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AOcTpakTHBI. B J7HAMUYHOM MPOCTPAHCTBE-MATEPUH MPEICTABICHBI pACYETHBIC MTAPAMETPHI U

XapakTepucTuku 00beKTOB Beenennoii. [Ipencrasiena Moaens MeXIraJakTHUECKOTO amnmapara.
Conepxxanue

1.BBeneHue

2.CBoiicTBa mpocTpaHcTBa-Marepuu BeenenHoi

3.IlapameTpsr mpocTpaHcTBa-MaTepun BeeneHHOM B KBaHTOBOM cHCTeMe KOOPIUHAT.

4.CBoiicTBa HEIEIMMbIX KBAaHTOB B KBAHTOBOI cHCTEME KOOp/MHAT.

5. Jlonyctumbie 00beKTHI BeenenHoit

6.MexranakTH4ecKuil anmapar 06e3 TOIUIMBHBIX JABUTATEICH.

1. BBeneHue
Bce teopun, u 0 BeenneHHOM, IpeicTaBiIeHbl B paMKax EBKIIMIOBBIX ONIPEAEIIEHNN, U IOCTYJIATOB.
1. «TouKa ecTb TO, YacTb 4ero HM4YTo») («Hauana» EBKAMAA). nan ToUYKa ecTb TO, YTO HE MMEEeT YacTel,
2. NIuHna — anuHa 6e3 WnpuHbl.
3. W 5-iA noctynat o napannenbHbIX NPAMbIX IMHUAX, KOTOPbIEe He nepecekatoTcs. Ecam npamasn, nepecekatowan age npsamble,
0bpasyeT BHyTPEHHME O4HOCTOPOHHME YI/bl, MEHbLUWE ABYX NPAMbIX, TO, NPOAOKEHHbIE HEOrPAHNYEHHO, 3TN ABe NpAMble
BCTPETATCA C TOW CTOPOHbI, FAe Yr/bl MeHbLUEe ABYX NPAMbIX.
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puc. 1 EBkimmoBasi akcCuoMaTHKa
To ecth, uepe3 TOUKY BHE NMPSMOM, MOKHO ITPOBECTH TOJBKO OJIHY MPSIMYIO, MapauIeIbHYIO JTUHUIO.

B «Enunoil Teopun 2», OTMEUYEHBI Hepa3pelmmnmbie B EBKIMI0BON aKCHOMATUKE MPOTUBOpeuus. To
€CTh, MHOKECTBO JIMHUW B OJHOU JTUHUU (7TMHE O€3 ITUPUHBI), CHOBA JIMHUS. DTO JTMHUS U MHOXKECTBO
JIMHUN? AHAJIOTUYHO, MHOKECTBO TOYEK B OJHOM TOYKE — CHOBA TOYKA. DTO TOYKA MJIM X MHOKECTBO?
OTtBeToB Ha Takue Bonpockl EBknuaossie «Hauana» He marot. O0men3BecTHB U IPOOIeMBbl 5-T0 TIocTyara.
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Puc.2 nunamMu4HOE IPOCTPAHCTBO MyUYKa MapaijiebHBIX MPSMBIX

Ectb peanbHbie (hakThl TMHAMUYHOTO MPOCTPAHCTBA MTyYKa MPSMBIX JUHHH, HE epeceKaoIuX, TO
€CTh MapajlieNbHBIX UCXOTHOM MpsiMoit AC Ha OECKOHEYHOCTH, IIpeICTaBlIeHHbIe B «EnuHoil Teopuu 2». 1
nBurasich Baosb auHun (AC), psaaom OyneT AMHaMUYHOE MTPOCTPAHCTBO, B KOTOPOE MBI MIOMACTh HE CMOXKEM.

beckoHEeYHOCTh HENb3s1 OCTAHOBUTD, MIOATOMY TaKO€ YK€ TMHAMHUYHOE IPOCTPAHCTBO CYIIECTBYET BCErAa.
WU yxe cBoiicTBa 3TOr0 TMHAMHYHOTO (¢ # const) MpOCTPAHCTBA, MPEACTABIISIIOTCS KAK CBOMCTBA MaTEepUH,
TJIaBHBIM CBOMCTBOM KOTOpPO#i, €cTh JBM)KeHHE. HeT Matepuun BHE TaKOro MPOCTPAHCTBA, U HET
npocTpaHcTBa 0e3 matepuu. [IpocTpancTBa-MaTepuu 3TO OJTHO U TO KE.

B takom nuHaMUYHOM NpOCTpaHCcTBE-MaTepuu, EBKIINI0BAst akCHOMATUKA MPEACTAaBIeHA KaK
YacTHBIN ciiyyail HyneBoro (¢ = 0) yrna napamiensHocTd. [Ipu 3TOM pemraetcst mpobiema MHOKeCTBa
MMEHHO MPSMBIX JIMHUN B OJTHOM MPSAMOi MapauIebHON TMHUH, KaK «JIMHE 0€3 IHUPHHBD).

['1aBHBIM CBOMCTBOM IMHAMUYHOTO MPOCTPAHCTBA-MATEPUH, €CTh TUHAMUYHBINA (¢ # const) yroa
napamensHocTy. [Ipu atom EBkitnaoBoe mpoctpancTBo B ocsix XY Z TepsieT CMBICIL.
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puc.3 IMHAMUYHOE NIPOCTPAHCTBO-MaTEPUsI
B pamkax cerku EBknunoBbix (¢ = 0) oceil, Mbl HE BUIUM JUHAMUYHOTO (X+=Y—), (X—=Y+)
IIPOCTPAHCTBA-MATEPHUH, U MBI HE CMOXKEM €r0 NpeACcTaBUTh. [103TOMY BBOJATCS aKCHOMBI AMHAMUYHOTO
MIPOCTPaHCTBA-MaTEPHH, KaK (PaKThl HE TPEOYIOUINX JOKA3aTEIbCTB. YKE B 3TUX aKCHOMax peliaercs
npoOnema EBKIIMIOBON aKCMOMATHUKK TOUKH, KAK MHOYKECTBA HEJIEIMMbIX c(hpep-TOoueK, B OJTHON HeenuMoi
cdepe-Touke, HO yKe Ha (n) CXOJUMOCTH, IMHAMUYHOTO MTPOCTPAHCTBA-MaTEPHH.

puc.3a - TMHaMUYHOE MPOCTPAHCTBO-MATEPHS
Bcesikast ¢pukcanus (B skciepuMenTax) HeHyneBoro (¢ # 0) yriia mapauieTbHOCTH, JaeT MHOTOJIMCTOBOE
PumanoBo npoctpancTBo. Teneps yxe B paMKax akCHOM TMHAMUYHOTO ITPOCTPAHCTBA-MaTEPHUU B BUJIE:

(qo # O) # const

1. HeHnyneBoi, TMHaAMUYHBIN yroj napaJyieIbHOCTH
(r-)L(r-)

, IIy4dKa nmapaJuiCJIbHBIX ITPSAMBIX,

oTpe/ieNisieT OPTOrOHaIbHbIE MOJIS
CBOJCTB, MPOCTPAHCTBA-MaTEPHH.

napaJuleIbHBIX JIMHUHN - TPAGKTOPUH, KaK U30TPOMHBIX

2. HyneBoii yron napauieabHOCTH (o= 0), JaeT «IJIMHY 0e3 MIUPUHBDY C HYJIEBBIM WM HEHYJIEBBIM

0 - panuycoM cdepbl-TOUKH «HE UMEIOIIeH yacTei» B EBKINI0BOM akcnoMaTHKe.

3. Ily4ok mapajiesIbHBIX IPSIMBIX C HYJEBBIM YIJIOM HapaJlIeIbHOCTH (@=0) , «OJJMHAKOBO
PacCIOJIOKEHHBIN KO BCEM CBOMM TOYKaM» , AT MHOXKECTBO MPSMBIX JTUHUN B OJHOU «0€3 IIUPHUHBI
EBKiM10BOM NPAMOIL JIMHUU.

4. BHyTpeHHuUe (X _)’ (Y _) Y BHELIHUE (X +)’ (Y +) 0JIsI JINHUW-TPAEKTOpUM HEHYNeBOM X, # 0 uiu

¥, #0 MaTepuanbHOU chepbl-Touku, 00pasyroT Hegenumyro Obnacts Jlokanuzanuu HOH(
HOJI(Y %)

) U
JUHAMHWYHOT'O IIPOCTPAaHCTBA-MAaTCPUH.

5. B eAMHBIX MOJSIX (X_ =Y +), (Y_ =X +) OPTOTOHAJIBHBIX JINHUH-TPACKTOPHI (X _) 1 (Y _) HET
JBYX OJIMHAKOBBIX Chep-TOUYEK U JIHHUI-TPACKTOPHUIL.

6. IlocaenoBarensHOCTh Hemenmnmerx O0nacreit Jlokanusanuu (X i), (Y i), (X i) ... TIO paguycy

Y, #0 v n
Xo # 0 mm chepbI-TOUKM Ha OJIHOM JTMHUU-TPAEKTOPUHU JaeT " CXOIUMOCTb, a Ha Pa3INUHBIX
TPAeKTOPUSIX " CXOAUMOCTb.

7. Kaxxnoit Henenumoit O6nactu Jlokanusanuu IpocTpaHCTBa-MaTePUU COOTBETCTBYET €MHUIIA

(X—:Y+), (Y-=X+)

Bcex ee Kpurtepues DBomonuu — K9, B enuHoM
m—="n cxoauMoCTsX,

HOJT = K3(X-=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1

B CUCTCMEC YUCCII PABHBIX 11O aHAJIOTMH CAWHUAILI.

MMPOCTPAHCTBC-MATCPUHN HA



8. dukcanus yria (@ #0)=const y, (¢ =0) IIy4Ka NPAMBIX [IapAJICIbHBIX JIMHUM,

IIPOCTPAaHCTBAa-MaTEePUH, AaeT S-if moctynar EBkinaa u akcuomy mapauieaIbHOCTH.
JIro0Oast Touka PUKCUPOBAHHBIX JTMHUN-TPAEKTOPHA, PEACTABICHA JIOKAIBHBIMUA Oa3HMCHBIMU
BEKTOpaMH PrMaHOBOTO mpocTpaHcTBa:
ax , oy , 8z i b . k
e = ——Si+—j+-2k, el=—i+—j+—k,

dxt axJ
X" =X,Y,Z)

#0) = const)

ny % ny _ n
¢ pyHIaMEeHTaIbHBIM TEH30POM e;(x") e (x7) =84 (X") y rononormeit ( B EBKIMI0BOM

npoctpancTee. To ect, PUMaHOBO MPOCTPAHCTBO, 3TO (PUKCHPOBAHHOE ((p COCTOSIHUE

JUHAMHWYHOTI'O (§0 7 COHSI) IMPOCTPAaHCTBA-MATCPUH. JlokanbHBIE Oa3MCHEIC BCKTOPbI COOTBETCTBYIOT

npoctpanctBy ckopocteit WN=K*NTN, g Mmaoromeprnom npocrpanctse-spemen. IIpocTpancTBO-BpeMs
€CTb YaCTHBIN Cilydail (PMKCHPOBAHHOI'O COCTOSIHUS AMHAMUYHOIO NpocTpaHcTBa-marepun. [Ipu atom B
MHOTOMEPHOM MPOCTpaHCTBE-BpeMeHu popmupyrorces Bce Kputepun OBomtonuu marepuu. OHu
npencrasiensl B «Eaunoii Teopun 2», B Buze: (II=W2)- norenmmana, (F=I1%)- cunsi. .. .
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puc.4 enunbie Kputepun OBoMIOLNUH MPOCTPAHCTBA-MATEPUH.
B ¢usnyeckux teopusx peub uuet o 3ekTpo (Y+= X—) MarHUTHBIX noysix 3apsga: q(Y+=X —) =1IK, u
rpaBuT (G+= Y—) MaccoBBIX MOJIsiX ¢ Maccoit: m(G+=Y —) = [IK, U COOTBETCTBYIOIINMHU yPaBHEHUSIMHU
IMHAMHKH (KOTOPBIC BBIBOJASATCS ), KAK MATEMAaTHYSCKUMH HCTHUHAMHU. DTO ypaBHEHHs MakcBeia

0E(Y+) aG (X+)
cxrotyB(X =) =rot,HX —) = ¢ a7 +AE(Y+) cxrotyM(Y =) =rot,N(Y =) = ¢, * 7 + A% GX+)
OH(X~— dB(X— aN (Y- oM (v -
rotyE(Y +) = —p, o= = — 202, M(Y9) = gty * N(Y-), o, GXH) = —ppp » 202 = MO,

Y ypaBHEHUS IUHAMUKH I'PAaBUTMACCOBBIX MOJIEH.

Henenmumveie O6nactu Jlokanmzamuu, (X+) u (Y1), kak hakTel peaabHOCTH, MBI COOTHOCHM C
HeJIIMMBIMU KBaHTamu (X += p) npotona, (Y= e) snekrpona, (Xt=v,), Yx=1y,), Xt=v,), (VY=
¥y = ¢) ¢oroHa. DT KBaHTHI 00pa3yroT nepyro O6nacte Jlokanuzamuu (0J1;) . Y mogo6Ho JlekapToBoid,
chepuvecKol, UIMHAPUICCKOH, JIFOOOH IPYTroi CHCTEMBbl KOOpIMHAT B EBKIIMI0BOM aKCMOMATHKH, YXKe
MO>KHO MPEJICTABIATH KBAHTOBYIO CUCTEMY KOOpAMHAT Ha (M) U (1) CXOAUMOCTSIX, HEIEIHMBbIX KBAHTOB
MIPOCTPAHCTBA-MaTEPHH, B IOJHOM BHJIE .

pHUC.5 KBAaHTOBas CUCTEMa KOOpAUHAT
VYake B TakOW KBAHTOBOM CUCTEME KOOPAUHAT, MOXKHO PacCMaTpUBATh CBOMCTBA IIPOCTPAHCTBA-MATEpUU
Bcenennoii, BuanMoii u HeBUIAUMOH 11t pOTOHOB M HeWTpuHO (0J1;) ypOBHSL.



2. CpoiicTBa npocrpaHcTBa-mMaTepun BeesienHoii
Bunumoe npoctpanctBo Beenennoii npencrasisiercs cdepoii, ¢ EBknunosoit uzorponueit. [lo dakry,
takass EBkimoBast cdepa pacmmpsercs, To eCTh HecTalmoHapHast. [[puanHOi Takoil He CTallMOHAPHOCTH,
CUMTAETCSl TEMHAsl PHEPTUs, IPH HATWYNH HAOII0IaeMBIX TEMHBIX MaccC. Y CIIOBUS paCIIUPEHUS

My

V7
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puc.6. K YCIOBHSM pacIIMPEHUs MPOCTPAHCTBA-MATEPUU
PaCCUUTHIBAIOTCS M3 YCIOBHH 2-if KOcMHUYeCKO# ckopoctu Macc (M;) u (M,), OTHOCHTEILHO MaCChI

mv? _ GMm 2GM 2GM 2GM M R2
Habmozaarens (m): — = —, vi="0 =, g =2 wm: —+=-1 R’~(M = pV).
2 R R R? R2 M,  R3
. 2G(pV 2Gp4nR® _ 8mGpR3 v 8mG
B pesynbrare npeobpazoBanHuii: v2 = ;p ) = p3 = 3;; , WIIn (E =H)? = Tp , TIOJTYy4IUM:
3H? _ r
p ==~ 10 29 L?] , KPUTHYECKYIO TUIOTHOCTH HeoOpaTumoro paciiupenusi. (H)- koncranra Xa66:ma.

MBI TOBOPHM 0 BHIUMOM pacimpennd, pukcupyemoro (Y+=y = c¢) ¢oronamu (0J1;) ypoBHs
HEJIETMMBIX KBAHTOB TIPOCTPAHCTBA-MATEPUH (P, €,V,, ¥, Ve, ¥) B KBAHTOBOH cHcTeMe KOOpauHar. Teneps

HpeJICTaBI/IM HEACIINMBIC KBAHTHI HpOCTpaHCTBa-MaTepI/II/I, B BHUJIC Oﬂ]l (m) nux (m) CXOONUMOCTH.
O.H] O.H3 (p3 €3 Prer, P €1 = Oﬂz)(p, e, V‘u, ]/0’ Ve,V = O.}Il)(vlyl VoV2V3Y3 = Oj[o) O]]_loj]_z Oj[l

1 —
IIpu 5TOM, cKOpOCTh tektpona (0J1;) ypoBHs: (W = (a = E) xc,mm (w = aV=V « ¢, Teopus
OTHOCUTENBHOCTH DUHIITENHA U KBAHTOBAs PEISTUBUCTCKAs TUHAMUKA, IOMYCKAIOT CBEPXCBETOBBIC

CKOPOCTH B IPOCTPAHCTBEC-BPECMCHHU.

_W _ c+Nc =c 7 allNC‘l'C =c TSI a =a _ 1
Y7 14ceNc/cz T Y = tNc/c > A 11 22 :

3nech (T a;; ) ay, T) =1 KOCHHYCHI YIJIOB MAPAIJIEILHOCTH B BUAE: cos(@y) * cos(py) = 1. Torma
cKopocTH cyO(hOTOHOB (¥; ) PU3nMUecKkoro Bakyyma paBHbL: (w; = a("N="172-) x () cBepXCBETOBBIM
ckopocTsaM B (0J1;) ypoBHAX (pU3MHIECKOTO BaKyyMa. AHAJOTMYHO IPOCTPAHCTBO CKopocTel B (0J1;)
ypoBHSIX B Buze: (w; = atN=123-) x ) nipn yenosnm npegenbubix (W) w; = a*Nexa™Ve =11 = ¢?)
MOTEHIIMAJIOB B MOCTYynatax DifHmrelHa s (0J1;)yposas. B Takux e MoTeHIMalax pacCuuThIBaeTCs U
CIIKTp Macc HeJIeIMMbIX KBAHTOB BCeil KBaHTOBOI cucTeMbl koopauHat 0J1;(m) na (m) cxoaumoctw,
ananoruydo pacueram macc m(X+=Y —) = IIK, (0J1;)yposus.

F=I1? n2r2 1 ny=my
=< = [ o= (Y/KZ)] = (Yz G) , OTKyJa 2my = Gmy; wn my = Gmy/2
2o
F=I1? n2r2 1 MX=myx 2 2
m=—7 =[ " =(X/K2)] =(X2 —~ ,  OTKyJa 2my =X“ My ; U My =X° my/2
=)

[Tonneiii pacuer cnekrpa macc B 0J1;, 1 OJI; ypOBHAX (PU3MIECKOTO BAKYyyMa, BBINOJIHACTCS IPOCTOM
nporpammor B TP7, u umeer BU.

«TAXEnNble» e; = 2 x pj_z/az, pj=2xe¢_4/G, «cybuacTuup» v; = a2 *y;_5/2, v; = G *v;_1/2
program al; program a2;
uses crt; uses crt;
const a2=1/(137.036*137.036); const a2=1/(137.036*137.036);
G=6.67e-8; n=12; G=6.67e-8; n=12;
Var p,pl,p2,el,ee2:Real; Var p,pl,p2,el,e,e2:Real;
i,j,m:Integer; i,j,m:Integer;
begin clrscr; begin clrscr;
p:=938.28; e:=0.511; p:=938.28; e:=0.511;
p1:=0.271; p1:=0.271;
e:=e; p:=p; pl:=p1; e:=e; p:=p; pl:=pl;
fori:=1tondo fori:=1tondo
begin begin
WriteLn('n=",i); WriteLn('n=",i);
el:=2*pl1/a2; WriteLn('el='el); el:=G*p/2; WriteLn('el=',el);




p2:=2*e/G; WriteLn('p=', p2);
e2:=2*p/a2; WriteLn('e2=",e2);
pl:=2*e1/G; WriteLn('p1=',p1);

p2:=a2*e/2; WriteLn('p=', p2);
e2:=G*p1/2; WriteLn('e2=",e2);
pl:=a2*e1/2; WriteLn('p1=',p1);

e:=2*p2/a2; e:=G*p2/2;
WriteLn('e=",e); WriteLn('e=",e);
p:=2*e2/G; p:=a2*e2/2;
WriteLn('p1=',p); WriteLn('p1='",p);
end; end ;
Readln; Readln;
end. end.
Kaxnpiii 8 0J1;, 1 OJI; ypOBEHb COJEPIKHUT JIBA MACCOBBIX U TPHU 3aPAIOBBIX U30IOTEHIHAIIA.
Tabmuma 1.
Ksanth smpa 2a*p, =N*p,_, N | (X¥)=p*; (MeV) (Y+) =e; (MeV)
P* 27 =262 /G €27=2 P/ a?
P27 =2,7 E111 MeV €,7=1,489 E108 MeV
OJl.1 | © Exkcaxsazap 20 * py. =290p5, 14 | p 26 =2exs/G €26=2P2/0?
P 26 =7,9 E107 MeV e6=9,1 E103 MeV
200 * p;s =238p;3, P25 =2ex/G € 25= 2 Paz/ a?
P 25 =3,96 E103 MeV e = 2,6 E100 MeV
CymepkBaszapH. ® 2a* py, =25p;, 13 | p*2a =2e3/G €24=2 P22/ ?
FaJIaKT. 1 poﬂa p+24 = 2,4 E99 MeV €24 = 1,32 E96 MeV
OJI + - "3 =282 /G €23=2 / o?
A | e 20" pyy = 290D, B*ZZ: =7 0212 EO5 MeV e2233:8 1p|§191a|v|ev
- _ + I =2ex2 /G €20n=2 / o?
olcggZEKBawp 2a* p;, =238p;, 12 B 2222 h 3,§2|1591 ey 62222:2,322;]58(; Moy
2a* po. =25p; P21 =2e2/G €21=2 P19/ a?
P2 P P 21 =2,16 E87 MeV 1= 1,17 E84 MeV
. v - 20 = 2e10/G €20=2 pis/ 2
0Tl ;;JEE%KSS;ZPH 2% pag =290y, H S*ZEO = 6,21296 E83 Mev esz: 7,2p 18E7g MeV
4epHBIX chep 2a* pt =238n p* 19 =2e18/G €10=2 P17/ 0?
Pro Pis P19 =3,13 E79 MeV e10= 2,08 E76 MeV
- _ + r =2e17/G €18=2 / a2
Ozogg;: PIOSSSPE | 20* pjy =25p); | 0 B' 15 =19 ET5Mev 1= 1,&6 E72 Mev
OJl+7 2a*po = + P17 =2e/G €17=2 P15/ a?
a =290 17 17 15
P Pis p 17 =553 E71 MeV e17= 6,38 E67 MeV
+ - " 16 =2e15/G €16=2 / a2
e eI 2a*pig=238p;; | O S*;;G - 278 E67 MeV s 184 E64 MeV
+ _ - " 15 =201 /G e15=2 / a2
yepHBIe Chephl 200 % Dis = 25}914 g+125 B 11714E63 ey 61155: 9,2pé3 E%g MoV
- _ + i =2e13/G e14=2 / a2
OJl 6 O MerasBe3fbl 2a* p;, =291p/, 8 g 11: : 4’913 B e:t: 5’6[)712 E(éS Mev
CymnepruiaHerst 2a*po. =238p" P13 =2e12/G e13=2pu/a
P13 P p 13 = 2,46 E55 MeV e13= 1,64 E52 MeV
® KBa3apHBIX 2a% pi, =25p;, 7 | P 12 =2eulG €12= 2 Pro/ o
rajakTuk 1pona 2 ! p*12 =151 E51 MeV e12 = 8,22 E47 MeV
OJI + - "11 =2e10/G €11=2 Po/ 0?
o 207 P = 290p0 3*1111 - 4,36 4 Mev en= 5,(??? £43 MeV
O KBas3apel Qa*n. =238p" 6 | P w0 =2/G e10=2 Pg/ a?
1 pona Pro Py P 10 =2,19 E43 MeV e10=1,45 E40 MeV
2% p- =25 + P9 =2es8/G 69:2p7/(x2
Po Ps P9 =1,34 E39 MeV e=7,3 E35 MeV
_ - *g =2e7/G €g=2ps/a?
e | 2o =20 | ¥ o ey | el ey
+_ - *7 =2e6/G e7=2ps/a?
HeprLx chep 20" p; =238p, EJ = 1,92 E31 MeV e ; :1,§5E§8 MeV
0O KBazaphl 2a* p. =25p7 4 | pes =2e5/G e =2pa/a?
2 pona Ps Ps P s =119 E27 MeV e*s =6,48 E28 MeV
- _ + "5 =2e4/G €5=2p3/a?
o MexranakTHecku | 2o * p; = 290 i p_ 5 : 42 ST 5 239;1 —
+3 X 4YepHbIX cep Ps =3 e es = 3, e




® 3BE3THBIX i = 3 T4 =2e3/G € 4=2p2/0a?
rai;ffm 27 =2, B 4 =1,7 E19 MeV e 4=1,15E+16 MeV
lanakrnyeckux ® 5t — - *3 =2e2/G e3=2p1/a?
q:pzmx cdep 2a%py =25p, S+ 3 =1,057 E15 MeV e 3= 5,755E41 MeV
OJl+2 O 3Be3fsl 20% p; =290p, 2 | p2 =2e/G e=2p/a?
p 2 =3,05E1l MeV €= 3,524 E7 MeV
IInanersl 20%p =238p" P 1=2e/G er=2vu/a?
p 1 =1,532 E7 MeV e;=10178 MeV
2a*p+=25v; 1 pT=2v/G € =2Vve/a?
p* = 938,28 MeV e =0,511 MeV
*yt = - vu=0a?e1/2 0=G p/2
OJI+1 YpOBEHb 2a*v, =292, vﬁ =0,271 MeV Yo = 3,1{3*10'!’0 MeV
0 | ve=oa%/2 Yy =G /2
Ve =1,36%10° M eV 7t =9.07*10"° MeV
Du3nYecKui vi=02y0/2 Y1=Gve /2
BaKyyM v1=8,3*1010 1\2/1 e/\; y1= 4,5*10(';3 1\/42ev
- Vi1=0 = AY,
OJlo YPOBHs 1 vy 4100 MYeV - 2% *10'171M v
vz =a2y1 /2 v3=G vz /2
v3=1.2*10"7 MeV v3 = 8,05*10%' M eV
dusnuecKuii -2 va =02 Y2 /2 ya=Gv3 /2
BaKyyM v4=7.4*10% 2M e/\2/' Y4 = 4,03*1Go-25 1/\/2[ eV
V5 =0" Y3 = V.
O -1 | ypobus V522145105 M eV Js = 2474102 M eV
-3 Ve =02 ya /2 v6=G vs /2
v=1.07*10% M eV Y6 = 7,13*10% M eV
duznuecknii v7 =02 v5 /2 y7=Gvs/2
BaKyyM v7=6,57*10% MeV v7 =3,58*10% MeV
OJI » YPOBHS -1 vg =0 v6 /2 vs=G vy 12
v§=1.897*10% M eV Y8 = 2.2*104 M eV
vo =02 y7 12 Yo=Gvg /2
vo=9.55102 M eV ¥s = 6,33*10% M eV
duzruecKuit -2 vio =0 Y8 /2 Y10= G vg /2
BaKyyM V1o =5,8*10'462M eV 10 = 3,2%10%° M eV
vi1 =02 ye /2 =Gvyp /2
OJ1 -3 YPOBHHA Vi1 21.685*10'45)YM eV Y1 = 1?3*10.53 ;;JI eV
-3 vi2 =02 y10 /2 yi2=Gvi1 /2
V12 =8.46¥10% M eV yi2 = 5,62*105 M eV
dusnyeckuit V13 =0 y11 /2 Yi3=Gv12 /2
BaKyyM V13 =5.2*10% M eV Y13 = 2,8*10-61 M eV
OJI .4 ypoBHs -4 via =0% y13 /2 Y14 =G v13 /2
vi4 =1.5*10% M eV Y14 = 1.7%10% M eV
vis =02 y10 /2 v15= G v14/2
vi5 =7,5%10% MeV y15= 5*10%° M eV
duzHuecKuit -1 V16 =0 y14 /2 Y16 = G v1s /2
BaKyyM v1g =4.6*107° M eV y16 = 2.5*107 M eV
OJ1 -5 ypoBHs v17 =02 y15 /2 v17= G vi6 /2
v17 =1.33*107 MeV y17= 1,5%107" M eV
) vis =02 y16 /2 vi8= G vi7 /2
vi1g =6.7 *107® M eV Y18 = 4,43*10-81 M eV
du3nYecKu vig =0 17 /2 yi9=Gvig /2
BaKyyM V19 :4-1*10_82 MeV Y19 = 2.2*10-85 MeV
OJ1 & ypoBHs -3 v20 =02 y1g /2 Y20 =G vig /2
v20 =1.18*10%® M eV y20= 1,36*10%° M eV
va1 =02 y19 /2 v21= G v 12
v21 =5.9*10% M eV y21= 3.94*10°° M eV
du3nYeCKUM -4 v22 =0 y20 /2 v22=G v [2
BaKyyM V22 =3.6*10'942M e;/ Y22 = 1.975*10'97/M eV
V23 =02 21 /2 =Gvp/2
OJ1 7 yposs V23 ~1.0510%7 M oV Vo = X?%*lO'lO%ZM eV
-4 vou =02 y22 /2 Y20 =G v 2

v =.5.26*1012 M eV

Y24 = 3.494*101% M eV




3. Ilapamerpsl npocTpaHcTBa-MaTepun BeesieHHON B KBAHTOBOJ crcTeMe KOOPAUHAT.
PaccmoTpuM cBoiicTBa Kitaccudeckux npeacrasienuit Kpurepues OBomronnn Matepuu. B npeacrasienHoit
TabauIle Macc HeeMUMBbIX (cTaOuIbHBIX) KBAaHTOB (Y1) u (X 1) npocTpaHcTBa-MaTepuu, Mbl TOBOPUM 00
uHeptHoi m(Y —) macce, Harpumep y (Y —) doTona, u rpaBuranmonHoit macce m(X+), nanpumep p(X+)
IPOTOHA WJH V, (X+) HelTpuHO. MBI ToBOpUM 0 Tpex: p(X —) = e(Y+), v,(X =) = yo(Y+), v.(X =) =y (Y +)
3apanoBbIx U AByX: (m = IIK) maccoBbix e(Y —) = v, (X+) , o (Y —) = v (X+) U30n0TeHIHANIAX B KAXKIOM
0JI;, u 0JI; ypoBHe (husnueckoro Bakyyma. Mol rosopum 06 snepruu E = (II; I, * K) B3aumopeiicTeus
MOTEHIMAIIOB JIBYX Todek Ha pacctosuu (K), ¢ cunoit (F = 112 = I1,11,). Cam notennuan I1 = (K * b), 310
yckopenue (b) na paccrosuun (K). Dneprus E = mc? ,umu E = hv , tne m = v2V, u Tak nanee.

4 — —
B KJaccHYeCKOil PeJATHBHCTCKOM AUHAMHKE: R? — c?t? = Z—Z = R? — ¢%t?, mpoCcTpaHCTBa-BPEMEHU
CaMo IPOCTPAHCTBO-BPEMSI UCIIBITEIBAET yeKopenue: b% (R 1% — b2c?(t 1)? = (¢* = F). B enunbix
K K? . K =
Kpurepwusix, (b = F) (R = K) = 7 = I, MBI TOBOPHM O NOTCHIHANIC B IPOCTPAHCTBE CKOPOCTEH (; =e)

BEKTOPHOTO MPOCTPAHCTBA B JII000H e(x™) cucreme KOOpAUHAT, Tae 11 = g, (x™) QyHIaMEHTABHBIN TEH30D
PumanoBoro npoctpanctsa. Torja B 0011eM cirydyae uMmeeM:

M3 — 113 = (I, (X+) — M, (Y=-) (L (X—) + T, * (Y4)) = (Al (X+= Y=)) L (Al (X—=Y+)) 1=F
Ota cuina Ha BceM paauyce (R = K) Buaumoit cepst eaunoro (X+= Y +) npocrpancTBa-marepun
Bcenennoii, naer (temuyro) suepruto (U = FK) nuaamuku BeeneHnHoi, B TpaBuT (X+= Y —) MacCOBBIX U B
anekTpo (Y+ = X —) MarHuTHBIX NOJsIX. [103TOMY, 3TO SHEprHs PENATHBUCTCKON THHAMUKA BceneHHOH.

(M2 —MN3K = (I, — MK, + 11,) = (Al (X+=Y=) L K(ATl,)(X—=Y+) 1=FK = U

B uem ee npupona? Ha paauyce (R = K) nunamudnoi cdepsl BeeneHHOM ecTh 0IHOBpEMEHHAs THHAMUKA
eauHoro (X+= Y+) npocrpaHcTBa-MaTrepuu. PaccmaTpuBas AMHAMUKY IOTEHIIMAIOB B TPABUT MaCCOBBIX
(X+=Y-) monsx, kak yxe usBectHo,(Il; — I1,) = gi (1) — gix (2) # 0, pedb 00 YpaBHCHUH «TPaBUTAIHID

Ry — %Rgik — %Agik = kT;;, O6mieit Teopun OTHOCUTEIIBHOCTH, B JIIO00H cucteme g;, (x™ # const)

KOOPAVHAT, U B Pa3JINYHBIX YPOBHAX CUHTYJISIPHOCTH o1, , or, ¢bu3ndecKkoro Bakyyma Bceil BeelreHHOM.
[Tpu sTOM: (Rik - %Rgik =AIl; = kTy, + %Agik) (X+=Y—-), KpoOM€ KpUBU3HEI IPOCTPAHCTBA-MAaTEPUU
BBI3BaHHOM TeH30poM (kT ) SHEPrUHM-UMITYIIbCA, MBI TOBOPUM U O JMHAMUKE (PU3MYECKOTO BAKyyMa!

= H?), HOJI = (T; - o)(t; » 0) = 1, Bcenennas ncuesaer Bo

1
2Agu = 4ma® x p), Tae u3 (a(®) » ) ¥ (p = =

BpeMeHH (t; — 0), Ha OECKOHEUHBIX paanycax (a(t) — ), ¢ mapameTpom Xabona (H = S) UHIAITHMOHHO

ct
(a=cT+*ch —T) Mozeni. Mbl roBopuM o cdepe (x™ = X, Y, Z, ct # const) HecranmonapHoro EBkiugoBoro
C
X(X+=Y-
ch ¥) X+=Y —) *cospx(X—=Y+) = 1}.
Yo=Ro(X-)
I'paguent takoro (All;) moreHIMal, To)e H3BECTHO, JaeT YPAaBHEHUs KBAaHTOBOM IPaBUTALIMH C
UHAYKTUBHBIMU M (Y —) (CKpBITBIMH) MacCOBBIMH MOJISIMH B TPABUTALIMOHHOM TT0JIe. Pedub uaer 00
E=II?’K E=II?’K K?
(Al ~Ty) 4 (X+=Y—) sueprum-umnyisce Ty, = ( —HZT) ( — ) = — = (II), rpaBur (X+=Y-)
p= i p=I“T k T
MacCOBBIX MMOJIei Bcell BeeneHHoi, ¢ yMeHbIIeHHeM IJI0THOCTU MaccoBbIX (Y —) Tpaekropuii B
IUTAHKOBCKHUX MacIiTadax.

MK = &i2e)® _ ( L= (p,~0) l) (k2 =V, DX+=Y-) = (p, LV; DX+=Y-),

(T~ 00)? (Ti—>00)?
(R;) * (R, = 1,616 * 10733sm) = 1, (R;) = 6,2 %10%2sm (p:(Y=) = 0).
B kBanrtoBoOii peﬂﬂTI/IBI/ICTCKOﬁ AUHAMHUKE, MBI TOBOPUM O HECTALTMOHAPHOM EBKJ'II/II[OBOM MMPOCTPAHCTBEC
C(l)epLI, KOTOpasa B IPOCTPAHCTBE-MATCPUHN UMECT BU ANHAMHWYHOI'O JJIJIMTICOUA. HpI/I‘IeM, Ha IMOBCPXHOCTb
U3 CHTpa 3JUIMIICOHUIA, (bOTOH MNpUXOAUT OAHOBPEMEHHO. 3TO CBSI3aHO C HHHaMHKOfI CKOPOCTH CBCTAa,

npocTpaHcTBa-BpeMeHH , B Buje: (x™ = X,Y,Z, ct) * {(

1A 1
KOTJa: ¢ = -, MEHAETCS MmaciuTad nepuosa (dactorel T v 1= T ) u skl BoaHBI( L A T) poTona. 310

aQHAJOTUYHO KJIAaCCHUYECKOM pCHHTHBHCTCKOﬁ AWHAMHUKE, Ha IPUMEPC IBYX Ha6HIO,Z[aTeHeI7L A (Ha neppOHe)
uB (B BaFOHC), KOoraa OAHOBPEMCHHBIC I A BCIBIIIKK CBETa crepeau 1 €3aau BaroHa, GYZLYT HC
OJHOBPCMCHHBIMU IS B, KOTOpBIﬁ 6y,ueT BUJIETh CUHUIM CBET cruepeau u KpaCHBIﬁ CBCT C3aaM BaroHa. Cama
BOJIHa CB€TAa HC MCHACTCS, HO IICPUO[ B3aMMOJCUCTBUS s nepe;[Heﬁ (HpI/I6JII/I)KaIOH_ICI\/'IC$I) BOJIHBI
YMCHBIIACTCA, a JJIA 3aJHen (YI[aHHIOIHeﬁCH) BOJIHBI YBCIIMYUBACTCA, UYTO MCHACT IBCT BOJIHBI. N xox
BPCMCHHU 3aMCIIACTCA B «KKPACHOM» BSaHMOI[eﬁCTBHH, H YCKOPACTCA B KCUHEM» B3auMoOJeCcTBHU. TOYHO
TaK CBET Ha OOJIbIIEM ANaMeTpeC 6y,Z[CT ((KpaCHBIﬁ>), C 3aMCIJICHUCM XOJla BpEMCHH, HaA MCHBIIIEM «CHUHUI».
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Puc.7. kBaHTOBas pENATUBUCTCKASL JUHAMUKA
U penaruBucTckas quHamuka kBanta e(Y—); — y(Y—); B OJI;, u OJI; ypoBHsAX (H3HYECKOTO BaKyyma BCel
Bcenennon
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Puc.7a. xBaHTOBAs pENATUBUCTCKAS JUHAMHUKA
B KBaHTOBOJ rpaBUTALMH, MBI TOBOPUM O JIMHaMUKe KBaHTOB: e(Y—); — y(Y—); B OJI;, m OJI;

YPOBHSX (PU3NYECKOTO Bakyyma Ha (m) cxoaumocTu Bcei Beenennoii. B equabix Kpurepusx DBoonun
r(Y=),~0
J

nK _ 1
IPOCTPAHCTBA-MATEPUH, IIOTHOCTE (p = — = — = Vv?), maer ¢ = pr——
)

3 T2 OKOJIO HYJICBBIC ITIapaMETPhbI

MT'HOBEHHOTO «B3pbiBa» OGeckoHedHO Ooutbioi (p(Y—) ;= — 00) IUIOTHOCTHU JIMHAMHYHBIX MaccC B

1
T(r-),?
(Y+ = X—); none Bcenennoii. IIpn 6eckoneuno manbix (T(Y—) ;= 0) nepuoaax TMHAMUKH, B TUHAMUYHOM
npocrpancTee-marepun: HOJI = (T(Y—); - 0) x (t(Y+=X—); > ©) =1, B (X—); mone Beenennoi,
MPOUCXOTUT OECKOHEYHO MHOTO cOoObITHH, (t(Y+= X—) ;= 00) B «CKaTOM BPEMEHM», Ha YPOBHE V; /V;
KBAaHTOB ¥ ¢ Hayanom otcueta (T(Y —); = 1)  (¢(Y+=X —), = 1) = 1 Bpemenu (t(X —); = 1)). U3 akcuom
HOJT=K3(m =) *K3(n =1i) =1, um (p(Y+= X—); - 0)(p(X—); = ) = 1, eAUHOr0 NPOCTPaHCTBa-
Marepun HavyalibHOW BceneHHOH, kBaHTHI(p(X—= Y+); — o) poxaatorca cpasy. U yxe B Takom

(p(X+=Y=); » 0) GU3HYECKOM BaKyyMe POXKIAFOTCS M3HAYAIBHO KBAHTHI (y(Y—); = (p(Y—); = 0) C OKOJIO
HYJIEBOM MaccoBOil MIOTHOCTHIO. I MbI roBopuM 0 panuyce chepsl HecTaloHapHoro EBkiugoBoro
pacLIMpAIONIErocs NPoCcTpaHcTBa, R(X—); — oo, Ha (M) cxoaumocTy, u r(X—); — 0, Ha (1) cxoIMMOCTH,
TO €CTh CBEPXCBETOBBIMH CKopocTsMu: (w; = a™N="1"2-) s ¢) B (0JI;) ypoBHSAX (PU3NUECKOTO BAKyyMa.

B akcuomax quHaMu4HOTO npoctpaHcTBa-Matepur HOJI = K3(m = j) * K3(n = i) = 1, CymecTBytoT

Henemambre O6nactu Joxammsamuu: (X £)j; = p;(X™)v;(X™) u (Y 1) j; = ¢;(Y™)y;(Y™) cocTosmus
KBAHTOB, C B3aMMHO opToroHansHbeiMu (X™) L (Y™) cucremamu KOOpAMHAT. DTO 3HAYMT, YTO €CIIU €CTh
(Y— = e]-), T0 Beeraa ecth (Y— = y;) KBaHTbL. AHAJIOTUYHO (X— = pj) u (X— = v;) xBanutsl. O1crona
clelyeT KBagpaTudHas popMa IMHAMUKK SHepruu kBautoB. (AE? = h2A(p = v?) .
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Puc.8a. x nuHamuke mpocTpaHcTBa-mMaTepun BeeneHHoi
Yewm Oospiie paanyc AMHaMUYHON chepbl(r — R) TeM MeHble KpuBU3HA(A, — Ag) MPOCTPAHCTBA-MATEPUN
1 Hao6opoT, B cooTBeTCTBUHM O cBolictBamu HOJI = (rA,,) = (R1,) = 1, caMOro mpocTpaHCcTBa-MaTEPUH.
3nece: A(X—) =@ ->RitgeX—-) u A(Y—-)=(( - R)tg p(Y—), cooTBeTCTBEHHO. TOYHO TaK,
cootHoueHus mwiotHocren HOJI = (pooloo) = (polo) = 1, Ipy HEN3MEHHBIX NOTEHIMAIAX NoJis1. Y TouHO
takue cBoicTBa (T) - meproaa AWHAMHKA KBAaHTOB U (t) — X OTHOCUTEIHLHOTO BpEMEHH COOBITHH,

HOJI = (Tyt,) = (t4Ts) = 1 . Ha Geckoneuno Gonbinux paguycax, Beenennas ucuesaer Bo Bpemenu (t,)
¥ IUIOTHOCTh NPOCTPAHCTBA-MATEPUN CBOMTCS K HYNHO (p,), BO BCeX Ciydasx. OOpaTHas KapTuHa B
TUTIEPOOTMYECKUX CBOMCTBAX, MPOUCXOIUT B TIIyOMHAX (hU3HM4YeCKOTO Bakyyma Beenennoii. Takoe
COCTOSTHHE TMHAMUYHOTO TIPOCTPAaHCTBA-MaTePUH IPEICTABICHO KBAHTAMHU:!

X 1) =p; <Rj(X—) - °°>V_ (Ti(X—) - 0) 1, (), = e.<7‘j(y_) -0 )y- (Ri(Y—) - °°) —1

=P\ X)) =0 ) T pi(X—) » o ' = T \pj(Y=) 0 J T py(Y=) = 0

CaoiictBa quHaMuuHbiX cep (r = R) B IPOCTPAaHCTBE CKOPOCTEN:

(Wj(X =) =a"c- 0)(v;(X =) = a7V * ¢ > ) = 1: UMEIOT MECTO COOTHONIEHHUS:
HOJI = (RJ(X—) - ) (4,(X—) - 0) =1, HOJ = (r,(X-) > 0)(A,(X-) > o) =1, u
(Wj(Y )=aVc-> 0) (Y -)=aVNsc>0)=1
HOJI = (R,(Y-) » ®)(4,(Y—) » 0) =1, HOJ = (rj(Y—) = 0)(A,(Y-) = oo) =1.

Beinenennsie cocTossHUSA (U3MUECKOTO BAKyyMa, 33/1al0T MOJAIBHOCTh CBOMCTB BELIECTBA,
HalpuMep MPOTOHA, IEKTPOHA M aHTUBEILIECTBA COOTBETCTBEHHO. KBaHTHI MpOCTpaHCTBa-MaTepHH UMEIOT
CBOMCTBA M3JIy4aTh U HOIomaTh. D1aekTpoH (Yt = e) uznyuaer u norsomaet (Y £= y) ¢oton. [loatomy
MBI MOKEM I'OBOPHTh, 4TO (Y= = €;) KBaHThI 00JIE€ BHICOKOMH MIOTHOCTH MaccoBbIX p (¥ —) nounei,
TIOCIIEIOBATENBHO H3Iy4aloT KBaHThl (Y= e;_,) MeHbIIei mioTHocTH, 1 aanee (Y= y) KBaHTbI
n3nydaroT (Y+= y;_5 ....¥i_»2) KBaHTHI B IIOJHYIO INIyOHMHY (pU3NYECKOTO BaKyyMa, C OKOJIO HYJIEBOM
mwioTHOCThIO. Hao6opoT, kBaHThl (X+= p) Gosee BHICOKOMN TNIOTHOCTH MaccoBhIX p (X —) moseit
TOTJIOMIAKOTCA MOCEN0BATENBHO KBaHTaMu (X += pj.,) MeHbLIEH MI0THOCTH. [Tpn 53TOM, PopMUpyrOTCS
ycnosus: pj(X—) — o0, u R;(X—) — 0, HOBOro IMKJIa IMHAMUKU Beeennoi. Pazinynble mioTHOCTH
(Poo) 1 (po) B pasmuunbX (Y— = X+); u (X— =Y +) nonsax, 1ar0T pa3HUIy IITOTHOCTEH

AE? o o
(A(p = v?) # 0). Umenno sra (Ap = h—Ez) pa3HHIIA IUIOTHOCTEN, €CTh MPUYUHOMN U3ITydeHUs U (WIIN)

MIOTJIOIIEHUS SHEPTUM KBAaHTOB MPOCTPAHCTBa-MaTepuu. Mbl TOBOPUM O KBAaHTOBOM (He ncye3aromeil)
JUHAMUKE

(Rj(X=) » ) > (Ri(X=) » 0) u (R(Y—) - o) = (R;(Y—) - 0)
IIPOCTPAHCTBAa-MaTEePHH, B KBAHTOBOM (1M — M) cucTeMe KOOpAWHAT. APryMEHTOM TaKOH TWHAMHKH, €CTh

«reMHas sHeprus» pacmupenus (R;(Y—) — o) npoctpanctBa-marepun. Takas TMHAMHUKA YCKOPEHUH!
(b=pR), (p;(X =) = 0)(R,(X—) > ) = HOJL, u (p;(¥ -) - 0)(R,(Y-) - o) = HOJI



KBAaHTOB IMHAMUYHOTO MPOCTPAHCTBA-MATEPUH, OTIPEACISIETCS M UIMEET CBOMCTBO, MPHHIIMIIA
HeonpeaeneHHocTy. Muade ropops, B otux (X £);; u (Y 1)j; yposuax R;(X—), R;(Y—) ¢usuueckoro
BaKyyMa, CBOMCTBa JIt0OOM TOUKH, 3TO CBOMCTBA MPOCTpaHCTBAa-MaTepuu Beeil BeenenHoit. 1o
MIPOCTPAHCTBO CKOPOCTEM, B KoTopoM (hopmupyrorcs Bce Kpurepun DBosmorun Mmatepun. HazoBem nx
®onoseiMu Kpurepusamu DBomonun 3apsAaoBbiX U MaccoBbIX (X —); u (Y —); TpaekTopui, ¢ ux
KBAaHTOBOM JHamuKoit. 1 yxe Ha stoM (p;(X =) = 0), (p;(Y =) = 0) dowe, 10 ects: (p = v?) , naer
IuHaMuKa JloMuHMpyromuXx, 100X Kpurepues JBoIOLMN, B MHOTOMEPHOM IIPOCTPAHCTBE CKOPOCTEH, B
cropony yBeauuenus 4actot (T p =T v?), a paBHO M INIOTHOCTEH KBaHTOB JMHAMUYHOIO ITPOCTPAHCTBA-
MaTepuH Ha UX (M) CXOIUMOCTH.

C npyroii CTOpOHBI, TAKHE CBOWCTBA JTAIOT KBAHTOBYIO 3aITyTaHHOCThH BCETO TMHAMHYHOTO
IpocTpaHcTBa-Marepuu BeeneHHOM B 1ienoM. Mbl TOBOpUM 00 0JIHOBPEMEHHOM U IMTPOTHUBOIOJIOKHOM
nuHamuke mo0six Kpurepues Dpomonnu Ha 6eckoneunbix Rj(X—) , R;(Y—) pagmycax cdep-Todex B
KaXX/IOM ypOBHE (1M — M) CXOAUMOCTH (PU3HUECKOTO Bakyyma. i1 IOHUMaHHUs, 3TO MOT00HO CKaTepTH Ha
CTOJIe, T]IE «IeXKAaT , CKayKeM, JiBa 00bekTa A U B» Ha IMOOBIX pacCTOSHUSAX. ECiy «IIOTSHYTH 3a CKaTepTh»
(poHOBOTO KBAaHTA MPOCTPAHCTBA-MATEPHH), TO OOBEKTHI A U B ¢ MPOTHUBOIOJIOKHBIMU CBOHCTBAMU

(ckaxxeM, BostHOBO# yHKIMu iy = /(+y (— ) kBaHTOB (M) CXOAUMOCTH ), OYAYT MCHSATHCSI
OJITHOBPEMEHHO Ha JIFOOBIX paccTosiHusIX. [Ipn 3TOM 00BEKT A He B3auMoieicTBYeT ¢ 00bekToM B. U 310

MIPOUCXOJIUT BO BeeX (M — n) ypoBHsX cep-TOUEK MPOCTPAHCTBA-MAaTePHH BCell BeenmeHHOM.

B 06mieii KapTHHE, MBI IMEEM IUHAMKKY KBaHTOB (m) cxomumoctr (T v2) , B omHOM cdepe-Touke,
Ho yke (n) cxomumoctr (1 v2) chep-Touek Beeil BeeneHHOM, ¢ yka3aHHOM KBAHTOBOM 3aITyTaHHOCTBIO M
MIPUHIIMTIOM HEOTPEACICHHOCTH B KaXKIOM (1M — n) ypoBHE (PU3NYECKOTO Bakyyma. M Takas 1uHaAMHKa
COTPOBOXKIAETCS U3TyYEHUSIMH («B3phIBAaMI» ) KBAHTOB (Yiz e]-) o (YX=7vi_5 ....Vi_22) , B IOJIHYIO
riyOuHy pU3UYECKOro BaKyyma, ¢ MOCIEayIolel TeHepalyeil CTpyKTypHbIX GopM, MOJOOHBIX IeHepalun
anpa (Y+=e}) = 238p™ ypana, ¢ ero pacmnazoM B cieKTp aroMoB. M 3TO IPOMCXOJUT IIOBCEMECTHO.
Kak u3BecTHO, cama MJIOTHOCTh, €CTh €AMHUIIA U3MEPEHHs PU3NYECKUX BEIMYMH B eIMHbIX KpuTtepusx,
YpaBHEHU TUHAMUKH B AJICKTPOMarHuTHGIX (MakcBesia) 1 rpaBUTMACcCOBBIX MOJISX, B 1MoJie BeeneHHoi.

0E(Y+ aG (X+
cxrotyB(X =) =rot,HX -) = ¢, % +AE(Y+) cxrotyM(Y =) =rot,N(Y =) = ¢, * —;T ) + 1+ G(X+)
OH(X— dB(X— AN(Y— aM(Y—
rotyE(Y +) = _.“1% = —%; M(Y-) =, * N(Y=); 710t G(X+) = —u, * B(T )= — a(T ) .
3 A(X=),—~0
OT0 cBOiicTBa caMoTo mpocTpaHcTBa-Matepuu. Ilpu atoMm A(X—); = oo, u A(X—); = 0, c = ﬁ ,

IWIOTHOCTBIO (p(X—), = — oo)Ha npenensHoM ypoBHE (0J];) , Kak «THO» (PU3HUECKOTO BaKyyma.

_1
T(X-),?

Puc.8B. k nuHamuke npocTpaHcTBa-MaTepun BeeneHHon

B KBaHTOBOIi PaBUTANMH, YCKOPEHHE MaccoBbiX Tpackropuii (Y — = X +) B rpaBUTAHOHHOM M0JIE

GX+) [%] =9 %G %graangik X+) [T—KZ] MakcuMaibHoe, mpu A(X—); = 0, B (0JI;) ypoBHAX

(u3ryecKkoro Bakyyma. Mbl FOBOPHM O CBEPXCBETOBOM MPOCTPAHCTBE ckopocTeit (w; = a"N="172-) x ¢) |
A(Y=), >
T(Y-),~o0
OeckOHEUHBIX paguycax R(X—); — oo, «Ha 1HE» QU3NYECKOro BaKyyMa, B K10 ero Touke r(X—); - 0,

Ha (n) cxoauMOCTAX, Beenennas «ucuezaer» Bo BpeMeHu: t = (n = 0) * T(Y—); = 0.«Ha nue» ¢pusnveckoro
BakyyMma, B (0JI;) ypOBHSX, Mbl HE MOXKeM (PHUKCHPOBATh COOBITUS POTOHOM ¥;(Y—) ¢ MEepHOAOM AUHAMHUKH

¥i(Y=) dotonoB (0JI;) ypoBHs, C UX MEPHOJOM AUHAMUKH C = , T(Y=); = co0. DTO 3HAUUT, 4TO Ha

T(Y—); — co. [Ipu 5TOM Besikasi TIOTHOCTR: (p(Y—) ;= — ©0) TMHAMUYHBIX MACC, «I1aJaeT» B

_r
T(Y-) /2




rnyouny (p(Y—), = 0) dusuueckoro Bakyyma(0Jl;) ypoBHEH, Ha (1) CXOAMMOCTH B K&XKIOU TOUKE
IPOCTPaHCTBa-MaTepuu Beer (R(X—); — o) Bceenennoii. Camu maccel e(Y—) ;= X+= pj)(X + = p}.),
UMEIOT CTPYKTYPHYIO POPMY «HEepPHBIX cep» ¢ «mreraMm» (¥ —) Y (Y—) pacnanos. U Besakuii pa3

UJIET TeHepauus 2a (X += p}.) =e(Y-) _1 KBAHTOB B MACCOBBIX TPACKTOPHSAX. [Tpu 3TOM co3nmaercs

ekt «pacmmpsromeiics Beenennoi» ¢ adpdpexrom nepsuunoro (T(Y—); — 0) «bonbmoro Bipeisa». IIpu

3TOM CKOpOCTh cBeTa, ¥ (Y —) dotona (0JI;) ypoBHs, OCTACTCSI HEM3MEHHOM B JTFOOOM YPOBHE (PH3UIECKOTO
A(Y =)o _AYS);20  A(X-)—0

BaKyyMa: € =7 —i——=C= 0 €= T @m0 - Hns y(Y—=) ¢potonoB (0JI;) ypoBHS, «I1aJICHUE) B

OKOJIO HyJIEBBIE IIIOTHOCTH Mace (p(Y—), = - 0), ¢ yckopenuem G (X +) [TEZ] =v+*H [T—KZ] ,rae (H)

1
T(Y-),?
v

¢bukcupyemas koHcTaHTa Xab0ma: H = 7 - AmHa BoyHBI y (Y —) (OTOHOB YBEIMUUBAETCS, IPU I1AJJCHUU

B OKOJIO HYJIEBYIO IJIOTHOCThY Ha MPEAENbHBIX paguycax (R(X—); — o) Beenennoi, B npeaenbHon
rryouHe ¢usudeckoro (r(X—); — 0) Bakyyma. DT «penuktoBbie y(Y—) ¢potons» (0J1;) ypoBHS (KpacHOTO
I[BeTa HA PUCYHKE) BHJIAT B IKCTIEpUMEHTaX. JlayibIiie MBI TOBOPUM O CBEpXCBETOBBIX ¥; (Y —) poToHAX.
MaremaTnuecKkoi UICTHHOH €CTh TO, YTO Ha OECKOHEYHBIX PaINycax BCETO MPOCTPAHCTBA-MATESPHH

Beenennoii (Rj(X—) — ) ¢ ee maccoBbiMu (1;(Y— ) — ) TpaeKTOpHAMH, IIIOTHOCTh MaTEPHU
(pj (X—)-0), (pi(Y—) — 0), crpemuTcs k Hymo. B mo6oii Touke cheprt R;(X—) — oo Beenennoi,
NeUCTBUTENbHA HE JIOKAIBHOCTh (0OJHOBPEMEHHOCTh) TMHAMUKN MHOKECTBA, BEBIOPAHHBIX B CHMMETPHUSIX,
TOYeK, Ha ypoBHE (X—= Y+); oHEpruil >JI€KTPOMArHUTHOIO MOJIs (PU3MYECKOTO BaKyyMa.

CoOcTBeHHOE BpeMst IMHAMUKY (t) cBoaUTCS K HYII0 B akcromax HOJI=(t; (Y +) — 0)(T;(Y—) — o0)=1,
JMHAMHYHOTO TPOCTPaHCTBa-MaTepHy, Kak 1 quHamuka (b = (R;(X—) — o) (p;(X—) - 0) = const)
yexopenns (b = (2;(Y =) = o) (p,(Y —) - 0) = const) maccoBpIxX TpaekTopuii. MHade ropops,
MaTeMaTHIeCKOW UCTHHOHN €CTh HCYC3HOBEHHE MAcCOBOM INIOTHOCTH TUHAMUYHOTO IIPOCTPAHCTBA-MATEPUHU
Ha OecKOHeYHOCTAX, U Beenennas ncuesaet Bo BpemeHu t;(Y+ = X—) — 0, ¢ HEM3MEHHBIM YCKOPEHUEM
(b = const) Bcero npoctpanctBa-marepun. C apyroit croponsi, (1;(X—) — 0) umeet mecto (p;(X—) — )
1 Havano (4;(Y—) — 0), (p;(Y—) — ), Takoro («B3peiBa»), «mraosenHoro» T;j(Y—) — 0 nepuona
nuHamuku Beenennoit. [1pu aTom, Mbl uMeeMm:
1.2Heprus usnydenus u (umm) norsomenus AE? = h%Ap, KBaHTOB IPOCTPAHCTBA-MATEPUH, B U3BECTHOM
Ham Buae: E =mc? ,umm E = Av , rne m = v2V, u TaK nanee, HO yXe Ha 0J1;;(m — n) crexkTpe
KBaHTOBOMW CHCTEMbI KOOPJIMHAT POCTPAHCTBa-Marepuu Beeil Beenennoit. Peus nier 00 u3inydeHun
(Poo (Y— = €j) = po(Y— = ;) MaccoBbIX, i (Po, (X— = p;j) = po(X— = V;) 3apa10BBIX IIOIEH.
2.MImeem Bcera BUXpeBylo: rotyB(X —) ¥ rot,M(Y —) nuHamuKy kBaHTOB (X+) u (Y1) B enquHOM
npoctpanctBe — Matepuun (X—=Y+) , (Y—=X+).
3.Cama nmuHamuka (Ap) TUIOTHOCTEH, HIET MO MPUYMHE «CTYNEHYATOro (KBAHTOBOTO) TIPOBAJIay TUIOTHOCTEH
(Poo), B «OECKOHEUHYIO TTYCTOTY» (Poo = Po)-
4.Coueranue miotnocreit: p(X —)p(Y —) = 1, sro Henenumas O6nacts JIokanu3ayuy € JMHOTO U
JAMHAMHYHOTO TpocTpancTBa — Matepun (X—= Y+) , (Y—= X+) . Kaurosas nunamuka p(X —) moss
(X 1), Bcerna nopoxgaer p(X+ =Y —) noune, a xpaurosas aunamuka p(Y —) moss (Y +), Bcerna
nopoxaaer p(Y+ = X —) moue.
5.Uznyuenne p(Y —) u mormomenue p(X —) miotHocTel (o, — Pg), NPOUCXOAUT OJTHOBPEMEHHO C HX
kBaHToBOM quHamukoit p(Y —) —» p(Y+ =X —-) up(X —) - p(X+ =Y —). D10 MHOrOCTyIIEHYATHIN 1
MHOTOYPOBHEBBIH Mpolecc B kBaHToBOH 0J1j; (M — n) cucreme KOOpAMHAT.
6. Hamo yunThiBaTh, npu 310M, Mactadsl (r = 10733sm)(R = 1033sm) = 1, TaKoii IMHAMHUKY KaKI0TO
Takoro (RA = 1), (rA = 1) kBanra ux 0JI;(m — n) cnexrpa.

KBanToBas nuHamuka mpocTpaHCTBa-MaTepuu BeeneHHoil B KBaHTOBOW CHCTEME KOOPIMHAT, B
nepuoJl pacuupenns BeenenHoi 00ycioBieHa IEPBUYHBIM «IIPOBATOM IJIOTHOCTER (Y— = ej) B
okouio HyseBbie MaccoBbie | (p;(Y— = y;) = 0) mioTHOCTH Qu3MUECKOro Bakyyma. B akcmomax
JTMHAMHYHOTO TPOCTPAHCTBA-MATEPUU:

HOMN =K3I(X—=Y+)K3(Y—-=X+) =1, u HOJI = K3(m)K3(n) =1,
1 KaxaoMy (X+) u(Y+) xBauty 0JI; (m) criekTpa COOTBETCTBYIOT YCIOBHS TUHAMUKH cos?pxcospy =1,
10 <@ < Pmaxs @ #90° ch(Y/X,) * cospy = 1, ch(X/Y,) * cosgpy = 1, ¢ KOHCTaHTaMU
BzaumoneiicTBus: coszgoX =G=6672x10"% |wu cosgpy = a = 1/137,036 . 310 3HAYUT, YTO C



YMEHBLIEHHEM YIJI0B NapamienbHocTd @;(Y—) = 0 C mcye3HOBEHHEM IOJIEH, BO3PACTAIOT YIJIbl KBAHTOB
@i(X—=) = @yax(X—), uwHao00poT. MaTepus Mpu 3TOM, HE UCUE3ACT, a MEPEXOAUT U3 OJHOTO BUJA B
JAPYroi, B BUJIC CMEHBI JIOMUHAHTHBIX 10JIEH BJI0JIb X OJI; (M) crekTpa.
4. CaoiicTBa HeeJMMbIX KBAHTOB B KBAHTOBOI cCHCTeMe KOOPIANHAT.

MBI MOKEM OIIPEAEIINUTD MPEACIIbHBIC TapaMeTPhl AMHAMUKHY IIPOCTPAaHCTBA-MaTepuu Beel BeeneHHo,
B KBAHTOBOM CHUCTEME KOOpIUHAT. ['0BOps 0 mpocTpaHcTBe ckopocTen e;(Y—) u y;(Y—) xBanroB 0J1;;(m)
KBAHTOBOM CHCTEMbI KOOPJIMHAT, [0 aHAJIOTHU CO CKOPOCTAMH DIIEKTPOHA U hoToHa: w, = a¥=1 * ¢, MbI
MOYEM TOBOPUTH O CKOPOCTIX w(ej) = a ¢ , Makpo snexTpoHos (0J1 j) ypoBHEH u w(y;) = aNxc, yxe
CBEPXCBETOBBIX Cy0(hoToHOB (0JI;) ypoBHEH (u3ndecKoro Bakyyma. Mbl OyzieM omnpeelsaTh peIeibHbIe
snauenus (N). [Jlna (0J1;) yposus (p,e,v,, Yo, Ve (y = ¢)) ompenienieHsl IIIaHKOBCKUE JUIMHA U BPEMS:

Gh 6.67%1078%6.62x10727 _
Ly = /C—3=\/5K=\[ =4x10733sm

(3%1010)3

*10 8% *10~27
T, = \/% _ VT = \[6.67 107846.6241077 _ 4 36 1043 e VG = cos gy

(3*1010)5

Ot nipenenbable 3Ha9eHus JKHbI (1) 1 BpeMenu (Tp,;) BBIYMCIEHBI C KOHCTAHTOH VG, M OTHOCATCS
K mpenenbHoMy KBaHTy (X+ = v;) ypoBHa (0J];) ¢pusznueckoro Bakyyma. M3 cooTHOIIEHUs

Tp1 = /i—? =+/GT; = 1.35* 10™*3s , o nepuona (T;) auHamMuku (v;) KBaHTA, IOJTy4aeM:

N —43 —43 n10
(VG) *1=135%10 s,mm N =log (T, =10 ),I/IN=—43ZZ—\/Ez12.

B cniektpe (0JI;) ypoBHe#, N = 12 COOTBETCTBYET KBaHTY CyOHEHTPHUHO (V,4), C U30MOTEHIINATIOM
kBaHTa cyodoToHa (Y5, = a~1? x ¢). Tlo aHanoruu usjrydeHus 3j1eKTpoHoM (e — y) GoToHa, aHAIOTHYHO
pOTOHOM (p — V[N = 0]) HeUTpUHO, MBI TOBOpUM O m3iaydeHUs B (0JI;) YpOBHSIX (PU3NUECKOTO BaKyyMa:
¥ = rv2IN=1]), 0z 2 1IN =2]), (va = V6N =31, (v6 = vs[N =4D,... 022 2 v24[N =12])... 1
(Ve = v2[N =1]), (v2 = vu[N = 2]), (v4 > v6[N = 3]), (vg = vg[N = 4]),... (vzz = vau[N = 12]).
B akcuomax qunamMuuHoro mpocrpancrsa-marepun, HOJI = K3(m)K3(n) = 1, nonygaem s mace (M)
HeZlenMMBbIX KBaHTOB B (0J1;) ypOBHSIX:
HOJI = M(e; = 1,15 E4)(k = 3.13)M(y, = 3.13.E—5) = 1
HOJI = M(e, = 3,524 E7 )(k = 3.13)M(y =9,07E—9) =1
HOJ = M(e; = 5,755 E11 )(k = 3.86)M(y; = 45.E—13) =1
HOJ = M(e, = 1,15E16 )(k =3.13)M(y, = 2,78E—-17) =1
HOJI = M(es = 3,97 E19 )(k = 3.13)M(y; =8.05.E—21) =1
HOJI = M(eq = 6,48 E23 )(k = 3.83)M(y, =4,03E—-25) =1
HOJI = M(eg = 4,47 E31 )(k =3.14)M(y, = 7,13E—-33) =1
HOJI = M(ez = 9,1 E103 ) (k = 3.149)M(y,, =3,5E—105) = 1
0G(X+)
ar
) B kakaoM (0J1;) ypoBHE (PH3UYECKOTO BaKyyMa.

OueBUIHO peub O BUXPEBBIX MAcCOBLIX (Y —) TpaekTopusx: ¢ * rotyM(Y—=17y;) = &, *
2mR=1
2R

[103TOMy MBI TOBOPHM O TOYHO TAKHX U3Iy4eHHsX yxe B (0J];) ypoBHSX (pH3HUECKOro BaKyyMa:
(e = y[N = 0]), motomy, uto w(y) = aV=% x ¢) = ¢, w(e) = aV=! = (y = ¢) u nanee:
(e; = e[N =2]), (e4 = ;[N =3]), (eg = e4[N = 4])... (e35 = e54[N = 14]), ananoruuno
(p, = pIN =2]), (p, = p,IN =3]), (0, = p,IN =4])... (0, > p,,[N = 14]).
MBI rOBOpHM O IIPOCTPAHCTBE-MaTepyu Beell Beenennoii, onpenensemoro konctantamu: (h, ¢, G, ).
Camo m3mydenue B (0J;) ypoBHSIX (H3UIECKOr0 BaKyyMa, BBI3BAaHO ycKOpeHHeM (b) B pelsTHBHCTCKOI

JMHAMUKE BCETO MpocTpaHcTBa-marepun: b2 (R 1)? — b%c?(t 1)? = (¢* = F), narouei noTeHIHaIbI:

(b = T—KZ) (R=K) = K—Z = [l , «TeMHOM» SHEPIHUH:

+ A% GX+)

ypaBHEHUI AMHAMUKH 110 Kpyry (k = 3.14 = =

2
T
(MZ —NHK = (; — MK, + 1T,) = (Al (X+=Y—-) | K(All,)(X—=Y+) 1= FK = U.

Jns Beex kBauToB 0JI; (M) cnekTpa, uMeeT MecTo nepuoa auHaMuku (0 « T — o) umeeT pa3nuyHbIi
«MacmTaby, Ho Bcerna mis (T = 1) mivHA BOIHBL Aep)l=w(e)*x(T=1)= al « ¢ (T = 1) mis Makpo
a1eKTpoHOB, U A(y;)) T=w(y) * (T =1)=a N ¢+ (T = 1) aus cy6poTOoHOB. B IIIaHKOBCKUX Mpeenax
JUIMHBI B aKCHOMaX JUHAMHUYHOTO IIPOCTPAHCTBA-MaTEPUH: (Rj) *(Rj =4+ 10‘33sm) = 1, uMeeM



IpeaeIbHbIE (Rj) = 2.5%103%2sm, pa3Mepsl C OKOJO HYJEBLIMHU ILIOTHOCTAMH Macc: (p;(Y—) — 0), B
(0J1;) ypoBHSIX U3UYECKOTO BaKyyMa.

Hunamuka matepuu (@ # const) , dukcupyercs B EBknunosoii (¢ = 0), (¢ = const), akcuomaTuke
Kputepues DBoonun, chopmupoBanHbX B npoctpanctse (KT TV) ppemenn. Kaxnomy (¢ = const)
(UKCUPOBAaHHOMY COCTOSIHUIO, COOTBETCTBYET COOCTBEHHOE MTPOCTPAHCTBO-BPEMs, a paBHO 1 Kputepun

DBoJIIOIMH, B cOOTBEeTCTBUM ¢ Teopusimu OtHocutenbHoctu. B Henenumoit O6nactu Jlokanuzanuu,
HOJI = M(ey6 = 9,1 E103 )(k = 3.14)M(y,4 = 3,5 E—105) = 1, kBanTy (Yt = e,4) dKcakBazapa
COOTBETCTBYET CKOPOCTh W(eze) = aV=1* x ¢ . B cucreme xoopaunat atoMubIX (p/e) cTpykTyp OJ1;
YPOBHS OOBIYHBIX aTOMOB, TJ€ (W, = & * C) CKOPOCTH JIEKTPOHA, CYIIECTBYET COOTHOLICHHE
OTHOCHUTEJIbHO 3JIeKTpoHa (N = 13) B BUJeE:

HOJI = Wj(eze) xw;(24) = (@Pw) * (@ Bwp) =wi =T, =1
IIpu 5TOM BBIYUCIACTCS JUIMHA BOJHBI A(e6) = a'*(A(e) = w,(Tj = 1)) , 4epe3 UIMHY BOJIHBI IEKTPOHA,

_ __h _ 6.626%¥10727+137.036 _ -8 13 _ _36
Ae) = et = ode10-Tra1on0 = 332x107%sm, A(ey) = a'?A(e) =5.5%1073%sm,

U nepBble usydaeMble KBAHTHI, (e56) — a(ez4), UMEIOT 21 (e54) = 2a 1 A(ez6) = 1.5 * 10733sm pasmepnl B
OKPY)KHOCTH, COOTHOCHUMBIC IIJITAHKOBCKMMHU pasMepamMu (A, = 4 * 10733sm), BeruncnsieMsix B (f, G, ¢)
KOHCTaHTaX.

U3 HKCcHepuMeHTANBHEIX JAHHBIX, AT MUHEMATbHBIX (4; ~ 107'sm) paccrosmuii

Ai -
n3Mepsemsl (Y+= y) KBaHTamu, C IEPUOJOM AUHAMUKN T = :l ~ 10725 = T, , 3nauenue (N) mis

n10 .12 N = 12.

Ina
Otot nopsimok (OJ1;) crektpa cootBeTcTBYeT (Y+= ¥,4) KBaHTY cy0 doToHA. EMYy COOTBETCTBYET KBaHT

(Y+= ey) , C IIMHOM BOJHBI A(ey4) = 136 = 5.5 * 10736sm , B mpenenax Bceit Beenennoii:HOJ = Ryg1y6 = 1,

-12 25 10
1 a”2xc(T=1) _ 4.3855%10253x10
WK Ryg = = 1.8 % 103°sm , B chepe pamuyca: R = 2; ) = -y ~ 2.1%10%sm.

(1 cBeToBOI roa=365,25%24*3600%3*10%°=9,5%10%cm). B 060ux ciydasx pedsb HAET O pa3Mepax Mopsaka
R = 2 % 1017 cBeroBeix ner. Ceromns pUKCHpyeMbIe Ipeaesl BeenenHoit 0komo R; ~ 14 MUITMAapaOB
CBETOBBIX JIET. B kBaHTOBOM cucTeMe KoopauHar 0J1;; (m) IMHaMUYHOTO IIPOCTPAHCTBA-MATEPHUH, MBI
MMEEM OKOJIO 15 MIIITHOHOB TakuX (PUKCUPYEMbIX BCeleHHBIX.

N3 TeopeTnyecknx pacyeToB MIIAHKOBCKUX BEJIMYMH, A1 (X —) mosst Beenennoii:

nepuoga (T; = 1) AMHAMUKH, BeIUKCaseTcs: 10726 = aV(T; = 1), N = —26log,10 = —26

Gh l

by = |5 =4+10"%sm, ty = %’ =1.=135%x108s = VOV« (T =1),

_ _In(1.35%¥107%3)  -98.7
N = lOg\/E(tpl) "~ In(V6=667+10"%) —-8.26

VMeeM IpOCTPAaHCTBO TPEIeTbHBIX CKOPOCTeil cyd HeHTpHHO: V(Vay) = (VG) ™12 * ¢ = 3.4 % 105sm/s ,

=12.

ompenenseT MpOoCTPaHCTBO-MaTepuro (X—) nois BceneHHOH, B KOTOPOM UMEIOT MECTO IIPEETIbHbIE
cKOpoCTH cyO(hoTOHOB: V(Y4) = (1/137)712 x ¢ = 4.37 * 10%°sm/s . 3a 1 nepuos, NOIydnM pasMepsl
(X—) nons Beenennoii: R(X— = v,,) = (WG) ™2 # ¢(T = 1) = 3.4 * 10°3sm , u 3anonusemyio cy6
doTonamu o6macte: R(Y—=y,,) = (1/137)72 % c(T = 1) = 4.37 x 10**sm., ¢ MoMeHTa Hayana
anHaMukd. OauH cBeToBoM roa; 1cB.T.= 9.5 * 107 sm. To ectb: R(X —) = 3.6 * 103> cBeTOBBIX JI€T
npoctpadcTsa (X—) nons Beenennoii, u R(Y —) = 4.6 * 1017 cBetoBbIX €T, (X—) nossa Beenennoii
3anosHenHoe GortoHamu u cy6 poronamu. O10 N = 4.6 * 1017 /(13.75 * 10°) = 33.5 MUIIMOHA «BHMMO»
Hamu Beenennoit. Kak Buaum, cama (X—) Bcenennas eme 6obiire, ¢ tuHaMuKO# (Y —) MaccoBbIX MOJIEH.

5. JonmycTtumble 00beKThI BeesienHoM
O6nekramu Beenennoli OyneM HaspiBaTh «cepbl-ToUkn» 0JI;;(n) CXOAUMOCTH, B KaXKJ0H
(ukcupoBanHO#i «Touke» O0JI;;(m = const) , KBAHTOBOM CHCTEMBI KoopauHat. Hanpumep, 00bEKTHI:
HOJI = M(e, = 3,524 E7 )(k = 3.13)M(y =9,07E—-9) =1
TI0 aHANOTHH € 1poM (p/e) OOBIMHBIX aTOMOB, PeUb WIET O KBaHTaX (p,/ ez) s7ipa 3Be3/1bl. 3BE3/bI C
TaKUM SIIPOM UMEIOT MPEeeNIbHBIN SHEPreTUYeCKHid YpOBEHb (DM3MUECKOTO BaKyyMa, Ha YpoBHE (y)dorona.
Huxe sHepruum oToHa, B pu3ndeckoM Bakyyme 3Be3ja ceOs He mposiBisieT. [logo0Ho u3nmyueHusm
npotoHoM (pt — v,) aHTMHEHTPUHO, MBI TOBOPUM 00 M3JIy4EHHUSX BEIIECTBOM aHTHBEIIECTBA K HAOOOPOT.
To ectb: (pg = ps) , (s = ), (i = p3) ., (p7 = p*), ¢ cooTBeTCTBYIOMMM siapom atoma: (pt/e™)



BEIIeCTBa OOBIYHOTO aToMa, (p; /e;) aHTHUBEIECTBA S/Apa «3BE3HOTO aToMay, (ps /ey ) BellecTBa sapa
rajJakTuky, (pg /ed )aHTUBEIIECTBA sApa KBasapa U », (pg /eg )BEIIECTBA SIIpa «KBAa3apHOM IaJaKTHKNY.
Janpe, ncXoauM U3 TOrO, 4TO KBAHT (e,;) BemectBa (Y — = p; /ny = e,;) Alpa IUIAHET U3JIy4acT KBAHT

(e}, = 2 % a* (p] = 1,532E7 MeV)) = 223591MeV, wm % =

KBAaHTA «aHTHBemecTBay M(e}) = M(238,3 = p) = 238U , anpa ypana. Takoe «aHTUBELIECTBOY
(ef = 238U = Y—) HeyCTOMUMBO, M DK30TEPMUYHO PACIALAETCS B CIIEKTP aTOMOB, B AIPE IUIAHET.
B cBepxceeroBoM yposHe w; (@ N (y = ¢)) (u3MyecKoro Bakyyma, TaKhe 3Be3/bl ce0sl He IPOSBIISIOT.
Janbliue, peds ujaer o Bemiectse (p3 — py) aapa (Y— = p3/nd = ely) «uepubix cdep», BOKPYr KOTOPBIX, B
UX [10JI€ TPaBUTAIIMH, (POPMUPYIOTCS IIAPOBBIE CKOIUICHHUS 3B€3/1. AHAIIOIUYHO J[ajiee, pedb UIeT 00
M3JIy4eHHSIX BELIECTBOM aHTHBEIIECTBA U HA000poT: (p¢ — p3) ., (5 = p3) ., (3 = p1) ., (PT = Vi) .
O6m1ast TocIe10BaTeIbHOCTE UMEET BUI: Pg , D7 , Do, P5» Pis P3, Pz, P1 P Ve Ve .

Hansme: HOJ = M(e, = 1,15E16 )(k = 3.13)M(y2 = 2,78 E—17 ) = 1. DTu KBaHTH (p4/e4) sapa

TaJIaKTHK OKPYKEHBI U3JTy4a€MbIMHU 110 OT/JEIBHOCTH KBaHTamu (p,,/ ez) s/1pa 3B€31, U €CTh IPUUYNHON UX

+ =238,3 xp maccy saapa ypaHa,

dbopmupoBanus. Takue siapa rajgakTuK, B ypaBHEHUSX KBAHTOBOW IPaBUTAIIUHU, UMEIOT, CIIUPAIbHBIC PyKaBa
MAacCCOBBIX TPAEKTOPHIA, yke: w;(y, = a~1c) = 137 = ¢, B CBEPXCBETOBOM IIPOCTPAHCTBE CKOpocTeid. Hike
SHEPTUU CBETOBBIX POTOHOB (w; = 137 * ) B (pu3HUECKOM BaKyyMe, TAJITaKTHKH ce0sl He IPOsBIISIOT. BHe
raJlakTHK, pedb UJeT 0 KBaHTax sjpa (Y — = ps /ns = e,) Mera 3Be3l. OHU T€HEpUPYIOT MHOKECTBO
KBAHTOB (€5 = 2 * a * ps = e}, = 290pS) sapa rajakTuk. AHAJIOTHYHO Jajee.

HOJI = M(eg = 6,48 E23)(k = 3.83)M(y, = 403E-25) =1
Mpe1 roBopuM 0 kBaHTax (Y — = pg /ng = e,y) Aapa KBa3apoB, KOTOPHIE TOXKE MO OTAEIBHOCTH,
u3y4arot(p, / e4) KBaHTHI s1/Ipa TaJIakTUK. MlHaye roBops, A1po KBa3apa, OKpYKEHO KBaHTaMU spa
rajakTHUKdA. ['OBOPAT MpU 3TOM, YTO KBa3ap B LIEHTPE rajJakTUKH. Takue KBa3apbl NOTPYKAKOTCS B YPOBEHb

. - 2

(GHU3MUECKOTO BaKyyMa 10 CBEPXCBETOBBIX CKopocTell w;(y, = a~%c) = 1377 = ¢ . D10 riybiKe, 4eM YpOBEHD
(bu3MYecKOTo BakyyMa rajJakTUKUA. DTO COBEPILEHHO pa3Hble 00beKThl. Haue roBops, KBa3apsl
HCKPHUBIISIIOT TPOCTPAHCTBO-MATEPHUIO HA YPOBHE (Y,) KBAaHTOB. Jlanblie peus UAET O KBaHTaX BEIECTBA
saapa (Y— = pi/n, =el) «uepHbIX cdhepy», BOKPYr KOTOPHIX, B UX I0JI€ MPABUTALMH, (OPMUPYIOTCS
CKOIUJICHUS TAIAKTHUK, U Jajee:

HOJI = M(eg = 4,47 E31)(k = 3.149)M(y, = 713E-33 ) =1
Mei roBopum o0 kBanTax (pg/ e8) siIpa KBa3apHbIX TAIAKTUK, KOTOPBIE TOXKE 110 OTAEIbHOCTH, U3JIy4atOT
KBaHThI (p, /1, = e,q) Anpa kBa3apos. Takue KBa3apHbIEC FAIAKTUKU MOTPYKAIOTCSA B yPOBEHD (PU3MUECKOTO

BaKyyMa JI0 CBEPXCBETOBEIX CKopocTell w;(ys = a™3c) = 1373 x c. Ananorndmo naiee.

B akcuomax HOJI = K3(m)K3(n) = 1, wm M;(X +) * M;(Y =) = 1, IMHaMIYHOI'O IIPOCTPAHCTBA~
MaTepHH, peub UaeT 00 HCTOYHHMKE MPaBUTALMU I'PaBUTALIMOHHOM M; (X +) mMacchl B 0JI; ypOBHAX U
nHeptHON M;(Y —) Macchl B OJI; ypoBHAX (DU3MUECKOT0 BaKyyMa, ¢ MX IIPHHIIMIIOM SKBUBAJICHTHOCTH
DUHIITEHHA B €JMHOM I'paBUT (X+ = Y —) MacCOBOM I10Jie. DTH MacChl: M; « M; = (M =TIK )2 =1, B BUIE
KBaJ[paTUYHOM cboprl Hpe,I[CTaBJ'IeHBI B KBAaHTOBBIX ITOJISIX UX B3aUMOICHCTBUS:

- 2 — _ 2 _ (6,674x1078)2x(1-2/(137.036))?2
"" Gmo GmO(l Za) h GM GM (1 20{) 137.036%2.993%1010

B KBaHTOBEIX: G(X +) [F] = wﬁ E graan JuX+) [ﬁ] , TpaBHT (X+ = Y —) MacCOBBIX HOJISX. DTO

= 1.054508 = 1027

ypaBHEHUE KBAHTOBOU rpaBUTALIUU, IPSIMO clieyeT u3 ypaBHeHus: O6meit Teopun OTHOCUTETFHOCTH
Oitnmreitna. Takum o6paszom, npesienbHas Macca M;(X +) ncTouHnKa rpaBuTanuu onpenenserca M;(Y —)
MHEPTHOM Maccoi MaccoBbIX (Y— =y,) monei B 0J; ypOBHAX PU3MIECKOTO BaKyyMma, Kak 00beKT 0J1;; (n)
cxoaumoctu uiu: HOJI = 0JI;;(n) = M;(X +) * M;(Y— = y;) = 1. Takum 06pa3zoM, MOIY4UM HpE/IEIbHBIE
Macchl Bo BeenenHoit: Hanpumep st 38e31bl M;(X +) = M,(p; /nd) = 1/(y) B yenosusx (e5 (k)y) = 1.
AHaJIOTUYHO:

Hpe,Z[CJ'ILHaH Macca miuaHer, s 1MeV = 1.78  10” % g:

1 31 5 ~ M 33
= * —_— * -
= 313105 MeVe 176102 =M;(p;/n7) =18%10°g = 00 rne(Ms = 2 * 10°° g)- macca CoJHiia.
I[am;me npeaciibHass Macca 3B€3/, C AApOM U3 AHTUBEIIECTBA.

1 L 34 A, L
S = 50710 Mev+178-10-775 = M,(p;/n;) = 6.2+x10°*g = 31M, , WIH B TIpeeIax OT oo 1O 31M; macc.

AHAJIOTUYHO I'IpeI[eJ'IBHa}I macca (p3/nd = efy) «uepHbIX chep», ¢ AAPOM U3 BCIJ_ICCTBa.

1
Vi 45+10- 13MeV*1.78*10 27g — = Ms(p3/n3) ~ 1.25 x10%g ~ 625220M;

Y1

Q



Hpe;[eJILHa;I Macca rajakTuk, (pi /nd = ef,) ¢ A1ApoM u3 BelecTRa:

43 10

X ~ 7 % ~

Y. 2.78¢10- 17MeV*1 78x10-27g = Ma(pi /n3) = 2+ 10% g ~ 10"°M;

Hpe):[eJILHasI Macca BHETaJlaKTUYECKOW Mera 3Be3/ibl, (ps /Ns = e.c) C SIAPOM U3 aHTUBEIIECTBA:
1 46 13

— * 2 *

vs  8.05+10-21MeV+1.78+10-27g = Ms(ps /ns) = 7+107g ~ 3,5 107Ms

MpeJeabHAsl Macca BHEraJlaKTUYECKOW MEra 3Be3Mbl, (Pg /Mg = €,4) C AIPOM U3 AHTUBEILECTBA:

1 1 = f= 51 17

—_= = =~ * =~ *

Ya  4.03x10-25MeV+1.78+10~27g Ms(ps /ne) = 14+ 107 g = 7+ 107" M; ,

Kaxnoe smpo TaKhX OGBCKTOB 0JIj;(n) CX0MMOCTH, TEHEPUPYET MHOKECTBO COOTBETCTBYIOMIUX
KBAaHTOB (2 * a * p— = e = Np}. j—1) YKa3aHHBIX B TabIMIe, ¥ U3JIydaeT (pt il pi i—2)- Ot10 MHOXkeECTBO (N)
KBAHTOB si/Ipa TUIAHET, 3B€3Il, rajaKTUK, KBa3apos.... Hanpumep, sapo Connila, kak 3BCSIII)I H3J1yqaeT anpa
Bojiopoja (p; — p* — v;) U DICKTPOHHOTO aHTI/IHGI/ITpI/IHO HO TeHepupyeT (2 x a * p; = e}y, = N pf)
KBaHTBI, CKQ)KEM TaK, «3BE3HOTO BEIIECTBay (p; /e;) B TBEPAOH MOBEPXHOCTH 3BE3/IBI. DTO «3BE3IHOE
BelecTBo» (p;/e;) He MOKET B3aUMOJIEHCTBOBATH C BOJOPOIOM (pt/e™), HO MOXKET M3ITy4aTh MIOOHHOE
aHTHHEHTpUHO (p; — V) , KoTopoe B arMocdepe 3emMin (pOpMUPYET MIOOHEI, KOTOpBIE B paciaiaX JakoT:

(") mo3uTpoHsL: (Y+=p) = (X—=1v;)(Y+= e*)(X—=v;). Wnn, KBaHTHI AP0 Mera 3Be3/bl ¢ (p5 /N5 = er5)
U3JIy4aioT KBaHTHI (p; — P3) BEIIECTBA, HO TEHEPUPYIOT KBAHTHI SIIPA FATAKTHK

(2 *axp; = el = N pi). MBI BUIMM Kak ObI «ITOBEPXHOCTE TaJIaKTHKH, HO SIPO Takoro oowekra 0J1;; (n)
CXOJMMOCTH, UMEET Maccy B mpezeiax ot (101°My) mo (3.5 * 1013 M,) macc Conna.

Peup uner o gomycTumeix 00bekTax 0JIj; (n) CXOQMMOCTH, B JMHAMMYIHOM NPOCTPaHCTBE-MATEPUH

Bcenennoii. [Ipu 3TOM ykazaHbl pacueTHBIC TPUINHHO-CIICICTBEHHBIC CBS3H.

6. MexrajakTuyecKHii annapart 6e3 TOIUIMBHBIX BUTATeI€Eii.
DU3NYECKON PEATBHOCTBIO SIBISIETCS PAa3IMYHOE MPOCTPaHCTBO ckopocTer CotiHia u 3emid. be3 Beakux
TOIUTMBHBIX JIBUTaTeNeil 3eMilsl IETUT B MPOCTPAHCTBE (PU3MUECKOTro BakyyMa co CKOpocThio 30 kM/c, a
CoJiHIIE CO CKOPOCTBIO MopssiKa 265 kM/c . Peub uAeT o rmaBHOM CBOMCTBE MPOCTPAHCTBA-MATEPUU —
nswxennn. [lotok mace (Y—), ammapara cospaercs nonsamu (Y—=y;) = (X+ = p;)(X+ = p;) CunpHoro u
I'paBuTanonHoro BzanumoaelcTBHs S9HEPrETUUECKHUX KBAHTOB(X + = py), (Xt = p3),... (X£ = p; ypoBHEH
0JI; HeAENMMMBIX KBAHTOB NPOCTPAaHCTBA-MaTEPUH (PU3MIECKOTO BaKyyMa, CBA3aHHBIX MEXIY COOOH STUMHU
xe (X+) monsimu Ha (X—) TpaeKTOpUSAX MOAYIs, 0€3 BHEIIHETO CTOYHHUKA SHEPTUU.

Puc.10.1. Mexranakruyeckuid annapar 0e3 TOIUIMBHBIX JIBUTraTeJIeM.

ITocnenoBarenbHO BKJIOUYas MpocTpaHcTBO ckopoctelt (Y —),, (X—), anmapara B pasjinyHbIX
YPOBHSIX CUHTYJIIPHOCTH (PU3MUYECKOTO BaKyyma, anmapar BHIXOAUT 10 paJnuaibHOM TPAaeKTOPUU C YPOBHS
CUHTYJISIDHOCTH (PM3MUYECKOTO BaKyyMa KBaHTa (X+ ) MpOCTpaHCTBa-MaTepUH IJIaHEThI, IPOCTPaHCTBA-
Marepuu (Y +) 3Be31bl, IPOCTPAaHCTBa-MaTEpUH (Xt ) TalaKTUKH, IpOoCcTpaHCcTBa-Marepud (Y + )CKOIIeHus
rajlakTHK, K IpyTUM CKOIIJICHUSIM M raJlakTUKaM B 11oJie BceneHHoH, ¢ 00paTHBIMU BKIIOUEHHUSIMU TTPU
BO3BpAaTe HA IUIAHETY CBOCH WM APYTOW rajJaKTUKH.

Takum oOpaszom, co3naBath MaccoBbie OsI(Y — = y;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOAUMO
nossivu (Y —) 4 = (X +=p j) + (X+ = p;) «TOKENBIX» KBAHTOB KaK «paboyero BEIECTBA», 3aMKHYTBIX

Ha (X—) TpaeKTOpUH «KOJblia» anmnaparta, B ycnoBusix HOJI = ( )(k) (i) = 1 Hemenmumoii O6ractu
Jlokanu3anuu. JTO yCIOBUS B KBAHTOBOM cCHCTEME KOOPAMHAT, KOTJa KBaHT ( ) HE MPOSBIISET ceOs HIKE
ypoBHs Hepruit (y;) KBAHTOB (PU3UUECKOTO BAKyyMa. ITH YPOBHU COOTBETCTBYIOT:

HOJI = M(e,)(k =3.13)m(y, ) = 1 | HOJ = VGM(p)(k = 1.8)VGem(v, ) =




HOJI = M(e, )(k =3.13)m(y) =1 HOJI = VGM(p, )(k = 1.7)Vem(v, ) = 1

HOJ1 = M(e3 )(k = 3.86)m(y; ) = 1 HOJI = VGM(p; )(k = 17)Vem(v, ) = 1
HOJT = M(ey )(k =3.13)m(y, ) =1 HOJl =VGM(p, )(k = 1.8)VGm(v, ) =1
HOJI = M(es )(k =3.15)m(y; ) =1 HOJl = VGM(ps )(k = 1.8)Vem(v; ) =1
HOT = M(eg )(k =3.9)m(y, ) =1 HOJI = VGM(pg )(k = 189)VGm(v, ) = 1
HOJI = M(ey)(k =3.14)m(y,, ) =1 HOJI = VGM(pos )(k = 1,8)VGm(vy3 ) = 1

MB&1 roBopum 0 kBaHTOBOH cucteme koopaunar OJI; (m — n)B npocTpancTee-Marepun Beenennoi,
B kax0oM OJI; i OJ1; ypoBHe nmeroT mecto Tpu (X —= Y+) 3apsanoseix u 1Ba (Y —= X+) MaccoBbIx
usonoTeHuana. M B a1oii KBAHTOBOM CUCTEME KOOPIMHAT, IPEICTABIIEHBI «TSKENbIEY (P)/ej) KBAHTHI,
KKl U3 KOTOPBIX UMEET CBOIO «TJTYOMHY» SHEPIeTHUUECKUX YpPOBHEH (V4 /y;) KBAHTOB (PU3UYECKOTO
Bakyyma. IlpencraBum ux B Buae mojenei takux Rj;(m) Henemumpbix OGnacTeli MpoCTpaHCcTBa — MAaTEPUH
Bcenennoi.

‘ -Rji (m)
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Puc.10.2. cniektp HegeJMMbIX KBAHTOB

OT10 Hekas cdepa B IPOCTPAHCTBE-MATEPHH, B IEHTPE KOTOPOH «TSKENBIEY (pj/€j) KBaHThI, KOTOPhIE
OTIPEIETISAIOT KHU3Y, U «BBEPX» MO paaANyCy, 10 YPOBHS (V;/y;) KBAaHTOB (PM3MYECKOIO BaKyyMa
MPOCTpaHCTBe-MaTepun BeeneHHou, st 1000ro mogo0HOTO 00BEKTa BHYTPH 3TOU cepbl. ITo chepsl
BOKpPYT IUIAHETHI, 3B€3/1bl, FAJIAKTUKY, KBa3apa... . Ha npumepe KkBaHTOB:

HOI(X + =pf) = (Y—= e+)(X+ v ) ¥—=e*) = 2’"@ =153 TeV ,
HOMI(Y + = ;) = (X—=p )(Y+= e")(X—=p~) = 2’"” = 3524 TeV ,

pedb UIET O CUHTE3€E BEIecTBa (X + = pf), Ha BCTpEUHbIX ITy4Kax (e*e’ — pf) MO3UTPOHOB C BUPTYyaJIbHBIMU
KBaHTaMH (v;), ¥ (Y + = e;) Ha BCTPEUHBIX ITy4KaX (p~p~ — e;) aHTUIPOTOHOB MO3UTPOHOB C BUPTYalbHBIMU
KBaHTaMH (e"), OIOOHBIX MEKTPOHY (e~ = vy ¥ +v;) . MBI MOXKEM FOBOPHUTH U O MOCIICAOBATEILHOM CHHTE3€
«TSDKENBIX» (p;/e;) KBAaHTOB, UMEHHO BemecTa (X + = p]?L), st (Y—)4, (X—), anmapara, B OTIEJIBHBIX
npoueccax. (... <[l el < pi <GP v (... < pi < B <l < ef '« pit < e*) cunreza. CynecTBEHHO TO,
YTO JIEKTPOH (e~) U3JIydaeT U Noromaet (GoToH (y+), HO OH HEe MOKET U3JIy4aTh U MOTJIOMIATh «TEMHBIN
GOoTOH (). DTOT «TEMHBI» POTOH U3TYYaETCS U MOTJIOIMACTCS «TSKEIBIMY IEKTPOHOM (e4) — (yo ).
ToYHO TaK «TsDKEINbIN» MPOTOH (p;) — (vu ) M3JIy4aeT ¥ MOTJIOMAET MIOOHHOE HEHTPHHO. DTO HEBHIMMBIE
KBaHTBI, HE B3aMMO/ICHCTBYIOIINE, 1 HEKOHTAKTHBIC ¢ kKBaHTaMu (JilJlel) atoMoB Ta0uuiel MeHeneeBa.
MBI UX HE MOXKEM HU BUJETh, HU GUKCHPOBaTh. Ho 3TH HeBUIMMBIE KBAaHTHI (CHHUIA IIBET B YKa3aHHBIX
MIOCJIEIOBATEILHOCTAX ) UMEIOT 3apsA0BbIE H30TMOTEHIIHANIBI U MOTYT (DOPMHUPOBATH HE BUJIUMBIE HAM
CrpykrypHble PopMbl, I0106HBIX 00bIUHBIM (p*/e”) aTomam. Dto: ctpykTypsl (Vi /%) ,( p,/€D) ... Tak
MBI OCBAaUBAEM I0CJIEI0BATENIbHO, TOTEHIMAIIBI SApa IUIAHET, sipa 3BE3/, siApa FAIAKTHK U siApa KBa3apos.
Ho nns (Y—) 4 anmapata, Mbl MOXkeM OPMHUPOBATH TOJIBKO KOHTAKTHBIE HAM KBaHTHI - s/ipa TATAKTHK U
KBaHTBI BelecTBa siipa kBazapos. M cam anmapart (Y —), , MOCIe0BaTeNbHO «IOTPYKAETCSI» B
¢dusnveckuii Bakyym, kak: HOJI = (e, )(k)( v, ) = 1, HOJ = (eg )(k)( y4 ) = 1, CBEpXCBETOBOTO
(y, =137 * ¢ ), u (y, = 137% * ¢ ) mpOCTpPaHCTBa CKOPOCTEit. DTO BMOJHE A0MycTUMBIE B CrielHaibHON

s c+Nc v T aq1Nc+c
W, = ———— = ¢, u B KBanToBoii W, = #NC/C = ¢, Teopun OTHOCUTENBLHOCTH B EBKIINIOBBIX
22

1+c*Nc/c?
a;; = cos(p =0), a;; = a,, =1, yrnax napamuiensHoct. Cam (Y —), anapaT nBuxeTcs B ykazaHHOM cepe
MPOCTPAaHCTBAa-MaTepuH BeeneHHoM, B pa3IMuHbIX YPOBHIX (GU3NUECKOTO BakyyMa. CTOUT OTMETUTH, YTO
00BbEeM MPOCTPaHCTBA-MATEPHH 3BE3/Ibl, «IIOTPYKEH» B MIPOCTPAHCTBO CKOpocTel (y = ¢ ), 00beM ranakTuk,
«TIIOTPYKEH» B MPOCTPAHCTBO cCKopocTeil (y, = 137 * ¢ ), 00beM KBa3apoB «IOTPYKEH» B IPOCTPAHCTBO
(y4 = 137% % ¢ ) yxe cBepXCBETOBBIX ckopocreit. [IpencraBnennsiii (Y —), amapar IBUXETCS B YKa3aHHON




cepe, B ipocTpancTBe ckopocteil (y, = 137 * ¢ ) sapa ranaktuku, wim (y, = 1372 = ¢ ) saupa KBasapa.
Bomnpoc, kak cest 9yBCTBYET SKUIAX B LIEHTPAIBHOM Kallcyse anmnapaTa, B CBEpXCBETOBOM IIPOCTPAHCTBE
ckopocteit? TouHo Tak, Kak 3emiis, HaxosICh B cepe MpocTpaHcTBa-MaTepuu 3Be3/bl, ConHIla, He
qyBCTBYET 265 kM/c ckopocTH nBrxeHus ConHia (4nTail anmapara) B IpOCTpaHCTBE-MaTepuu [ aJakTHKH.
Kancyna ¢ sxumaxem, 3akppita Mmarepuaiom u noiasmu (Y —), anapara. Kancyna nepexomut B Ipyroi

(0J1); ypoBens. B ykasannbix cepax R;;(m) Hemenmmbix Obnacteld, chepsl MPpOCTPaHCTBA — MATEPHH,
ckopocTH pje;(m) KBaHTOB w;(p;e;) * v;(v;y;) = c? motomy, uto (w; = a*V ) (v; = a ™V x¢) = ¢2. U atH
ckopoctu (N=j=1,2,3...), w;(pje;) = (a = é)“v xc - 0, B camoM 1ieutpe (Y— )4 anapara. Takue cBoiicTBa
[POCTPAHCTBE-MATEPUH.

+
Teneps paccMoTpuM peanbHbIe (pr3mueckre cBoiicTBa kBanTa (Y —= %) CunbHoro B3aumopeiicTBus

o6eranoro aapa 0J1;(p, e, v,,v;,y) ypoBHs usnueckoro Bakyyma. Ero maccossie (Y —) Tpaekropun
dopmupyrores rpaBut (X+ = Y —) MaccoBbiME HOJIIMH ABYX poToHOB (X+ = p)(X+=p) =(Y —), B

axpt 938,28 MeV
931,5MeV  137,036%931,5 MeV

= 0,0073aem), U1l IPOTOHA C MACCOM

12
aem = 1,0073 aem. [Ipu 3TOM, MBI TOHUMAEM, YTO laem = % =1.6604 x10"%"kg u

aTOMHBIX SIUHUIAX MACCHI: (Y —=
ap
931,5 MeV

sueprust E (laem) = mc? = 1.6604 x 10727 x (2,997924 x 108)° * (1[x = 6.2422 » 10'%eV) = 931.5MeV . Mb1

oM (Y-
roBopuM 00 MHIYKTHBHOM MaccoBoM (Y —), B ypaBHEHHMHU TUHAMMKU: rot,G(X+) = — %. Touno Tak

dbopmupyrorcs MaccoBblie(Y —) 4 TPAa€KTOPHH almapara, «TsKeNIbIMi» kBauTaMu (Y —= N p].+) 4,Ha (X-)

m(p) = laem +

TPAEKTOPHUAX 3aMKHYTOTO KOJIbIIA, B PA3JIMYHBIX YPOBHAX (PU3UYECKOTO BaKyyma, B CBEPXCBETOBOM
MPOCTPAHCTBE CKOPOCTEH. (X—) TpaeKTOPHUH 3aMKHYTOTO KOJIbIIA, IT0 CYTH, BUXPEBOE T0JIC YPaBHEHUI

. aM(Y-) dB(X-)
JVHAMUKH: 70ty G(X+) = ———, MOAOOHBIX MHIYKIIMU MAarHUTHOTO TIOJIS KaTYIIKA  rotyE(Y +) = -
Takux (X—) «BUTKOB Karymkn» B (Y—), ammapare, MOKHO JIeJIaTh HECKOJIBKO JUIS YBEITMICHHSI TNTOTHOCTH

oMy=) 1 m=k3/T? o .
p(Y =)= |72 = | MAccoBbIX (Y—), TpaekTopuii anmapara. M3 COOTHOIIEHUH ISl KBAHTOB,

TJ(X—:pJ)—>oo’ A (X==p,)>x

=2(e. )/ G e, A (X-=
(p i ( f*') ) KBaHTaMU ( -f*l), TeM OoJipire ( p J), TeM OOJIbIIIe TUAMETP D «xombiay
anmapara. [l cooTHOIeHUH

(E= HZKX NX=NE = HzKY)(X—'_) =HO/I(Xt=p,) , HIMEIOT MECTO COOTHOILICHUS
TEX)VE(X+)=HOI(X+=p,) i TK (XK, L (X+H)=HOJT(X+=p),)
T (m=TIK W X-)(m=TIK, )V (X+)= HOJI(X£=p,

(X==p,)=+t=¢,)T+=e,,) 3JIEKTPUYECKUMH IIOJIIMUA MACCOBBIX

m(X==p;)=2m(Y==¢;)/G) 50t nocTaTOUHO B CO3TAHEIX

ATi=e, )=t
, 3HATh JUIMHY BOJIHBI AY-=e, )

X-=
yeM 00JIbIIIe Macca ( p“') KBaHTa, popMuUupyemas
b 2

, KaK 1 JJIs1 MaccC

X—=
) . Bca macca COCp€a0TOYCHA B ( p"') I1oJIC,

bopmupyemMoro (Y-=e,,)

TpaeKTOpHﬁ, B BHIC MAaCCOBBIX HOHCﬁ,

KBaHTax HOMT=AY+=¢, )A(Y-=¢,)=1

(X-=p))

N(e
YTOOBI BEIYHUCIUTh MOPSIOK KBAHTOB (e, ), (bOPMUPYIOLIUX TPACKTOPHIO KBAHTOB «pabouero

MX== p_j) =A(Y+= e_j—l)

BCIICCTBaA». HaHpHMep, €CJIn 1A , H606XO,Z[I/IMO «KOJIbIIO» JHaMETpa

D 24(X==py) D=10m rorga MX==p)=1n=AT+=¢,.) 1, €CTh, UIMEET MECTO JUTMHA KBAHTA
)

AY-=e,)) -t 6,67*107 cum

AY+=e, ) . OTO COOTBETCTBYET COOTHOLLIECHUAM
AY—=e, )= 667107 cn=21%a" (A, =3.3%10" ca)
*10°° —
In(2*107) _-1082 .

= =22=2
In(o =1/137)  —4,92 Torma i =3

, OTKyZia o' =2%107 , IUIS /=D aer

N =log, 2*107° =

COOTBCTCTBYCT NOPAAKY KBAHTOB

3% _ _ +
(OC C) - W(e4) pa6oqero BCIIIECTBA (X = P4 ), B «KOJIbLC» C TUAMETPOM 10m. Takue «KOJIbLIa» AAarT

o+
MEXKTaJaKTHISCKUM arrmapar. CKOpOCTB MCKTAJIAKTUYICCKOTO alllapara ¢ TaKuM (X =P ) ((pa60‘-II/IM



- ¢ -
BEILIECTBOM», B YPOBHE CUHIYJIIPHOCTHU HOJT=m(e,)*m(y,)=1

—_— — 7] ~
V¥-=r,)=a *c=137%c Jlig 3emHoro BpeMeHnu B 10 j1eT, MOKHO MPOJIETETH
wm (F=10%365,25%24*3600*137%*3 #10° =1,3*10"xn = 8,8*107 a.e = 425,8nx . To ecTh Hary
ranakTuky (30 Knk), anmapar mposieTuT npuMepHo 3a 705 ner. [l skumaxka Takoro anmapara, COOCTBEHHOE
T =oa(7051em) = 5,14ner

(p))

, COCTaBJIAET
(r =10em*a ™ *c)xm

, BpEMsI YPOBHSI CHHTYJISIPHOCTH (72)
MX—= p,) Tst (NJ =4)

BpEMsA COCTABJIACT

, TEM OoJIbIIIe JJIMHa €ro «BOJIHBI»

X— =p' N = 3
KBaHTOB BEIIIECTBA ( Ps) siipa KBazapa, UMEI0 MeCTO (N ). Toraa U3 COOTHOLIEHUS

2n*a(A,)=A(Y—-=¢e, ;) =6,28*(1/137)’ *3.3*10° cn =8,14*10"" cu
1 B 1
AMY-=e,,) 814*10 " cm

1L2*¥10"em~10°ku =82 ae.

Yem 00JIbIIE MAcCa KBAHTA

, 1 BBIYHCJIISIEM

MV +=e, )= =123*10%eu=A(X-=p;)

. DTO cocTaBiseT
(X—=pg)
TUaMEeTp sApa BHETAIAKTHISCKOTO KBa3apa ¢ KBaHTaMU sqpa.

— * —
«Pabouee BemiecTBo» TaKUX HOIT=m(e,)*m(y,)=1 , KBAHTOB JTAIOT MOJIETHI YK€ BHE TaJIaKTHK BO
Bcenennoii. 3a 10 et 3eMHOT0 BpeMEHH MOHO NPOJIeTeTh BO BeenenHoi,

(r=102em*(V(y,)=a > *c)=1,78*10" ku

t=a*(10em)

, i 188000 cBeToBbIX JieT. 3a cOOCTBEHHOE BpeMsi B

arnmapare niu 4 yaca 40 MuHyT. OTO BpeMs s (Y==7,) KBAHTOB, B MEKTAIAKTHYECKOM
YpOBHE CUHTYISIPHOCTH (DU3UYECKOTO BaKyyMa.
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