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In the article was found a second solution of the problem about the force acting on a
point-like particle moving in a time-dependent potential field, is mathematically equal with
early known solution. Is considered the question of the possibility of interpreting of this
force, how of force of gravitational field from externals of inert a bodies (in the spirit of
Mach's hypothesis about the external induction of the inertial of mass of point-like parti-
cles). Here formulated by experimental problem of identifying in studies for the celestial
mechanics of this small additional of gravitational of force, which may be are achieved by
the use of modern radio-physical of methods.

PACS: 03.50. De; 04.20.-q

This article concerns the problem of a point-like particle moving in a nonstationary poten-
tial field, that is, in a potential field that explicitly depends on time ¢. For simplicity, we assume
that field one-dimensional, depending only on one Cartesian coordinate x. The potential energy
U of a particle in such a field will then be determined by the expression U=U(x, ¢). We ask the
question: what is the force F acting on the particle in the field under consideration? The answer
to this question is given in textbooks on mechanics for physicists (see, eg, §5 in [1], §6 in [2],
and also section 4.5 in [3]):

oU(x,t)
P (D

Careful study of the way in which existing theory proves an equation (1) leads to the fol-
lowing conclusion: in deriving this equation, in different sections of the mechanics a particular
postulate (unprovable assertion) is used. Thus, in the classical mechanics (see §6 in [2], §2 chap-
ter 2 in [4]), the derivation of this equation explicitly (or implicitly) postulates that the force act-
ing on a point particle in a nonstationary potential field U(x,¢), cannot depend on the velocity v
of the particle.

In those sections of analytical mechanics which come from variational principles, the ar-
guments, held at the derivation of eq. (1), are somewhat more complicated. It looks like this (see
§16 in [S]). We consider the starting (A7) and the end (M,) points of the particle path in the

F =

(x,t) plane. These points are connected by one-parametrical family of "conceivable" (kinemati-
cally possible) curves x = f(z,a), where o— parameter. It is assumed that a certain curve of the
family entered — the curve x = f(¢t,a =a,) — is the actual (dynamically possible) path of a point

particle motion in a potential field, that is, is a "real trajectory" (or is "the direct way"). Then the
force (1) is obtained by partial differentiation by x (differentiation at a fixed time ¢) the potential
energy U(x,t), wherein said differentiation occurs between the actual path and, infinitely close

to the actual curve, the virtual path (or, "the back way") x = (7,0, + 8a.) -

It is important that in the above line of reasoning a certain postulate of analytical mechan-
ics is also used; postulate, which will be stated below. As you know, in analytical mechanics the
mechanical system of point particles can be free and not free (so-called "constrained system", see
§1 in [5]). Constrained systems are characterized by the presence of so-called straitened ele-
ments, limiting the movement of point particles. As the straitened elements usually appear rods,
threads, fixed surfaces and moving surfaces. Mathematically, the presence of straitened elements
in the system of point particles is expressed in the appearance of additional equations — the con-
straint equations. In this case, it is postulated (see §23 in [2]) that the constraint equations can be
attributed not only derived from Newton's equations restrictions on the movement of particles. In
other words, it is postulated that in the absence of a system of point particles straitened elements,
and certainly no any constraint equations.
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Here, however, we should note the following important fact. In the case, when the poten-
tial energy of a point-like particle considered above is independent of time ¢, that is, when the
potential energy of the form U =U(x), the force (1) can be obtained without resorting to the in-

troduction of the virtual path concept. The same answer will give total differentiation on the x —
differentiation along only one actual path of the particle, that is, along the trajectory x = f(¢,a,)-

This raises a natural question: is it possible in the case of time-dependent potential field
U =U(x,t) to calculate the force acting on a particle, immersed in this field, without using the

virtual path concept? For the implementation of this program we should abandon the above pos-
tulate of analytical mechanics, which claims that, in the free system of point particles any con-
straint equations are missing. Thus it is necessary considered the real path x= f(¢,a,) of a

point-like particle, as the equation of time-dependent of holonomic connection of the form:
x— f(t,0)=0. ()

Then the virtual displacement (isochronous variation &x, see §2 chapter 4 in [4]) of the particle
X coordinate gets here identically zero. It means that the virtual path of the particle will be iden-
tical to the actual path of the particle. (In other words, no other non-conflicting introduced con-
straint eq. (2), kinematically possible trajectories, except the actual trajectory of the particle can
exist.)

Since in this solution of the problem, only one single path is acting (the particle actual
motion path), then for the calculation of the above force is natural to perform exact differentia-
tion of the potential energy U(x,¢) of the x in the direction of the actual trajectory. As a result of

differentiation we obtain the force given by the total derivative r - - W(;i”(“):
ou 10U
F=-So-222 G)
Ox v ot

Force F, is different from the force (1) by the presence of an additional term R=v"-0U/ét,
which is a reaction force R introduced by above holonomic non-stationary constraint (2). However,
in order to physically implement a reaction force constraint needs this or that straitened element.
Here is that in contrast to the usual scheme consideration of such problems, scheme:

the straitened element — the constraint equation,
we use the opposite scheme:
the constraint equation — the straitened element.

In other words, typically in problems of this kind are considered to have a certain straitened
element of existence which implies the presence of constraint equation. Here, by contrast, relies
initially on holonomic constraint equation (2) (the presence of this constraint equation is postu-
lated), and, from the existence of this constraint implies the presence of straitened element corre-
sponding to the said constraint. The role of this straitened element plays here the inertia law.

For the proof of last statement we will consider a sufficiently small segment of the actual
path of the particle. Draw a tangent to the actual path at the starting point of the segment. On this
tangent the particle coordinate x and time ¢ are related by a linear time-dependent holonomic
constraint equation due to the presence of the law of inertia:

x =Xy —=0,(1=1%,) =0, (4)
where: x,,f, — respectively, the starting coordinate and the starting time of the considered small

segment; v, — initial velocity of a point particle on a given segment.
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Expressing the time ¢ of the eq. (4) and substituting the resulting expression into the for-
mula for the potential energy U(x,t) of a point particle, we have that introduced above, the po-

tential energy of the particle is a composite function of the x coordinate:

U:U(x,to+x_x°]- (5)

Vg

Differentiating this composite function of x, we obtain the expression for the force acting on the
particle in question on the segment of the tangent to the actual path of the particle. This expres-
sion is very close to the above eq. (3) for the F force. Thus, it can be argued that the postulation
of the presence of non-stationary holonomic constraint on the actual trajectory of the particle, the
role of a straitened element for this particle is played by the law of inertia.

In the same case, when this problem is solved in the usual way, that is, when no constraint
is postulated on the actual trajectory, the differentiation with respect to x is between the actual
and infinitesimally close to the actual, the virtual path of the particle. Here is a more precise ap-
proximation of the actual path, namely, the representation of the actual trajectory of the form
(see §30 in [6]):

X=x,+v,(t—1,)+0dx, (6)
where ox — an independent part of the coordinate increment.

Expressing from eq. (6) the time ¢ by x and ox, and substituting in the expression for the
potential energy U(x, ¢), and then expanding in powers of #, we have the approximate equality:

U(x,t)zU(x,to+x_xoj—a—U-(x_xo—t]. (7)

L, ot v,
Differentiating (7) with x (at constant time ¢) will give an expression for the force which is
very close to eq. (1). As a result, we conclude that if the postulated absence of equation of

holonomic constraint on the actual path of the particle, then the law of inertia in this case cannot
play a role of a straitened element. Thus, there is a scheme:

no constraint equation — no straitened element.

In summary, we conclude that the situation is quite similar to that which occurs in geometry (§9
in [7]), where the replacement of Euclid's fifth postulate by the opposite results in the creation of
alternative, logically consistent non-Euclidean geometry. For further discussion it will be impor-
tant to emphasize once again that mathematically, the eq. (1) and eq. (3) are completely
equivalent.

In the case, if the velocity of the particle is exactly equal to zero, the constraint equation be-
tween the coordinate x and the time t is unavailable. Therefore, the force acting on the particle at
rest in a non-stationary potential field U(x, ¢), in the first and second methods of solution of this
problem is given by the same relationship — the eq. (1).

From (3) it follows immediately that the total energy E of this particle moving with any
limited speed value must be conserved even in the field, explicitly depending on the time:
dE

5 0 ®)
In other words, in this case the well-known law of the total energy change of the particle (see
section 4.5 in [3]), which is immersed such a field, is invalid. According to this law of total en-
ergy change of the mechanical system, adopted in the existing theory, the change of the total en-
ergy of the particle is in exact accordance with:
dE _ oU(x,t) . ©)
dt ot

From the applications, however, it is well known that, for example, the total energy of elec-
trons in particle accelerators is significantly changed as a result of the acceleration of electrons
by non-stationary electric field. Taking into account that electron in the accelerator is quite per-

3
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missible to treat as a classical object, we find that the force acting on a point particle in the time-
dependent electromagnetic field, cannot be described by eq. (3).

Consider whether you can then interpret force (3) as the force of the gravitational influence
on the body from the time-dependent gravitational field. Simple estimates show that in the prob-
lems of perturbation theory of celestial mechanics, additional to the known force that depends on
the velocity of a particle is small enough. Thus, for the artificial satellite, moving in a low Earth
orbit, additional to the known force arising from the movement of the Moon in its orbit is of the
order 1/600 of a very weak attractive force of the Moon, acting on this satellite. Moreover, the
average of this additional force acting at a given spatial point of the satellite's orbit, in all possi-
ble positions of the Moon in its orbit, will give zero. It will be natural to formulate an important
experimental problem in the identification of research on celestial mechanics this small extra
gravitational forces through the use of advanced radio-physical methods. It should be noted that
the result obtained in this article of the force acting on a point particle moving in a time-
dependent potential field on the velocity of the particle, could be also the recognition of the un-
derlying Einstein's general theory of relativity, the equivalence principle (§10.2 in [8]), only has
a limited stationary gravitational fields of applicability.

It 1s essential that while using the force (3), the concept of a point-like particle, as the body,
which linear dimensions in the studied problem can be neglected, is in need of revision. In this
regard, we consider the one-dimensional problem of a certain, slow moving in a nonstationary
potential field, a macroscopic body. We take into account here that the atoms that make up the

said macroscopic body, make thermal oscillations at a sufficiently high thermal velocities V7 . In
these conditions, the velocity v of the center of mass of the body is only a small addition to the
velocity v; of the thermal motion of each atom of the body. It follows that the R term of intro-
duced above force (3), which depends on the velocity of the material point, for each atom of a
macroscopic body can be expanded in a series in a small parameter. This small parameter is the
ratio of the relatively low velocity v of the center of mass of a macroscopic body to the speed v;
of the thermal motion of said atom. It should then be performed averaging (denoted by a sign
( >) of the expression for the force over the thermal motion velocities of the atoms that make up
this body.

We average force (3) over the relatively large thermal velocities of the atoms of a macro-
scopic body. Then, instead of the factor (—1/v) in the eq. (3), in the linear approximation in the
small parameter introduced above, will be factor , .<1 /U;>. So that, additive to the well is

known of force, acting on the body, immersed in the time-dependent potential field, will be very
small. Thus, in the above model problem of the slow motion of a macroscopic body in a time-
dependent potential field, the law (9) of total energy change of the macroscopic body in this field
will be valid with very high accuracy.

According to eq. (3), physically realistic value is not time-dependent intensity of the potential
field U(x,?), but the potential of this field. However, from the potential value of the field cannot
be produced with the dimensions of the energy density of this field. Thus, for derived force (3) it
only makes sense to speak about the interaction energy of bodies, creating the U(x,?) field. Then
we come to the conclusion that the force (3) is a result of direct interaction of bodies at a dis-
tance. The latter fact means the actual return to the concept of action at a distance, developed un-
til the mid-19" century, by the outstanding mathematicians of the time (among which are the
Gauss and Riemann). In order to the law of conservation of energy in the conception took place,
the interaction between all the macroscopic bodies (or between of particles) in this case should
be of the direct (unmediated) of action. It remains a mystery whether realized in nature, found
mathematically, the second solution of the force acting on the point-like particle moving in a
time-dependent potential field. If this second decision is not implemented, then hypothesis
Mach's, about external induction of the inertial mass of point particles do not have the tools for
implement in general relativity. Most likely reason for the apparent long-range action at a dis-
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tance always was the existence of the short-range actions inertial objects with non-inertial sub-
stratum of their aethereal environment [9].
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B crarbe HalizeHO MaTeMaTHYECKU PaBHONPABHOE BTOPOE PEIICHHE 3a1aull O CHIIe, JeHCT-
BYIOLIIEH Ha TOUCYHYIO YACTHUILY, IBIKYLIYIOCS B HECTAlIMOHAPHOM IIOTEHIMAIBHOM T1011e. Paccmor-
PEH BOIIPOC O BO3MOXHOCTH MHTEPIIPETallii HOMy4€HHOH CHJIbI, KaK CHJIbI IPABUTALIMOHHOIO BO3-
JISHCTBUS Ha TEJIO CO CTOPOHBI HECTALIMOHAPHOI O IPABUTALIOHHOr O 1oJIs (B AyXe runoressl Maxa o
BHEIIHEH MHIYKIIMU WHEPTHON Macchl TOYEUHbIX yacTHly). ChopMmynnpoBaHa 3KCIIEPUMEHTAIbHAS
3a/1a4a O BBISIBJICHUH B MCCIICIOBAHUAX 110 HEOECHOM MEXaHNKe HaWIGHHOH MaJloi 100aBO4HOM rpa-
BUTALMOHHOM CHJIBI ITyT€M MCIIOIb30BAHUS COBPEMEHHBIX PaopU3MIECKUX METOIOB.

PACS: 03.50. De; 04.20.-q

PaccMoTpuM TOuUEUHYIO YacTHILy, HaXOJSIIYIOCS B HECTAllMOHAPHOM IOTEHIMAIBLHOM IOJIE,
T.€. B IOTEHIUAIBHOM I10JI€, IBHO 3aBUCSIIIEM OT BpeMeHH ¢ . JIJ1s IPOCTOTHI 3TO 1oJie Oy/ieM CUUTaTh
OJTHOMEPHBIM, 3aBUCALIMM TOJBKO OT OJHOM JEKAPTOBOM KOOpAMHATHI X . lloTeHImMambHas sHeprus
U dacTulisl B TaKOM TI0JI€ Oy/IeT Toria onpeaenaThes Beipakenuem U = U(x, 1) .

3anaaumMcst BOIPOCOM: Y€MY paBHa cuia [, nefcTBYIOIIAsl Ha YaCTHUILy, HAXOSIIYIOCS B
paccmarpuBaeMoM nojie? OTBET Ha ATOT BONPOC JIAETCs B y4eOHHUKAX IO MEXaHUKE AJisl (PU3UKOB
(cm., mHanpumep, §5 B [1], §6 B [2], a Takxke pasnen 4.5 B [3]):

_0U(x,1) (1)
ox

BHumarensHOe HccneioBaHue TOro, KakuM o0pa3oM B CYLIECTBYIOLIEH TEOPUH MOTYy4aeTcs
cooTHomieHre (1), MpUBOAUT K CIIEAYIOIIEMY 3aKIIOYCHHUIO: TIPU BBIBOJE COOTHOIIEeHuUs (1), B pas-
JIUYHBIX Pa3/ieiax MEXaHUKHU UCTIOJIB3YeTCsl TOT WM MHOM TOCTYNAT (HeI0Ka3yeMoe yTBEPKICHUE).
Taxk, B Teopernyeckoit mexanuke (cM. §6 B [2], §2 rnael 2 B [4]), ipu BbIBose cooTHOIIeHuUs (1),
HESIBHO (WJIM K€ SIBHO) TIOCTYJIMPYETCS, YTO CHJIA, ACHUCTBYIOIIAs HA TOUCYHYIO YaCTHUILy, HAXOJsI-
LIYIOCSl B HECTALMOHAPHOM MOTeHUUabHOM none U(x,?), HE MOXET 3aBUCETh OT CKOPOCTH L

F =

JBWKEHUSI 3TOW YaCTHIIBL.

B Tex pa3nenax aHanuTHUECKONW MEXaHUKH, KOTOPbIE UCXOAAT U3 BapHMALMOHHBIX MPUHIM-
TI0B, CXEMa PACCYKJICHUH, POBOAUMBIX ITPU BbIBOJE COOTHOIIEHHS (1), HECKOJIbKO 00JIee CIIOKHAsL.
Omna BRI IMT caemyromum oopasoM (cM. §16 B [5]). PaccmarpuBarorcst HavansHas (M) 1 KOHed-
Has (M| ) TOUYKM ABMKEHMS YaCTHULIbI HA IJIOCKOCTH (X,¢ ). YIIOMSHYTbIE TOUKU COEIAUHSIOTCS OIHO-
MapaMeTpPUIECKUM CEMEHCTBOM «MBICIIMMBIX» (KHHEMATHYECKH BO3MOKHBIX) KPHBBIX X = f(Z,0.),
rie o — napamerp. Jlomyckaercs, 4TO HeKas KpHBas M3 BBEJICHHOIO CEMEWCTBA — KpHBas
x= f(t,a=0,) — Opeiacrapisger coO0W KPUBYIO UCTHHHOTO (JMHAMHMYECKH BO3MOYKHOI'O) 3aKOHA
JBWDKEHUST TOYCYHOW YaCTHIBI B MOTEHIMATBHOM mone U(x,?), T.e. SBISETCS <«ICHCTBUTEIILHOM
TpaekTopuei» (Wi, «IpsamMbIM yTéM»). Toraa cuna (1) momydaercs B pe3yabTraTe 4acTHOrO Aug-
(bepeHuupoBanus o x — auddepeHipipoBanus npu GUKCUPOBAHHOM BPEMEHU ¢ — MOTEHIMAIbHOM
sueprun U(x,t), npudeM ynomsiHyToe IU(@epeHIpOBaHUE BBINOJIHAETCS MEXKIY JEHCTBUTEb-
HOH Tpaekropuer x = f(f,0,) M, OECKOHEUHO ONM3KOW K 3TOW JEHCTBUTENBHON KPHBOW, BUPTY-
anbHOM TpaekTopuen x = f(f,a, +0a) .

BecbMma BaykHO, YTO B IPUBEJICHHOM BBIILIE CXEME PACCYKJICHUH TaKoKe HCIOJIB3YeTCsl OIpesie-
JICHHBII MOCTYJIAT aHAJIMTUUECKOM MEXaHUKH, TIOCTYJIaT, KOTOpbId OyneT copmynupoBan nanee. Kak

W3BECTHO, B aHAJIMTUYECKOM MEXaHUKE CUMTACTCS, YTO MEXAHUIECKHE CUCTEMbI MaTEpUATTBHBIX TOUYEK
MOryT OBITh CBOOOHBIMU M HECBOOOHBIMU (cM. §1 B [5]). HecBoOomHBIE CHCTEMBI OTIIMYAIOTCS OT
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CBOOOJ/IHBIX CHUCTEM HAJIWYUEM B HECBOOOJHBIX CHCTEMax T.H. CTECHSIOIIUX 3JIEMEHTOB, OrPaHUYH-
BaIOIIMX JIBI)KEHUE MaTepUalibHbIX TOYEK. B KauecTBe CTECHSIOMMX JIEMEHTOB OOBIYHO (UTYpUpY-
10T CTEP)KHU, HUTH, TIOBEPXHOCTU HEMO/IBMKHBIE Y TIOBEPXHOCTH JIBIKYIIMECS. Maremarinuecky Ha-
JIMYME CTECHSIOIIMX 3JIEMEHTOB B CHCTEME MaTe€pUaIbHBIX TOUYEK BbIPAXKAETCS B MOSIBJICHUH JOTIOJTHH-
TENBHBIX YPaBHEHUN — ypaBHEHMH cBs3ell. [Ipu 3ToM moctynupyercs, 4To K ypaBHEHUSAM CBSI3€M MO-
I'yT OBbITh OTHECEHBI TOJILKO HE BBITEKAIOIINE U3 ypaBHeHUI HbloTOHA OorpaHuyeHus, HajlaraeMble Ha
JBIDKEHHSI MaTepUATbHBIX ToueK (cM. §23 B [2]). MHaue ToBOps, MOCTYIHMPYETCsi, YTO B OTCYTCTBUE B
CHCTEME MaTE€pUANIbHBIX TOYEK CTECHSIOUIMX JIEMEHTOB, HENPEMEHHO OTCYTCTBYIOT U KaKue-JIH0o
YPaBHEHHUS CBSI3EH.

31ech, OJTHAKO, HEOOXOIUMO OTMETHUThH CIICAYIOIIEE BaXKHOE 00CTOATENLCTBO. B TOM ciydae,
KOTJ[a NOTEHIMAIbHAs SHEPTUS PacCMaTpUBaBILICHiCs BBIIIE TOUEUHON YaCTHILIbI HE 3aBUCHT OT BpeMe-
HU [, T.€. KOT/Ia 3Ta MoTeHIManbHas sHeprust umeet Bua U = U(x), 1o cuna (1) MokeT ObITh MoJTyde-
Ha 1 He Ipuoderas K BBEACHUIO MOHATHS BUPTYaJIbHOM TpaekTopuu. TOT ke oTBeT 11 cuiibl I gact
nosiHOe auddepenmppoBanme mo x — auddepeHIpoBaHUe BIOIb OAHOM TOJIBKO JCHCTBUTEIBHON
TPAcKTOPHH JIBUKEHHS YACTHULIBL, T.€. BJIOJIb TPACKTOpPUH X = f'(¢,0,) . B 3TOil CBsA3M BO3HHKAET ecTe-
CTBEHHBIH BOIPOC: HENB3S JIM U B CIIydae HECTA[MOHAPHOIO MOTeHIHaIbHOro nojst U(x,?) BbIUMC-
JIUTH CUITY, JIEUCTBYIOLIYIO HA TOYEUHYIO YACTHUILY, IBHXKYILLYIOCS B 3TOM TI0JI€, HE UCIIONb3Ys IOHSTUE
O BUPTYaJIbHOU TPaeKTOpUm?

Jlns peanuzanuu TaHHOW IporpaMMbl HEOOXOJMMO OTKa3aThCsl OT MPUBEAECHHOTO BBIIIE T0-
CTyJaTa aHAIUTHYECKOW MEXaHHUKH, YTBEPXKJAOIIEro, YTo B CBOOOHON CUCTEME MaTepUalIbHBIX TO-
YeK OTCYTCTBYIOT U KaKue-Tu0o ypaBHEHHUS cBsizeld. [Ipu 3ToM HY)XKHO paccMaTpuBaTh UCTUHHBIN 3a-
KOH JIBWKEHMs X = f(f,0,,) MarepHaJbHOM TOYKH, KaK YPaBHCHHE HECTALMOHAPHOW TOJIOHOMHOM

CBSI3H BUJIA:

x—f(t,0,)=0. (2)
Torna BupTyanpHOE cMelleHne (M30XpoHHas Bapuamus, cM.§2 ['nmaBel 4 [4]) 6x KoOpaWHATHI X
paccMaTpuBaeMOil YacTULIbI OKaXKETCs 371eCh TOXKJIECTBEHHO PABHOW HyJO. DTO O3HAYAET, 4TO
BUpTYaJlbHAsl TPAEKTOPHs YaCTHUIBl OyIeT TOKJIECTBEHHO COBIAAATh C JICHCTBUTEIBHON Tpaek-
TOpUEH NaHHOM yacTulpbl. MIHaye roBops, HUKAKUX APYTHX, HE IPOTHUBOPEUYALIUX BBEICHHOMY
YPaBHEHHUIO CBs3U (2), KHHEMAaTUYECKU BO3MOXKHBIX TPAeKTOPUH, KpoMe JeMCTBUTENBHOM Tpaek-
TOPHUM JABWKEHUS YACTHILIBI, CYyIIECTBOBATh HE MOJKET.

[TockospKy B paccMaTpHBaeMON CXEME pEUICHUs 33Ja4d O BBIYMCICHUU CHWIIBI, JAECHUCT-
BYIOIIEH Ha MaTepUAIBbHYIO TOUKY, (PUTypUpPYET TOIBKO OJIHA €JUHCTBEHHAs! TPAEKTOPHS — Tpa-
€KTOpUSl JEHUCTBUTEIBHOTO IBUKEHUS YaCTHULbI, TO IIPU BBIYMCICHUH YKa3aHHOM BBIIIE CHJIBI
OKa3bIBAETCSl €CTECTBEHHBIM BBINOJIHUTH MOJHOE AU(PPEpEeHUNpPOBAaHUE 10 X NOTEHLUHAIbHON
sHepruu U(x,t) MO HampaBJIEHUIO STOW JEHCTBUTENBHON TpaekTOpuu. B pesyibTare Takoro

dU(x,t(x))
I depeHIrpoBaHus MOIYYUM cuny F| = T 3a/IaF0IYIOCS] BBIPDAKECHHUEM
X
oUu 10U
F=-Tr 3)
Ox v ot
Cuna F, oTim4aercst OT onpenensseMoi cooTHomenueM (1) cunbsl F', HanuyueM A0moJ-

1 oU

HUTEJBHOTO ClIaraeMoro R = S MPEACTABIISIONIETO COOOM CUITy PEaKIMi BBEICHHOW BbI-
v ot

1€ TOJIOHOMHOW HecTauuoHapHOU cBs3U (2). OgHako, Uis TOro, yToObl (PU3UUECKU OCYLIECT-
BUTH CUJTy pEaKLUU CBSI3U, HEOOXOIUM TOT WJIM UHOM CTECHSIOIINNA 3JI€MEHT. 371eCh CYIIECTBEH-
HO, YTO B OTJINYME OT OOBIYHON CXEMbI paCCMOTPEHUS MOJOOHBIX 3a/1ay, CXEMBI:

cmecmllomm? nemenm — ypaeHeHue C6ésa3u,

HaMHM HMCIOJIb3YETCS IPSIMO IPOTUBOIIOJIOKHAS CXEMa!



YypaeHnenue ceasu —» cmecmllomuﬁ Jjiemernm.

Nuaue roBops, 0OBIYHO B 3aa4axX TAKOTO POJA CUUTACTCS MMEIONMMMCS HEKUU CTECHSIOIINI
AJIEMEHT, U3 (aKTa CyIIECTBOBaHMS KOTOPOTO U BHITEKAET HAJIMUUE YPABHEHUS CBSI3U. 3/IECh K€,
Ha000POT, MOJaraeTcs N3Ha4YalIbHO UMEIOLIUMCS YPaBHEHNE FOJIOHOMHOM HECTAllMOHAPHOM CBsI-
34 (2) (Hamuuue 3TOro ypaBHEHHS CBSI3U MOCTYJIMPYETCs), U, U3 (pakTa CyHIeCTBOBAHUS JTaHHOM
CBSA3U, BBITEKAECT HAJWYME CTECHSIOLIErO 3JIEMEHTA, COOTBETCTBYIOLIETO YIOMSHYTOW CBSI3H.
Ponb Takoro CTECHSAIOIIETO MIEMEHTAa UTPAET 3ECh 3AKOH UHEPIIUH.

JInst 1oKa3aTenbCTBA MOCIEAHETO YTBEPKIACHUS PACCMOTPUM HEKHW TOCTATOYHO MAabIi
OTPE30K JEHCTBUTEIBLHON TPACKTOPUU IBUAKEHHS YacTUlbl. [IpoBeaemM KacaTenbHyO K AEHCTBU-
TEJIBHOM TPACKTOPHM B HA4YAJIbHOM TOYKE JAHHOIO OTpe3ka. Ha 3Toil kacaTenbHOM KOOpAuHATa
X TOYKH U BpeMs ¢ CBSI3aHbl ypaBHEHHEM JIMHEWHON HECTallMOHAPHON TOJIOHOMHOM CBSI3H, 00Y-
CJIOBJICHHOW HaJIM4HMEM 3aKOHA HHEPLIUU:

x =Xy —=0,(t=1%,) =0, (4)
rze: X,,f, — COOTBETCTBEHHO, Ha4aJbHAas KOOPAMHATA U HAYaJIbHOE BPEMS Ha PaCCMAaTpUBACMOM
MaJIOM OTpPE3KE; L, — HadaJIbHasi CKOPOCTh TOYEYHOW YaCTHUIIbI HA JJAHHOM OTPE3KE €€ JIBUKE-

HUSL
Bripaxkas Bpems ¢ u3 cooTHomeHus (4), U MOJCTaBIIsIsI TOy4€HHOE BhIpaXkeHUE B Gop-
MYITy Ui TOTeHIManbHOM sHeprun U(x,f) TOYEYHOW YaCTHIIBI, UMEEM, YTO Ha BBEJICHHOW BbI-

e KacaTelbHOW MOTEHLIMAIbHAsl SHEPTUsl YaCTULBI OYJeT CI0KHOM (PyHKIUEH OT KOOpAUHATHI
X:

U=U| x,t,+>—20]. (5)
Yy
Juddepennypys 1aHHYIO CIOXKHYIO (QYHKIMIO MO X, MPHIEM K BBIPAKEHUIO ISl CHIIBL, JEiCT-
BYIOIIEH Ha PacCMaTPUBAEMYIO YACTHUIly Ha OTPE3KE KacaTelIbHOW K JEHCTBUTEILHON TPACKTOPUH
JBWKEHUS YaCTULBL. JTO BhIpaykeHHE OyJIeT BecbMa OJIM3KUM K MOJTyYE€HHOMY BBIIIE COOTHOIIEHUIO
(3) s cuiel F). Takum 00pa3oM MOXKHO YTBEp)KJIaTh, YTO MPH MOCTYJIMPOBAHUM HAINYUS HECTa-
LIMOHAPHOM T'OJIOHOMHOM CBSI3U Ha JEUCTBUTENILHOW TPACKTOPUM JBMKEHUS YaCTHULIBI, POJIb CTEC-
HSIIOILIETO 3JIEMEHTA JUIs 3TOM YaCTULIbI UTPAET UMEHHO 3aKOH UHEPLIUU.
B ToMm 3xe cimyuae, korja paccmaTpuBaeMasl 3ajjada peraercs oOblYHBIM o0Opas3om, T.€.,
KOI'/Ia MOCTYJIUPYETCSl OTCYTCTBHE CBSI3M Ha JACWCTBUTEIBHOW TpaeKkTopuu, To nuddepeHimpo-
BAaHHE M0 X OCYIICCTBIISETCS MEXAY ACUCTBUTEIHLHON M, OCCKOHEYHO OJM3KOU K JCHCTBUTEIh-
HOH, BUPTYaJIbHOM TPAEKTOPHEH YacTUIlbl. 3/1€Ch OKa3bIBaeTCd HEOOXOAUMbBIM OoJiee TOUHas ai-
MIPOKCHMALMS JEMCTBUTEIBLHON TPACKTOPHUH, & UMEHHO, IIPEICTABIICHUE AEUCTBUTEIBHOM TpaeK-
topuu B Buge (cm. §30 [6]):
X =x,+v,(t—1,)+0dx, (6)
rae Ox — He3aBUCHMas 4acTb MIPUPALICHUS] KOOPAUHATHI.
Bripaxkas u3 cootHoueHust (6) Bpemsi ¢ yepe3 X U Ox U MOJICTABIIAS B BbIpaXKEHHE
U(x,t), a3areM paznaras B psiji 1o ¢, OyJeM UMETh NPUOIMKEHHOE PABEHCTBO:

X —X oUu [ x—-x
Ux,t)rU| x,ty +—2 |- — | —2—1¢|. (7)
L, ot v,

Huddepennmpoanue (7) mo x (MpH MOCTOSHHOM ¢) IACT BhIPAKEHHE ISl CHIIBI, BEChbMa
6mu3koe Kk cooTHomeHuo (1). B pe3ynbrate, mpuxoauM K 3aKJIFOYEHHUIO, YTO €CITH IMTOCTYIHPYETCS OT-
CYTCTBHUE YpPaBHCHUS TOJIOHOMHOM CBSI3M Ha JICHCTBUTEIILHON TPACKTOPUH YaCTHUIIBI, TO ¥ 3aKOH UHEP-
IIMH B 9TOM CJIy4ae UTPaTh POJb CTECHSIOMIETO AJIEMEHTa He MOXKET. Takum 00pa3oM, UMEET MeCTO
cxema:
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Hem YyPDAGHEHUA C6A3U —> HEMmM U CMEeCHAIW{e20 IJ1emMeHmad.

[loBoas utor, 3aKkiroyaeM, YTo CUTYyalMs 3[1€Ch COBEPLIEHHO aHAJIOTMYHA UMEIOIIEH MECTO B
reomerpuu (§9 [7]), rae 3ameHa msitoro mocrtysara EBkinma mpoTHBOTIONOKHBIM, IPUBOAUT K CO3/a-
HUIO aIbTEPHATUBHOM, JIOTUYECKU HEIPOTUBOPEYNBON HEEBKIMJIOBOM reoMeTpu. /s nanmpHenero
M3J10’KeHUsT Oy/IeT BaXKHBIM ellle pa3 MOAYEPKHYTh, YTO, YACTO MareMaTHYecKy, CooTHomeHus (1) u
(3) oka3bIBaIOTCS MOJTHOCTHIO PABHOIIPABHBIMHU.

B ToMm e cimydae, eciiu CKOpOCTh YacTUIIbl B TOYHOCTH paBHA HYIIO, TO YPaBHEHHE CBS3H MEK-
Ty KOOPIMHATOM X W BpEeMEHeM ¢ OTCyTCTBYeT. [lo3ToMy cHia, JeHCTBYrOIIAas Ha YacTUILy, MOKOS-
LIYIOCSl B HECTALMOHAPHOM HOTEHIMAILHOM Tosie U(X,?) , ¥ B IEPBOM M BO BTOPOM METOJIAX PELLICHUS

paccMaTpuBaeMOi 3a1a4u 33/1a€TCs OTHUM U TEM e COOTHOIIEHHEM — COOTHOILIEHUEM (1).

N3 popmymel (3) cpasy ke chemyer, 4To TojHast SHeprusi £ paccMaTprBaeMOi 4acTHUIbI, JIBHU-
KYIIEHCs ¢ JII000H KOHEUHOM TI0 BEJIMYUHE CKOPOCTHIO, JIOJDKHA COXPAHSTHCS U B TOJIE, SIBHO 3aBUC-
IIIEM OT BPEMEHU:

dE

dt
MHaue roBopsl, YTO B 3TOM CIIydae HEBEPEH M3BECTHBIM 3aKOH M3MEHEHMS MOJHOM 3HEPIUM YacCTHULIbI
(cm. paznen 4.5 [3]), Haxosieiics B TakoM nosie. CorsiacHO JaHHOMY 3aKOHY U3MEHEHUsI TIOJIHOM SHep-
MY MEXaHWYECKON CHCTEMBI, IIPUHATOMY B CYLIECTBYIOIIEH TEOPHUU, U3MEHEHUE TIOJHOW SHEprun F
YaCTHIbI OCYLLECTBILIETCS] B TOUHOM COOTBETCTBHU C COOTHOILIEHUEM:

0, ®)

dE _ oU(x,1) ©)
dt o
W3 npunoxennii, MEXIy TEM, XOPOIIO U3BECTHO, YTO, HAIIPUMED, TIOTHAS SHEPTHSI IIEKTPOHOB
B YCKOPHUTEJISIX JIEMEHTApPHBIX YaCTUI[ CYIIECTBEHHO M3MEHSETCS B PE3YJIbTaTe pasroHa 3THX YacTHIL
HECTaIMOHAPHBIM IEKTPOMArHUTHBIM TOJIEM. YUUTBHIBASL, UTO MIEKTPOH B YCKOPHUTENIE BIIOJIHE JIOITYC-
TUMO CUMTATh KJIACCUYECKUM OOBEKTOM, MOJTyYMM, YTO CHJIA, JCHCTBYIOIIAS HA TOYEUHYIO YacTUIy B
HECTaIOHAPHOM JIEKTPOMAarHUTHOM I10J1€, HUKaK HE MOKET OIMCHIBATHCS COOTHOLIEHHEM (3).
PaccmoTpum, Henb3st 1M TOrAa UHTEPIPETUPOBATh CUTY (3), KaK CHIIy TPaBUTALMOHHOTO BO3-
JeICTBUS HA TEJI0 CO CTOPOHBI HECTAIMOHAPHOTO I'PaBUTALMOHHOIO 1ojst. [IpocThie OneHKH MoKazbl-
BAIOT, YTO B 33/1a4aX TEOPUH BO3MYILIEHUI HEOECHON MeXaHUKH, J00aBOYHAs K U3BECTHOM CHUIIa, 3aBU-
csiast OT CKOPOCTH JBKEHUSI MAaTEPHAILHON TOYKH, Oy/IeT TOCTaTOYHO Majioi. Tak, st HICKyCCTBEH-
HOT'O CITyTHHKA 3eMJIH, IBIKYILIETOCsI IO HU3KOM OKOJI03eMHOI opOHTe, T00aBOUHAask K M3BECTHOM CHIIA,
BO3HHKAIOILAs BCJIEJICTBUE JBIKEHMS JIYHBI 10 CBOEH opOuTe, COCTABUT BEIWYUHY, HE OOJIBIIIYIO, MO
MOPSZIKY BEJIMYMHBL, YEM 'e00 OT OUEHB CI1a00H CHIIBL npuTsbkenust JIyHoit atoro cmytHuka. bosee To-
0, YCpeTHEHHNE YKa3aHHOHM JOOABOYHOM CHIIBI, JCHCTBYIOIICH B IAHHOM TPOCTPAHCTBEHHOM TOUKE Op-
OWTBI CITYTHHKA, IO BCEBO3MOKHBIM TMOJIOKEHUSIM JIyHBI Ha ee opOuTe, 1acT HOJIb. 371eCh OY/IET ecTecT-
BEHHBIM C(POPMYJIMPOBATh BAKHYIO AKCIEPUMEHTAIBHYIO 3a7a4y O BBIBJICHUM B HCCJIEAOBAHUAX IO
HEOECHOW MEXaHUKE YKa3aHHOW MaJioi J100aBOYHOW TPaBUTAIMOHHON CHJIBI ITYTEM HCIOJIb30BAHUS CO-
BpPEMEHHBIX pajuodusnyeckux MerooB. [1pu 3ToM HEOOXOAMMO OTMETUTD, UTO CJIEICTBUEM MOJTy4eH-
HOW B JIAaHHOM CTaTh€ 3aBHCUMOCTH CWJIbI, JCHCTBYIOLIECH HA TOYEUHYIO YaCTHILy, ABKYIIYIOCS B He-
CTaLMOHAPHOM MOTEHIUAIBHOM TI0JIE, OT CKOPOCTH ABMXKEHHS 3TOM YaCTHUIIbL, MOIJIO ObI CTaTh TakXkKe U
MPU3HAHKE JISKAILETO B OCHOBE OOINEH TEOPHH OTHOCUTEILHOCTH TIPUHIMIA SKBUBajeHTHOCTH (§10.2
[8]), UMErOIMM OTPaHIUYEHHYIO TOJIBKO CTAIIMOHAPHBIMHU TPABUTAIMOHHBIMU TTOJIIMUA OOJIaCTh TIPUME-
HHMOCTH.
BecbMa BayKHO, UTO MPH UCTIONIBL30BAHUH CHITBI (3), camMa KOHIIECTIIHS MaTeprUalTbHOM TOUKH, KaK
Tera, pa3MepaMH KOTOPOro B MCCIIEAyeMOI 3a/1aue MOYKHO IpeHeOpeyb, Hy)KaeTcs B rnepecmMorpe. B
3TOM CBSI3U PacCMOTPUM OJHOMEPHYIO 3a]lady O HEKOEM, MEIEHHO JIBIKYIIEMCS B HECTAlIMOHAPHOM
MOTEHLIMATLHOM I10JI€, MAKPOCKOITMYECKOM TeJle. YUYTEM IPH 3TOM, YTO aTOMBbI, COCTABIISIOILINE YIIOMS-
HYTO€ MaKpOCKOITMYECKOE TEJI0, COBEPILIAIOT TEIIOBbIE KOJIEOAHUS € I0OCTaTOYHO OOJIBIIMMU CKOPOCTS-
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MU VL, . B 3TuX ycnoBusix cKOpocTb L JBWKEHMs LIEHTpa Macc Tesa OyJeT JIMIIb MaJloi 100aBKOM K
CKOPOCTU VL, TEIUIOBOIO JBIKEHHS KKJIOro M3 aroMoB Tena. OTCroja Cieiyer, 4To CllaraéMoe BBe-

JICHHOM BbIILIE CUJIBI (3), 3aBUCSIIIEE OT CKOPOCTH JIBUYKEHHS MAaTEpUATIbHON TOUKH, JUISl KaXJIOr0 aroma
MAKpPOCKOIMYECKOTO TeJla MOXKET ObITh PA3lIoKEHO B Psifl 110 MAJIOMy MapaMeTpy. JTOT Majblii rapa-
METp MPEICTABISIET COOON OTHOLIEHUE CPAaBHUTEIBHO MaJIOM CKOPOCTH L JABMXKEHMS LIEHTpa Macc
MAKpPOCKOIMYECKOTIO TeNa K CKOPOCTH U, TEIUIOBOIO JBIKEHUs YHOMSHYTOIO BBIIIE aTOMa. 3aTeM

JIOJDKHO OBITh BBITIOJIHEHO ycpelIHeHHe (0003Ha4aeMoe 3HaKOM < >) TMOJTYYEHHOTO BBIPAKEHUS VTS CH-

JIbI TIO CKOPOCTSIM TETUIOBOTO JIBHKEHUS BCEX aTOMOB, COCTABIISIFOILINX JJAHHOE TEJIO.
Yepennum cuity (3) Mo cpaBHUTEIBHO OOJBIIUM TEIUIOBBIM CKOPOCTSIM aTOMOB MaKpOCKO-
nmu4eckoro tena. Torma BMecTo MHOXHTENS —1 /v B BeIpakeHue (3), B IMHEHHOM MPUOIMKEHUH TI0

o~ 2
BBEJICHHOMY BBIIIIE MAJIOMY MapameTpy, BOWIET MHOXHTENb U -<1/ L)T>. B wurore, 3aBucsmas ot

CKOPOCTH JJ0OaBKa K U3BECTHOM CHIIe, ICHCTBYIOIMIEH HA pacCMaTpHUBAEMOE TEJIO CO CTOPOHBI HECTa-
[IMOHAPHOTO TOTEHIIMAILHOTO TOJIS, OKKETCS BeChMa Majiol. Takum o0pa3om, B pacCMOTPEHHOM
BBIIIC MOI[GJ'II)HOI\/’I 3a1a4€¢ 0 MCIJICHHOM JIBMKCHUH MAKPOCKOIIMYCCKOI'O TCjIa B HECCTAIIMOHAPHOM
MOTEHIIHATEHOM TIOJIe, 3aKOH (9) M3MEHEHHS TIOJTHOM SHEPTHU Tejla B JaHHOM TI0JIe OyJIeT BBIMOJI-
HATHCS C BEChMa BBICOKOH TOYHOCTHIO.

CormnacHo cooTHOMIEHHIO (3), QU3NIECKU peaTbHOM BETMUNHOM SIBIISIETCS] HE HAIPSHKECHHOCTh
HECTaIMOHAPHOTO TOTeHIMaIbHOTO 1oyt U(x,¢), a moTeHIman AaHHoro nosst. OfHako, U3 MOTEeH-

IMajia ToJIsl Helb3sl COCTABUTh BEJIMYMHY, UMEIOIIYI0 pa3MEPHOCTh TUIOTHOCTH SHEPIHU ATOTO TOJIS.
Taxum o6paszom, As1s1 cuitbl (3) UMEET CMBICI TOBOPUTH TOJIBKO 00 SHEPTUHU B3aUMOJIEHCTBUS TeEJ, CO3-
naromux nosie U(x,t) . Torma mpuxouM K BBIBOTY, U4TO CHiia (3) BO3HUKAET B pe3yJIbTaTe HEMOCPE/-

CTBEHHOT'O B3aMMOJEHCTBUS Tel Ha paccTosHuU. [locnennee 06CTOATENBCTBO 03HAYAET (PaKTUUECKOE
BO3BpAIlICHNE K KOHIICMIIMHU JaTbHOJACHCTBUS, Pa3BUBABLICHCS BIUIOTH A0 cepeavHbl 19-ro Beka BbI-
JAFOIIIMMUCS] MaTeMaTHKaMH T€X BPEMEH (cpeau KoTopbix Haxomsres ["aycc u Puman). [{s Toro, uto-
OBbI 3aKOH COXPaHEHHsI SHEPIUU B pacCMaTpUBAEMON KOHIICTIIIMM UMEJ MECTO, B3aUMOJICHCTBUE MEXK-
Iy TeJIaMH B JIAHHOM CITy4ae JIOJPKHO HOCUTh XapaKTep MMEHHO MPSIMOTo (HEOIOCPEI0BaHHOI'0) B3au-
MoeiicTBus. OcTaeTcs 3arajikoi, peam3yeTcs JId B IPUPO/Ie, HAMIEHHOE 3/IeCh YUCTO MaTeMaTHye-
CKH BTOpPOE€ PEIICHHE 33/1a41 O CHIIe (B JyXe rUmoTe3bl Maxa 00 MHEpIMAIbHOM JATLHOICHCTBHN),
JEUCTBYIOIIEH HA TOYEUHYIO YaCTHILY, JBMKYIIYIOCS B HECTAIIMOHAPHOM MOTEHIMAIBHOM ToJie. Ecin
3TO BTOPOE PEUIEHUE HE PEATM3yeTCsl, TO TUnoTe3a Maxa 0 BHEIIHEW MHAYKIIMM UMHEPTHOM MACChl
TOYEYHBIX YaCTHUI] HE UMeeT UHCTpyMeHTOB Juis peanuzaimu B OTO. BepositHee Bcero npuunHon
KaXYIIETOCs TATbHOICUCTBHSI BCET/1a OBLIO CYIIECTBOBAHME MHEPIIMOHHBIX PEAKIMN OJM3KOACHCTBUS
MHEPLUAIbHBIX 00bEKTOB C HEMHEPLIMAIbHBIM S(HPHBIM CYOCTPAaTOM UX OKpYKeHHUs [9)].
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