYIIIO.

Ha 3-runepcdepe, Takoe onucaHue BOJIHbI TOKIECTBEHHO KBAHTOBOMY OMMCAHUIO SJIEKTPOHHBIX
000J104€K aToMa BOJOPO/Ia.

KBanTtoBslii 3akoH Panes-/[uHca MOKHO UCTIOTIB30BATh JJISl ONKUCAHUS MUKPOCKOITUYECKUX
(OTOHHBIX M YEPHBIX JBIP, UMEIOIIUX (PopMy runepcdepsl.

[Tpu BBIBOMIE 3aKoHA Panes-/[)kuHCa, OH 3amMChIBACTCS IS KyOUYECKOTO SIIUKA-PE30HATOPA:
K?=Y"_, K? — xBajpar IJJaBHOTO BOJIHOBOTO umcia (25)
I'ne n — pa3MepHOCTH IPOCTPAHCTBA

L
= — [IABHOE BOJTHOBOE YHCIIO (o dexTuBHOE)

L — nyimHa pebpa suKa-pe3oHaropa
A — JUTMHA BOJHEI

L
K, = 1 — X-KOMIIOHEHTa (3¢ pexTnBHAs) TTTaBHOTO BOJIHOBOI'O YHCIIA — €0 YHUCIIO
X

A, — IPOEKIIHsI BOTHOBOTO BekTOpa (6e3 271) Ha KOOPAMHATHYIO OCh X
DTa 3amuch YKBUBAJICHTHA 3aITHCH:

1 1 .
i D=1 Vi 00OpaTHBIN KBaJpaT JUTMHBI BOJIHBI (62)
X

Omna nonyyaercst 00o01eHuemM oopatHoit Teopemsl [Indaropa: B mpsIMOYroabHOM TPEYTOJIbHUKE
00OpaTHBIN KBaJpaT BHICOTHI HA TUIIOTEHY3€ paBEH CyMMe OOPaTHBIX KBAIpaTOB KAaTETOB.

Opnaxo, B IMKE-PE30HATOPE TIIaBHOE BOJIHOBOE YNCIIO — KBAJAPATHBIA KOPEHb LIEJIOT0 YUCIIA,
MOYET OBITh MpPALMOHANBHBIM. B HOpMabHON KBaHTOBOM MeXaHUKE Takasi HPPaLMOHAIBHOCTD
Hepomnyctuma. Kpome Toro, yepHas Ablpa OTJIMYAEeTCsl CBOEH (OpMOii OT sIIKKa.

Jlnst ITMHHBIX BOJIH Ha n-runiepcdepe, 3akoH Panes-J[>xunca npuodperaer oOBIYHBIN IS
KBAaHTOBOM MEXAHHMKH BHJl — ITIaBHOE BOJIHOBOE YMCIIO K ABIISIETCS CyMMOW CBOMX KOMITOHEHT:
K=|K;| n=1 (63)
K=|K;i| + Y%=, K, n>2 —riaBHOE BOIHOBOE YHCIIO JJTHHHOMN BOJIHBI (64)

['ne K; — aHajor MarHUTHOrO KBAHTOBOT'O YMCJIA, MO>KET MEHAThH CBOM 3HAK, OEpETCs 110 MOAYIIIO
n — Pa3MEepPHOCTh IPOCTPAHCTBA

2TR
K= T — INIABHOC BOJIHOBOC YUCJIO — HATYPAJIbHOC YUCIIO

2TR
Kx = )\_ — X-KOMITOHCHTA I'JITaBHOI'O BOJTHOBOT'O YHCJIa — HATYPAJIbHOC YHUCIIO
X
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R — pagnyc n-runepchepsl

OnHoMy IJIaBHOMY BOJTHOBOMY YUCHY K, COOTBETCTBYIOT /1B PA3JIMYHBIX HA0OPOB KOMIIOHEHT.
B oxnom nabope K; =0, a B apyrom K; # 0.

[TepBrrit HAOOp paBeH unciy pazoueHuit unciny K Ha n-1 4acTeid, B TOM YKCJIC Ha MTyCThIC YacTH.
Brtopoii Habop paBeH MPOU3BEACHHIO YKCIIa MHBEPCUM 3HAKa KOMITOHEHTHI K; — 2 Ha 4uCiI0
pazOuenuii uncia K-1 Ha n 4acTeid, B TOM YKCIIC HA ITyCThIC YaCTH.

[TonHOE YMCIIO KOMIIOHEHT OIpeesseTcs yepe3 OnHOMUHANbHbBIE KO3 (DUIIUEHTHI:

=CPR{2_, +2 CP{L_, — uncno ATMHHBIX BOIH C TTIABHBIM BOJHOBBIM 9HCIOM K (65)
HOCKOJ‘IBKy Cg = CK—l +CRZ1
ND = cn- + cn- (K+n 1)! (K+n—-2)! _ (K+n—-1) (K+n-2)! K (K+n-2)! _
£ = Cim1 + Cinz = (n-D!K!  (n—-1)! (K-1)! (n-1)! K! (n-1)! K!
K+n-2)!((K+n-1) +K) _ (K+n-2)! 2K+n-1)
(n-1!K! N (n-1!K!

_ (2K+n-1) (K+n-2)!

Ng = —DIK] — YHUCJIO JUIMHHBIX BOJIH C IJIaBHBIM BOJIHOBBLIM YHCIOM K (66)
13K
Ng = K™ 1 — qucino JUIMHHBIX BOJIH C TVIABHBIM BOJHOBBIM YuCIIOM K >> 1 (67)

(n—- 1)'
TakuMm o0pa3om, U3 KBAHTOBAHHUS BOJIH Ha n-runepcdepe Mbl MOTYYHIA YUCIO JIMHHBIX BOJH
N ¢ rJIaBHBIM BOJIHOBBIM YHCIIOM K.

TouHo Takas->ke 3aBUCUMOCTH (67) Bo3HUKAET U3 3akoHa Panes-/[xuHca A7 HU3KUX 4acTOT:

AN = S,_y K" 1dK = 25mt yn=1gy, Vmin <V <V, (33)
L _Lv
A ¢
3amenuM 00beM L™ Ha 00beM n-rumnepcdepst V=S, R"
IN =5 1!2:715,1_1
2 2"
T (n-1)!

CrnenoBarenbHO dN =

v 1dy — cnexTpanbHas IIOTHOCTh HU3KKX 9acTOT Ha n-rumepcdepe  (68)

Sn-151 (88) (moxa3zaTenbCTBO PaBEHCTBA B KOHIIE)
2 (2m)" R™
(n-1)! cn

HOCKOHLKy qacToTa v =

n ldv

2@2rR)* ™1 ¢ 2 (@mrR)™! . 2mR

dN = Co_2 Lm)
(n-1)!cmr A1 72 (n-1)! aAn-1 A
O6paTHO K1:301%001(9%¢ (I)OpMy.TIy 4Yepe3 BOJIHOBOC YHCJIO. MakcumMmanbHOE BO3MOKHOE BOJIHOBOE

__2mR
YHUCIIO, KOTOpOG HE 3aBHUCHUT OT Pa3MCPHOCTH ITPOCTPAHCTBA, OTO K =

A
dN = K~ 1dK — BOJIHOBAS IUIOTHOCTH JJIMHHBIX BOJIH Ha n-rumnepcdepe (69)

1)I
27R
I'ne K — IJIaBHOE BOJIHOBOE YHUCIIO ; R — paguyc n-runepcdeps! ; A — IIMHA BOJTHBI
CJ'Ie)IOBaTeJ'IBHO
N= (n D —— K~ 1 — 4ymci0 BOJIH € IIaBHBIM BOJHOBBIM YHCIIOM K, na n-runepcdepe (70)
OTO YMCIIO COBMAJIAET C YUCIIOM JJIMHHBIX BOJH (67), KOTOPOE MOJy4Ye€HO KBAHTOBAHUEM BOJIHBI
Ha n-runepcdepe, Npu OOJIBIINX 3HAYSHUSX BOJIHOBOIO yncna K >>n .
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KBanToBanmue KOPOTKHX BOJIH

[Tocne kBaHTOBaHUS ATUHHBIX BOJIH, 00001IeHHBIN 3ak0H Panes-/xunca norepsin
cuMmMmeTpuio. HaBenenue nopsizika conpoBoxkaaercst poctoM xaoca. [lostomy He Oynem
OCTaHAaBJIUBAaThCSL.

TpaHCLEHAEHTHOE YNCIIO T, 3aKJIIOUEHHOE B S;,_1, IPEMSTCTBYET KBAHTOBAHUIO BBICOKHUX
4acToT:

AN = Su_q K"K =500y 0y g <y < v (34)

3aMeHUM MUHUMAJIbHBIN 00beM [y, Ha 00beM n-runepiiapa
Sn—1

= - ™ — MUHUMAIIbHBIH 00bEM paBeH 00bEMY 7-THIIEpIIIapa (71)
nc"Sp—1  _
dN = —=n=L ,—~(n+1) 4y,
Sn—1 rn
net o _(n+1)
dN = Vv dv — crieKTpaibHas INIOTHOCTh BBICOKUX YacCTOT (72)

Cc
HOCKOHLKy qacToTa v = Z

. n ch An+1

E_M an-1
dN o cn+1d)l_rn/1 dh
O6paTHO 3aluuicMm (bOpMy.TIy 4Cpe3 I''ITaBHOC BOJITHOBOC YUCJIO. yLITCM, 4TO B OTHOMECPHOM

npoctpanctee n=1; A" 1 =1;r" = mobGoMy IIaBHOMY BOJHOBOMY YHCIIy COOTBETCTBYIOT
ABC BOJIHEBI C ITPOTHBOIIOJIOXHBIMU BOJITHOBBIMH BCKTOPaMMU.

A
CrnenoBarenbHo K; = — — rj1aBHOE BOJIHOBOE YHCIIO 73
L™ oy
n An-1 A
AN=—A""1dr=2"n——d —
N rn 2rn-1 d 2r
dN = 2"n K*"*dK, — BonHOBas MIOTHOCTH KOPOTKHX BOJIH (74)

A
I'me Kl = ; — [NIaBHOC BOJIHOBOC YUCJIO ; ¥ — paJiuyC n-ruIiepiiaapa ; A— JJINHAa BOJIHBI.

CrnenoBaTeianHO,
N=2"n K[! — 4ucno BojH ¢ I1aBHBIM BOIHOBBIM YHCIIOM K (75)

TouHo Takas-xe 3aBUCUMOCTD (75) BOSHUKAET NMPU KBAHTOBAaHUHM KOPOTKHUX BOJIH, IPU OOJIBIINX
3HAUEHUSX ITIABHOI'O BOJIHOBOTO uncia K >> n. IT0 KBaHTOBaHHE aHAJIOTMYHO KBAaHTOBAHUIO
JUIMHHBIX BOJIH Ha n-runepcdepe (64). OqHako, B OTIIMYUE OT KBAHTOBAHUS JJTMHHBIX BOJIH, BCE
HEHYJIeBble KOMIIOHEHTHI MOT'YT MEHSTh CBOM 3HAK, U UMEET 3HAU€HUE NOPSAAO0K CIIE0BaHUs
KOMITOHEHT:

K= Y2_,|Ky| — r1aBHOE BOJHOBOE YUCIO KOPOTKOW BOJIHBI (76)
['e n — pazMepHOCTH IPOCTPAHCTBA

A
K= ; — TNIABHOC BOJIHOBOC YUCJIO — HATYPAJIbHOC YUCIIO

A
Kx = ﬁ — X-KOMIIOHCHTA I'JIaBHOI'O BOJIHOBOI'O YK CJIa — IOEJI0€ YHUCIIO

¥ — paAnycC n-TUIepIIapa MUHUMAJIbBHOTO 00bemMa

OIHOMY I'TaBHOMY BOJIHOBOMY YHCITy K, COOTBETCTBYIOT Ny pa3invHbIX HA0OPOB KOMIIOHEHT.
Yucno Ng onpenesnsieTcs YUCiaoM Pa3InIHbIX Pa3MEICHHUH HEHYJICBhIX KOMIIOHEHT TJIaBHOTO
BOJIHOBOT'O YHMCJIA. DTO YUCIIO ONPEAEISAeTCS IPOU3BEAECHUEM YK CIa HHBEPCUI 3HAKA HEHYJIEBBIX
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KOMITIOHCHT Ha 4YHCJIO paSMGH_IeHI/Iﬁ KOMITIOHCHT, 1 Ha YUCJIO pa36PIeHPII>'I T'JIaBHOI'O BOJIHOBOTI'O
qucCJia Ha X CJIaI‘aeMBIX'

Np =YK  2*—— (n x)l C#Z] — 9nCII0 KOPOTKHMX BOJIH C TJIABHBIM BOJHOBBIM unciioM K < n (77)
N2 =Y0"_ 2% —— (n x)' C{~i — 9MCII0 KOPOTKHX BOJIH C TJIABHBIM BOJHOBBIM unciiom K > n (78)
Tne CEZ{ = & — OMHOMHATBHBINA KO PHUITUEHT
K=1" (x-1)1 (k-x)!
n! (K-l)' -1
Ecimu K >>n, torma Ng = Y%, 2% =~ 2™nK"
sorma N = Yover 2% s e
NP =2"nK™ ! — 4pcno KOPOTKHX BOJIH C TJIABHBIM BOJIHOBBIM 4uciIoM K >> n (79)

KBanToBas 3anuch 00001eHHOro 3akona Paes-/[s;kunca Ha runepcdepe

Yucao JJIMHHBIX BOJIH N ¢ T1aBHBIM BOJIHOBBIM YHCJIOM K:

(2K+n—-1) (K+n-2)!
N=——— =5 1< K <K3J . (80)
N~(n o K™ 1 n << K<KJ.. (81)
I'ne K= %R — I7IaBHOE BOTHOBOE YHCIIO — HATypaibHOe 9ucio ; K7 = 2(—)2n ’RR —

MaKCHUMaJIbHOE TJIaBHOE BOJIHOBOE YHCIIO JUVIMHHBIX BOJIH ; A — JUIMHA BOJIHBI ; 1 — Pa3MEPHOCTD
IIPOCTPAHCTBA ; R — paguyc n-runepcdepsl ; ¥ — paauyc n-rumnepuiapa.

Yucno KOpOTKHUX BOJIH N C TJIaBHBIM BOJIHOBBIM YHCIIOM K:
2%nl (K—1)!

— V'K l
N=Xx=1 (n—x)! (x—1)! (K-x)! I <K<n< Kingx (82)
_yn 2*n! (K-1)! l
N = 2 oo G- (e n< K< Kmax (83)
N=2"'n K"1 n<<K<Klg. (84)
I'me K= :—r — IJIaBHOE BOJIHOBOE YHCJIO — HATYPaIbHOE YUCIO ; K o= (— 2n g —

MaKCHMaJbHOE TJIABHOE BOJHOBOE YHUCIIO KOPOTKHUX BOJIH ; A — JUIMHA BOJIHBI ; 1 — Pa3MEPHOCTh
IPOCTPAHCTBA ; R — paguyc n-runepcdepsl ; ¥ — paauyc n-rumnepuiapa.

KpI/ITI/I‘IGCKafl JJIMHA BOJIHBI:

[Mockoneky L™ = S,R™ ; [}, = S’;_l ™

1

= JL T = (L I3)5m = (S,R" 2ty

ITockonbky Sy Sp—1 = % (88) (moKa3aTenbCTBO PAaBEHCTBA B KOHIIE)
n 1 1
Ae = (ﬂ R™r™)zn = (2—)5 V2mRr — xpuTHYecKast JUIMHA BOJTHBI (85)
n! n!

I[J'I}I JJIMHHBIX BOJIH, MAKCUMAJIbHOC I'/TaBHOC BOJTHOBOC YHCJIO:

g 2R _ myoo 2R mlyon [TR
Kmax_ A (2)2 PR 2(2)2 \/; (86)

I[J'IH KOPOTKHX BOJ'IH, MAaKCHUMAaJIbHOC I''TaBHOC BOJTHOBOC YHCJIO:

A 2
Kl =2 — (Z\on
max 2r n!

R
r

(87)

HpI/I OOJILIINX TJIaBHEIX BOJHOBBIX UHciax K >> N, KBAHTOBOC OIIMCAaHUE IICPEXOIUT B
Kiaccudeckoe. To €CTh, KIIACCUYCCKOC OIMMUCAHUE MOKHO UCIIOJb30BaTh AJId pacucTa
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CIIEKTPAJIbHOM IUIOTHOCTH, KPUTUYECKOU JUIMHBI BOJIHBI, SHTPOIIMH, U TeMIiepaTypsl. [Ipu sTom,
YUCJIO JUIMHHBIX BOJIH PABHO YMCIIY KOPOTKUX BOJIH.

Opnaxo, Ipy KBAHTOBAHUHU BOJIH B IIPOCTPAHCTBE Pa3MEPHOCTH /1 > 2 BOZHUKAET BAYKHBIN

3¢ dexT. JmHHbIE 1 KOPOTKHE BOJHBI ITO-Pa3HOMY IPYNIIUPYIOTCS B COOTBETCTBUHU C UX
TJIABHBIM BOJTHOBBIM YHCIIOM. ['pyIIibl KOPOTKHUX BOJH OOJIbILE TPYIIT JUIMHHBIX BOJH. Ho,
YKCJIO FPYII KOPOTKUX BOJIH MEHBIIE YMCIIA FPYII AJIUHHBIX BOJIH. ACHMMETpPHUS CBSI3aHa C TEM,
4TO 7-TUIEpIIap MEHee CHMMETPHYIEH ueM n-runepcdepa.

I[OKaIiaTeJILCTBO paBE€HCTBaA:

2 (2m)"
Sn-15n =)

['ne S,, — 00beM n-runepcdepbl eIMHUIHOTO paanyca

JI0Ka3aTeabCTBO MOXKHO IIOTY4UTh C HOMOLIBIO [ 'aMma-(yHKImu

o .2 o .2 %) a2

Jo e dxy . [ e dxy =Sy 1 [, v e dr

2,24 ,2 2

I'me r“=x7{ +x5+...+x;

0 2 _[(® -y l_1 o 1 —y 1 o 1_1 —y 1 . _\/ﬁ
Jp e dx=[e?dy) =2 [ y7 eV dy=2 [y eVdy=2T(%)="

oo 2 co _ .2

Crnenosarensho [ e™ dx=2f0 e dx=+r

Jorm e dr = [ ZTe Zd(zz)—-f zi e % dz :—IF(—)

n 1
2m2 4™tz
Cnenosarensro (V)™ = S,_, IF( ) — Spq= () n-1n = W(n_’rl)

[Tockonbky I'(z) = (z-1) I'(z-1)
[['( )]I,(n+1) [['( ) (n—_l) \/— (n—1)!

2n-1 2n-1
2+l gt 2 2m)t

(n—-1)! (n—-1)!

CnenoBatenbHO S,_1 Sy = (88)

Bor Tak HauHenb U3yyaTh CTapuHHBIE (POPMYIIBI U YBEpYEIIb B IEPECESIEHUE AYIII.
https://www.youtube.com/watch?v=FzPk _MBqdwlI
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