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Abstract: Applying the ideas from microscopic objects to macroscopic stellar and galactic systems,
the evolution of compact di-stars and di-galaxies is studied in the mass asymmetry coordinate. The
formation of stable binary systems is analyzed. The role of symmetrization of an initially asymmetric
binary system is revealed in the transformation of gravitational energy into internal energy of stars or
galaxies accompanied by the release of a huge amount of energy. For the contact binary stars, the
change of the orbital period is explained by evolution to symmetry in mass asymmetry coordinates.
The matter transfer in binary black holes is studied. The conditions for the merger of black holes
in a binary system are analyzed regarding the radiation of gravitational waves. Using the model
based on the Regge-like laws, the Darwin instability effect in binary systems is discussed. New
analytical formulas are derived for the period of orbital rotation and the relative distance between
the components of a binary system. The impossibility of the appearance of a binary cosmic object
from a single cosmic object is revealed.
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1. Introduction

Di-star systems are widespread objects: about a quarter of all stars belong to the di-star
family. Compact or close di-stars (binaries) with separation distances of only a few stellar
diameters are of interest for stellar evolution, for example, for a merger process of stars.
The distinctive feature of close binary systems is matter transfer (and ejection) [1-7], which
is obviously impossible between two well-separated stars. A spectacular recent case is
KIC 9832227, which attracted a lot of interest from the media when this binary star was
predicted [8] to merge in 2022, which would lead to the formation of a red nova. Note that
this has not happened yet. The luminous red novae have only recently been identified as
a separate class of stellar transients [9]. They show up by relatively long outbursts with
spectral distributions centered in the red, ranging in luminosities as intermediate between
classical novae and supernovae. The luminous red nova V1309 Sco has played a key role.
The Optical Gravitational Lensing Experiment (OGLE) revealed a shape of the light curve
characteristic of a contact di-star with an exponentially decreasing orbital period [10]. These
data well confirmed the previous prediction [11] that merging contact binary stars lead to
luminous red novae.

The merger process is represented as common-envelope evolution [12,13]. Despite the
short duration of this process, it has crucial consequences for stellar evolution. The binary
components may survive with a reduced orbital separation, leading in some cases to
compact binaries consisting of white dwarfs, neutron stars, and black holes. Some of these
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systems can merge with the gravitational wave emission, as recently observed with the
LIGO and Virgo interferometers [14]. Alternatively, the binary object can merge into a
single one having exotic properties. There is a general opinion that the process of merger
is an insufficiently studied problem of stellar evolution [8,15,16]. However, there is some
consensus on the mechanisms of the important stages of contact binary evolution. Initial
separations in a binary are large, with orbital periods of days to months. Interaction with
the third star and the tidal friction may reduce the binary period to a day or two, as found in
the dynamical simulations [17] and observations [18]. Both magnetic braking and internal
structure evolution may bring the binary into contact. If this happens, the stellar radii and
Roche geometry prevent further evolution of the orbital period, ending in a stellar merger.
As found in ref. [11], red novae with a wide range of luminosities can result from contact
di-stars with various initial masses.

As is commonly believed, contact binaries, for example, W UMa, end their evolution
by merging into a single star [7]. The dissipation of orbital energy in the initial phase
of merger led to the appearance of the glowing red nova V1309 Sco observed in 2008.
However, the details of the matter transfer between the parts of the contact binary object or
the mechanism triggering the merger are still unclear. The work [16] favors a gradual mass
transfer from a less massive (with a smaller radius) secondary star to a primary one driven
by the energy received from the primary. The contact is supported by the aforementioned
magnetic braking or internal structure evolution. This results in an abrupt end when the
mass ratio leads to the Darwin instability to start a merger which for a red nova seems to
be the triggering mechanism for the outburst [10,19]. The Darwin instability occurs when
the mass ratio becomes small enough, and the heavy star can no longer keep the light star
synchronously rotating via tidal interaction. The orbital angular momentum transferred
from the intrinsic spin changes the orbit more than the spin, which leads to a runaway.
As found, for massive primary stars of the main sequence, this happens at a mass ratio
of 0.09 [20]. There is also another scenario [21]: after contact of stars, there is a brief but
intense mass transfer in a di-star system, changing the originally more massive star into a
less massive one. This process may oscillate until a stable contact configuration is eventually
achieved. A dynamic mass transfer without the Darwin instability was also investigated [22],
and mergers triggered by a tidal runaway based on a non-equilibrium response to tidal
dissipation [23] were considered. Thus, more detailed observational and theoretical studies
are required.

Overcontact, contact, and near-contact binaries, forming di-star compounds with the
average distances between the stars close to the sum of their radii [4-7] are of great interest
in the study of stellar evolution. Information about the evolution of compact binaries is
necessary to understand the processes observed in isolated stars. Compact binary stars
are a good laboratory for a wide range of astrophysical phenomena, such as mass transfer
between stars. The observations of their evolution verify our understanding of the inner
structure of stars.

The problem of the origin of binary stars or binary galaxies is still unclear [4-7,24,25].
As shown in ref. [26], there is no dissociative equilibrium between single and binary stars in
the galaxy. The number of binary stars is many orders of magnitude larger than expected for
dissociative equilibrium. So the origin of binary stars is not related to the capture of one star
by another into a bound orbit. In addition, there is no sharp difference between close and
wide binary stars, and the angular momenta relative to their centers of gravity are extremely
large. Angular momenta are in the interval between values close to the angular moments
of stars with extremely high rotational velocity (close binary stars) and values exceeding
these values by thousands of times (wide binary stars). These facts refute the assumption
about the origin of binary stars due to the fission of individual stars. According to the
law of conservation, the angular momentum of a binary star does not exceed the angular
momentum of individual stars with extremely high rotational speeds. These conclusions
are valid only if we ignore external influences on binary star evolution [26-28].
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Since mass transfer is an important observable for close di-stars and di-galaxies, it
is meaningful to study the evolution of the system in the mass asymmetry coordinate
N = (M; — M)/ (M1 + M), where M; (i = 1,2) are the masses of the components of
the binary system at fixed total mass M = M; + M, and orbital angular momentum L
of the system. Classical Newtonian mechanics can be used to explore the evolution of
close binary stars and galaxies in their center-of-mass coordinate system by analyzing
the total potential energy as a function of 7 [29-35]. The limits of the formation and
evolution of binary systems are of interest. The methods used were tested for similar
processes in nuclear systems where mass asymmetry is an important collective coordinate
governing the fusion of two nuclei [36,37]. A nuclear molecule or a dinuclear system
consists of two individual touching nuclei. There are two main collective degrees of freedom
in a dinuclear system which govern its dynamics: (i) the relative motion between the
clusters leading to quasistationary states in the internuclear potential and to the decay into
two fragments which is called quasifission since no compound system is first formed,
(ii) the transfer of nucleons or light particles between two clusters of the dinuclear system
leading to evolution in mass and charge asymmetries. There is a structural forbiddenness
for the motion of the nuclei to smaller internuclear distances during the fusion process.
Fusion of heavy nuclei in the internuclear distance R is impossible and can occur due to
the transfer of nucleons, i.e., by a motion in 7 [36,37].

Nuclear dynamics is certainly different from the gravitational interactions of di-stars
and di-galaxies. Nuclear reactions are governed by short-range strong interactions, onto
which minor contributions of long-range (repulsive) Coulomb and centrifugal forces are
superimposed. The dinuclear approach is a key tool for describing the fusion of two heavy
nuclei. In the approaching phase and after fusion, there is a mass loss by the emission of
protons, neutrons, and light clusters like Alpha particles. Once a critical distance and mass
ratio are reached, fusion occurs. A highly excited compound nucleus is formed in thermal
equilibrium at temperatures of the order of one to a few MeV, corresponding to 10”7 K, cooled
down rapidly by ejection of nucleons, nuclear clusters, and y—quanta. Hence, dinuclear
dynamics covers essentially the same spectrum of phenomena as expected for di-stars and
di-galaxies. Thus, it is worth exploring to what extent the method from the femtoscale of
microscopic objects is applicable to macroscopic binary galactic and stellar systems [29-35].

2. Theoretical Approach

The differential of the total energy of a binary stellar or galactic system is expressed as
a function of relative distance r, conjugate canonical momentum p, and mass asymmetry
coordinate 77 as

B

oE oE oE
dE(r,p, 1) = 5 dt + —

— —dy. 1
ardr+8pdp+817d17 1)
As we consider the binary system as a closed system, the conservation of the total energy
results in

O dy

where dE/dn = 0 is the general solution. In the center of the mass system, the total energy
of the binary system is a sum of radial and orbital parts of kinetic energies and potential
energy. As seen below, we attach the orbital kinetic energy part to the interaction V between
two components of the binary system. In this case, the expression of the total energy of the
di-star system reads as

pr
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where p, is the radial component of the momentum p and u = u(y) = MiMy/M
= M(1 — 5?) /4 is the reduced mass.
The total potential energy of a binary stellar or galactic system,

U=U+U+7V, 4)
is the sum of the potential energies

GM?

uk = —Wg ZRk s

©)

of its components (k = 1,2), and the energy V of their interaction. The radiation energy is
much smaller than the absolute values of U; ; and V' to be disregarded. In Equation (5), G,
wy, My, and Ry are, respectively, the gravitational constant, the dimensionless structural
factor, the mass, and the radius of the component. In general, the value of wy is determined
by the density profile of a stellar or a galactic object. By employing the relation known from
observations, we express the radius of the object in terms of its mass as [29,30]

1
Ry = -M}
8
where 1 and g are the constants. So
GgwM2™"
U = — =S ©)

Since two objects rotate around the common center of mass, the star—star interaction
potential contains, together with the gravitational energy of interaction V, the kinetic
energy of orbital rotation Vg:

2

L
V(r) =V, Vr =V, —F, 7
(r) =Vc+ Vr G+2W2 )

where L is the orbital angular momentum of the binary system, which is conserved during
the conservative mass transfer. Atr > r; = Ry + Ry and r < r,

GM;M
Vo(r) = -~ ®)
and
GM1M2 1’2:|
Vo(r) = 3—- =, 9
) = - a - ©)

respectively [38]. Here, r; is the touching distance. From the conditions aV'/ orly=r,, =0
and 92V /dr?|,—,, > 0, we find the equilibrium relative distance between two objects
corresponding to the minimum of V:

L2
= M (19
atr, > rrand
1/4
_(Ln 11
7m - GP[ZM ( )

at r,; < r. Finally, one can derive the expression for the object-object interaction potential
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V(rm) = ————2 = —ZwyM3M3 (12)
2rm 2
atry, > rsor
Vi = CMIMa [ 237 G g [ g W)
R R Ve V| e VeI VTR v
atr,, < ri. Here,
1
Wy = ——5—
Y leuizrmi
and r,; and p; = u(ny;) = % = M(1 —#?) are, respectively, the distance between its

components and the reduced mass of the initial binary system. Deriving Equations (12) and (13),
we employ the known relation
N 2
Tm = (t) Ymi- (14)

Using Equations (6), (12) and (13), we obtain the final expression for the total potential
energy (4) of the binary system

G _ .
U = = (glorMd ™" + M2 + wy MM (15)

atry, > rrand

M M,
M+ M2

G
u=->g <w1M§—” +wyM5" +

2¢2
VTSV YN 7\2 (16)
aJleMZ(M1 +M2)

atry, <7y

For the binary systems considered, the velocity v,(r,) < ¢, where ¢ is the speed of
light; therefore, the relativistic effects can be ignored. Since GMy /1, < 2, the gravitational
field is rather weak, and the equations of Newtonian mechanics can be used instead of the
equations of general relativity. Note that exotic binary systems with neutron stars, white
dwarfs, and black holes are not considered in this section.

2.1. Binary Stars

In order to calculate the factor wy, we make use of the single-star model from ref. [6],
because it describes well the observed relations between the temperature, radius, mass,
and luminosity of stars; the mass distribution of stars; magnetic fields of stars; spectra of
seismic vibrations of the Sun; and other features of stars. Employing the dimensionless
structure factor

1/4
MQ) 17)

from [6], the observed radius-mass relation (n = 2/3)

Ry=-M""=Re| — ,

gk © (M@

and the relation between the star masses M; = 4(1+#) and M, = (1 — ) in the binary
system and the mass asymmetry coordinate 77, we find from Equations (15) and (16) that

2
U=~ szé@ (al@+m)™2 4 @ = )2 + B2 =) (18)
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atry, > rrand

GM?,
u = -— - © (zx[(l +)3/12 4 (1 — )13/12)
®

1—7? Y
P re (g {3 oA 17)2/311/2}) 19)

at ry,; < ri, where

M >l3/12

= 1.644
o 6 (ZM@

p

_ GM°R;, _ GM%R@< M )5
64L2 M2 22 \2Mg )’

M 4/3
p1= ,
2Mg

1/3
210/3Ll’M®/

T= (GRGMll/a)l/z'

Here, we assume that the orbital angular momentum L; and total mass M are conserved
during the evolution of a di-star in the mass asymmetry coordinate 7. The orbital angular
momentum L; is calculated by using the observed masses M; ; of stars and period Py, ; of
their orbital rotation [39-43].

As seen from Equation (18), the stability of a binary stellar system depends on the orbital-
rotation period Py, ; or on the value of L; = 1;(GMryi) Y% = i (GEM2Pyy i/ (27‘())1/3 and
total mass M. Employing Equation (18), we can study the evolution of a binary stellar system
in . The extremes of the potential energy are determined from the numerical solution of
the equation

ou _ GMZ (13

el - R eyl ) 0. O

As follows, 1 = 1, = 0 (symmetric binary system) is the root of Equation (20) and at 7 = 0

the potential has a minimum if

432
x < Koy = ﬁ

1857 (R \P/ M\
b : .
orb,i < (1 — 1712)3 CM, <2M@)

and a maximum if # > .. The minimum at # = 0 lies symmetrically relative to the
two barriers at 7 = %#;,. Expanding Equation (20) up to the third-order terms in 77 and
solving it, the barrier positions are obtained as

or

_ 172 (8648 — 22464 12
Te = 8642B + 3289

So at & < ¢ the potential energy as a function of # has two symmetric maxima at 7 = £
and the minimum at 7 = #,, = 0. The fusion of two stars with |#;| < 7, occurs only
by overcoming the barrier at # = +#;, or 1 = —1#;,. With decreasing ratio a /g, the value
of By = U(1p) — U(y;) increases and the symmetric di-star system becomes more stable.
The evolution of two stars with 0 < |1;| < 7, to the symmetric di-star configuration is
energetically favorable. Thus, an initially asymmetric binary system with || = |;| < 1 is
driven to mass symmetry, implying a flow of mass towards equilibrium and an increase
in internal energy of stars by the amount AU = U(#;) — U(y = 0) (Figure 1a). Ata > ar,
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m = 1y = 0 and the inverse U-type potential has a maximum at 7 = 0. In such a
system, the fusion of stars (one star “swallows” another) is the only mode of motion in 7
transforming the di-star into a mono-star with the release of energy E¢ = U(y;) — U(y = 1)
(Figure 1b).

e Aty T’Im=Ar|1b=0 A ]
-1 -nb 0 ni nb 1 -1 0 T’I 1
I
n n

Figure 1. The schematic driving potential energies of the star-star systems at « < a., (a), and
a > acr (b). The arrows show the corresponding initial binary stars. The notation used in the text
is indicated.

If B> éa, then 17, — 271/2 2 0.71. In this case, the condition 0 < 77, < 27/2 means
that an asymmetric system with the mass ratio M; /My > (1 +21/2)2 2 6 moves to more
asymmetric configurations and the relative distances between its components increase in
accordance with Equation (11). These unstable binary stars with || > 1, are unlikely to
live long. Indeed, close binary stars with a high mass ratio are very rare objects (Figure 2).
Note that this constraint on the mass ratio is independent of the relation used between the
mass and the radius of the object.

09 T T T T T T T T
ogk e Binary stars i 08, Binary galaxies
0.7 (] N 0.7 E
' : . ¢ 0.6 *
06F ©® ° : .
0.5EF o °
[ )
_05F E °
= ° 57_0'4 . N o ©®
04F i o3k .
03F 02F e ¢
[ ]
02 o ° 0.1
01 1 .I 1 1 1 OO I11 I12 .13
15 2.0 25 3.0 35 10 10 10
M/M M/M
un Sun

Figure 2. Mass asymmetry #; versus the total mass M/ Mg = (My; + Mp;)/ Mo (Msun = M) for

the di-stars and di-galaxies from Tables 1-4.
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Table 1. Calculated (n = 2/3) values of |i;|, AU = U(y;) — U(y = 0), By = U(np) — U(ni),
By = U(ny) — U(y = 1), and data from observations on M1/ Mg, Ma/ Mg, Py, [8,42,43] for the close
binary stars (BS) listed.

M, M, Porp AU B B

BS Mgy My il (Days) ()] (J;7 (Jj;
AH Aur 1.68 0.28 0.71 0.4941 104 2 x 1040 8 x 10%

AP Aur 2.05 0.50 0.61 0.5694 1041 3 x 10% 10%0
DN Aur 1.44 0.30 0.66 0.6169 8 x 1040 1040 9 x 10%?

AW Vir 1.11 0.84 0.14 0.3540 4 % 10% 4 x 10% 10%0
AW UMa 1.38 0.14 0.82 0.4387 1041 7 x 10% 5 x 10%?
HV UMa 2.84 0.54 0.68 0.7108 2 x 104 3 x 1040 2 x 1040
KIC9832227 1.40 0.32 0.63 0.4583 7 x 1040 2 x 1040 9 x 10%
HV Aqr 1.31 0.19 0.75 0.3734 9 x 10% 104 6 x 10%°
QX And 1.23 0.29 0.62 0.4122 6 x 1040 1040 8 x 10%

RR Cen 2.09 0.45 0.65 0.6060 104 2 x 1040 1040

EM Lac 1.06 0.67 0.23 0.3891 7 x 10% 3 x 1040 1040
GW Cep 1.06 0.39 0.46 0.3188 3 x 10%0 2 x 10%0 8 x 10%

V700 Cyg 0.92 0.60 0.21 0.3400 6 x 1040 3 x 1040 1040
V870 Ara 1.34 0.11 0.85 0.3997 7 x 10%0 5 x 1040 4 x 10%

Table 2. The calculated (n = 2/5) values of |i;|, AU = U(y;) — U(y = 0), By = U(1,) — U(1;), and
By = U(n = n1p) — U(yy = 1) and observational data (ordinal numbers and morphological types Ty
of galaxies according to Hubble’s classification, total orbital mass M/ Mg, of pairs in Sun’s mass units,
projection of the linear distance X between the components, and linear diameters Aps(1i) = 2Ry; and
Aps(2i) = 2Ry; of the components) of close binary elliptical galaxies (BG) from the catalog of isolated
galaxy pairs [24].

X A25(1i) A25(2i) AU B B

BG T M . U f

y Mo kpo  Gpo  Gpo Tl g i 0
194 E-E 272x10Y1 270 36.9 29.3 028 2x10°0 2x100 3x107
279 E-E 376 x10! 206 27.2 17.5 050 3x10°1 2x109 6x10%
399 E-E 584x101! 282 27.1 26.5 0.03 3x10% 2x100 2x10%?
501 E-E 1.05x103 383 36.0 35.7 0.01 10°0 3x 102 4 x10%
554 E-E  1.05x102 576 52.2 427 025 2x10°0 2x10%¥ 3x10%?
577 E-E 227x1011 213 29.0 25.5 016 6x10% 2x109 3x10%

Table 3. The same as in Table 2 but for other close binary elliptic-spiral galaxies.

X As(1i)  Aps(2i) AU B B
BG T M ) 1 f
y Mo kpo  (kpo)  (kpo) [l 1) 0) 1))
144 E-Sa 143 x101 171 18.3 16.0 017 3x10¥ 3x10% 2x10°%
254 E-Sb 5.16 x 1011 477 489 433 015 6x10¥ 8x10% 8x10°
331 SO-E 8.15x 1010 174 234 10.1 078 2x10°1 3x10%® 2x10%

552  Sa-E  5.01x 10! 388 39.5 26.2 047 3x100 6x10%® 9x10°
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Table 4. The same as in Table 2 but for close binary spiral galaxies.
M X A25(1i) Apsg (Zi) ] AU B,1 B
BG Ty Mg (kpo) (kpo) (kpc) 7l 1)) ()] (If)

1 Sb-Sb 370 x 1011 9.3 12.1 11.8 028 2x10°0 6 x10° 1052
105 Sb-Sb 189 x 1011 235 28.8 212 037 2x10%0 5x10% 2x10%
165 Sa-Sb 223 x 101  10.0 12.9 9.9 032 5x100 2x10°%0 5x 10
201 Sa-Sb  1.05x 10! 325 34.8 22.8 048 9 x10% 1048 4 % 10%0
206 Sb-Sb 128 x 1011 16.8 13.2 9.0 0.45 2 x 1071
237 Sb-Sb 420 x 102 463 429 35.7 023 5x10°1 4x10°0 8x10
243  Sb-SO  3.02x 10 376 28.1 21.7 0.31 5 x 10%1
272 Sc-Sc 1.11x 102 835 327 23.6 0.39 8 x 102
297  Sc-Sc 127 x 101 294 29.9 18.7 053 2 x10% 10%7 7 x 10°0
439  Sa-SO  495x 101 294 234 13.0 0.63 1052
474  Sa-Sb 477 x 101! 217 27.1 23.3 019 3x10%0 6 x 10 10%2
490 Sa-Sa 490 x 101  30.0 29.6 19.6 047 2x10°1  6x10% 1052
507 Sb-Sa 1.60 x 1012 32.2 355 25.1 0.41 1052 8 x 100 10%
516 Sc-Sb 259 x 1011 20.0 21.1 20.3 005 4x10%¥ 9x10% 4x10°
524 Sb-Sc  4.83x 101 159 17.4 14.6 022 4x10%0 3x10% 2x10%
539 SO-Sa 9.68x 100 178 25.8 17.0 048 2x10%0 3x10% 4 x 10

2.2. Binary Galaxies

Employing wy = 1 for the dimensionless structural factor, the radius-mass relation
(n =2/5) [24]

/5
1o (052, ws/2\25 M\’
R = ng - (Rli + Ry ) M ’

observed for the galaxies of large mass (Mj; p; > 1019M,), where Mjy;ziand Ry = éMi/ 251.
are, respectively, the masses and radii of the components of the binary system before
transferring the mass, and the relation between the coordinate # and the galaxy masses M;
and M in the binary system, we write Equations (15) and (16) as

U = —al(1+ )5+ (1= )] — 1 — P @
atry, > rpand
_ 8/5 _\8/5 3(1-17)
u = 0{(1+77) + (1 =)™+ A+ 725+ (1—n)2/5
n p1 (22)

=72 {1 +7)>/5 + (1= y)?/°P

at ry,; < ri, where
7 GM?

B 5/2 | p5/2
213/5(R1i + Ry )

2/57

oME(R3f + R?)’

P= o8, kSRS

36/5 4.2
,Bl _ 2 / G‘uirmi .
M2 (R5/2+R5/2)6/5

1i 2i

In order to calculate « and B, the observed values of M, Ry;, Ry;, and r,,; = 7 X are used,
where X is the projection of the linear distance between the components of the binary
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galaxy from ref. [24]. The potential energy has an extremum at 7 = 7, = 0; it is the
minimum if

25
< Koy = gﬁ
o 22/5
5/2  p5/2
25(RY/2 + R3/?)

Tmi < 37/5R5 R5
237/5RYR;,;

and the maximum if &« > a.,. As readily seen, the extreme points of the potential depend
only on r,,; and Rj; ;. Note that for touching binary systems (r,,; = Rj; + Ry;) there is a
symmetric minimum because the condition

25
<7
o 8‘3
or

5/2 . p5/2
25 (Ru TRy

11/5
5/2p5/2
16(4R5/2R3/?)

)22/5
>1

always holds. Expanding the equation aa—%l = 0 to the third-order terms in # inclusive and
solving it, we find the barrier positions at

1/2
1/2 37/5 5 R5
_ i o-1/2( 18758 — 600a 12| 2 PrmiR3R3; -
& 18758 + 28« - 5/2 5/2 22/5 23)
25(R3/2 + R3/?)

(& < aer). As aresult, 7, < 271/2 2 0.71. So, in a strongly asymmetric binary system with
the mass ratio My; / My; > (1 +21/2)2 ~ 6, the galaxies should fly apart. Indeed, the binary
galaxies with a high mass ratio are rare objects [24] (Figure 2).

3. Mass Transfer in Close Binary Cosmic Systems as a Source of Energy in the Universe
3.1. Close Binary Stars

As assumed, the values of L; and M are conserved during the binary star evolution in
1. The orbital angular momentum L; is found using the observed star masses My; 5; and
period Py, ; of orbital rotation at 7 = #;. The binary stars differ in values of M and L; and,
accordingly, have potential energies of a different kind.

One can express the potential energy (18) in units of

u=up4uy+xvo=(14+n)"32 41—y 4 x(1- n?)3,

GM3 R
3.288L2
as a function of # has two asymmetric maxima and the minimum at # = 0. The decrease
in x causes the change of the shape of potential energy in #: 1, approaches 7, = 0 and
the height of barrier By in 77 decreases. At x = 0.025, there is an inverse U-type symmetric
potential with a maximum at # = 0, and the di-star system becomes unstable with respect
to the mass transfer coordinate. The asymmetrization of the system becomes energetically
favorable. The parameter x ~ M*7/12 L% depends on M and L;. For example, the value of
x decreases with increasing L; or decreasing M.

where x =

M \47/12 . .
( 5 Ma) . As seen from Figure 3, at relatively large x > 0.025 the u
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Figure 3. The calculated dimensionless u, 11 + 1y, and xv vs. 3 at indicated x (see text).

In Figures 4-6, the potential energies (driving potentials) U(7) versus 7 are presented
for the close di-star systems. For the systems considered, & < &, or

s M 47/24
L; < [10.1GRx M| <2MQ> ,
and the potential energies have symmetric barriers at # = =+, and a minimum at
77 = 1m = 0. As seen in Figure 4, the barrier in # appears as a result of the interplay between
the gravitational energy U; + U, of the stars and the star-star interaction V. Both energies
have a different trend as a function of #: U; + Uy decreases and V increases with changing
7 from 7 = 0 to £1. One should note that the driving potentials U(#) for the di-star
systems look similar to the driving potentials for the microscopic dinuclear systems [36,37].
The same conclusion was derived in ref. [29] with the r-independent (constant) structural
factors w;.

The evolution of the di-star system depends on its initial mass asymmetry n = #;.
If the original di-star is asymmetric and |#;| < |#/|, then it evolves in 7 to the global
minimum at 7 = 0 (a symmetric di-star system). The matter of a heavy star moves to an
adjacent light star enforcing the symmetrization of a di-star without additional driving
energy. The symmetrization of an asymmetric binary star is accompanied by the decrease of
potential energy U or the transformation of the potential energy into the internal energy of
stars. A huge amount of energy AU = 10%’ — 10*! ] is released during the symmetrization
(see Figures 5 and 6 and Table 1). So the symmetric di-star is created at large excitation
energy. Note that for the binary stars considered, the energy of a single star (|| = 1) is
larger than the energy of a symmetric binary (7 = 0). So the merger of stars in a di-star is
energetically unfavorable.
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Figure 4. Calculated gravitational energies U; + U, of the stars; the energy of interaction V between
them; the total potential energy U versus the mass-asymmetry coordinate # for the close binary star «
Cr B. The arrow indicates the value of 7; for the original binary system.

When the symmetrization of a binary occurs, the distance between the stars decreases
because of the increase in the gravitational interaction. After a symmetric di-star is formed,
it performs zero-point oscillations near # = 0, which cause the radiation of gravitational
waves. The transfer of matter in the symmetric di-stars is a mass asymmetry fluctuation near
7 = 0. If there is a transmission (fluctuation) in one direction, then there is a transmission
in the opposite direction, as proposed in ref. [21]. There are indications of that effect [7].

If |n;| > np or i, = 0, the di-star system is unstable with respect to the asymmetrization.
The matter is transferred from the light star to the heavy one even without additional exter-
nal energy. We only know one close binary system a Cr B (M = 2.58 My, M, = 0.92M,
wy = 1.30, wy = 1.68, B/a = 0.039), for which |r;| = 0.47 > 1, = 0.33 (Figure 4).

Since the fusion barriers By, in 1 are quite large in Table 1 for the systems with |17;| < 13,
there is a strong hindrance to the formation of a single star from the di-star system due
to thermal diffusion in 7. The existence of a barrier in # may be the reason why very
asymmetric close di-stars with |1;| > 1, are rarely observed. Indeed, there can not be a
stable di-star with a very light star, |1;| > ;.

A spectacular recent case is KIC 9832227, which was predicted [8] to be merged in
2022, enlightening the sky as a red nova. For this system (1; = 0.63, 17, = 0.84), we conclude
that a fast merger is excluded (see Figure 5). Instead, the di-star is driven towards mass
symmetry. Matter is transferring from a heavy star to a light one, and the relative distance
between two stars and the period of the orbital rotation decreases. A huge amount of
energy AU ~ 10*! ] is released during the symmetrization. As seen in Figure 5 and Table 1,
the di-stars KIC 9832227 and RR Cen (1; = 0.65, #, = 0.85) have almost the same 7;, 175, and
potential energy dependencies on #. So the observation of the RR Cen di-star for a possible
merger is also desirable. Observational data in ref. [44] refute the prediction for the 2022
red nova merger [8].



Astronomy 2023, 2 70

T T T T T T T T T -5.4 T T T T T T T T T
KIC 9832227
-5.6
= o> 58
- Z
N -6.0
) )
-6.2
-6.4 - B
-8.8 1 1 I 1 1 1 L LA . . . . . ) ) .
-1.0 -0.8 -06 -04 -02 00 02 04 06 08 1.0 1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
n n
46 : : : . . . . . . T T T T T T T T T
-4.8
_-50
S —~
- )
% 52 <
e o
— 54 Z
-]
-5.6 =)
-5.8
-6.0
-6.2 52 L L L L L Il LA Il Il
-1. -1.0 -0.8 -0.6 -04 -02 0.0 02 04 06 08 1.0
n n
T T T T T T T T T
150 T T T T T T T T T -5.50 F E
’ V700 Cyg -5.55
-4.85 _5.60
= -4.90 5 565
< -
O -4.95 = -5.70
g 575
5 5.00 )
5.05 -5.80
-5.85
-5.10
-5.90
-5.15}F e
L L L L L A L L L -5.95 T T T T T A T T
-1.0 -0.8 -0.6 -04 -0.2 0.0 02 04 0.6 0.8 1.0 -1.0 -0.8 -06 -04 -0.2 0.0 02 04 06 08 1.0
n n
T T T T T T T T T —46 [ T T T T T T T T T ]
-6.4
66 480 V870 Ara ]
= S so0f ]
;ﬂ -6.8 b
o o
~ 7.0 — 52 ]
D72 D 54FLF E
74 -5.6 | E
-7.6 5.8 ]
T8k ., , L L ! L L oA 6.0 | L L L L L ! LA
-1.0 -0.8 -0.6 -04 -02 00 02 04 06 0.8 1.0 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 06 08 1.0
n n

Figure 5. Driving potentials U () calculated for the close binary stars indicated. The arrows indicate
the values of #; for the respective initial binary systems.
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Figure 6. The same as in Figure 5, but for other close binary stars.

For the KIC 9832227, we studied the change of potential energy with the variations
of the total mass M and orbital angular momentum L; (Figure 7). We take effectively into
consideration the losses of mass and angular momentum of the binary star during its
evolution. As seen, simultaneous losses of M and L; (AM ~ AL;) by 20% or 50% weakly
influence the features of potential energy. The decrease of M at fixed L; affects stronger
(the depth of the minimum in U(#) decreases) but the evolution to the global symmetric
minimum is still energetically favorable. So the related losses of M and L; almost do not

influence the symmetrization of the system.
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Figure 7. Calculated total potential energies U vs 7 for the binary star KIC 9832227. The notation
(0.8M,1L),(0.5M,1L),(0.8M, 0.8L), and (0.5M, 0.5 L) means that the calculations are performed
with the losses of the total mass M and orbital angular momentum L = L; by (20%, 0%), (50%,
0%), (20%, 20%), and (50%, 50%), respectively. The arrows show the corresponding initial #; for
binary stars.

3.2. Close Binary Galaxies

In the calculations, the observational data from the catalog of isolated galaxy pairs [24]
are employed: the linear diameters of galaxies, As5(1i,2i) = 2Ry;p;; the projection of
the linear distance X between the components of binary galaxies; and the total orbital
mass M of pairs. In the close binary galaxies considered, the average relative distance
rmi = =X between the galaxies is commensurate with the sum of the radii of these galax-
ies [24]. Matter transfer between the galaxies in a binary system is closely related to

their radii and relative distance. If My;5; = MR?Z/ gi/ (Ri/ 24 Rgz/ 2) atn = 2/5, then

N = (Ri./2 — Rgi/2> / (R‘?i/z + Rgi/z). For the systems shown in ref. [24], & < a¢ = %,B;
therefore, the potential energy has a symmetric barrier at # = £#;, and a minimum at
1 = 1w = 0. There is a similarity of the driving potentials U(#) for macroscopic binary
galaxies and stars to microscopic dinuclear systems [29,36,37].

Di-galaxies differ by r,,; and Ry, ,;, and, correspondingly, by the potential energy
dependencies. In Figures 8 and 9, the driving potentials U(#) are presented versus 7 for
the close elliptic, spiral, and elliptic-spiral di-galaxy systems. For systems shown, except
binary galaxy 272 [24], &« < ¢y = %ﬁ and, thus, there are potential barriers at 7 = £#;, and
a minimum at 57 = 5, = 0. The barrier in  appears from the interplay between the total
gravitational energy U + Uy of the galaxies and the galaxy—galaxy interaction potential
V. Note that the driving potentials U(#) for the di-galaxy systems look like the driving
potentials for the close binary stars and the microscopic dinuclear systems [29,30,36,37].
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Figure 8. Calculated total potential energies U vs. # for the indicated (numbers) close binary elliptic
galaxies at n = 2/5. The numbers are serial numbers of binary galaxies in the catalog of isolated
pairs of galaxies [24]. The arrows show the corresponding initial #; for binary galaxies.

An important question is to what extent the calculated results depend on the choice of
the parameter n. The dependencies of the potentials calculated withn =2/3 and n = 2/5
are qualitatively the same, except that the ratio U(n = 17;,) /U(n = 0) increases with n. So
all binary systems considered evolve to the symmetric configurations independently of #.

The evolution path of a close binary galaxy depends on its initial mass asymmetry
n = ;. If the original di-galaxy is asymmetric with |77;| < 77, then its evolution in 7 to the
global minimum at # = 0 is energetically favorable, that is, to form a symmetric di-galaxy
system. The matter of a heavy galaxy can move freely to a light one enforcing symmetriza-
tion of di-galaxy without additional energy. This symmetrization leads to the decrease
in potential energy U, thus transforming the potential energy into the internal kinetic
energy. For example, for the close elliptic binary galaxies 194 (1; = 0.28), 279 (17; = 0.50), and
554 (7; = 0.25) [24], the internal energies of galaxies increase during symmetrization by the
amount AU = U(#;) — U(y = 0) =2 x 10, 3 x 10°!, and 2 x 10 J, respectively (see
Figures 8 and 9, and Tables 2—4). As found, most of the close binary galaxies are asymmetric
and their symmetrization leads to the release of a large amount of energy (see Tables 2—4).
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Figure 9. The same as in Figure 8 but for the close binary elliptic-spiral and spiral galaxies indicated.

If |7;| > np or 7, = 0O, the di-galaxy system is unstable to evolve towards a more
asymmetric system; thus, one galaxy “swallows” another. The matter flows freely from a

light galaxy to a heavy one. This process leads to energy release. Representative examples

of this mode of evolution are three close spiral binary galaxies, namely the galaxies 206
(In;| = 0.45, 17, = 0.34), 243 (|n;] = 0.31, 17, = 0.07), and 439 (|7;| = 0.63, 1, = 0.56) [24],
respectively, for which |1;| > 7, (Table 4).

The binary galaxy with |17;| < 17, can merge only by overcoming the barrier at 7 = +17,,

or 1 = —11,. With decreasing ratio /B, the value of this barrier B, = U(1;,) — U(7;)
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increases. Since the values of By are quite large for the systems with |r;| < 1, in Tables 24,
asymmetrization of the di-star system due to thermal diffusion in # is strongly suppressed.
Indeed, very asymmetric close binary galaxies with |1;| > 7, are rarely observed. This
imposes restrictions on the asymmetric configurations with || > #, of the di-galaxy
systems. There can not be a stable di-galactical system with a very light galaxy.

If the value of a becomes larger than «., the minimum in U () disappears, the inverted
U-shaped potential appears with a maximum at 7 = 0, and the di-galaxy asymmetrization
breaks the system finally apart. Hence, with increasing mass asymmetry, two constituents
of the binary galaxy move away from each other to form two separate galaxies. The spiral
binary galaxy 272 (see Table 4) is a good candidate to trace such evolution.

As found in our calculations, the double galaxy undergos either symmetrization or
asymmetrization, depending on the original mass asymmetry. Asymmetrization may cause
a merger process, but if the critical mass asymmetry is reached, the system is driven apart
and forms two isolated galaxies with a changed mass ratio. This scenario can be considered
an incomplete merger.

So the source of expansion of a binary galaxy is the transfer of matter from a lighter
component to a heavier one. A necessary and sufficient condition for this is the fulfillment

of the inequality

22/5
5/2 5/2
0.15(R3/?+ R3/?)

Tmi > 5 o5
RliR2i

The mechanism presented can be generalized for multiple galaxies, groups of galaxies, and
galaxy associations.

4. Origin Of Orbital Period Change in Contact Binary Stars

As found, the orbital period of W-type overcontact binary GW Cep (g = M1;/ My; = 0.37,
7; = 0.46) decreases with time [39—41]. For the overcontact binaries VY Cet (¢ = 0.67,
7; = 0.20) and V700 Cyg (9 = 0.65, ; = 0.21), cyclic oscillations were found to be
superimposed on an increase in the secular period. This effect was explained either by
strong external perturbation, i.e., by a close-by third object, or by the magnetic activity
cycles. For the EM Lac (g = 0.63, #; = 0.23) and AW Vir (g = 0.76, i7; = 0.14) binaries,
the periods demonstrate secular increase. As concluded, the period variations in a W
UMa-type binary star correlate with the mass ratio 4 and the mass M;j; of the primary
component [39-41]. The lower the mass ratio g in binaries, the shorter the period.

Using the relation between L and r;, we obtain the period Py, = a%;fb = 2”{'7%" of
orbital rotation with frequency wqy,. Atry > 1y and 1y < 1p as
> 7’1%1 12
Porb = ZH(G]VI) (24)
and
3\ 1/2
P, = 2”(@?\4) ) (25)

respectively. As seen, at initial |;| < |7,| and r,, > 74 (1, < 1), the system moves towards
the symmetric configuration and, correspondingly, # decreases, 1, decreases (r; increases),
and finally, P, decreases (P35, increases) [31,32].

For the KIC 9832227 system (|77;| = 0.63), matter is transferred from a heavy star to a
light one, the relative distance r;,, > r; between two stars and the period P0>rb of the orbital
rotation decrease. The evolution in # pushes the system to the touching configuration
(rm = r¢) at some critical mass asymmetry |1| = || ~ 0.45 (Figure 10). Further evolution
in 7 leads to a configuration with partial overlap (r,, < r;) of stars. So at || < || the

period P35, slightly increases because P, ~ r?/ % and r; increases with decreasing 7. Thus,
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if the system reaches the point 77 = #; and partial overlap, the period abruptly changes. A
similar period behavior is shown in Figure 10 for the other contact binaries considered.
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Figure 10. The calculated relative r,, = Ry, (solid lines) and touching ; = Ry = Ry + Rj (dashed
lines) distances between the components of di-stars indicated in the units of the Sun radius Rsu» = R
vs. 4.

For the binary GW Cep (|;| = 0.46), |n;| > |4¢|, the system moves towards the
symmetry and the orbital period decreases. For almost symmetric EM Lac (|1;| = 0.23)
and AW Vir (|n;| = 0.14) binaries, |;| < |#¢| and their periods increase. As found, the
variations in the period of W UMa-type binary star correlate with the evolution towards a
global symmetric minimum. At the low mass ratio g or the large #;, the binaries usually
demonstrate a decreasing period because |1;| > |1¢| (rm > r¢), while the periods in systems
with larger g (small #;) increase because |17;| < |¢| (rn < 1¢).

5. Stability of Macroscopic Binary Systems

The Regge theory turned out to be very influential in the development of elementary-
particle physics [45-49]. As shown in the application of Regge’s ideas to astrophysics, the
spins of planets and stars are well described by the Regge-like law for a sphere (S ~ M*/3),
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while the spins of galaxies and clusters of galaxies obey the Regge-like law for a disk
(S ~ M3/2) [25,34,50-53]. Unlike semi-phenomenological approaches, these expressions
contain only fundamental constants and do not depend on any established empirical
quantities [25,34,50-53]. In Refs. [25,34,50-53], a cosmic analog of the Chew—Frautschi
plot with two important cosmological Eddington and Chandrasekhar points was also
constructed.

The Darwin instability effect can be studied in a binary star or galaxy by using the
well-known model of Refs. [25,34,50-53] based on the Regge theory. The total angular mo-
mentum Jiot of a binary system is the sum of the orbital angular momentum L and the spins
S (k =1, 2) of individual components:

Jiot =L+ S1+ S». (26)

The values of Jiot and S; are expressed using the Regge-like law for stars and planets (I = 3)
or galaxies (I = 2):

M (1+1)/1
Jot = (mp) @7)
and
(141)/1
5 = h(M") , (28)
My

where 1, my, My (k =1,2), and M = M; + M, are the Planck constant, masses of proton
and astrophysical objects (planets, stars, or galaxies), and the total mass of the system,
respectively. The maximum (L and S; + S; are antiparallel) and minimum (L and S; + S»
are parallel) orbital angular momenta are

Lmax = ]tot + Sl + 52 (29)
and
Lmin = ]tot - Sl - SZr (30)

respectively. Using the coordinate 7 instead of masses M; and M, [33] and Equations (28)—(30),
we derive

S1+5; _ (1+ ,7)(1+l)/l +(1- 17)(1+l)/l -
Lnin 20+D/T (14 5)(+D/T — (1 — ) (1+D/17
S1+ 5, _ (1+ ,7)(1+l)/l +(1- ,7)(1+1)/1 | -
Limax 20H+D/1 4 (14 )0/ (1 — ) (A+D/1
At = 0 (the symmetric binary system), we have
S1+S 1 1 )

= >
Lin 21/1 1

and
S1+ 52 1 1

= > .
Lrnax 21/1 +1 3
For the symmetric (7 = 0) binary star (planet) and binary galaxy, (S + S2)/Lmax =~ 0.44
and 0.41, respectively.
Aty =1, we have

51+52_>00

Lmin



Astronomy 2023, 2

78

and
S51+5; . 1

Lmax 2

As follows from these expressions, for very asymmetric binaries, the ratios (S1 + S2) / Limax min
are almost independent of I. According to ref. [20], the Darwin instability occurs when
the binary mass ratio is very small [§ = M,/M; < 0.1] or the mass asymmetry is very
large [ = (1 —¢q)/(1+4q) > 0.82]. As seen in Figure 11, the ratios (51 + S2)/Lmax and
(S1 + S2)/ Linin continuously increase with |7|. Since these ratios are larger than 1/3, all
possible binary stars (planets) or binary galaxies, independently of their mass asymmetry
1, have the Darwin instability (S + So > %L) [19] and, thus, should merge. However,
the observations do not confirm this, which probably means that there is no the Darwin
instability effect in such binary systems and, accordingly, the mechanism of merger has
a different origin and should be revealed. Since the spins of planets, stars, galaxies, and
clusters of galaxies are well described by the Regge theory [25,34,50-53], we can be sure of
the correctness of this conclusion.
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Figure 11. The calculated ratios (S1 + S2)/Lmax (@), (S1 + S2)/ Liin (b), (S1 — S2)/ L, [solid line] (c),
and (Sp — S1)/Lq [dashed line] (c) as functions of mass asymmetry at ! = 3. In the cases of antiparallel
spins (c), L1 = Jiot + 51 — Sz and Ly = Jiot — S1 + S2.

Note that in the cases of antiparallel spins with L1y = Jiot + 51 — Sz and
Ly = Jiot — S1 + Sy (Figure 11), the ratios |Sp — S1|/Lq and |S; — Sp|/ L, are larger than 1/3
in the asymmetric binaries with || > 0.5.

As seen in Figure 12, the dependencies of Lmax, Lmin, L1, and Ly on % are different.
The matter transfer can increase or decrease the orbital angular momentum. For example,
at# — 0 the binary system has smaller L = Lax. The observations of L versus # may be
useful to distinguish the difference between the orientations of orbital and spin momenta.
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Employing Equations (26)—(28) and the results of refs. [29,31,32], we obtain new
analytical formulas for the relative distance between the components of the binary

MI2 2 M M D/ M\ (D71 Mo\ (D71 2
=l i () v () ()]

GM2M3  GM3IM3 | \myp P p

o2 ( M >(21)/1 [2(1+1)/l+€1(1+17)(1+l)/l+62(1_;7)(1+l)/lr

_ (34)
Gy \2my 12
atry, > rpand
1/4 1/2
3 3/4 (1+1)/1 (1+1)/1 (1+0)/1
= hl\/ig - [Mé—FMé} (M) +€ (Nll) +€2<A/12>
GMIM; my My mp
2hm3”_3g3>1/4( M )(2+[3n1]1)/l
= | —==—] (5. (L) + (=)
< G 2my
{z(m)/z Fer(147) D/ 4ey(1— ,7)(1+z)/z} 1/2
X . 172]1/2 (35)
at ry, < r. One can similarly derive the formulas for the orbital rotation period
B2 5 s M D71 My \ D/ M, \ 1D/ 3
P, = 2| 22~ = || — - =z
or n<GM) G2M%Mg [(m;;) +€1<mp) +€2(mp> ]
4 ( M )(3—21)/1 20D/ 4 ey (14 ) 1D/ 151 W)(lﬂ)/lf’ -
_ M 36
Gy \2my 1P
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atr, > rrand

1/2 3 1/2
or|

GM GM
3,.3n—1\ 1/2 (3n—1)/2

8g'my M 3/2
= 2 P S I 1 n 1—pn)" 7
n( o ) () lasarsa—gy @)
at ry, < 1t [31,32]. The values € = e = 1 and €; = €p = —1 correspond to the cases
of antiparallel and parallel, respectively, orbital and spin angular momenta. In the cases
of antiparallel spins, e, = —€; = 1 and €; = —ep = —1. The observation data result in

the relationship Ry = Mll(/ g between the radius and mass of the star, where n = % and

g= Mé/ 3/Rg [6] and the galaxy, where the value of n depending on mass is in the interval
[%, %] [24,30]. As seen in Figure 13, at ry, > 74,

[2(l+l)/l Fer(1+7) D/ 4 ey(1— ,7)(1+z)/z}z
1 -2

rl =RY =

or r, decreases with || and, finally,

{z(m)/z Fer(147) D/ 4ey(1— ,7)(1+1)/z}3
-2

d
Porb_

or Py, decreases. Atry, > ry (Figure 13), the dependence of Py, as a function of mass asym-
metry has similar behavior at antiparallel and parallel orbital and spin angular momenta.
In the case of antiparallel spins with L1 = Jiot + 51 — S2 (L2 = Jiot — S1 + S2) and M; > M,
the values of r;;, and Py, decrease (increase ) with # decreasing from 1 to 0 (Figure 14). At
rm < ry (Figure 15), the value of

Ply=[1+n)"+ (1 —y)""?

or Py, increases with decreasing |77| and does not depend on mutual orientations of orbital
momentum and spins. In contrast, the distance

1/2
{2(1+z>/1 Fer(1+47) 0D/ 4 ey(1 - ,7)(1+z)/z}

[1-n2)"?

Rj, = [(1+7)"+ (1 =)

or 1, depends on the orientations of orbital momentum and spins. As seen in Figure 15,
the dependencies of R%, on 7 at different spins have various behaviors.
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6. Possibility of Formation of Binary Cosmic System From Single Cosmic Object
6.1. Close Binary Stars

For transition from a single star with mass M and potential energy U(n = £1) to an
asymmetric or almost symmetric binary star with || < ||, the system should overcome
the height barrier By = U(|y7| = 1,) — U(|7| = 1) at = &, The values of By are too
large (see Figures 5 and 6 and Table 1) to allow the single star to be transformed into a
binary star with |77| < |1,| due to thermal fluctuations [35]. Thus, the fission in # (matter
transfer from a heavier star to a lighter one) cannot be the origin of binary stars. Our
conclusion is consistent with that of ref. [26,28]. If the fission hypothesis mentioned is not
valid, then the only possible conclusion can be the assumption of a common origin of the
components of a binary star from a pre-stellar state of matter [28]. Thus, some stars likely
arise during the formation of stellar groups in the form of pairs, triplets, quartets, etc. The
observed excess of binary stars in the stellar associations suggests that these binary stars
transform into ordinary binary stars after leaving the associations [28].

6.2. Close Binary Galaxies

In the galactic systems from Tables 2—4, and Figures 8 and 9, the fission barriers B¢ in %
are too high to form almost symmetric binary and asymmetric galaxies with || < |#,| from
the single galaxy via thermal fluctuations of # [35]. So we arrive at the same conclusion as
in the case of fission of single stars.

7. On Evolution of Compact Binary Black Holes

The general view is that compact binary systems consisting of white dwarfs, neutron
stars, and black holes eventually merge as a result of gravitational wave radiation, as
recently observed with the LIGO and Virgo interferometers [14]. The process of merging
is still insufficiently studied. We are going to add a few aspects highlighting the role of
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matter transfer in binary black holes (BBH) [34], which are certainly a special class of
objects. The presence of the event horizon restrains the flow of mass between two cores of
BBH. At a speculative level, quantum tunneling as the Hawking radiation [54] may play a
faint, most likely insignificant role due to not yet received firm confirmation. However, a
BBH is usually embedded in a cloud of remnant matter left over from the progenitor stars.
Therefore, a BBH should always be considered together with the surrounding accretion
disk. The material of that disk may serve as the matter transfer between two cores by the
so-called sloshing effect, as illustrated by the hydrodynamical calculations in ref. [55].

In order to understand the possibility of matter exchange in a BBH system, we consider
the potential energy of a BBH as a function of 7. The possibility of matter transfer based
on the potential energy of a BBH system should always be understood together with its
accretion disk. In addition to the BBH’s own extremely strong gravitational fields, the
potential energy contains the interaction potential between two black holes. Being well
aware of the strong gravitational fields, we use Newtonian mechanics because, at a distance,
post-Newtonian effects can alter the binary potential by no more than 25% [55], which will
not affect the overall BBH properties. General relativity becomes of course, essential at
separations close to touching.

The total potential energy

U=U+U+Vir+Vor+V (38)

of a BBH is given by the sum of the potential Uy (k = 1,2) and rotational energies Vg
(k = 1,2) of two nonzero spin black holes, and the black hole-black hole interaction
potential V. The energy of the black hole “k” is

GM?

Ui =~ (39)

where G, My, and Ry are the gravitational constant, mass, and radius of the black hole,
respectively. The rotation energy of a black hole is

(40)

where Sy = MyRyc and Q) = ¢/ Ry are the spin and rotational frequency of the black hole
“k”, respectively.

The radius of the event horizon (distance from the gravitating mass My at which the
particle velocity is equal to c) [25,34,50-53]

_ GM,
-3

Ry (41)
is derived from the energy conservation law for a particle with mass m: —GMm /Ry + mc? = 0,
where mc? is the sum of the kinetic mc?/2 and rotation mc?/2 energies. The derivation
of the radius Ry is based on classical mechanics and the Newtonian law of gravity. In
ref. [56], the expression R, = 2GM;/c? was also obtained for a non-rotating black hole.
Using Equations (39) and (41), we obtain

U, = —M (42)

Due to the rotation of two black holes around the common center of mass, the black
hole-black hole interaction potential V() contains, together with the gravitational potential
Ve, the kinetic energy of orbital rotation Vg:

2 2

L oy
pr— pr— —_— 4
V(r)=Ve+Vr=Vs+ 2]41’2 Ve + 5 (43)
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where L, v, = (GM[2/r — 1/ 1] )1/ 2 and r,, are the orbital angular momentum of a BBH,
the speed and the semi-major axis of an elliptical relative orbit, respectively. Atr > 7,
the black hole-black hole interaction potential is defined as in Equation (8). From the
conditions @V /dr|,—,, = 0and 9V /dr?|,—,, > 0, we find the relative equilibrium distance
between two black holes corresponding to the minimum of V (see Equation (10)). The total
angular momentum | = GM?2/c of a BBH [25,34,50-53] is assumed to be conserved during
the conservative matter transfer and the orbital angular momentum of a BBH is

G(M? — M} — M3
L=]—-5 -5 = ( Cl 2). (44)

Here the orbital momentum and spins are parallel and the value of L is minimal. Employing
Equations (10) and (44), we derive the expression

4GM
m=—%—.
c

(45)

As seen, the larger M, the larger r,,. Since 1y, /(R + Rp) = 4, the separation of the
components increases at M; — M. From Equations (8), (43) and (45) we obtain the
simple formula

_GM1M2 - _M1M2C2 o _LCZ

Virm) = ==~ sM 8

(46)

for the interaction potential. The value of V (r,,) depends only on the reduced mass y and
the velocity of light.
So using Equations (40), (42) and (46), we derive the final expression

Mc? MM, Mc? U
U=-= (H 4M2)__ 2 (HM) (47)

for the total potential energy of a BBH.

For the BBH considered, v,(ry,) = (GM/ rm)l/ 2 = ¢/2 and with good accuracy, one
can disregard relativistic effects and use the Newtonian law of gravity.

Employing the coordinate 7 instead of masses M; and M;, we rewrite expressions (44)
and (47) for the orbital angular momentum

GM? )
L= 2c (1 - ) (48)
and the total potential energy
Mc? 1-42
U= - > (1—|— 6 ) (49)

Since the solution of the equation

ou  Mc?
o 16
leads to # = 17, = 0 and
U Mc?
— =—>0,

an? b= 16
the potential landscape has a global minimum at # = #,;, = 0 for an arbitrary total mass
M of a BBH (Figure 16). So the transfer of matter between the black holes in the BBH is

energetically favorable and can occur to reach a global minimum. The initial asymmetric
system is easily driven to the symmetric BBH. This conclusion does not depend on the
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choice of parameters. The losses of the total mass and orbital angular momentum do not
affect symmetrization of a BBH. The transfer of matter between two black holes becomes
possible because they interact with their own extreme gravitational fields. However, the
evolution of a BBH in # depends also on the parameter of inertia in this coordinate. Since
the surfaces of two black holes are spaced Ry + Ry < ry; from each other, the parameter
of inertia in # is expected to be very large and, accordingly, prohibits symmetrization of
a BBH.
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Figure 16. Dependence of potential energy of the BBH (49) on 7.

-0.535

Asymmetrization (the transfer of matter from a lighter component to a heavy one) of a
BBH considered is energetically unfavorable, and, correspondingly, the merger channel in
1 is strongly suppressed. Thus, the question of the mechanism of the merger of two black
holes and the origin of gravitational waves remains open [14].

At antiparallel orbital momentum and spins, the value of

G(M? + M3 + M3)

L=]+5+5 = c (50)
is maximal. For a BBH with this L,
MC2 (1 _ 172)3
U———z <1+16(3—|—772)2) (51)

and 1,/ (Ry + Rp) > 36, v(rm) = (GM/rw)Y? < ¢/6, g = 0, 92U /3y?|y—y, > 0, and
all conclusions given above are also valid in this case. Comparing Figures 16 and 17,
we can draw the same conclusions in the case when black holes in a BBH spin in the
opposite directions.
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8. Summary

The evolution of isolated binary stellar and galactic systems was considered in the
framework of the approach originally formulated for the study of nuclear fusion reactions,
thus combining scales that differ by many orders of magnitude. Despite the differences
in details, the common aspects of macroscopic objects (di-star, di-galaxy, BBH) and mi-
croscopic dinuclear systems prevail. Both types of systems evolve along well-defined
trajectories in the classical phase space. The conserved quantity is the total energy, that
is, the Hamilton function, of a binary system. Using general arguments, we have shown
that the conservation of energy is sufficient to fix the trajectory of a binary system in the
landscape of potential energy determined by the masses of the objects and their interaction.
Exploiting the stationarity of the total energy, the stability conditions were derived and
investigated as a function of mass asymmetry. We emphasized that the interpretation of
mass asymmetry as a collective coordinate has been successfully used to describe nuclear
reactions, the cluster structure of nuclei, the decay of dinuclear systems, and the fusion
of two heavy nuclei [36,37]. Here we have shown that this collective degree of freedom
plays a comparably important role in space objects. In close di-star or di-galaxy systems,
the coordinate 77 can govern the merger and symmetrization (due to the matter transfer)
processes. An interesting aspect is that once 7 is determined, for example, by observation,
it is possible to draw a conclusion about the stellar or galactic structure.

The new theoretical interpretation of a di-star or di-galaxy system is based on the fact
that, after the formation, the lifetime of a binary system is long enough to reach equilibrium
conditions in the mass asymmetry coordinate. Therefore, we could conclude that the system
will be included in the sample of all binary and single configurations with the probability
depending on the potential energy of this configuration. For the systems considered,
« < g and there are potential barriers at 7 = £#;, and minimum at # = 7, = 0. So
two distinct evolution scenarios arise: if |17;| < 1, the system is driven to the symmetric
configuration (towards a global minimum of the potential landscape). However, if |1;| > 15,
the binary system evolves towards the mono-object system. All the considered asymmetric
close binary systems, with the exception of the di-star « Cr B and di-galaxies 206, 243, 272,
439, satisfy the condition |7;| < 7, and a symmetrization process occurs in these systems.
The loss of the total mass and orbital angular momentum has little effect on the process
of symmetrization. The merger of the binary stars, including the KIC 9832227, and binary
galaxies considered is energetically unfavorable. The formation of a single object from
the binary system (|1;| < #,) by thermal diffusion in the mass asymmetry coordinate is
strongly suppressed.

Symmetrization of a binary system (|#;| < #;,) due to the matter transfer is one of the
important sources of conversion of gravitational energy into other types of energy in the
universe. For example, in the cases of compact binary stars and compact binary galaxies,
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the released energies are about 10%* — 10! and 10%® — 10°2 J, respectively. Symmetrization
of a binary system will lead to close objects with equal masses, temperatures, luminosities,
and radii, which are observable quantities. During the process of mass-symmetrization,
the channels of binary decay in the relative coordinate are closed. The central result
of the approach reviewed is that stable binary systems exist only at || < 17, = 271/2
(M1/M; < (1+21/2)2 ~ 6) because otherwise, the stars are getting closer to merging.
Thus, di-stars or di-galaxies with |77| > #, can not exist for long enough. Indeed, binary
systems with a large ratio M; /M), are very rare objects in the universe.

Asymmetrization (the transfer of matter from a lighter component to a heavy one) is
equivalent to incomplete merging. Asymmetrization is also the origin of the expansion of a
binary galaxy. The separation of components from each other is represented as an analog
of the expansion of the universe within a binary system. The condition under which the
asymmetrization process is realized depends mainly on the relative distance between the
components of binary systems and their linear dimensions.

For contact di-stars, changes in the orbital period can be well explained by evolution
in 77 towards symmetry. We predicted that the decrease and increase in orbital periods
are associated, respectively, with the non-overlapping (|7;| > |#¢|, ¥m > Ry + Rp) and
overlapping (|77;| < |7¢|, rm < R1 + Ry) stages of a binary star during its symmetrization.
Thus, observing the change of periods allows us to distinguish between these two stages of
a di-star.

Based on calculations of potential energy, we have demonstrated that the mass asym-
metry coordinate (matter transfer) is useful for analyzing the transformation of a single star
(galaxy) into a binary star (galaxy). Mass ejection from a single star could create a binary
star in the mass asymmetry coordinate. However, the barrier preventing symmetrization in
1 is quite high. So the formation of asymmetric and almost symmetric di-star or di-galaxy
systems from the respective mono-star or mono-galaxy by thermal overcoming of barriers
in the driving potential (the diffusion process in 7) is hardly possible. Binary stars (galaxies)
with a mass ratio M; /M, > 6 evolve to more asymmetric configurations and are rather
unstable with respect to the decay in the relative distance. Thus, matter ejection from
a single star is either captured back or escapes, which is consistent with the findings of
refs. [26,28]. Thus, it is possible to assume a common origin of the components of a binary
star (galaxy) from the pre-stellar (pre-galactic) state of matter.

Based on the Regge-like laws [25,34,50-53], we demonstrated that all possible binary
stars (planets) or binary galaxies, regardless of their mass asymmetry, satisfy the Darwin
instability condition (S + Sz > %L), which contradicts observations. This output is not
sensitive to model parameters. Therefore, we should look for another mechanism that
triggers the merger of binary contact components. Employing the Regge-like laws, we
derived new analytical formulas for the relative distance and orbital rotation period of the
binary system, which depend on the total mass M, mass asymmetry 7, and the fundamental
constants G, 1, and m,,.

Employing Newton’s law of gravity and considering the BBH potential energy as a
function of #, we have shown the possibility of transferring matter between black holes in a
BBH. The evolution of an asymmetric BBH to a symmetric one (17 = #,;, = 0) is energetically
favorable. Although black holes have their own strong gravitational fields, the transfer of
matter in BBH occurs due to the energy of interaction between two black holes. A BBH
does not send any signals during its evolution. Perhaps the result of this evolution can be
indirectly observed.

Symmetrization of a BBH leads to a decrease of U, thus converting the potential
energy into internal kinetic energy. For example, for the BBH 4Ms + 2M (#; = 0.33) and
36Me + 29M (17; = 0.11), the internal energies of black holes increase during symmetriza-
tion by the amount AU = U(y;) — U(yy = 0) = Mc*n? ~ 10 J. So the BBH is also the
source of thermal energy. The transfer of matter from a lighter component to a heavier one
( the merger of black holes in a BBH) is not an energetically advantageous process, and,
thus, the question of the origin of gravitational waves remains open.
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Within the presented model, we can also perform dynamic calculations of the evolution
of a binary system in #. For example, we can calculate the relaxation time (symmetrization)
and the asymmetrization time. In addition to the total potential energy, it is also necessary
to calculate the mass parameter and the coefficient of friction for this coordinate. However,
this extension of the model is the subject of future research.
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