HCCJ’IGI{OB&HI/IG rpaBUTaAIUU C YIECTOM HMHAYLHHPOBAHHBIX
KOMIIOHCHT U «MAaru4cCKHuce A1pa» B I[BOI/I‘IHOfI MOACIN
pacnpecacjiICHu:A INIOTHOCTH BCIICCTBA

Kouncrantun CUHUILIBIH

ITokazaHo, 4TO IPHPOJA TPABUTAIMOHHOTO TI0JIS1 M TPaBUTAMOHHBIX BOJH pasiauyHbl. [loaToMy oOHapyxeHuUe rpaBHTa-
IIMOHHBIX BOJIH MOKET HE CTaTh KIIFOUOM K pa3rajike IpaBuTanuy. PaccMaTpruBaloTcs pa3iniHble BAPHAHTHI CYIIEPHIO3UINN
TPaBUTAIMOHHOTO TOMA W MHAYIMPOBAHHBIX TPaBUTALMOHHBIX BOJH. «Marmdeckune siipa» MOTyT ObITh OOBSCHEHBI B JABO-
WYHON MOJIENTN KaK PE3yJIbTaT CHMMETPUH OapHOHHON M aHTHOAPHOHHON MaTepHUH B HUX.

1. BBenenue

B Hacrosiiiee Bpems omnpezaeneHHas J0Js BHUMaHHUS (U3UKOB yjaenseTcs mpodiiemMe oOHapyXeHHs
IPaBUTALMOHHBIX BOJIH, KOTOPas, 10 UX MHEHHUIO, SBISAETCS KIKYEBOU I IOHUMAHUS IPUPOALI Ipa-
BUTALINH.

B pannux paboTtax mo JBOMYHOM MOJENU pacHpezeseHHs IJIOTHOCTH BEIECTBa YK€ MOKa3aHO BO3-
MO’KHOE Pa3IMYUe MPUPOJIbl TPABUTALMOHHOTO IOJI M T'paBUTAMOHHOTO u3nydeHus [16...18]. Ilo-
3TOMY BO3MOJKHO, YTO 3KCIIEPUMEHTHI IO 0OHAPY>KEHUIO T'PAaBUTALMOHHBIX BOJH HE CMOTYT AaTh 00b-
SCHEHUsl IPUPOJIbl TpaBUTAlMU. B Toke BpeMsi, HOIX0J JBOMYHON MOJAENU K rpaBUTALMU TO3BOJISET
HOPUOTKPBITH HOBBINA aCHEKT M3Yy4EHHUs 3TOro (heHoMeHa, KOorja MoIHas IPaBUTAL[MOHHASI SHEPTUS MO-
JKET MPEBBIIIATH NOJHYI0 DUHIITEHHOBCKYIO 3HEPTHUIO.

B aT0li cBsi3M BeposATHO MOTPEOyeTCs MOCTPOCHHE IOMOJHUTENBHBIX TEOPETHUECKHX IMOAXOA0B K
00BsICHEHUIO (peHOMEHA IpaBUTALIMOHHBIX BOJH. B psje mocinenHux paboT aBTOPHI YXKE IMBITAIOTCS
aTo caenats [7, 8, 10, 12...13, 15].

B npennaraemoii paboTe IpOBOIUTCS aHATN3 PAa3IMUHBIX BAPUAHTOB CIIEHAPHS CyMMapHOTO TpPaBHUTa-
LUOHHOTO BO3JICUCTBHUS.

B IIPHUIIOKCHUH, OCHOBBIBAsICh HAa KOHIICIIIHUN I[BOPI‘IHOfI MOACIIN PACHIpCACICHNA INIOTHOCTH BEIIECT-
Ba, 1a€TCsAa BO3MOXXHOC 00BSICHEHHE MpUpPOAbL Q)CHOMCHa «Maru4eCKux saaep».

2. ®opmyIa MOJHOW IPABUTAMOHHON SHEPTUU U «TPABUTUPYIOIIAS MacCa
B IBOMYHOU MOJEIHN PACTIPEAECIEHHNS TNIOTHOCTH BEIIECTBA

CornacHo paHHUM TEOPETUYECKUM HccienoBaHusAM B [17, 18] mosiHas rpaBUTaMOHHAs SHEPTUS MO-
JKeT OBITh BBIpAKEHA Yepe3 COOTHOIICHHUS IMIIOTHOCTEH BEIIECTBA M CPEIIbI
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Bo3M0xHO HEcKoJIbKO ycinoBHit peanuzanu (2.1):

6apbepHaﬂ BCIIMYHMHA YCKOPCHHA HC IMPCBBIMNACT 3HAYCHUC «0C000H TOUKM» IIOTHOCTH BCIICCTBA
[18]

10,
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2T 4Vef/M X psub max Ve/fM X psub max
P psub,max S 1’ p.cub 2 . 4 > pinv > 0’34 X - 6 (2 1 . 1)
3c 9c¢ c
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N3 [16, 17] rpaBuTupyrOas Macca B JBOMYHON MOJIEITH MOKET OBITh BhIpa)KeHa

ar = a e [P ey O] Py [ Pus (2.1.3)
¢ ¢ pinv psub,max psub,max E|

rae M — moiiHasg Macca.

Jlenast cOOTBETCTBYIOIINE TI0JICTAHOBKH, MOTy4aeM B HabmtomaemMon obaactu BeeneHHo 1yist mepBo-
ro ciy4as (2.1.1)

M;’{psub,max = ppec,sub,l} 2 8’565 X 10_2 X M’M; sub,max = ppec,sub,Z} 2 47942 X 10_15 xM (214)
i (A5 BToporo ciydas (2.1.2))
MEAP e = P ecsuns } 2 83161075 x M (2.1.5)

Taxum oOpa3oM, B JBOMYHOIN MOJAENIM IPaBUTHpYIOIIAs Macca B HabmogaeMoil obimactu Beenennoit
HE IMPEBBIIIAECT MOJHOW Macchl. A JuIsl IEPBOM «0COOOM TOUKM» IJIOTHOCTH BEIIECTBA €€ BEIMYMHA
MOJKET JOCTUraTh HECKOJBKHX MPOLEHTOB OT MOJHON Macchl. Bee 3T0 Xopoio coryacyercs ¢ ooue-
IPUHATHIM MOJX0A0M K IpUpoJie TpaBuTanuu [1].

3. UccnenoBanue NOBEICHUSI CYMMapHOUW SHEPTUH TPABUTAIIMOHHOTO MOJIs
Y TPaBUTAI[MOHHBIX BOJIH

Cornacno (2.1), (2.1.1)...(2.1.3) B 1BOMYHOM MO/I€IM BO3MOXHBI YETHIPE PA3IMYHBIX BapUaHTa MOBE-

JICHUS] CYMMapHOUW TPaBUTAIMOHHON SHEPTUU CUCTEMBI:

— YBCJIMYCHHE 32 CYET BO3JCHCTBHS I'PABHTAMOHHOW BOJIHBI, €CJIM B TPABUTAIIMOHHONW BOJIHE KOJIH-
94eCTBO MEJIEHHBIX TPABUTOHOB MPEBHIIIACT KOJIMUECTBO OBICTPHIX TPABUTOHOB;

— YMEHBIIIEHHUE 3a CUET BO3ACUCTBUS TPABUTAIIMOHHON BOJHBI, €CJIM B TPABUTAIIMOHHON BOJHE KOJIH-
9EeCTBO OBICTPHIX IPABUTOHOB IMPEBBIMIACT KOJIUISCTBO MEJICHHBIX TPAaBUTOHOB;

— HyJIeBasi TPaBUTAIMS 32 CUCT BO3JCHCTBUS T'PAaBUTAIMOHHON BOJIHBI, €CJIH B TPABUTAIMOHHOM I10JIC
¥ B IPaBUTALIMOHHON BOJIHE CyMMapHOE KOJIMYECTBO OBICTPBIX TPABUTOHOB PAaBHO CYMMAapHOMY KO-
JTUYECTBY MEJICHHBIX TPABUTOHOB;

— HyJNeBo# 3¢ (deKT BO3ACHCTBYSI TPaBUTAIMOHHON BOJIHBI Ha SHEPTHIO TPABUTAIMOHHOTO TOJISI, €CIIU
B I'PaBUTAIIMOHHOMN BOJIHE KOJIMYECTBO OBICTPBIX M MEUICHHBIX TPABUTOHOB OJIMHAKOBO.

PaCCMOTpI/IM BCC YCTBIPC COCTOAHUA.



3.1. YBeimueHue CyMMapHO# IPaBUTALMOHHON YHEPIruu

B cnyuae ycunuBatomero s @dexra rpaBUTAIMOHHON BOJHBI Ha OOIIYIO0 TPABUTALMOHHYIO DHEPTHIO

MBI ITOJIy4aeM
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YuciieHHble 3Ha4eHUs B HAOIr01aeMoi o01actu BeesleHHOM HaXoa4aTCs B IUANA30HE

pxub sub,max = pp@C,WbJ} 2 6’73’ pin{ pxub,max = ppec,sub} 2 110559’ %Vcl”%g

3 kg O
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_ o kg O
pfub sub,max = pP‘?C,Sub,‘} < 2’04 X 10 lﬁ;pim{ psub,max = ppec,sub} > 1907 XIO “ ’ EM%E'

1 E2 fPoime = P} € 2042x107 x Mc?31 aX{ Py =P e} < -2:28%107 %E

OTtcroa Mbl MOKEM BHAETH, 4TO 1A (3.1.1) yckopeHue yBeIMUnUBaeTCs MPHU MEPEexXoie OT MEPBOM KO
BTOpOH «0c000ii TOUKE» IUNIOTHOCTH BEIIECTBA, HO CBOM 3HAK He MeHseT. HeoObIuHbIM sIBNISIETCA TIpe-
BBIIIICHUE TIOJTHOM TPABUTAIIMOHHON PHEPTUU HaJ MOJIHOM DWHIITEHHOBCKOW sHeprueit mis (3.1.1) ¢
TEHJICHLUEN K CYIIECTBEHHOMY CHIKEHHIO 3TOTO MPEBBIIMICHUS MPU MEPEX0Je OT MEPBOIMl KO BTOPOit
«0C000# TOYKE» MJIOTHOCTH BEMIECTBA. ITOT MOMEHT HE COIJIACYETCs C OOIMICTIPUHITON KOHIICTIIIHEH
B 00NacTy rpaBUTaNMK. B TBOMYHON MOJENH 3TO XOPOIIO COTJIACYETCS CO CIIeHapueM o0pa3oBaHUs
«UEpHBIX JBIPY», KOT/la IUIOTHOCTh BEIIECTBA B 00JACTH «TEMHBIX TOHHEJIEH» MPEBBIIIAET MIIOTHOCTh
BElIECTBAa «4epHOU IbIpbD» [20].

B Toxe Bpems (3.1.2) onuchiBaeT «00BIYHYIO» TPABUTAIMIO, YTO XOPOIIIO COTIACYETCS C OOIICTPUHS-
TBIM IIPEJICTABJIICHUEM O TpaBUTAIlMOHHOU sHepruu [1], [19].

3.2. YMeHblIeHHE CYMMAPHOH IPABUTALMOHHON JHEPIUH

B ciyyae komneHcupytomero 3¢ dexra rpaBUTAlMOHHON BOJHBI MBI ITOJIy4aeM
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YuciieHHble 3Ha4eHus B Ha0Ir01aeMoi oomactu BeenreHHOM HaXoaaTCs B [Uaa3oHe

psub sub.max = ppec,sub,l} > 6,73, pin\{ p.yub,max = ppec,sub} < l 10,595 %kﬁgy,g

a3 kg O
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! a; {psub,max = ppec,sub,!} 2 _03958%§l a;{psub’max - pec subz} +7 336 % 1012 gg
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psub sub,max = ppec,subJ} < 2704 X 10 lﬁ;pim{ psub,max = ppéc,sub} < 1,07 X 10 2 5 B,”%E'
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B nannom ciyvae mis (3.2.1) yckopeHue YBEIMUUBAETCS MPHU TEPEX0JIe OT MEePBOH KO BTOPOH «OCO-
00l TOUKe» TJIOTHOCTH BEIIECTBA M MEHSIET CBOM 3HaK. [IpeBbillieHre MOTHOM rpaBUTALIMOHHON YHEP-
UMW HaJ TOJTHOW DWHINTEHHOBCKOW 3Heprueit mis (3.1.1) ¢ TeHaeHIMEH K CyIeCTBEHHOMY CHIDKE-
HUIO 3TOTO IMPEBBIMICHUS P MIEPEX0JIC OT MEPBOM KO BTOPOH «0COOOH TOYKE)» TUIOTHOCTH BEIIECTBA
COXpaHsieTcsl.

OTOT BapUaHT HBOJIIOLIMM MaTEpUU B JBOMYHOM MOJIEIM COOTBETCTBYET B3pBIBY «UEPHOM IBIPBD» B
KOHEYHOH CTaJIUU €€ IBOJIIOLHH.

3.3. HysaeBasi rpaBuTanysi NpU BO3ACHCTBUU IPABUTALIMOHHOM BOJIHBI
HyneBast rpaBuTanus sBiIS€TCS YaCTHBIM CIIy4aeM YpaBHEHHI, paCCMOTPEHHBIX B 4yacTH 3.2, Korja
CyMMapHas YHEprus IPaBUTAIIMN U YCKOPEHHUE PaBHBI HYIIO (TOYKA IIEPexXoa).

B stom ciyuae qis (2.1.1) u (2.1.2)

v, 1
B (3.3.1)
9C xpsub,max 144C xpsub,max

psub =

FpaHI/IIIHLIe YHUCJICHHBIC 3HAYCHUSA B Ha6J1IOI[aeMOI>'I obmactu Bcenennoit AJIs1 IEPBOTO U BTOPOT'O CIIYy-
qasa HaXOoAaATCsA B JHAIIa30HE

a5 kg O
pxub sub,max = pp(’c,sub,LJ = 6’73’ pim{ p‘yub,max = ppec7s'14b,l.} - 2,94 x10 ) E’n;g;El

z — . — —
Egr ﬁtll{psub,max - ppec,sub,l H psub,max - ppec,sub,Z} - O

z —_ . — —
agr {psub,max - ppec,sub,l s psub,max - ppec,sub,Z} - 0

3.4. HyaeBoi 3¢ dexT Bo3aeiicTBHSI TPABUTALIMOHHOM BOJIHBI HA YJHEPITUI0
rPaBUTALUOHHOIO MOJIA

B ciydae nyneBoro addexra BO3eHCTBHS TPaBUTAIIMOHHOMN BOJIHBI MBI ITOJTy4YaeM
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a> =1,78x107 x—L— —x+C,, %
g . Xpl/ H_ < H
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YuclieHHbIE 3HAYECHUS B HAOII01aeMoil o0itacty BeelleHHON HaXOaTCs B TUATIA30HE

0uis P =P pecsund = 6.730u] P =P s =110,59, SI%E

a3 kg O
pxub sub,max = ppec,sub,l} = 6?73’ pin\{ psub,max = ppec,sub} = 7?096 X 10 . ” En%E]

E(gzr Sull {psub,max = ppec sub, l} 8 989 X 1015 X MC Ejr Sfull {psub,max = ppec,sub,Z} = _2’658 X 10_9 X Mcz

>
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i, o kg O
psub sub,max = ppec,sub,l} = 2’04 X 10 16;pim{ psub,max = ppec,sub} 6 59 ® 10 ! E’ﬂég

Egzr full{psub,max = ppec,sub,‘} 6 916 X 10 » XMC az{ pmb ,max pp“asub} = _1’319 8 10_22 ’ %E

Orcroa Mbl BHAUM, YTO M JUJIS CIydas HYJEBOTO BO3CHCTBUS T'PAaBUTAIIMOHHOW BOJIHBI, TEPBOU
«0c000i1 TOUKM» TUIOTHOCTH BemiecTBa u (2.1.1) xapakTepHa TeHIEHIUS MPEBBIIICHUS TTOJTHON 2HEp-
TUU TPABUTAIIMOHHOTO TOJS HaJ MOJHOW DUHINTEHHOBCKOW »Hepruei. OgHako B 00JIaCTH BTOPOM
«0c000#1 TOUKM» MIOTHOCTU BEUIECTBA SHEPTHUs T'PABUTAIMOHHOTO MOJS CYIIECTBEHHO MEHbIIE MOJI-
HOM DUWHIITEHHOBCKOM sHEpruu. [Ipu 3TOM rpaBUTAIMOHHOE YCKOPEHHUE TP MEPEX0ie OT MEPBOM KO
BTOPOil «0CO00¥ TOUKE» TNIOTHOCTH BEIIECTBA CBOI 3HAK HE M3MEHSET.

[ToaBoast MPOMEXKYTOUHBIM UTOT ISl aHAIKM3a, U3JI0KEHHOTO B 4yacTsaX 3.1...3.2 MOXHO c/enath BbI-
BOJI, YTO CYIIECTBYIOUIHH MOAXO0/A K IPUPOJIEe TPaBUTAIIMU HE paccMaTpuBaet ycinoBus (2.1.1), a numib
ycioBus, xapaktepHbie s (2.1.2). B 3ToM cMmbiciie JBOMYHAS MOJIEIb PACIpPECICHHs TIOTHOCTH
BEIIECTBA MOXET PacCMaTPUBATHCS KaK JIOTIOJHEHHE K CYIIECTBYIOIIEH KOHUEMIUU B 00JIaCTH TpaBu-
TaIuu.

XapaKTepHBIM JJIA ,HBOH‘IHOﬁ MOACIN ABJIACTCA KOHCYHOCTH 3HAYCHUH MOJTHOM FpaBHTaHHOHHOﬁ
OHEPTHUU U TPAaBUTAIMOHHOT'O YCKOPCHUH.

4. YacTOTHBIC IMAITa30HBI BEIECTBA, CPE/Ibl, DJIEKTPOMArHUTHOTO U
IPaBUTAIMOHHOIO W3JyYECHUS B IBOUYHOM MOJIEIH IUIOTHOCTH
pacrpeneneHus BeIecTBa

CDOpMy.TIBI, 0 KOTOPBIM BBIYHUCJIAKOTCA B JBOUYHOM MOJEJIM YacTOTHBIC JUAIla30HBI JJIs BEIISCTBA U

V I 1 l
—_ sub ( ) 1)



Jlenas coOTBETCTBYIOIIME MTOICTAHOBKH B (4.1) momydaem:

s (2.1.1)
[8,59%107
v >1,25x10"(Hz)v, o, >0 Hz 42.1
sub,3.1 ( ) inv,3.1 m’gg x 10_12 |:| ) ( )
[8,59%107°
v 21,25%10°(Hz)v, .. <0 H: 422
sub,3.2 ( Z) inv,3.2 %’88 % 10_12 |:| Z) ( )
18,5910
Vv =1,25x10°(Hz)v. .. =[] Hz 4223
sub,3.4 ( ) inv,3.4 m,gg x 10_12 |:| ) ( )
st (2.1.2)
Vo £931x10% (Hz)v,, 5, > 6,63x107°(Hz) (4.2.4)
Vonsa S931x10% (Hz)v,, ,, <6,63x107 (Hz) (4.2.5)
Vs S931x10%(Hz by, 1, =6,63%x107 (Hz) (4.2.6)

Jlns ycnoBHiA, M3M0KEHHBIX B YacTH 3.3 yacToTHbIe MHTEpBaibl s (2.1.1) u (2.1.2) coBnagaroT u

paBHBI

Voss =931x10%,v, (0 =233x107" (Hz)

Visss =1,25%10°,v,  =4,43x107 (Hz)

4.2.7)

I[CJ'I&SI IIOACTAaHOBKHU B YaCTOTHYIO MaTpully I[BOI/I‘IHOfI MOJCIHN pacCpCaciiCHusd IJIOTHOCTH BEIICCTBA
B BBIYMCIICHHBIX B 4YacTax 3.1...3.4 4uCIeHHBIX 3HAYCHUH INIOTHOCTH BCIICCTBA U CPCAbI, ITOJIYydacM
YaCTOTHBIC AUAITa30HbI JJIA SJICKTPOMArHUTHOI'O U 'PaBUTAIIMOHHOI'O H3JIy‘-I€HPII>i

st (2.1.1)

vV gr,3.1 {psub,max = ppec,sub,l} 2 |_9’97 X 10_7 ’9’25 X 10_6 J[HZ]
Vel—m,3.1{psub,max = ppec,sub,‘} 2 [9’25 . 10_6 ’9’73 x 10_4][HZ]

Vo afPunmn =P pcnsd 2[512x107 59410 1]

Vel—m,&l{psub,max - ppec,sub,2} 2

(4.3.1)

[5.04x10,7,973 107 |[12]

Vgr,3.2 {psub,max = ppec,sub,l} < |_9’97 X 10_7 ’9’25 X 10_6 J[HZ]

Vel—m,3.2{psub,max - ppec,sub,‘} s

Vo aafPti = P pand < [512x107 594 x10™ 1]

v el-m,3.2 {psub,max - ppec,xub,2} =

0.25x107:9,73x10™ [ £72]
; 4.3.2)

5.94x107:7,973 %107 ][]

\% gr,3.4 {psub,max = ppec,sub,l} = |_9"'9’7 X 10_7 ’9’25 X 10_6 J[HZ]

Vel—m,3.4{psub,max - ppec,sub,‘} -

Vo aifPsina =P =[512%10755.94 107 1]

Vel—m,3A4 {psub,max = ppec,xub,2} =
st (2.1.2)

0,25%107:9,73x10™ [ 722]
; 4.3.3)

5.94x107:7,973x10™|[z]



Vg {psub,max = ppec,sub,l} < [3’04 x107 8,95% 107 ][HZ]

Vel—m,}l{psub,max = ppec,subJ} = [8’95 X 10_29;7’973 x 10_4][HZ] @34
Voo {Pomee = P} < [3:04x107:8,95x107° [ Hz]

: : b 4.3.5)
Verimsa {pxub,max = ppec,sub,‘} = [8’95 x 10_29;7’973 x 10_4][HZ]
Vs {psub,max = ppec,sub,l} = [3’04 x107™" ;8,95 % 107 ][HZ] (4.3.6)

Vel—m,3A4{pxub,max = ppec,sub,‘} = [8’95 x 10_29;7’973 . 10_4][HZ]

Jnst ycnoBuii, M3M0KEHHBIX B 4acTH 3.3 yacToTHble MHTEpBaibl s (2.1.1) u (2.1.2) coBnagatoTr u
paBHBI

Vo st = P 12 [1L98%107:6,77x107 [ H2]
Voo P = P} 2[6.77%10717.973x107[[122]
Vs {0 =0 e 2 [137x107 12,46 %102 [ 2]
VoD = Py < [2:46x1072:7.973 %107 [ 2]

I'padpuaeckuii Buz (4.2.1)...(4.3.7) noka3aH B NpUIIOKEHUH HA PUCYHKax 6.1, 6.2.

(4.3.7)

Hcnonb3ys ananu3 B [19] u yactu 4 HacTosmei paboTbl MOKHO CAENATh €IIe P MPOMEKYTOUHBIX

BBIBOJIOB:

— IpaBUTAllMOHHOE TOJ€ (WM COOCTBEHHO I'PAaBUTALMOHHOE B3aWMOJEWUCTBUE) SIBJISIETCS peakuuei
MaTepHUH CpeJibl Ha CYLIeCTBOBaHHE B 00JaCTH MPOCTPAHCTBA — BPEMEHHU CI'yCTKa BEIECTBA C IIOT-
HOCTBIO, OOJBIIEH KPUTHYECKOH. ['paBUTAIMOHHOE B3aMMOJICHCTBHE OCYIIECTBISETCS CTOSYCH
BOJIHOHM NIPOCTPAHCTBA — BPEMEHH;

— IPAaBUTALMOHHBIE BOJIHBI 3TO T'PABUTAIIMOHHOE B3aUMOJECHCTBUE, HABEACHHOE 3JIEKTPOMAarHUTHBIMHU
KoJieOaHusIMU (a2 B OTCYTCTBHUE JIBMKEHUSI HOCUTENS 3apsja — SJIEKTPUUYECKON KOMIOHEHTOMH). C
OJTHOM CTOPOHBI ATO MPUBOJAUT K TOMY, YTO FPABUTALIMOHHBIC BOJIHBI JOJIKHBI OBITH pacrpeieieHbl
B IIPOCTPAHCTBE — BPEMEHU TaKXKe, KaK M MHAYLHPYIOIIee X IeKTpoMarHuTHoe noue. C npyroi
CTOPOHBI, YaCTOTa IPABUTALIMOHHBIX BOJIH MOKET JOCTUTATh BEJIMYUH, OJU3KHUX K YaCTOTE UHIYIIH-
PYIOILEro 3JEKTPOMAarHUTHOTO MOJI. DTO SKBUBAJIEHTHO YTBEPXKACHUIO B paMKax ABOMYHOU MOJe-
JIY, 4TO BCSIKOE 3JIEKTPOMAarHUTHOE WM 3JIEKTPUUYECKOE MO0JIe€ NHIYIUPYET IPAaBUTALMOHHOE B3au-
MOJIECTBHE WIH T'PAaBUTALMOHHBIE BOJHBI B cpelie. B Toxke BpeMs ObICTpbIE M MEJJICHHbIE TPABU-
TOHBI, 00YCIIOBJIEHHBIE CTOSIYEH BOJIHOM HE UMEIOT CIIMHA,

— OBICTpBIE TPABUTOHBI, HHAYIIUPOBAHHBIE AJIEKTPOMATHUTHBIM TIOJIEM B CUCTEME 3apsSKEHHOU OTpH-
LaTeIbHO, UMEIOT JIEBOCTOPOHHU criuH [ 18]

E psub,max E
— U
pinv E

— MEZJICHHBIE TPaBUTOHBI, HHAYLIUPOBAHHBIE AJIEKTPOMATHUTHBIM II0JIEM B CUCTEME 3apsKEHHOM I10-
JIO)KUTENBHO, UMEIOT IPAaBOCTOPOHHUM CIIMH

psub - psub,max : zg - =30°+ (441)

E piub,max E
— U
E pinv E

— BCE THUIBI TPABUTOHOB B I'PAaBUTALIMOHHBIX BOJHAX (TaKXe, KaK M B IPABUTALMIOHHOM II0JIE), SB-
JSFOIIMECsS KBa3H- YaCTUIIAMU CPEJbl, HE M3JIyYaloT B COOCTBEHHOM IHMKIIE Koyiebanuit. Mx 3apsin
paBeH HyJr0. Pa3HOCTh HANpaBIE€HHOCTH BO3AEUCTBUS OBICTPHIX U MEIUIEHHBIX I'PAaBUTOHOB 00Y-
CIIOBJIEHA pa3jelieHneM uX HadaiabHOW (a3bl Ha 180 rpamycoB. DTo obecrnieunBaeT KBaJpyIoJib-
HOCTb TPABUTALMOHHOTO U3JTY4YEHUS B CUCTEME TEll.

Pos = Pimy 1O 3%? - +30°+ (4.4.2)



5. KpaTtkue BBIBObI

[TpoBeeHHBIN aHAIU3 MOKA3bIBAET, UTO ABOMYHAS MOJEIb MOXET CIIYXKHUTh JOIOJHEHUEM K CyILECcT-
BYIOIIEH KOHIICTIIIMU MPHUPOJIBI TPAaBUTAIIMOHHOTO MOJs mpu ycinoBusx (2.1.1), korma GapbepHoe yc-
KOpeHHue OOJbIlle BETUYNHBI «OCO00H TOUKM» MJIOTHOCTH BemlecTBa. Kak mokasbiBaeT TakoW aHajms,
IIPU TaKUX YCIIOBUSX TMOJHAS TPaBUTAIIMOHHAS SHEPTUs MOXKET MPEBBINIATH MOJHYI0 DWHIITEHHOB-
CKYIO DHEPTHI0. DTOT MOMEHT HE COTJIacyeTcsi ¢ OOIIETIPU3HAHHBIM [TOIX0/I0M K IIPUPOJIE€ TPaBUTALIUU
U TpedyeT IKCIEPUMEHTATBHOTO MTOITBEPKICHUSI.

B toxxe Bpems ycnoBus (2.1.2) aBnstoTCS (PaKTHYECKH OMUCAHWEM CTaHAAPTHON KOHLIEMIMH T'paBU-
TalM B ABOMYHOM MOJIENH pacIpeesieH s IJIOTHOCTH BEILeCTBA.

I[BOPI‘IHaH MOJCJIb TAKKEC IMOKA3bIBACT, YTO HpHUPOLAA I'PaABUTALIMOHHOTO BO3I[CﬁCTBHH B COGCTBGHHO
TPaBUTAIMOHHOM IT0JIe (CTOsIYast BOJHA) U B 00JACTH JIEUCTBUS TPaBUTAIIMOHHON BOJHBI (MHIYIIHPO-
BaHHBIE M3JTyUYEHUE) MOXKET PA3INYaThCS. DTO MOXKET MOCIYKUTh IPUUMHON JJI TOTO, 4TO MPUpPOA
TpaBUTAIIMA HE MOXET OBITh OOBSCHEHa JaKe B Cllydae YCIICITHON PETUCTPAIMH TPaBUTAIMOHHBIX
BOJTH.

Bce 10 YKa3bIBAa€T Ha BO3MOXHOCTH B I[&J'II)HGﬁH.ICM JOMOJHHUTEIBbHBIX TCOPETHYCCKUX IMOAXOO0B K
00BSICHEHHIO MMpUpPOAbI rpaBUTAIUU U I'PAaBUTAIIUOHHBIX BOJIH;

Ecnu cucrema B 11e710M UMEET OTPULIATENBHBIN 3apsil, TO HHAYLUPOBAHHOE I'PAaBUTAIIMOHHOE U3ITyye-
HUE KOMIIEHCUPYET I'PaBUTAIIMOHHOE YCKOPEHUE, CO3AaBAEMOE CTAllMOHAPHBIM IPABUTAIMOHHBIM T10-
aem;

Ecnu cuctema B 11€710M UMEET MOJOXKUTEIBHBIN 3apsi, TO UHIYIIUPOBAHHOE IPaBUTALMOHHOE H3ITY-
YeHUE YCHJIMBACT T'PABUTAIMOHHOE YCKOPEHHE, CO3/1aBacMOE€ CTAllMOHAPHBIM T'PABUTAIMOHHBIM I10-
JIeM;

Ecnu cuctema B 11e/10M 3IIEKTPUYECKH HEUTpalilbHA, TO TPABUTALIMOHHOE YCKOPEHUE B HEH SBISETCS
«UCTUHHBIMY» (HE CKOMIIEHCUPOBAHHBIM).

XapakTepHbIM 11 TBOMYHOW MOJZIENIH SIBISETCS KOHEYHOCTh 3HAYEHUH MOJTHON TpaBUTALIMOHHOMN
OHEPIUH U IPaBUTALIMOHHOIO YCKOPEHUS.



6. [Ipunoxxenus

6.1. «Maruueckue siipa» B IBOUYHON MOJEJIH pacnpeaeeHUs IIOTHOCTH
BelIecTBa

CrangaptHas Teopus siiepHON (GU3UKH OOBACHSAET CYLIECTBOBAHME «MAarndyecKux sJep» uepe3 Halu-
Yre B HUX OIPEIeTICHHOro ynucia 6apruoHoB. J[0 HACTOSIIEro BpeMEHU U3BECTHBI «MAaru4ecKue SApay
C coJepKaHuEeM Jrciia 0apruoHOB KpaTHBIM yuciam 2, 8, 20, 28, 50, 82, 126 [1, 420].

B ,[[BOPI‘-IHOIZ MOZACIIN pacCHpCACIICHUA IINIOTHOCTU BCHICCTBA BCC N3BCCTHBIC «MArm4C€CKUC Apa» YyKiia-
ABIBAIOTCA B IMOCJICAOBATCIBHOCTE BCPTUKAJIBHBIX T'PYHIT paCrpeacii€cHusd INIOTHOCTH BEIICCTBA, TO

C€CTb MOT'YT paCCMaTPHUBATLCA KaK IIPOCTHIC (by'HKI_II/II/I CTCIICHHU 4YHCJIa 2
2=2'8=2°20=2%+2>28=2% +2° +2%; 6.1
50=2° +2%+21:82 =20 4+2% +21:126 =20 +2° +2* +2° +2% +2! o

JIBonyHas MOZICIIb MPEICKA3bIBAET «MArM4eCKue sapa» s aHTH- OApUMOHHON MaTEepUH B CIEAYIOMICH

IIOCJICA0BATCIILHOCTU
1=2%4=2%10=2"+2"14=2" +2° +2'; 6.12)
26=2+23+2%42 =2 +23+2%63=2" +2* +23 +22 +2' +2° o

[TocnenoBarensHOCTH (6.1.1), (6.1.2) MOTYT OBITH OOBEAMHEHBI B pPaMKaxX JBOMYHON Mojenu oOmieit
dbopmyoit
2n ,2n+2 . (2n+3 )+ 2n+1 . (2n+3 )+ 2n+2 + 2n+l .

+s +(2n+3)+2n;2n+5 +(2n+3)+2n;2n+5 4o+ +(2n+3)+2n+2 40 4 on (6.1.3)

Ha pucynke 6.4 oroOpaxeHbl Bce COCTOSHUS OapHMOHHOM M aHTHU- OapUOHHOW MaTE€pHH, COOTBETCT-
BYIOIIHE «Maru4ecKuM siapam».

W3 pucyHka BUAHO, YTO CTaHJIAPTHBIE «Maruyeckue sipa» B no3uuuax (1, 2) COOTBETCTBYIOT Xapak-
TEpHBIM TOUKaM (PYHKIMH MEpBOM TapMOHHMKE BeIlecTBa (KOPIYCKYJspHas TapMOHUKA HAa PUCYHKE)
JUiss OapuOHHOW W aHTH- OAPHOHHON MaTepuu, a «Marudeckue sapay B Mo3UNHAxX (3...7) COOTBETCT-
BYIOT HYJIEBBIM F'apMOHUKaM JUIsl 0apUOHHOM M aHTU- OapUOHHOM MaTepuH.

[ToMuMO OOIIEU3BECTHBIX «MAarMuecKuX Si7ep» B CTAHAAPTHOW TEOPHUH, JBOMYHAS MOJENb IpeJicKa-
3bIBAET CYIIECTBOBAHUE €IIe MATH MOJOOHBIX COCTOSIHMM (Ha pUCYHKE 00O3HAU€HBI MyHKTUPHBIMHU
JTUHUSMUA):

— no3uuwd (2...1, 2...2) 11 nepBbIX TapMOHUK OapUOHHOM U aHTHU- OAPHOHHOHN MaTepuu;
— no3uuui (2...3, 4...1, 4...2) 1151 HyJIeBbIX TapMOHHUK OApUOHHOI U aHTHU- OAPUOHHON MaTepuu.

Eie onHOM XapakTepHOl 0COOCHHOCTHIO B ABOUYHONW MOJIEIH SIBJISIETCS TO, YTO 5-OMYy «MaruueckoMy
YHCITy» aTOMHBIX JIEP COOTBETCTBYET YCTOMUMBOE COCTOSIHME, B KOTOPOM IPUHUMAIOT y4acTHE BCE
HyJIEBbl€ TAPMOHUKH, KaK JiIsl 0apHMOHHOM, Tak U AJi1 aHTH- OapUOHHON MaTEpHUU.

I[OHOHHI/ITCJ'ILHBIG «Marv4eckKuc saapa» B I[BOH‘IHOﬁ MOZCIIN ONMUCBIBAKOTCA YPAaBHCHUAMUA
21 2 4 ontl ;22 Q2 g ol +2n;23 : 2(n+3);

41 :2n+4;42 D Lana 2(n+3) $0¥2 ot on (6'1'4)

YTO IIPpH IMOACTAHOBKEC YN CJICHHBIX 3HaYEeHUI JacT CICAYIOIUEC pE3YyJIbTAaThl:

JU1st OapuOHHOM MaTepun B Habto1aeMoi obsactu Beenennoi

10



23422 =12:2° 422 +2' =142¥) =162° =32:2° +2W 423 422 42! =62 (6.1.4.1)
JUTSL aHTU- OAPUOHHOW MaTepwu B HaOJIr01aeMoit oosactu BeenenHnoi
22 42" =627 +2' +2° =7:20) =824 =16;:2* +20) 422 42" +2° =31 (6.1.4.2)

N3 (6.1.4), (6.1.4.1), (6.1.4.2) u paHee cleIaHHOTO aHAJIN3a BHJIHO, YTO JBOMYHAS MOJIENb MpEICcKa-
3bIBaET J[Ba a0CONIOTHO «MArv9eCKUX YHCIa» IJIs OapUOHHBIX U aHTU- OAPUOHHBIX SAep B HAOIIO-
JnaeMol oOactu BeeneHHOH, KOTOPBIM COOTBETCTBYIOT uncia 8 u 16. A o6mias popmyna (6.1.3) mo-
TIOJTHSIETCS

1) . 2n ’2) . 2n+2 ,21) . 2n+2 + 2n+1 ’22) . 2n+2 + 2n+1 + 27! ,23) : 2(n+3)’3) : 2("+3) + 2n+1;
4):20%) $2m2 4 pmHg gy 2 0) 002 gt ggnsy g () g o (6.1.5)
6) : 2n+5 + 2(n+3) + 2)1,7) : 2n+5 + 2n+4 + 2(n+3) + 2n+2 + 2n+l + 2n

B (6.1.5) cymectByeT 12 OCHOBHBIX COCTOSIHUN «Maru4yeckux siiep» BMeCTo 7 NIl CTaHAApTHOU Teo-
pun. Bece oHU SBISIOTCS pe3ysIbTaTOM PAaBHOBECHOTO (CHMMETPUYHOIO) pacipeiesieHus: 6apuoHHON 1
aHTH- OAPMOHHON MaTepUH B «MarM4ecKux sapax». «Marudeckue sapa» ¢ 4ucioM OapuOHOB (aHTH-
0apuOHOB), KpPaTHBIM YuclaM 8 U 16, COrIacHO MpeJICKa3aHusAM JABOMYHOM MOJEIH, JOJDKHBI CYILECT-
BOBAaTh Kak B 0apUOHHOMN, TaK U B aHTHU- OAPUOHHOMN MaTepuu.

Taxum 06pa3zom, B IBOMYHONW MOJIEIH CUMMETPUSI OAPHOHHON U aHTHU- OAPMOHHON MaTepUH COXpaHs-
eTCsl B «MarM4eckux sapax». ITOT MOMEHT TaK)K€ HE pacCMaTpPUBAJICS B CYLIECTBYIOIIEH KOHIETIIIUH.

ITosTOMY B IBOMYHON MOJEIIH, B OTINYUH OT CYLIECTBYIOLIErO MOAX0/1a, TOBBIIICHHAs YCTOWYUBOCTD
TaKUX «Maru4yeckux sifiep» OOBSCHSAETCS COXpPAaHEHHEM CUMMETPUH OApMOHHOM M aHTU- OapUOHHOMN
MaTEpUU B HUX. DTOT MOMEHT MOXET IOCIYKUTh NOBOJOM JJIsl HOBBIX TEOPETUYECKUX U IKCIIEpH-
MEHTAJIbHBIX MCCIIEI0BAHUN «MAarM4ecKuX si7iep» ¢ TOYKH 3PEHHsI BO3MOKHOCTH COXPAaHEHHsI B HUX
YKa3aHHOM CUMMETPHH.

6.2. 'paduuecknii BUI YaCTOTHBIX paclpeae/ieHI IJIOTHOCTH BelIeCTBA U CPe/Ibl
B JIBOMYHOM MOJeJIM pacnpeaejeHus MJI0THOCTH BellecTBa

R
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6.3. I'padmyeckuii BUJ YaCTOTHBIX pacnpeae/ieHHid CHTHAIOB
3JIEKTPOMATHUTHOI'O0 ¥ TPABUTALMOHHOI0 M3JIYYCHUS B IBOMYHON MOIE/IH
pacnpenejeHus IJIOTHOCTH BelecTBa

L i
v 4 E=

L= 1
=12 -
-8

n
0 nm.uﬁ-.l proruld

g x mn™-1
gr 0 @17

— elmagn [ _ ] @13

6.4. I'paduueckuii BUA pacnpeneieHuss KMAaru4ecKux siiep» aToMoB AJis
0apUOHHOW M AHTH- 0APUMOHHOM MaTepPUM B IBOMYHOM MO/IeJIM pacipeaejieHust
IJIOTHOCTH BeIlecTBa

AMNnuTyOa
nepecie rapMoHUKKN
KOpnyCcKynapHas
| |
i noneeas
: " . : \ : : !
102 21 22
5z 41 42 HYNnesbe rapMoHWUKKM KopnyckynsapHas
| Y /
-y
M ’\ noneeas
T 1 [ T i
HI |
4 5 6 7

— 0GapuvoHHas maTepus aHTUGapuoHHaA MaTepus
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