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1. Meroa pa3mMepHOiil peryiasgpusaiun

Sananume 1.1. UVcxons 3 HHBAPUAHTHOCTH CKAJAPHOTO WH-
Terpajia B [N-MEPHOM €BKJINIOBOM IIPOCTPAHCTBE 110 OTHOIICHUIO K
BBIOODY Hada/a CHCTEMBbI OTCUYETA U MPeodPa30BAHUSIM BpAICHHUS,
MOJIyYUThH COOTBETCTBYIOIINE TEH30PHBIE HHTEIPAJIBI, OOPAITAIOIITIe-
Csl B HOJIb.

Pewenue

HpI/I BBITHCJIEHIN NHTETPaJioB B N—MepHOM (HCGB,I];O)GBKHI/I,ZLOBOM
IIPOCTPAaHCTBE IOJIL3YIOTCA CJICAYIONNMU cBolicTBaMu:

[evesw=c [, (L)
[@lsw + o) = [ @)+ [ Ppow). (12
[evtora= [ s, (13)
[t = [ @50, (14)
[@vsien = [ @i, (15)

rae C' — npousBosibHAg KoHCTaHTa, ¢* — N-Mmepublit BekTop (p =
0,1, ..., N—1 B 1ceB/0eBKHJIOBOM IIpocTpancTe u pt = 1, ..., N
B €BKJIIJOBOM IIPOCTPAHCTBE), HesaBucsmuii ot ph, u p'* = Alp” —
BEKTOD, Nosrydaommuiicst u3 p/ B pesy/bpraTe npeobpa3oBanuii Bparie-
uus win Jlopenna cucremsr Koopyuuar. HesiBro mpeosiaraercs, 9o
UHTErPUPOBAHIE TPOBOJUTCS TI0 BCeMy OeCKOHEIHOMY [N-MepHOMY
POCTPAHCTBY. B YacTHOCTH, €Cjii CINTATh BEKTOP ¢ OECKOHETHO
MaJIbIM U Da3JIokKUTh IOjbIHTerpasibHoe Bhipazkenue B (1.3) B psj
10 @, TO IOJIyHaeTCs BazKHOe CBOICTBO:

/d%%ﬁfi’i) =0. (1.6)

DTO CBONCTBO UMEET OYeHb IIPOCTYI0 HHTEPIPETAINID — B OECKOHeU-
HoM N-MEepPHOM [IPOCTPAHCTBE OTCYTCTBYIOT CJiaraeMble, 00yCIOBIeH-
HBle JedopMariueil TpaHuIlbl 001acTH HHTerpupoBaHusi. AHATIOr M-
HO, €CJIN PACCMOTPETh DECKOHETHO MaJIoe IIpeodpasoBatne BPaleHus

3

uin Jlopenua, To marpuiia Ay = 0p + Wy, THE Wyy = —Wpy, U U3
cBoticrsa (1.4) ciesyer unTerpajbHOE COOTHOIICHUE BHIA:
af(p) af(p)
dVp [p“ —p¥ =0. (1.7)
/ Opy Opy

MozKHO Takzke OKa3aTh, 4To 10 cBoficrBy (1.5) MHTErpasibl, He Co-
JleprKallie pa3MepHOro Iapamerpa, 00paliaoTcs B HOJIb. B qacTHO-
CTU, 9TO BBIIOJIHACTCS JJI CKAJIAPHOIrO UHTerpaJla

/[p?d_iis]a ~0 (1.8)

i Beex a # N/2. B ciydae a = N/2 3uauenue unrerpajia MOKeT
0Ka3aThCsl OTJIMUHBIM OT HyJISl I 9TOT Cjlydail TpedyeT JON0JIHUTE b
HOIO HCCJIe/JOBaHUs.

3aganue 1.2. Bocmoap30BaBInch CBOHCTBAMEI WHTEIPAJIOB
U3 IpejiblyIeit 3a/1a4n, HallTH 3Ha4eHnsl CKAJISPHOTO U BEKTOPHOI'O
MHTErPAJIOB, a TaKyKe TeH30PHBIX MHTErPajioB 2-Ir0 U 3-T'0 PaHI'OB.

Pewenue

B oriuune or MHTErpasioB, paccMOTpeHHbIX B [1, 2], Gosee npu-
E€MJIEMBIM IIpeJICTaBJ/IgeTCd UX HEeMHOI'O Iepeollipe/le/INTh TaKUuM 06—
pa3oM, 9ToObI UX PAa3MepHOCTh B [N-MEPHOM MCEBJIOEBKJIHIOBOM UM-
IyJIbCHOM IPOCTPAHCTBE OCTABAJIACH TAaKOil Ke, KaK U B YeThIPEX-
MEPHOM [pOCTpaHcTBe. UTOObI JOCTHYL 9TOTO, MOXKHO BBECTH IHApa-
METP [t C PA3MEPHOCTHIO MACCHI, 1 OIPEJICJIUTh CKAJIAPHBIH HHTEIPAJT
CJTEJLYIOIIIM 00PA30OM:

N
S, = /~L47N/ k ! @ (19)
(2m)N [k? — 2(pk) — (]

riae pt u £ — N-MepHbIii BeKTOp U KOHCTAHTa, HE 3aBUCSIIUE OT K.
[Tocsie mepexona K HOBOH IepeMenHoii naTerpuposanusa k' = k# —ph

U uCI0JIb30Banusg cBoiicTsa (1.3), MHTerpas CBOAUTCS K BUILY:

wn [ dVK 1

5= [ sy (1.10)
rne A = p? + (. JanbHeliee HHTErpupoBaHne YI0OHO HPOBOINTD
B N-h’lepHONl €BKJIMJIOBOM MMITYJILCHOM ITPDOCTPaHCTBE, IpnieM COOT-
BETCTBYIONHH [Iepexo/l yI00HO OCYIIECTBIISTh B KOMILUIEKCHOI TLI0C-
KocTH 1epeMeHHoft kj, cosepiins nopopor Buka. Takoe npeoGpaso-
Bamne SKBUBAJEHTHO 3amenan: ky — ik, k> — —ki2, u dVk' —
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idV ki, cnenas koropsle B nHTerpasie (1.10), mostyqnm BhIpaxKeHue
(IITpUX y MMIYJIbCA OMYCKAEM ):

_ ;s 4-N deE (_1)a
Sy =ip /(QW)N AT (1.11)

[TocKOTbKY TOJBIHTErpAIbHASA (DYHKIMS 3aBUCAT TOJHKO OT MOJLY-
JIs BeKTOpa kg, TO MHTerpaJl yJa00HO B34Th B chepuuecKoii cucreme
KOOP/IMHAT, [IPUYeM HHTErPUPOBAHUE 110 YIJIAM TPUBUAJILHO U JTAET
MOJIHBII TeJIeCHBIIT yroa N-MepHOro €BK/INI0Ba TPOCTPAHCTBA:
271_]\/'/2
o = ——___ (1.12)
I'(N/2)
rie I'(z) — ramma-dyukius Diiepa. [Tocsie nepexomna K HOBOI Tie-
pemennoit y = k%, N-mepubiii unrerpas (1.11) csojures K ojuomep-
HOMY BUJIA:

Sa=i(=1)" p=

Q(N) 00 N/271d
/ g J (1.13)
0

2 (2m)N ly+ A"

Broruncienue oJJHOMEPHOrO MHTErpaJjia TPY/Ia He MPeJICTAB/ISIET U pe-
3yJIBTAT, ¢ TOYHOCTHIO JI0 pasmeproro muozknrens AN/2~ yvoxkno
zanucaTh B hopMe OTHOMICHUS TaMMa-QyHKIU, & IMEHHO:

o aon QN T(N/2)T(a = N/2)

Sy =i(=1)"p @ a) ANma(1.14)

ITocie nogcranosku Tesectoro yria (1.12) n A = p? + £ nomyuum
OKOHYATEJIBHOE BBIPAXKEHHE IS CKAJISPHOIO HHTErPaJia;
4N
o b I'(a— N/2)
(4m)N2 - T(a)

S, = (—1) (2 + 0" (1.15)

Owno cosnagaer ¢ (0.66) u3 [1] npn p = 1. Haiigem Takke pekyp-
PEHTHOE COOTHOIIEHNE MEXKJLY CKAJISPHBIMU HHTEIDAJIAMU:

N S
Sat1 = <2a — 1) ok (1.16)

Hepeﬁ;LeM Telepb K BbIYUC/IEHUIO BEKTOPHOTI'O MHTerpaJia

v [ AV %
= /(QW)N (k2 — 2(pk) — (" 1
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Cpoenap mepexoq K HOBOH mepeMenHoit unrerpuposanna k' = kb —
p* u ucnojib3oBas ceoiictso (1.3), cBejeM MHTErpaj K CyMMe JBYX
HHTEIPAJIOB:

VH = /147N/ de,, 714” + ptptN dVK 1
‘ (

2m)N [k2 — A" (2m)N [k2 — A]"
(1.18)
rie A = p? + (. TlepBolil uHTerpas o6pAIACTCS B HOMb B CIULY

M30TPOIHOCTH [IPOCTPAHCTBA B IITPUXOBAHHON cucreMe orcuera (0T-
CYTCTBYET BBIJEJICHHOE HAIIPABJICHUE, OIPEIe/IsteMoe KaKUM-I1100 V-
MEPHBIM BEKTOPOM ), & BTOpOit — cKaJisipHblii uaTerpas (1.9), nosro-
MY Pe3yJIbTaT OUYCBUICH:

Vi =p"S. (1.19)

C TeH30PHBIM HHTErPATIOM

dVEk krEY
w _ 4=N
T = /@@N%Lﬂ@mfaa (1:20)

BBIUHC/IEHHE 06CTONT HEMHOro cioxkHee. OUsATh ¢jleaB [epexoj; K
k'™ = k# — p* u ucnosbzosas (1.3), mosydaum:

T

a

. de,/ k//LkJV /Lk,/V k://l. v 1LV
_ 471»/( PR R AP gy

2m)N (&2 — AJ"

Ucnonb3ys BCIO Ty 2Ke apryMeHTaIuio, 4To u 1pu Boraucsienun (1.18),
JIETKO 3aMETUTb, UTO BTOPOE U TPETbe CjaraeMbie oOpalaroTcs B
HOJIb, & YeTBepToe — He YTO HHOe, KaK CKasispHblil narerpad (1.9). B
CUJTy M30TPOHOCTH N-MEPHOrO MPOCTPAHCTBA, B HOBOIl CHCTEME OT-
cdera, [epBbIil HHTerpaJ, OyIydn CHMMETPHYHBIM TEH30POM BTOPOI'O

paHra, IpoHopIUOHAJIEH METPUIECKOMY TeH30py gH:

N 1./ YN yng N 1./ 2
p’47N/ a7k 7 Mk a LN47N/ dk i ar (122)
CrO¥F2— A" N 2mN k2 — A]

11p1/1‘1eM llOle‘{MBlJll/lﬁcﬂ CKaJISIprIP’l MHTel‘paJl MOZKHO Bblp&3l/lTb qe-
pe3 S, m S,_1 Kak

dNE KK g
ey [ AT KPR g™
W [ Gy g = e b AS).0)



C yuerom pexyppentHoro coortornenus (1.16) nosydum:

de/ K v guu
=N = AS, 1.24
a / QN k2 —A" N—-2a+2 - (1.24)

1 nocsie ero nojcraHosku B (1.21), unrerpast (1.20) npumer Bu:

(p2 4 é) g/u/

T — | e
o =Pt N T2

S, (1.25)

[IpuBesem nasee 6e3 BbIBOJA 3HAUYEHHE TEH30PHOIO HHTErPAJIA
TPETHErO paHra:

dVk ErEVEP
T =t / : 1.2
N O R (s i (1:26)

Ecnu B JOIIOJIHEHNE K BBINICU3J/IO?KEHHOMY YY€CThb, 9TO

de/ KL P
4-N _
a / 2m)N [k2 — A 0 (1.27)

to unrerpas (1.26) MoxkHO 3amucath B Gopme:

2

THp — | 4plin’nP
@ [ppp+N—2a+2

(9" p" + g"'p” + g”"p“)] Sa.
(1.28)
STI/H\/I MBI 3ELBCpLUaCM CBO,Z[Ky TpC6yCl\rlbIX B ,Z[aﬂbHCﬁLHCl\l I/IHTCFpaIIOB.
HpOCTeﬁIIII/le aMII.}II/ITy)LbI, B KOTOprX BO3SHUKAIOT p&CClVIOTpeHHbIe
BDLIIIIE I/IHTel—‘pa,fH)I7 H306pa}KaIOTCH ,ZLByXTO‘Ie‘IHbH\H/I OJIHOIICTJICBBIMUI
ﬂI/I&Fp&I\H\/{&MI/I, COﬂep}KaU_LHMI/I JBa HpOHaF‘(}TOpa BI/IpTya.HbeIX qac-
THIl. DTO COOTBETCTBYET CJIyUaio, Koraa a = 2. Ecanm pa3mMepHoCThb
npocTpaHcTBa 0603HaunTh Kak N = 4 — 2¢, TO CKaJsipHbII HHTE-
rpaJi So MOYKHO 3allucaTh B CJIEIYIOIIeM BUJIe:

i (4mp?) T(e)
A
B npegene € — 0, T. €. Ipu mepexojie K 9eThIPEXMEPHOMY TIPOCTPAH-

ctBy MHHKOBCKOIO, 3TOT MHTErPAJ PACXOJUTCA U3-3a HAJIUYHS 10-
moca y T'(€) B Hysie, a uMeHHO:

'(l+e¢ 1 72
F(E):%zg—VEJr [6+72E]

Sy = (1.29)

T (1.30)

CIES
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rae vg = 0.577216 — mnocroannas Ditnepa-Mackeponu. [Tockoss-
Ky MACCOBBII TTapaMeTp 4 ObLT BBeJIEH 0e3 MPUBI3KUA K KOHKPETHON
dusnveckoil BesimdnHe, TO JOIMYCTUMBI HEKOTOPBIE €ro Mpeodpaso-
BaHWs, B YACTHOCTH, Iepeornpejeicane. Keanm BBecTn HOBBIN Tapa-
METP ji CJIEIYIONIIM 0OPA30M:

[ =ArpteE, (1.31)

TO pasjiozKenue B psii 110 € unrerpasa (1.29) Gyuer Gosiee POCTHIM:

. ~9 € . 9

L oveep K N 1 P+ 1.32

5 € € 5 o~ 5 n—s-—1|. .

(4m) p?*+ 4 (4m)? |e i
DTOT HmpUMep HAIJISIHO JIEMOHCTPUPYET, 9TO Iepexoi B N-mMepHoe
MPOCTPAHCTBO MO3BOJISIET CICTATH HHTErPAJ KOHETHBIM 1 JIOKATIIT30-
BaTh 0COOEHHOCTH, BO3HUKAIOIIIE MTPH MEPEXO/IE K ICTBIPEXMEPHOMY
MIPOCTPAHCTBY, B BHJIE MOJIOCOB 110 €. UTOOBI ¢yiesaTh 0003HATEH ST

naubosiee G6iuskumu K [1, 2|, BBeseM crenpaibHoe 0003HAYCHUE J1JIsd
pacxogsiieiics npu € — 0 gactu So:

Sy =

o P
P(i?) = i*e™ T Sy = — . 1.33
(I’L ) I’L € (6)7 2 (47T)2 (pg +€)8 ( )
BBC,[LCHHaH (byHK]_LI/IH O6IIaLLaCT cJIeJiyronmumMmn cBoiicTBaMU:
lime P(i%) — 1,  lime® P(i?) — 0, (1.34)
e—0 e—0

st Jiroboro a > 1.

AMIIATY B, ONTHCHIBAEMBIE TPEXTOUCTHBIME TETJIEBLIMI THArPaM-
mamn B K9/, comeprkar ckaasgpHbIi nHTErpaJ S3, KOTOPDIi Tocpe-
CTBOM peKyppenTHoro coorHomenus (1.16) cBopurest K Buy:

N S. —i (4mp®) T(1+¢
Sg: 7_1 2 == ! ( u) (1 £ )7 (135)
4 e 2(4m)? (p2+ )
I[Ipu4yeM 3TOT MHTerpaJl umeeT KOHEYHBII IpeaeJr npu & — OI
- 1
Sy= (1.36)

2 P+ O

KonewynocTh cKaIspHOrO MHTErpaJia B TAKUX JUarpaMMax BOBCE He
03HAYAET, YTO TEH30PHbIE HHTErPAJIbI 00Jiee BBICOKIX PAHIOB Oy/IyT
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> >
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p p

. J_I\/\/\\ .
p—k
Puc. 1. Tuarpamma Peiinmana mporecca € — € B OJHOIETIICBOM TPUOINKEHUT

KOHeYHbIMU. B yacTrocTH, B ipesiesie € — 0 y TEH30PHOIO HHTErpaJa
Broporo paura (1.25) npu @ = 3 BO3HUKAET 0COGEHHOCTD:

(09"

1.
2 35 ( 37)

TBMI/ — p,upl/ _

U, YTOOBI TIOJIYYUTh [PABHJIBHBI DE3YJIBTAT [IPH €r0 PA3JIOKEHIH B
Pl 1o €, TpebyeTcss yuecTb JUHEHHBIH M0 € YJIeH B PAa3/IOKeHHN
naTerpasa (1.35).

Samanue 1.3. Boraucaursb MaccoBbli OIiepaTop 3apsizKeHHOro
depMuoHa B IPOM3BOJIBHOI JIOPEHII-HHBAPUAHTHOl KAJTHMOPOBKe.

Pewenue

Quxcars Kaanbposku ¢otora B K9/l JopeHI-nnBapnanTHLIM
0bpa3oM peaJjin3yercsi MOCPEJCTBOM J00aBJIEHIsT COOTBETCTBYIOIIETO
“JIeHa B JIaTpaHKUaH HermepenopMuposannoin KO/I:

AlLy(x) = 72%0 0, AL ()] (1.38)

i€ ag — mapamerp, huKcupyonuit KaanopoBKy. [Ipomaratop «roJo-
ro» (oroHa, Oy Iyun KaJIuOPOBOTHO 3aBUCUMON BEJIMIUHO, C yIETOM
3TOrO CJIAaraeMoro IpuMeT CJeAyIOmnii BUuL:

Dy (k) [—g,w +¢ k“k”] , (1.39)

7
k2446 k2

rae & = 1 — ap. Maccosblii oneparop asiekrpona %(p), delinManos-
cKasl JimarpaMma KoToporo u3obpazkena Ha puc. 1, B belfHMaHOBCKOI
kasmbposke & = 0 (ap = 1) Gbu1 Bblumcien B 3anade 1.3 uz [1], no-

9

9TOMY IIpUBEJIEM 3/1€Ch IOJIYYCHHOE BbhIpazKeHne 6e3 BbIBO/Ia.:

7:62622

Eo(p) = - (47T)2

1
(4m—ﬁ)g+ﬁ—2m— (1.40)

1—z)m?+2) -2 (1 —a)p?
p? ’

[t

rjue p* — derbipexMepHbIil uMIysibe dgepmuona, e > 0 — 3j1eMeH-
TapHbIit 3apst, () 1 M — OTHOCUTEILHBIN 3apsyi 1 Macca (hepMuo-
Ha, 1 A — «Macca (bOTOHA», KOTOpas BBEIEHA JIJIST PEryJIsSpU3allii
MHMPAKPACHON PACXOJANMOCTH. 3/1eCh OBLIO NCHOJIB30BAHO BbIpazKe-
uue (1.32) it cKaJgpHOro HHTErpaJia, B KOTOPOM Y HapaMerpa fi
OblIa OMyIeHa TUJIbJA. Yo(p) OTIMYAETCST OT HUCXOJHOTO TEM, UTO
CIPaBeUINBO sl TPOM3BOILHOIO 3HAUEHHS HMapaMeTpa [t M COBIa-
naer ¢ (1.22) uz [1] npu g = m.

Berancinm Tenepb aHAJOTUYHBI BKJIa/] B MACCOBBIIT OllepaTop oT
vacru nponararopa (1.39), saBucsiieit o €, KOTOPLIi B COOTBETCTBUI
¢ npasuyiaMn Deifavana MOKHO 3aIICATL B BU/IE:

dVk k(p—k+m)k
D — 202 4—N/ .
elp) = Qen CmN [(p — k)* — m2 + 6] (k2 — X2 + i5)°
(1.41)
Yucuresbs HHTErpaJja MOYKHO IIpeobpa3oBaTh Kak
k(p—k+m)k=2(pk)k—k*(p+k—m). (1.42)

[Ipumenm Bo BHUMAaHUE, YTO «Macca GOTOHAY A — CaMbIil MAJICHHKUN
MacCOBbIil IIapaMeTp 3a/adu, KOTOPbIil BBEJIEH JJIs Perysdpu3alinn
uHOPAKPACHON PACXOIIMOCTH HA MACCOBOIT IOBEPXHOCTH 3JICKTPOHA.
Ero Mo2KHO 110JIOZKUTH PABHBIM HYJIIO BE3JIE, TJIe 9TO HE BHI3BIBACT BbI-
THCINTENLHBIX TpyAHOCTeH. B maipHeiieM GyaeM yIep:KHBaTh A2
TOJILKO B 3HAMEHATEJIC MHTErpaJia U mpenedperaTb ero MosBJIeHIeM
B ancsnrese. C yueToM 9THX 3aMevaHuil, L¢(p) MOKHO IEPEINCATh
CTIEJTYTOTITIM 00Pa30M:

aopeinf [V 2 (ph)
Selp) = Q% { / @2m)N [(p — k)® — m2 + 0] (k2 — N2 +40)?

d"k p+k—m
: / CmN [(p — k)* — m? + i8] (k2 — A2 +46) } (1.43)
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Jlasiee Boctiosib3yeMmes napamerpusarnueit elinmana:

1 _/1 dx
(p—k)? —m2+id) (k2 — X +i8) Jo [k2—2kP)— 0%
D : : 2:/ 20 —a)dr ) 45
[(p — k)* —m2 +id) (k2 — A2 +i6) o [k2—2(kP) -
rjie

(1.44)

PH =z p", (=am?—xp*+ (1 —x)\* —id, (1.46)

I BLIPA3UM L¢(p) Uepe3 TeH30PHDLl, BEKTOPHBIH I CKAJIAPHBLH HHTE-
rpaJibl u3 3ajanus 1.2:

1
Se(p) = Q% / dz [4 (1 — 2) p T3 v — Vi, — (b —m) S
0

(1.47)

Bekropupiii V' n renzopubtii 74" nirerpasnl mponopiuoHanbabt Sa:
1 PrpY

V) = PHS,, T =~ |g" — 26 ———| Ss. 1.48

2 2 3 1 g € P2y 2 ( )

[Mogcrasum ux B (1.47), 310 Haer:

Ef(p)——€2Q2f/01d:c{2mﬁ—m+25(1—93) vp” A}Sz.

r2p? +/ p
(1.49)
Bocuosbsyemes jajiee passiozkenueM 1o € unrerpajia Sy (1.32):
L2 fp—m ! 22 (1 —2)* dapp
Ef(p) = 77’6 2 g )2 9
(4m) € o (l=—z)m?>+ 222 —z(1—2)p

1 2 2 2
- /dz[Q(l—z)ﬁ—m]ln(l —z)m HMZ —e(=a)p }(1.50)
0 H
Yrobbl npusectu K Buiy, Haubosee Giuskomy (1.40), B unrerpase
ciiesiana 3aMena & — 1 —x. BeiGopoM cxeMbl epeHOPMUPOBKI OIPe-
JIeJISIETCST TIePeHOPMUPOBAHHOE BhIPAYKEHNUe JIJTsT MACCOBOTO OIIePaTO-
pa depmMuoHa.

Samanue 1.4. BorauegnTp 9/1€KTPOMArHUTHYIO TONPABKY K
Macce hbepMUOHa B OJIHOIETIeBOM pubkennn B MS-cxeme nepe-
HOPMUPOBKI.
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Pewenue

MS-cxeMa HepeHOPMHUPOBKH, MOTYUHBINAs CBOC HA3BAHHE OT AH-
rimiickoro modified Minimal Subtracted scheme, 3aKII09a€TCSI B TOM,
YTO U3 BBIPAYKEHUS JIJIsl MACCOBOTO OIIEPATOPA YIAJISIIOTCST BCE MOJTIO-
ca 110 € TI0C/Ie TIepexoia K HoBoMy Maciirabromy napamerpy fi (1.31).
B pesysbrare, 06a BKjaja B MacCoBblii omepaTop (hepMHUOHA CTaHO-
BATCA KOHEYHLIMU B mpejesie € — 0. Bosee Toro, o He mMeioT
nH@paKkpacHoil PacxojAuMOCTH, M03TOMY (UKTUBHBLIA IapamMerp —
«maccy horoHay A — MOYKHO TIOJIOXKUTH PABHBIM HYJIIO. B pesyibra-
Te, MHTErPUPOBAHUE 110 T MOYKHO JIEMKO BBIIOJIHUTE, €CJIH BOCIIO/Ib-
30BAThCs CJICYIOMIUME TaOJMIHBIMI UHTErpaiaMu [3]:

1
1
‘Ing = ——— 1.51
/dex nx R (1.51)
! b—1
dzIn(l —bx) = In(1—-10b)—1, (1.52)
0
! b2 —1 b+2
In(1-bz) = ——In(1 —0) — —— 1.
/Oda:x n(1—br) = C (1 b - 22 (15

rmea>—1unb< 1.
Yacrs MaccoBoro orneparopa (1.40), He 3aBUCAILYIO OT Kaanbpo-
BOYHOTO TapamMeTpa &, MOXKHO IIPUBECTH K BUJLY:

- 22 2 _ .2 4 2 2
R 1€°Q7 ) me—p m P m
Z“p)“wv{p[ln ()

2_ 2 92 2
—2m {21117”217 - (1 - p{2> —3} } (1.54)
Iz p m

D70 BBIpazKEHHe BEIECTBEHHO U CIPABEJINBO IIpH p> < m2.

[pu p? > m? sepaskenue (1.54) ciejyer aHa uTHIECKH TIPOJIOJ-
JKUTh, T.€. YUCTh, 4TO KBAJIPAT MACCH (PePMUOHA UMEET MHUMYIO
106aBKy, a uMento, m? — id. Ilossienue MHIMOII 4aCTH y MACCOBOTO
OIIEPATOPA B STOM CJIydae 06yCIOBICHO HOBEICHIEM JIOrapidMOB:

2 2
p _
In <1 m2i6> =1In

p

- —2miO (p° —m*).  (1.55)
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B sTom ciydae S (p) moxmo samicath kak:
ieQQQ p2 _ m2 m4 p2 m2
SE(p) = — 5 |1 LAY A R
0=l )? [n 2 PR <m2 ) 2}

2 2 2 2
om [zmpm?mm (p1> 3] _

—2mi (1 - ZL;) {ﬁ (Zf + 1> - 4m] } (1.56)

Hpe,ﬂ;CTaBJIﬂeT NHTepeC TaKzKe IIpeJae/IbHOe BbIpazKeHue JIJid Mac-
COBOTO OTIePaTOpa YJIbTpapeIsTuBIcTeKoro dhepmuona (m? — 0):
Z'eQQZ

S50 =~ { (= am) [m

p2

12

— 2mi @(p2)] —p+ 6m} .
(1.57)
BaBucsias 0T BbIGOpa KaJMOPOBKU HYACTh MACCOBOIO OIIEPATO-
pa (1.50) upu A — 0 upuBoAUTCH K BUJLY:

1
Sé(p) = —i€ a {2p2p/1"(1_'””)‘j"3
0

(4m)? m? — xp

1 2 2
_ /d:r[Qac[)—m] {lnIJrlanJrln <1 acp2>} } (1.58)
0 I m

Eciu yuecrs unrerpasnt (1.51)-(1.53), To npn p?> < m? cieuyer

BellleCTBEeHHOE BbIpazKeHUe:

i€ 2Q2 2 2 2 2
2i(p) = (47T){m [m’"/ﬂp - %ln (1 _ f;) _ 2} _

. mZ 7p2 m2 m? p2 m2

a IIpunu p2 2 m2 OHO JIOJIZKHO OBITb AHAJIUTHICCKI IIPOJIOJIZKEHO:

'5 2Q2 2 2 2 2
Z?(P)_Z(;T)Q{m [lnpﬂzmr;ln <T]:L21> 2} _

2 2 2 2 2 2
o pP=m* m m P m

—2mi (1-2‘5) [m—ﬁ<1+3z}fﬂ } (1.60)
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Haiinem Takske u Jijisg 9TOr0 BKJIA/Ia Mpejie/ibHOe BhIparKeHue B CJIy-
qae m? — 0:
e 202 2
ife"Q [ . p
YRy~ 22 —m) |In|—=

B wacrnocru, npu £ = 1 cymma (1.57) u (1.61) upunumaer Bu:

Q2 [ 2 . 9
E(I)%(p)+2§(p)’€:1 ~ e {(p —4m) + 3m [111 P _on (9((11 )6}2)} .

—2m'®(p2)} +2m}, (1.61)
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3amanue 1.5. BbrancjinTs aHOMAJIbHYIO PA3MEPHOCTH MACChHI
B OJIHOIIETJIEBOM HpUO/IMzKeHn B MS-cxeMe 11epeHOpMUPOBKIL.

Pewenue

B npescrasiennn B3anmogeiicrsus garpamkuan K9/ mveer Bu:

Lqep(z) = —i Fopu (2) B (2) + o () [iDo - mo} to(x) + ALy (),
(1.63)
e Yo(z) m Af(x) — «roambie» dbepyuonnoe u Goronnoe moss co-
orsercreento, " (z) = 0" Af(x) — 0, Al (x) — Tensop ssexTpomar-
nutHOrO nosist, Divy(x) = [0F — iQey Al ()] tho(x) — xoBapuant-
Hag MPOU3BO/IHAsT (PEPMUOHHOTO MOJIsl, My U (Q— «roJjiasg» Macca U
OTHOCUTEILHBIN 3apsiji hbepMuoHa, n ey > 0 — «roJjblity 37eMeHTap-
ubiit 3apsit. Onpegesenne nponararopa dorona B K9/, B cuiy ee
KaJIMOPOBOYHON HMHBApPUAHTHOCTU, TpedyeT (pUKCcAIUMU KaJInOpPOBKU
dOTOHHOTO TOJIsT HA YPOBHE Jarpam:kuana. IIpeacrasisgercsa ymob-
HBIM 100aBUTDL Takoe ciaaraeMoe ALyp(x), 9106l mpomaratop Goro-
Ha OBLI SIBHO PEJIITHBUCTCKI KOBAPUAHTEH. DTOI0 MOYKHO JIOOUTHCS,
BOCIIOJIb30BABIINCH CJIATAEMBIM BIJIA:
1 L 2
ALy(w) = —5— 0,45 ()) (1.64)
0
rje ag — napamerp, GUKCHpYoNuil KaanopoBKY (HoTOHA.
Yuer Bzanmogeiictsus ¢ K9/ BakyyMoMm, T. €. paJualiiOHHbIX 110~
[IPABOK, IPOBOJUT K IEPECHOPMUPOBKE (PEPMHUOHHOTO U (DOTOHHOIO
1oJieii:

bo(x) =/ Zy (), Af(z)=/Zs1AMz),  (1.65)

a TAKJKe BCEX NapaMeTPOB TEOPHIL:
mo=Znm, e =+ Zse, a=Z,0a, (1.66)
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rjie Z; — 1epeHopMUpPOBOUHbIe KoHeTanThl. Kak rnoxkazano B [4], wien,
dukcupyomuii kagubpoBky B Jjarpamxkuane K9/, He npusogur K
KOHTDYJIEHY B JIAIPAHKHUAHE, YTO JOCTHIAETCHA TEM, YTO KOHCTAHTA
[IEPEHOPMUPOBKHI KAJHOPOBOYHOIO TapaMeTpa KOMIICHCUPYET repe-
HOPMHUPOBKY (POTOHHOTO T0JIsA, T. €., Z, = Z 4. Bce ocTanabHble KOH-
CTAHTBI IEPEHOPMUPOBKH II0JIyYaI0TCs HEIIOCPEICTBEHHBIM BbIYUCIE-
HIIEM 110 TEOPUH BO3MYIICHHIT, B YacTHOCTH, B MS-cxeMe psij| ¢Tpo-
UTCS CIEYIONTIM 00Pa30M:

2
a 2 a {222 @}4_“.’ (1.67)

Zila) =14+ —=—4+ — | =
g2 €
IJIe TIOCTOSHHAAS TOHKOH CTPYKTYPBLI (v BBeJeHa KaK Oe3pasMepHLIl
HapaMeTp B IPOCTPAHCTBE IPOU3BOJILHOI PA3ZMEPHOCTH:

a 2 v\ —* 2
%: (u% ) Z, (a(w) (4;)2. (1.68)

OTMmeruM, 4TO CHaYa 8 BBIYUCIISIIOTCS (PUBNIECKUE BEJIMUNHbBI B 3a-
BUCHMOCTH OT «3aTPaBOUHOIO» 3apsijia €y, a 3aTeM €3 3aMeHseTcst Ha
[IOCTOSIHHYIO TOHKOM CTPYKTYPBI (.

st HaxoxK/iennst aHOMAJILHONW Pa3MEePHOCTH MAacchl (DepMHUOHA,
Tpebyercs J00NpeIeuTh (PePMUOHHBI IPOTIAraTOP TAKIM 00pa3oM,
YTOOBI OH OCTaBaJjICs KOHEUHBIM IPH ydeTe pajMallOHHBIX ITOTpa-
BOK. HaroMHmM, 9T0 mpornararop HeB3anMojIeiicTByoIero ¢pepmMmo-
Ha UMeeT BUJI:

i (p+mg) i
= = . 1.
So) = = (1.69)

Pajuarmonnbie monpasku, cOOpaHHbIe B MACCOBBIIT oiepaTop gpepMu-
oHa X(p), NIPUBEYT K U3MEHEHUIO 3aBHCUMOCTH 9TOIO IIPOAraTopa
OT MMIIYJIbCA B COOTBETCTBUH C YPaBHEHUEM:

S7Hp) = Sy ' (p) = E(p) = —i (b — mo) — Z(p)- (1.70)
U3 coobpazkenuit yiao6ersa, omeparop 3(p) samuiiem B Ghopme:
B(p) = —i [pEv(p®) +mo Bs(p?)] (1.71)

OCJIe Iero TOIHBIN MpomaraTop hepMuoHa MPUMET BH/I:
STHp)=—=i{p[1 = Sv(p®)] —mo [1+ Ss(p?)]} =

=—i[1=3y(P*)] |p—mo L+ 55(0?)

T (02 () (1.72)
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OTmMeTHM, 9TO B IpOIaraTope MMEIOTCst pacxojginecst npu € — 0
cjiaraeMble, OT KOTOPBIX HaJI0 130aBUTHCsI, IEPEOTIPEJIEINB BOJTHOBY O
GYHKINIO 1 Maccy hepMIOHa. ITOTO0 MOYKHO JTOOUTHCS, €C/IN Ha KOH-
CTAHTBI TIEPEHOPMUPOBKY Zy, U Zy, HAJOKUTD CJICIYIONINE YCIOBHSL:
1+ 3s(p?) , es0, , Am(p?)
———= 7, = 1+—=
L —3y(p?) m
(1.73)
rie yam, uro S(p) = Zy Sg(p). Iockonbky B MS-cxeme mojxo-
JSIIUM BBIOOPOM [I€PEHOPMHUPOBOYHBIX KoHcTaHT (1.67) u3 Bblpazke-
nuii ypangored ciaraempie ~ 1/e" roe n > 1 — uesoe, 10 s
onpejieJeHus Zy, U Zy, B OJHOLETICBOM HPUOINZKEHUH JOCTATOTHO
3HATDH TOJILKO CJIaraeMble U3 MaccoBoro omeparopa depmuona (1.40)
u (1.50), nponoprmonasbHbie 1/¢e:
- 22

2 (p) = E(()E) (p) + E? (p) = (Z:;jng lagp — (3 + ag) mo], (1.74)
rje cuesana 3amena: & = 1 — ag. Cpasuus 310 Bbipazkenue ¢ (1.71),
BUJIHO, 9TO

e—=0

[1-Sv()] Z, = 1-S{(p?),

e2Q? w0, SO0 = e2Q?
(4m)2e 78 (47)2e
Tociie 3amenbl KBajipata «ro/oro» sapsja el na a(u) (em. (1.68), B
koTOpoM TosIOKIIH Zo (a(pt)) = 1 n B3sism npesiest € — 0) u ag — a,
TIOJLY THM:

o) = -

B34ay).  (L75)

2000 = -2 gt 2067 =Wt a e, (170)

Tenepn He npescTaBsger TPyJAa HANTH KOHCTAHTHI IEPEHOPMUPOBKI
U3 ypaBHEHUIl:

[1 - 2$>(p2)} Zy =1, {1 + Zf?(p?)} ZyZm=1,  (L77)

B hopme pajos o a(p) Buga (1.67):

Zo(o) =1~ 2 g2,z =1~ sgr (17
HB TIIOJIyYCeHHbIX Bblp&)KeHl/lﬁ BUJHO, YTO B OJIHOIIET/IEBOM leM6JlM)Ke—
Hun KoucranTa Zy(a(je)) 3aBucnT oT BIOOpa KATHOPOBKH H, HAIPH-
mep, B Kasmbposke Jlanpay (¢ = 0) obpamaercst B eaunuily. B o1-

Juane ot Hee, Zy,(a(p)) — KauubpoBouHO HHBAPHAHTHA.
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Bamerum, 4ro «rojas» Macca my = Zpy(a(un))m(u) ne saBucur
OT TIapaMeTpa fi, H03ToMy roc/te JuddepeHIupOBaHUs IOy TIUM:

dmy dm(p)  dZn(a(w))
UL —0. 1.79
0 (elw) =g =+ —gp ) (1.79)
JIOMHOZKHIB 3TO ypaBHEHHE Ha @ W 10jeauB Ha Z,(a(p)), npusesem
ero K BUJLY:
dm(p)
m == 0, 1.80
T+ i) m) (180

B KOTOPOE BXOIUT BeJIUYUHA 7Yy, (), Ha3blBaeMas aHOMAJIbHOM pas-
MEPHOCTBIO Macchl (hepMHuoHa:

_ dnZ,(a(m)

Tna(u) = S (1.81)

Jst v (@) TakzKke BO3MOKHO IpejicTasyienue B hopme paa 1mo o:

00 k+1
mla) = 3o (2 152)

k=0
Ucexons n3 onpenesienns a (1.68), maxomqum:

dlna(p)

= -2 1.
dn s e+, (1.83)

YTO [O3BOJIAET BHIUYUCJIUTD HEpPBbIi wieH psua (1.82):

Ym(a(p)) = 7,(,?) oz4(;1:) +...=6Q? %::) + ... (1.84)

[Tocsie nepexona K 1epeHOPMUPOBAHHLIM ((PU3UUECKIM) HOJIAM
u napamerpaM B Jjiarpamxkuane K9JI BoZHUKAOT JONOJHUTEHHbBIE
cjiaraeMble, HazBaHHble KoHTpwieHamu [1, 2, 4-8|. Kosddunnenrst
[IPU COOTBETCTBYOIINX JIOKAJIbHBIX OIIEPATOPAX B KOHTPUJIEHAX BKJIIO-
qJatoT B cebst GOpPMaJIbHO pacxosinrecs Ipu € — 0 4acTy IeTIeBbIX
JmarpaMM. SIBHBINH BHJI KOHTPWIEHOB B CXeMe MEPEHOPMUPOBKE HA
MaCCOBOH MOBEPXHOCTH MOXKHO Halit B [1, 2]. B MS-cxeme nepeHop-
MUPOBKH KOHTPWJIEHBI TAKXKE MOYKHO BBIUYUCIUTD, KAK TOJLKO Tepe-
HOPMIPOBOYHBIE KOHCTAHTBI Zy, U Zy, B OJIHONETIIEBOM MPHUOINZKEHIHN
OIPEJICJICHDL.
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3amanue 1.6. BoraucgnTpb 9/1€KTPOMArHUTHYIO HOIPABKY K
Macce hbepMUOHa B OJIHOIIETIEBOM TPUOJINKEHNH B CXeMe TepeHOP-
MUPOBKM H& MaCCOBOIl I0BEPXHOCTH.

Pewenue

DJIEKTpOMArHUTHAsI MOMpaBKa K Macce B CXeMe MepeHOPMUPOBKI
K3JI na MaccoBoii HOBEPXHOCTH ONPEICISACTCI KaK PA3HOCTD:

dm =m —my =1iX(m), (1.85)

B KOTODOI IIPI BBIMUCJICHHH MACCOBOIO OlepaTopa hepMUOHa CJ1e/Ty-
et nosoxutTh p =m u p> = m?> Uz (1.40) u (1.50) noyuum:
20)2
. e“Q 3
iX(m) = sm = +4|, (1.86)
(4m) €

IpUYeM BKJI&/T, IPOIIOPIMOHAJBHBIH (DUKCHPYIONEMy KaJIubpOBKY Ia-
pamerpy £, OTCyTCTBYeT. DTO O3HAUAET, YTO HJIEKTPOMATHUTHAS 110-
[paBKa K Macce 3JIeKTPOHA He 3aBHCHT OT BbIGOPA KaJIHGPOBKH.

3amanue 1.7. BorancanTs BepmnHHy0 QYHKIUIO 3JIEKTPH-
YECKU 3aPsizKEHHOTO PePMHUOHA B OJIHOIICTIEBOM TPUOJINZKEHIH B ITPO-
M3BOJIHLHON JIOPEHII-THBAPUAHTHON KaTHnOPOBKE.

Pewenue

Ucexonum u3 onpenesenust Bepiunnnoii Gyukiun A*(py, pe, q) 1o-
CPEJICTBOM aMILIUTY/IbI tepexosia f + v — f Kak:

M(f +7 = ) = ieQ [ulp2) A (pr, p2, @) ulpy)] eu(q),  (1.87)

rje e > () — sj1eMeHTapHbIi 3apsi)l, () — OTHOCUTE IbHBII 3apsiyt (ep-
muona f, u(py) u u(pe) — OUCHUHODBI, ONUCHIBAIOLINE HAYAJILHBIIL
U KOHEUHBIH (hepMUOHBI C OJIMHAKOBON MACCOil M, UeThbIpexMepHbIe
HMILYJIBCBI KOTOPBIX Py I ph COOTBETCTBEHHO, 11 €,,(¢) — BEKTOP HOJIsA-
PU3AIUK TIOIONEHHOTO (DOTOHA ¢ YEThIPEXMEPHBIM UMILYJILCOM ¢/,
KOTODBIH CUMTAeTCs BHPTYalbHbIM, T.e. ¢> # 0. Bymem mpemamosna-
raTh, 9T0 (PepPMHUOHBI HAXOASTCA Ha MACCOBOH MOBEPXHOCTH W JIJIS
HUX BbIOJIHSIOTCsL yesoust (k= 1, 2)

pp =m?, (Pr +m) u(py) = 0. (1.88)

B paCCManI/IBaeMOfI PeaKINN BBIITOJTHAIOTCA 3aKOHDLI COXPaHECHUA SHEP-
rmn 1 UMITyJIibca:
i Bt
P+ q" = ph. (1.89)
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Puc. 2. Inarpamma Qeiinmana, onuceiaronias upoiecc f+vy — f B ojgHoIETIIE-
BoM npubsmkennn. Ilon f HoHHMAaeTCst 9/1eKTPHYECKN 3apsizKeHHbI (hepMUOH.

Huarpamwma, ornucsiBaromiast mporecc f + v — f B OIHOIETIEBOM
npubszKeHnn, n3odparkena Ha puc. 2. B arom npub/inkeHun B mpo-
U3BOJILHON JIOPEHII-MHBAPUAHTHON KaIMOPOBKe BepITHHHAS (DYHKIINS
IIPEJICTABJIIeT cOOOU CyMMY JBYX CIaraeMbIX:

A,u(plap% q) = ALO) (plaPQa q) + A;(f)(plap% q)a (190)

4TO OTpaxkaeT CrpyKTypy lpotararopa ¢gorona (1.39).
Borumcsienne mepBoro ¢raraeMoro A,(? )(pl,pg,q) JIETAJIbHO PA30-
Gpauo B 3aganuu 1.4 [1], noaromy, olycKast JeTaliu, IPUBELEM 3/16Ch
TOJIBKO (i)Opl\/[lebl, OoTpazKarolye OCHOBHbIE STallbl BBIUNCJICHUI]. B
COOTBETCTBHE ¢ auarpamMMmuoil Texuukoit KOJI, nanmast 1acTh Bep-
MIMHHON (DYHKIIMU MOXKET ObITh 3amucana B hopMme MHTerpaJia;

AW — QQQ/ Ak oy (pr—k+m)y, (pr—k+m)y”
@m) [(p2 — k)2 = m2] [(pr — k)? — 2] (2 — )
(1.91)
rie A — GuKTHBHAS «Maccay (POTOHA, KOTOpas PEryasapu3yer -
dpakpacHy pacxoUMOCTb JIAHHOI'O HHTErpajia B CXeMe peryiisi-
pH3anu Ha MaccoBoil moBepxuocTH (hepMuona. Bocriob30BaBIIICh
deitaManoBeKol apaMeTpusalyeii, 00beUMHUM TPH MHOXKUTEJIS:

11

1 2y dx dy
[(pr = k)? = m?] [(p2 — k)? —m?] (k // —2(kP) — (>’

00
(1.92)
IJie BBEJICHBI CJIEJIYIONINE 0003HAUEHMSI:

Pr=yph,  ph=api+(1—a)ph,  L=(1-y) AN (193)
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Tak kak 10 ycjioBHIO 3ajadi (DEpMUOHBI HAXOJATCS HA MACCOBOM
MOBEPXHOCTH, TO y4eT ypapHeHuil Jlupaka B aMILIATyJe epexoia
f — f + v no3BosasieT yupocTUTh TUCTUTENb BEPIIHHHON (DYHKITII:

A = —2Q? / 2y dy / dx / a'k 2P2v Wh) 7 (29 — k")
k= 2(kP) —

(1.94)
B IIOJTYY€HHOM BbIDazKEHNN BCTPEIACTCA BECh CIIEKTD MHTErpaJoB 110
1. o T o of,
nMIysbcy k*: ckassapHslit S3, BeKTopHbINH V' 11 Ter3opHbIit Ty

g —1 1
ST 24m)2 Em? f(z) + (1 —y) AP
e R

" Sy e 1y o
af —1 2pgpf afB [

3/ech BBelleHa Oe3paszmepHas (QYHKIS MEPEMEHHON X, 3aBUCAIIALA
TAaKIKe OT KBaJ[PATa YETEIPEXMEPHOIrO UMITYIIbCa (POTOHA ¢°:

q2

f(x):l—ﬁx(lf:r). (1.96)

Hasmane A2 B 3HaMeHAaTelle CKaIgpHOro HHTErpasa Io3B0JIAeT pery-
Ngpu30BaTh HH(PPAKPACHYI0 0COOEHHOCTL, BO3HUKAIOILYIO TIPU B3sl-
Tun unrerpaia 1o y, a P(p?) B Tensopnom — yanTpaduoneTosyio
pacxopumoctb. [logcrasus unrerpasint (1.95) B Bepinnnyio GyHk-
o (1.94) 1 B3sIB HHTErpPAJI 1O Y, MOJLYIUM:

AELO)(php% q) = (197)
1 1
—ie2Q? dx

(i) {% P(m?) — O/dx In f(z) + 2 0 W

(2_>0/1(Z(2+1n:r\;—lnf(x)>] —"“nf’o/lcg)}

e O = [V, Yl /2-
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Brrumcum Terepb BTOpoe ciaraeMoe AEE) (p1, p2, q) u3 (1.89). B co-
OTBETCTBHE C auarpaMMmuoil Texunkoit K9/I, mammas gacTh BepIni-
HOM (DYHKIME MOYKeT OBbITh 3alUcaHa KaK CJIAYIONUE HHTErpaI:

212 (A *k+m)7/t(ﬁ1*2+m)k
Qf/ (s — k)2 — 3] (1 — B)? — 2] (k2 — X2
(1.98)

yllpOCTl/lM CHa4daJla YUCJIUTEJIb IHHOJABIHTEI'PDAJIbHOI'O BbIpazKeHUW A

k(b —k+m)y" (pr —k+m)k = (1.99)

:Rm—ﬁﬁk+mmm—kﬂﬁﬂmm—pg+umm—kﬂ:
= =)= o= k] [k m = 1) = 1 = 0 ]
3/1ech UCIOIB30BAH, ITO HAYAJBHDBI N KOHEUHDIH (PepPMHUOHBI Ha-

XojiATest Ha MaccoBoii nosepxuoctu (p? = p3 = m?). Jasee, ecin
yuecTb ypasHeHus [Jupaka:

u(pa) (P2 —m) =0, (p1 —m)u(pr) =0, (1.100)
TO paccMaTpuBaeMasl JacTh BEPIIMHHON (DYHKIUN IPUMET BU/I:
d'k 1

A©) — 2002¢ AH ]

= ey (2m)* (k2 — \2)2

B mpenene A\ — 0 mosyumBmniics waTerpas ne OyJeT CojeprKaTh

ITapaMeTpa C pa3MEpHOCTbIO MaCChbl U IIOCJIE IIepexoda B N—MCpHOC
IIPOCTPAHCTBO OH TOZKJI€CTBEHHO o6pauLae’1‘c51 B HOJIb:

(1.101)

AY =o0. (1.102)

DTO HAIIAIHO JIEMOHCTPHUPYET, UTO BEPITHHHASA (DYHKIHA B CIyUae,
KOT/Ia HAYAJIbHDI U KOHEUHBINH (hepMUOHBI HAXOMISTCS HA MACCOBOI
[IOBEPXHOCTH, SIBJISIETCST KAJIUOPOBOYHO MHBAPUAHTHON BEJTUIMHON.

Samanue 1.8. BoruucguTh BepiinHy B3anMOJICHCTBHS TPEX
GOTOHOB B OJIHOIETIIEBOM TTPUOJINZKEHUH.

Pewenue

Tpexdoronnas Bepinna OnpeessieTcs IPOIecCOM aHHUT AT
Tpex doronos 3y — 0 u B paccMaTpUBAeMOM MPHUOIMZKEHUN HU300-
pazKaercs JABYyMsd TPEXTOUYeUHbIMU JuarpaMMaMu, IIPUBe/IeHHbIMI Ha
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Puc. 3. InarpaMmbl, OIHCBIBAIOIIHE IPOIECC TPeX(DOTOHHON aHHUTUIIAIAN

puc. 3. Ucnonb3ys npasuia PefinMana, BBITUIIEM aMITATYIbI, CO-
OTBETCTBYIOIINE ITUM JIHATDAMMAM:

M, :ze3Q/ dp Sp{51 [p+k2+m}52[p+m]g3[p k3+m]}

m?][(p + ka)? = m?|[(p — k3)? — m?]

(1.103)

i3 dp Sp{fl[ + Jos + m) &3 [p+ m] &3 [p— ko +m]}
M = ic’Q” )4 2 2 2 2 2
p? —m?| [(p — k2)? — m?] [(p + k3)? — m?]

(1.104)

IJle YUTeH JIOHOJIHUTE/LHBIH 3HAK MUHYC, BOSHUKAIONIUI OT 3aMKILy-

3

Toii (hepMHUOHHOI LEeT/IH, a TaKzKe, YTO 3apsa)] ¢pepMuoHa e() U BEKTOP
nossipusaiun ¢-ro Qoroua e(k;) = el'.
[Tpeobpasyem Bropyto juarpammy. CieiaeM cHadasa 3aMeHy UM-

MyJIbca UHTerpupoBanus pt — —pt:

_ JQ/ d'p Spléi[p— ks —m)é[p—mlés[p+hky —m]}

P = m?l(p+ k) — m?[(p — ks)? —m?]
(1.105)

MHuoKUTEN B 3HAMEHATEIE IO Ty YUBHIETOCs TTO/LIHTErPATLHOTO BhI-
pakeHHsl COBIAJAIOT ¢ TeMu, 4To B ammmryne M;p (1.103). da-
Jiee BOCIOJIB3YeMCsl MaTpUIeil 3aps0BOr0 CONPSZKeHNsA (PepMUOHOB
C = 4"y2, obagatomeit cieayonum ceofictsom [5-8|:

clc=cct =1, CyCt=—9l, (1.106)

rje ungexc 1y y-MaTpuibl o3HadaeT TpaHcnonuposaiue. [lepenn-
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Puc. 4. luarpamma, Jafomias BKJIaJ] B IOJISPH3AIMOHHLIH orepaTop ¢doToHa B
O/THOIICTIICBOM IPHOJINKEHHN

ImeM IOIIyp B CJACAYIOMIEM BUJIE:
Sp{Ce,CTIC[p—ks —m]CT'Cé3C7IC [p—m] C~" x
XCéyCTIO [P+ ky —m] C71} =
= Sp{el [p — ks +m|" & [p+m)" & [p+ ko +m)"} =
:Sp{[ﬁJrl%z+m]z—fg[ﬁ+m}§3[ﬁf/%3+m]é1} =
—Sp{é1[p+hka+m|éa[p+m]és[p—ks+m]}.  (1.107)

[Tocsie nogcranosku 3roro miypa B (1.105) nosydum:

_ 3@/ d'p Sp{éi[p + ks +m] & [p+m] &5 [p— ks +m]}

P = m?] [(p + k2)? — m?] [(p — ks)? — m?]
(1.108)

D70 BbIpazkeHue, ¢ TOYHOCTHIO 110 3Haka, coBiamaer ¢ (1.103). Cym-
MapHas aMILINTYy/1a 1porecca 3y — 0:

M,’f =M;+ My =0. (1.109)

O6paiiieHne B HOJIb 3TOH AMIUIUTY/IBI, & 3HAYUT, U OTCYTCTBHE He
TOJIBKO JIOKAJIHHOI, HO M WH Iy IIIPOBAHHOM BaKyyMHBIME 3hderTamn
TpexOTOHHOI BEPITHHBI OTparKaeT HAJININE 3aKOHOB COXPAHEHNUsT B
K3J1, B wactHOCTH, coxpaHeHust P-yeTHocTn. Bojiee Toro, B KBaHTO-
BOi 9JIEKTpOJMHAMIKE OTCYTCTBYET Ji00ast BEpINNHA, COmepsKalias
He'eTHOe 1nc/I0 HoToHOB [5-8].

Saganume 1.9. BorameanTsb aHOMAILHYIO Pa3MEPHOCTH BOJI-
HOBOIT yHKIWN (PoTOHA B OjiHOIIET/IeBOM IpubJimzkeHnn B MS-cxeme
EPEHOPMUPOBKIL.

Pewenue

AHoMaJIbHAST Pa3MEPHOCTh BOJIHOBOI (QyHKIMU (POTOHA OIpejie-
JISIETCs PACXOJISAIIENCs YACTBIO MOJIIPU3AIMOHHOrO orepaTopa. B Hus-
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1IeM IOpAJKe TEOPUM BO3MYIICHUN 110 IMOCTOAHHON TOHKON CTPYK-
TYpPbL (v, BKJIaJ[ B HOJIAPU3ALMOHHBII ollepaTop JaeT ABYXTO4YedHasd
OJIHOTIETJIEBAS IHarpaMma, n3odpaxkenHas Ha puc. 4. JlaHHbI BKIaT
Boruncisica B 3aganun 1.6 [1]. Tlpuseuem 311ech OkoHYATEIbHDBLE pe-
3YJBTAT JIJIST 9TOTO OlepaTopa, 00YCJIOBICHHBIH (hepMUOHOM € Mac-
coif T 1 «roJIBIM» 3apsaoM (Qeg:

8260622 K g
(4m)?
1 2
X/ z(l—x) {1—1‘(1—@ 2} dzx. (1.110)
0
Onpeiesum ckasipayto bynximo T1(k?):

koks

1 . 2 2

2 =1 k*TI(k*) Zag, (1.111)
TOrJIA TIOTIEPETHAs YACTH TOTHOTO (DOTOHHOTO MIPOIIATATOPA, 3AIIUIIET-
¢ B hopwme:

Pas(k) =

Pus(h) = i K TI(E) [ga

G((Jd)(k) = W f- (1.112)

Cranapnas dynknus I1(k?) pacxomures B npejene € — 0 n J10/K-
Ha 6bllb Iepeolipeje/ieHa TaKnuM O6p3301\1 l1106bl IIOllepe‘lHaH qaCTb
[IEPEeHOPMUPOBAHHOrO (BOTOHHOTO Tpornararopa G R(H(k) He uMesa
pacxoaumocteii. Bocrosibzyemes onpeesenuem (1.64) st nepenop-
MHUPOBAHHOTO (hOTOHHOTO TIOJIsE, TOTIA:

GU(k) = ZaGy) (k). (1.113)

«Q

C y4eTOM 3TOr0 COOTHOIIEHNS, MOKHO BHIOpaTh Z 4 Tak, uto y I1(k?)
oCTaHeTcsl TOMLKO KoneuHast yacthb [ p(k?):

—iZy —i
G Y S R —— R (R
Raﬁ( ) 2 [1 — H(k2)] B 2 [1 — HR(/{Q)] B ( )
Haitsiem renepn bt suj I1(k?):
1)’
N(F) = —2 ——— + (kK 1.115
() = 2 L ), (1113

rae ji’ = 4np’e”7F 1 KoHedHas UACTDL IMeeT BHJ:

Mg(k*) = M;W/lx(l —z)ln [mZ — x(~12— %) K dx.
’ (1.116)

il
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B upegienie 6esmaccosoro dbepmuona (m — 0) mosydnm:

Tp(k?) = Oé(/;?TQZ {m ﬂ’f - ;} . (1.117)

asiee, pasHOCTD B 3HAMEHATEJIE IIPOIAraToOPa, C yY€TOM Pa3JIOXKEHUSI
B PsJl IO (v, MOXKHO 3aIIUCATh KaK

4 a(u)@®
1—TI(K*) = [1 —Op(k>)] |1+ = , 1.118
(%) [ il )] [ * 3 4me ( )
rJie OIYCTHJIN TUJIbY y MaciitabHoro napamerpa fi. [locse mojcra-
nosku B (1.114), naifzem KOHCTAHTY I€PEHOPMUPOBKU:

_da(p)@?

Zalau) =1- 3 12

(1.119)

B MS-cxeme anomasbHast Pa3MEPHOCTD II0JIsI OIIpEeAe/IsACTCA KaK

_dInZa(a(p))

= 1.12
ol = U2t (1120
Pasznoxenne Jjiorapudma B P [0 (¢ JA€T:
4 Q* da(p) 4 a(p) Q* dlna(p)
7A(a('u»i_?) dme dInp T T Ty T dlnp *
(1.121)
Bocnonpsosasiucs (1.83), mosrydum:
(0) (1) 8 a(p) Q*
= —— .= ——+ ... 1.122
ato) = A B (1122

ITockobKyY «ToJIbIii» MporaraTop siBHO HE 3aBUCHT OT TapaMerpa. i,
1o 13 coorHotenus (1.113) ciejyer peHOPMIPYIIIIOBOE ypaBHEeHHe:

AG 305k 1) .
—dmgy T a(00) Graglhi ) = 0. (1.123)

9TO ypaBHeHnne MOYKHO PEIINTD, eCJIH N3BECTHA 3aBUCHMOCTD MTOCTO-
SIHHOW TOHKOW CTPYKTYPBI (v OT ji. AHAJOIMYHOE PEHOPMIDYIIIOBOE
ypaBHEHHE MOYKHO 3allUCaTh U JJis apamerpa, (hUKCHPYIONero Ka-

JINOPOBKY:
da(y)

dlnp

Talap)) alp) = 0. (L.124)
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Pemienue ypasnenuii (1.123) u (1.124) npegocraBiisiercst 101y IUTh
YUTATEJII0 CAMOCTOSATEIIHHO.

[Tpusenennoe 3/ech peleHne B MOJHOI Mepe OTHOCHTCST K 3apsi-
JKEHHBIM JICIITOHAM, J[Jisi KOTOPhIX (Q = —1. Yo Kacaercss KBapKOB,
TO IOMUMO TOI'O, YTO HaJIO OTJINYaThb BEepXHUE N HUZKHUE KBapKu, y
KOTODBIX 3apstiibl Q = 2/3 u ) = —1/3 coorsercrBenHo, y arux dep-
MUOHOB UMEETCsI JIONOJTHUTEILHOE KBAHTOBOE Jncio — 1per N, = 3,
KOTOPBIiT BOWIET, Kak OOIMUIT MHOXKUTETh, B KBAPKOBbIE BKJIAJBI B
HOJISIPUBAIMOHHBIE OIEPATOp, & 3HAYUT, U B KOHCTAHTY MEPEHOPMU-
POBKU I10JI CbOTOHa7 1 B ero anoMaJiIbHY1O pa3MepHOCTb.

Saganue 1.10. Haiitu cBsI3b MEXKIy TOCTOSTHHBIMU TIEPEHOP-
MUPOBKH, CJICIYIONIYIO U3 TOXKIECTBA YOP/IA.

Pewenue

B zagannu 2.1 u3 [1] 6bw10 n0Ka3aHo, 4TO BeplMHHast (QYHKIHS I
MACCOBBIii O1IepaTop pepMIoHa B OHOIIETICBOM ITPUOJIIZKEHUN YJI0B-
JIETBOPSTIOT TOXKJECTBY YOp/Ia:

d%(p)

2 pe 1.125
. (p,p,0), (1.125)

W B JIpyToii bopme:

(p) = 2(p) = A1, 9) 4o, (1.126)

rae ¢% = p'® — p® — YeTBIPEXMEpHDI IMITY/IbC (POTOHA.
[lepenuiiem Terepsb 9T0 BbIpAYKEHUE B TEPMUHAX TOYHBIX [POIa-
ratopos G(©)(p) n G (p), a Taxske Tounoii sepmmisr I'y(p, 7', q):

[G(‘z)(p)} = —i(p—m)—2(p), (1.127)
(p,p',q) =7 =i (p, 1, @) (1.128)
C Y4eTOM 3TUX OHpC,Z[C.HCHI/II‘/JI7 HOJIy4dnM:
@] Ta©@un] ™ — ity o
[G ‘ (p)} - [G ‘ (p)} =iT(p, 0, q) G- (1.129)

Tounast BepuinHa, Kak U BePIIMHHAS (DYHKIINS, COTEPKUT yIbTpadu-
0JIETOBYIO PACXOJIUMOCTD U TPeOyeT MePEHOPMUPOBKH, KAK U TOUHbIE
depMuoHHbIE TTIPOIAIATOPDL:

z{[eiw] - [eRw)] '} =iz i s G
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B MS-cxemMe ejHCTBeHHAsl KOHEUHAs KOHCTAHTA, OCTAIONIAACH [10CTIe
YCTPAHEHUS PACXOJSIIMXCS CIaraeMblX W3 KOHCTAHT HEePEeHOPMUPO-
BOK, — 9T0 eJuHula, noyromy u3 (1.130) caemyer:

Zy Zp = 1. (1.131)

910 u ectb HcKoMoe coorHomenue. Kak u (1.126), ono Takzxke 103-
BOJISIET KOHTPOJIMPOBATH BBIYUC/ICHIS BEPIIMHHON (DYHKIMN U MAC-
coBoro oreparopa depmuona B K9/,

Samanue 1.11. TlosyanTs peHOPMIPYIIIIOBOE YPaBHEHHE, OTI-

peJiesisiiolee MaclITabHyIo 3aBUCUMOCTD OCTOSIHHOf TOHKOM CTPYK-
Typot () B MS-cxeme B KDJI.

Pewenue

B K9/I sepumna (1.128) BXOAUT B aMIUIUTY (bl (DUBHICCKUX TIPO-
IIECCOB COBMECTHO C 3apsijioM (pepMuoHa eg():

eoQT(p,p',q) = Za Zr Zy N/ Zae(p) QT%(p, 0, q; 1), (1.132)

r/ie B BbIpazKeHHe CIIpaBa BBEJIeH I€PEHOPMUPOBAHHDII DU3MuecK il
3apsil e(() U Ipu OlpeIeJIeHUE BEPIIUHbL B IIPABOH Y4aCTH HCIOJIb-
30BaHbI IEPEHOPMUPOBAHHbBIE BOJTHOBBIE (DYyHKIINN (HepMUOHOB 1 (HO-
ToHa. 1peboBanne KOHEIHOCTH MPABOI U JIEBOIl YaCTU JAET:

V20 Zr ZyNZa =1 = Zo=2;"(ZrZy)°. (1.133)

Bocnospzosasiues (1.131) u (1.119), nosydum:

2
ozt =14 20 1.134
A 3 dme ( )
U3 oupepesnenns (1.68) mocTosinioil TOHKON CTPYKTYDBI CJIEILYeT:
d . au)
In—==—-2¢-2 1.135
i 2 — 22— 26(a() (1135)
rjie Beejiena B-pyukuns K/
1 d
= - InZ, . 1.136
B(a() = 5 70 Zo(a(r) (1.136)

Kak 1 aHoMaJibHbIE Da3MEPHOCTH, PACCMOTPEHHbIE paHee, S-pyHKIHsI
BBIUUCJIFETCs 110 TEOPUU BO3MYIIeHUil B Buje psija 110 af):

+.. (1.137)

Komucranra Z, (1.134) nossossier onpeaejurs [y

do@dnalu) - La(WQ g
: (1L

de  dlnp 3 4drm

Slalw) = 3

e yaiu —2¢ u3 (1.135). Ecau nogcrasurs B ypasuenue (1.135) nep-
BbIil wieH pasjioxkenus [S-QyHKIMU, yerpeMus € — 0, TO HOJLydnM:

d_a(p) a®(p)
— =2 1.139
dlnp 4w Po (4m)2’ ( )
WIN B IPYTOM BUJIE:
d 4w
——— = 20. 1.140
dinjia(n) Bo ( )
Pemmenne 3Toro ypaBHenus HAXOIUTCS MPOCTO:
4 4 !
L T = (1.141)
a(p)  olp) [
i B 6osiee TPUBLIYHOM hopmMe:
, a(p)
a(p) = , 1.142
W) = 7328 (atu) /Am W G ) (1.142)
e By = —4/3 jia 3apsyKeHHbIX JlenToHos u By = —4Q*N,/3 nia

KBapkoB. B paccMarpuBaeMoM npubiiizkenuu ¢ ysesndenueM pf (Ha
HEKOTOPOM MAaJIEHBKOM PACCTOSIHIN ) «OeryIrast» OoCTOsSIHHAST TOHKOI
CTPYKTYpPhI nMeer mostoc. C yBelndeHneM PacCTOdHUS (DU3MIECKUil
3apsiJl YaCTUIbl YMEHBINACTCs; TAKONH 3P@MEKT Moy Ha3BaHue
SKPaHNPOBKH 3aps/ia.

SajaHus U1 CAMOCTOSATEIBLHO paboThI
1. Mokazars dhopmyiy (1.8).

2. Hoxkazarb dbopmyiy (1.12) ¢ nomoupio N-MepHOro rayccoBa ut-
TerpaJia, Olpe/IeJIeHHOIO B €BKJIIJI0BOM IIPOCTPAHCTBE.

3. Borancurs nosistpusalmoHHblii orepaTop (pOTOHA B OJIHOTIETIIE-
BoM Tipubsmkennn B MS-cxeme.

4. HaiiTu 3aBICUMOCTH MACCLI HJaCTHUIObLI OT Maciirada, SHEprunl W.
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2. Perynsipuzanms obpe3aHueM NMITYJIbCA

Samanume 2.1. MerojgoMm obpe3aHust UMITYJIbCa HaiiTu 3Ha-
YeHUs CKAJSPHOIO U TEH30PHOIO MHTErPAJIOB, PACXOIAIINXCS JIOTa-
pudMuIecKu.

Pewenue

CyTb METO/la COCTOUT B TOM, YTO MO/1YJIb UMIIYyJIbCa MHTEI'PUPO-
BaHUsI B YETBIPEXMEPHOM EBKJIMJIOBOM HMITYJILCHOM [POCTPAHCTBE
OIpaHUYIMBAETCsI CBepXy 3HadeHneM M, T.e. mHTErpaj Gepercs 1o

(4)
obbeMy deTbIpexmeproro mapa Vy,' pajuyca M. B repymunax nnTe-
I'PaJIbHBIX OIIEPATOPOB YKa3aHHAs IIPOIE/YyPa BBITJISINT TAK:

d*k [ d*%s aow M- d*k
= —iq K dkg =
(2m)* (2m)* aw 2m)* Jy TP T v (2m)*
(2.1)

[Tpu BBIMHCIEHNE HHTErPAJIOB, TPEOYIOMNX 3aMeHbI [ePEMEHHOI B
dopMe CIBUKKHI HA MOCTOSIHHBI BEKTOD, CJIEAYET yUUTHIBATH Jie-
dopMaInuo TPAHUIBl 00JIACTH HHTEMPUPOBAHUS IIPH MEPexo/ie K HO-
BOI IlepeMeHHOI.

B pacuerax opHOneT/ieBbIX guarpaMmM 00bITHO TPEOYIOTCS CKAJIsIP-
Hble, BEKTOPHbBIE I TEH30PHbIE HHTEIPAJIBI, KOTOPbIE MOXKHO Pa3buTh
Ha JiBa Kjlacca: KOHEUHBIC U YIBTPaduoIeToBO pacxosiruecs. Ompe-
JIeJIUM 3TH TPU TUIIA HHTEI'PAJIOB:

d'k 1
— 2.2
S / n) [~ 2(ph) — " (22)
d*k EH
= 2.
va /V;;w @)1 12— 20pk) — " (23)
d4k. ki kv
TH = . 2.4
‘ / @) [~ 20k) 1" (24)

B Habopax CKaJIsIPHBIX U BEKTOPHBIX HHTEIPAJIOB, OIIPEJIEJISIEMbIX 116
JILIM TIOJOKUTENLHEIM @, Tpu M — 00 TOALKO JBa MHTETpPaa C
a =1ua =2 pacxoggarcs, npuuem S; u V{' — ksajgparndno, a Ss
u VJ' — sorapudmutiecku, Bce ocTasibHble HHTErpaibl — KOHEUHbl.
V Ten3opHLIX HHTErpasaos npu M — 00 HOABIAIOTCA U 60JIee CHLIL-
Hble pacxogumocTH, a umento, T nponopuuonanen M*, T4" u T4
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PACXOIATCA KBAJIPATUIHO 1 JIOTAPUPMUIECKH, 1, TOJIHKO HATHHASL C
a = 4, MHTerpaJsbl CTAHOBATCS YILTPAPUOJICTOBO KOHEUHBIMU.
B kadecTBe npuMepa IPHUBEIEM [[BA KOHEUHBIX HHTErDAJIA;

d'k 1 —1 1
ne /v;;w Gy B —2kp) @Rzt O

4 /)
V- / d*k Kkt o p" . (2.6)
vip @mt (k2 = 2(kp) — 0 (47)2 2(p* +0)
rjae p* u { — 4deTbipexMepHbIil BEKTOP U CKaJjisAp, He 3aBUCAIIME OT
BekTOpa k.
Hawnem Bbrauc/ieHusi ¢ JiorapudMIIECKN PACXOJISIIErocst MHTe-
rpajsia Sp. [Ipu p# = 0 BbIuncienne Tpyua He COCTABJISET:

k1 ir? M zdz i M?
Sy = 1 2= 1 7= 5 |In—-—1
v (2m)* (k2 — 1] @m)tJo [z41 (4m) 4
(2.7)
e z = k. lpu p* # 0 suiuucienne unrerpajia TpebyeT mepexojia

K HOBO{1 nmepemenHoii nnrerpuposanns k' = k# — pt:

d'k 1
- / L = (2.8)
vip (2m)* (k2 — 2(pk) — 4]
im2 M7 o ds! i M2
= = 1 -1
(2m)! A [ +p2+ (> (4m)? [ R } ’
rie 2/ = k2. Tocie casuzkkn obJacTh uuTerpuposaiis ciedop-

MHPOBAJIaCh, OJIHAKO €€ TaKyKe MOYKHO alllpOKCUMHUPOBATH IMapOM
paguyca M’ = M + M, tne 0M < M. B stoMm cay4dae

M M
InM =InM+In(l+—)~InM+— 2.9
n n +n(+M> n +M, (2.9)

1, COXPAHUB TOJIbKO PACXOJISIIIIECsT U KOHeUHbIe Tpu M — 00 dJIeHbI,
3allllleM 3HadeHue unrerpasa (2.8) B cieiyromem Buje:

i M?
S9=—-+—|In———1]1. 2.10
2= {“pw ] (2.10)
Pacemorpum Tereps JiorapudMuIeckn pacxosiuiicss TeH30PHbIH
I/IHTel‘paJli

d*k ktEY

T = / . - (2.11)
v ) 12— 2(pk) — 4

30



[Ipu p* = 0 urTErpas BLITUC/ISIETCS TPOCTO:
T = g d*k k? _
T hp e
g im? /M2 22dz g 1 M? 3
p— — n — .
4 (2m)* J, [z + 5]3 4 (4m)? Y4 2
Ilpu p" # 0 mis BbIYUC/IEHUs] UHTErpajia Hy»KHO CIEIaTh 3aMEHY
nepemennoit k* — k' =kt — pt:

d*k kP kY
5" = / 7 ;= (2.13)
v (2m)4 (k2 — 2(pk) — (]
_/ d4k‘/ (k’—O—p)” (/C'—i—p)” _/ d4k/ kj/l.k/u +p/pr B
v ot k2 —p2— 0 Sy @)t 2= p2 — )
_ g/w : |: M/2 B 3:| B ip/l,pl/ /oo 2 ds
4 (4mp? @2 Jo [ +p2 + ¢

(2.12)

In ——
np2+é 2
VA N PO ) N S s U
4 ()| pre 2] (An)22(pP o)

31ech y4un, 9T0 BEKTOPHBII nHTerpas mo k' o0paraercs B HOJIb.

-

Baganmne 2.2. Haiitn 3nadenue BeKTOPHOTO uHTerpasia Vy'
METO/IOM 00PE3aHUS UMITYJIbCA.

Pewenue
PacemoTpun BeKTOPHBIN HHTErpaT:
" d*k K+
V) = 173 5 (2.14)
vip (2m)" (k2 = 2(pk) — (]
[Tpu p* = 0, 10 IpUYKMHe OTCYTCTBUS BBIJIEJIEHHOIO HallPABJIEHUs B
[IPOCTPAHCTBE UMIIYJILCOB, STOT MHTErpaJs 0OpaIlaeTcst B HOJIb:

Vi =0. (2.15)

[Ipu p* # 0 B npocTpaHCTBE MMEETCs BbIJEJICHHOE HAlPaBJICHNE,
OIIPEIRJIAEMOE ITUM BEKTOPOM, 110 KOTOPOMY U OYJIeT HAIIDABJICH HI-
terpaJ (2.14):
w_ o), 2 n
Ve =8"(p) v, (2.16)

S(V) 2\ H

Tae Oy (p*) — cranspnag Gyukuus. Herocpecrsennoe nnrerpupo-
BaHUe, 110 aHAJIOTUH C IpeAblayIeil 3aj1a4deil, IpUuBOJUT K HEBEPHO-
My Pe3yJIbTaTy, MOCKOJIbKY UMeeTcst KoHeuHsblil (B upejeie M — 0o)
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BKJIaJ] OT jlehopMaIyy rpanuipl 061acTn nuHTerpuposanus. ITobpl
ero yuecTh, BOCHOJIb3YeMes JudPepeHIalbHbIM YPABHEHNEM, CBsl-
3bIBAIOIIMM BEKTOPHbIA (2.14) u Tenzopubiii (2.11) unrerpassr:
AVAS 2
W W) _ gy ), (2.17)
Ipy ‘

Hoacrasus Vy'(p?) n3 (2.16) B 510 ypasHenue, mOJIyauM:

855‘/) gt M? 3 i 2ptp” (2.18)
Am)2p2+0

/ws(v) 4k _ n .

g0z TP Opy Am? | p*4+¢ 2

Uckomas dbyHKIus Sév) ~— CTPYKTyDAa, CTOAMIAst Ipu g, 1 JJI BEK-
TopHOro nHTerpasa (2.16) cieayer pesysibTar:
o ipt [ M? 3:|

D A e
V2 (4m)? np2+€ 2

Dror uHTErpasl TakzKe, Kak u isa upegpiyume (2.10) u (2.13), pac-
XOJUTCS JTOrapiMUUECKH.

(2.19)

3amanue 2.3. Meromgom 00pe3aHns UMILYJIbCA BBIYUCIUTH
CKAJISIPHBIN 1 TEH30PHBII MHTErpaJibl, PACXOAAIINECS KB [PATHIHO.

Pewenue

Ksaaparuano pacxoasinuiicst CKaJIsIpHBIIT HHTErpas1 S uMeeT BU/T;:

d*k 1
51 = /v,&“ @)t 2= 2(kp) — € (2.20)

[Ipu p" = 0 BbIUUCTICHUE TPY/JA HE COCTABJISICT:

4 2 pM? o 9
51:/ k1 _ z7r/ zdz: i Mg—éln% 7
vo 2mt k2= (2m)t Jy 2+ L€ (47)? 14

(2.21)
rie z = k. Ipu p* # 0 Boluncienne nurerpaia Tpebyer nepexosa
K HOBOIT lepeMenHoii nnrerpupopanus k' = k¥ — p* u 31ech onsaThb
HAJI0 YUUTBIBATH BKJIaJI, 00YCJIOBJIEHHBIN JlebopMaliieil rpanuiib:

d*k 1
— = 2.22
S /v;? (2m)% k2 — 2(pk) — € (2:22)
—im2 M7y —i M"”?
= = M2 — (p? + 0) In ——
(2@4/0 TRl (dn) "+ O )
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e 2’ = k3.

I[To anayiornu ¢ TeM, KaK BBIYUC/ISLICS BEKTOPHBII HHTErpasl B 3a-
JnaHuu 2.2, 31ech TaKzKe BOCIHOJIL3yeMcsl 3HAUEHUsIMU paHee BbIUKC-
JICHHBIX HHTErpaJsoB. JIerKo 3aMeTuTh, 9To

051
P, (2.23)

T. ¢., upounrerpuposas Sy (2.10) 1o ¢, mosydum S; ¢ TOUHOCTDHIO IO
HEKOTOPO#t byHKINH, 3aBucsIeilt oT p2:

i M?
Sy = +0)In——> . 2.24
e [ IR ) PR
Buauenne gg(0) = —M? cnemyer s cpasuenns (2.24) npu p? = 0
c (2.21). Mexons w3 ananmmsa pasmeprocreii, gs(p?) = —M? — ag p?,

rjie ag — Oe3pas3MepHas KOHCTAHTA, U S| MOXKHO 3allCaTh Kak:

Z' 2
S = 2401 — M?—agp?|. 2.25
= {(p +0) N asp (2.25)
JI1st HAXOXKIEHWST 4,g BOCIIOJIL3YEMCsI €I1e OJIHIM yPaBHEHUEM:
05]
—— =2V 2.26
apa 2 ( )

rjie B IIPABOil YAaCTU CTOUT BEKTODPHBIH MHTErpaJi, BLIMUCICHHBIN B

saganun 2.2. Baas npoussomuyio or (2.25) 10 p, U IPUPABHSIB K

yaBoerHHoMy 3Hadennio (2.19), mosydnm:

2ip” { M? } 2ip® { M? 3
5| =

e v LT T a2

OTKYIa cleflyeT, 9To ag = 1/2. B urore, KBapaTuuHo pacxoidiuii-
cs1 HTErpaJi Sy IpuUMeT CJIe/lyouil BUjL;:

] (o)

—1
(4m)?
OH oT/IMyeTcsd HOC/EHIM CIAraeMbIM OT Bbipazkenus (27), npuse-

nennoro B [7] (Jounosmenne VI).
BbruncsnM Tenepb KBaJIPaTHIHO DACXOJANUIACA TEH30PHbIH HH-

TerpaJl:
d*k kM EY
" = / 1 5 (2.29)
vip (2m)* [k? = 2(kp) — (]

2 2
Sy = [M2 - (P’ + () My pz} : (2.28)

pP+e
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[Ipu p* = 0 ero BbIUKCIEHNE He BBI3LIBAET 3aTPYIHEHNIN:

iz d4k k’2
=7 / - (2.30)
4 Jyw 2m)* [k2 — (]
g,ul/ 72',”2 M? 22 dz gw/ — ) M2
== == M*—20Iln— +/¢| .
1 (27r)4/0 E+ 2 4 (dn) Nt

[Ipu p” oTin<aHOM OT HYJIsI, KAK U JIJISI CKAJISIPHOTO MHTErpaJia, pac-
CMOTPEHHOI'O BBIIIE, BOCIOJIL3YeMCs CHadasla YPaBHEHUEM, CBA3bIBA-
IOINM JIBa TeH30PHBIX MHTerpaJa:
oy
ov
T. €., IPOMHTErPUpPOBaB yjBoeHHoe snadenne T4 u3 (2.13) no ¢, no-
ayanm T3 ¢ TounocTbio 10 JAByX QyHKIMil, 3aBUCAIINX OT p?:

= 21!, (2.31)

i g™
(4m)? 4

w M (1)
" = [2(p2+€)lnp2+£—(p2+€)+gT (pQ)]+

: +g¥)<p2>} | (2.32)

+L Fp¥ | 1n
T e

Buauenue g(Tl)(O) = —M? cnesyer us cpasnenns (2.32) npu p* = 0

¢ (2.30). Ucxonst u3 pasmepuocreil GyHKIui, g(Tl)(pQ) = —M? -
aY 2 a®??) = —a? e a® na® —
v P gy (p?) = —ay’, e ap’ nay’ — Ge3pasMepHbIe KOHCTAHTDL.
C yuerom Bua stux dynxiuii, 75" M0KHO 3ammucaTh Kak:
v iog” 2 M 2 2 (1), 2
" = 2 )1 — ) — M* —
; (4W)24[(p+)np2+€ (r*+10) ap’ p*| +
g M2
—p"p” |1 — ) 2.33
+(4:7r)2pp {an-i-f ar (2:33)

(1) 2)

Yro0bl HalTH KOHCTAHTLL ap’ U ay , nposuddepentupyem 15"
10 p”, 4TO MO3BOJIAET MOJIYUUTDH €llle OJHO YPaBHEHHUE C MOJIHOCTHIO
cummerpranbIM TerszopoM 147 B npasoit qacTu:

01" _ yppr — 4 / d'k ERR
Py vip (2m)* (k2 — 2(kp) — €
KOTOPELLT popMaIbo pacxoputed juneiino. C yueToM cBOHCTB CHM-
MeTpnn, HanGostee obmiast TeHzopHas crpykrypa 14" cienyromast:

(2.34)

v 1 v v, L4 1 v 2
T = L (9" + g g ) S+ S (239)
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B usorpornoM uMiysibeHoM npocrpatcrse (p# = 0)
4" = 0. (2.36)

HermocpejicrBennoe BBIYUC/ICHIE 9TOTO HHTErpaja MO3BOJSIET MOJTy-
YUTH CJIEJIYOIIIe 3HAUEHUsT CKaJIIPHBIX (DYHKITHii:

L M8 g S Ly
oL B B et
OJIHAKO 5TH BbIPAyKeHUsl He y4IUThIBAIOT 3 DEKThl, 00yCI0BIeHHbIE
nedopmariueil rpaHuIbl 061aCTH UHTEIPUPOBAHIST, TPU CIBUKKE T1e-
DPEMEHHON UHTErPUPOBAHISI.

st BbIMuc/ieHns npaBHIIbHBIX 3HAYEHU S(le) n S(sz) Tpebyercs
permTh ere oHo JuddepeHIalIbHOe YPaBHEHHE:

aT?pr = 6T = / d4/€4 kFEYRPE 47
Ops v (2m)4 [k2 — 2(kp) — (]
C HOJIHOCTBIO CUMMETPHYHBIM TerzopoM T4 7 | uMeromumM ToJILKo Jo-
rapruMUYECKYIO0 PACXOAUMOCTb.

[Tocie caBUzKKY nepeMentoii nnrerpuposanus k' — k' = kH—ph
unrerpal (2.38) mpeBparTuTes B CyMMY HECKOJIBKUX CJAIaeMbIX, KazK-
JI0€ 13 KOTOPBIX OY/IET CONEPXKATH U30TPOIHBIN HHTErPAJI 110 00beMY
YETBIPEXMEPHOTO apa paauyca M'. BekTopHble HHTErpasIbl, & Tak-
JKe TeH30pHbIE TPEThero paHra, 0OPAIIalOTCsi TOXKJIECTBEHHO B HOJIb,
U HCKOMBIH HHTErpaJl MOYKHO 3alliCTh B CJIEJYIONEM BHJIE:

Ty = TP 4 pp TP + p'p" T + p'p” T+ (2.39)
+pup/) T;ilw 4 pupd T;iup 4 pppa Til“’ 4 pupup/)pa 5517

(1)
ST3 =

(2.38)

o o yna
npuueM cKaaapHblil S u rensopubiit T} nHTErpasbl — KOHEUHBI,

u rossko T"77 pacxomures sorapudmuteckn. Haunem ¢ Konedibix
unrerpajios (M — oo):
Sy = / d ! = (2.40)
vy (2m)* k2 - p? — (]!
I i 1
- o | TRy S G
T / L (2.41)
v o)t k2 = p2 — 0"
B —i7T2 g#u oo Z/? dz' B - g;w 1
G T | T T
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T6H30pIH)II7I nHTerpaJ 9eTBepToro panra BbIMUC/IAETCA aHaJIOTUTIHO:

Vpo 1 Nz loa vo ag UV, 0
T =51 9"9” +9"9" +9"g") s\, (2.42)

S;OLE _ / d4k/ (k/2)2 _
v @m)* (k2 — p2 — ()"
_am? L _ i M2 11
‘<27r>4/0 P20 (dn) {“pw‘fs]‘
CobpaB Bce BMecTe, 3aIiIIeM TeH30PHbBIT HHTerpaJj 1eTBepTOro paH-
ra pu p" # 0 B caenyrorreit dpopme:

T = 1 (9" 9" +g""g" + g"7g"")

M? 11
24

i
(4m)?
1
~1 (9" p’p” + 9" p"p" + " p "’ + ¢! + g7 + g DY) X
1 1 1 1
X+ P —— ——————
@23 +0 PP s+ o2

[Toacranoska renzopos (2.35) u (2.43) B ypasuenue (2.38) upuso-

JWUT K CHCTEME YeThIPEX COrTIACOBAHHBIX ypAaBHEHHIT Ha QyHKIHI S(Tl;

(2) 2 )
" ST3 U UX IIPpOU3BOAHDBIC 11O P~, PEHICHUA KOTOPBIX CJICYIOIIUC:

: M1 i1
Sfy = — [1 —}, SP— L~ (244)

A | "2+ 6 m2 22 + 0)’

Cpasnenne ¢ (2.35) nokasbBaer, 4T0 S%) , K&K U CJICJOBAJIO OXKH-
JIaTh, HE U3MEHHIIACH, & B JIOTApU(MMUIECKH PACXO/sIeiics S(Tlg) HMe-
eTCs JIOTOJIHUTEIBHBI BKJIaJ1, 00yCI0BIeHHbIH gedopManueii rpanu-
1Bl 06.}[&(3'1‘1/1 UHTerpupoBaHusd.
[Tocsie nopcranosky Tenzopos (2.33) u (2.44) B ypasuenue (2.34),
(1)

2
OIIPENEJIAIOTCA SHa4Y€HNA KOHCTAHT ap” 1 a<T>:

2 11
ap' =3y =4, (2.45)

HocJie y4era KOTopbixX B (2.33), 1H0JIyduM OKOHYATE/IbHBIH pe3y/ibTar
JUIST KBQJIPATUYHO PACXOJIAIIET0Cs TEH30PHOI'O MHTerpaJia;

1w —i g" 2 2 M? 5
T = M2_2(pP 4 )l
2 T 4n2 4 { W+ O g+ L g +
. 2
[y M1 5 46
Tame PP [“;ﬁw 6 (2.46)
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BoIBoji 9TOrO BBIpayKeHns JPYTUM METOJOM U B JIPYTOH MeTpHKe
MOKHO Hafitu B Kuure [6]. Terepb MOXKHO IPUCTYIATH K PACYETy
KOHKPETHBIX O/IHOIET/IEBBIX J1alrpaMM.

Saganme 2.4. BorancanTh MaccoBblii onepaTop gpepMuoHa B
OJTHOTIETJIEBOM TIPUOJIMKEHIH METOIOM O0Ope3aHusT NMITY/ThCa.

Pewenue

MaccoBsrit oreparop bepMHuOHA € JEKTPUUIECKUM 3apsaoM e,
rocJie IpuMeneHus mapamerpusainn OeliHMaHa, IMEET BU/I:

2(2 = 262Q2/ / d'k (P — k+ m) Yu
—2z(kp

)+ x(p2 —m2) — (1 —z) X\2J*

(2.47)

[Toucrasus croza ckanspublii (2.10) n BekropHbiii (2.19) unrerpasis,
[OJTY MM CJICJLYIOIINI Pe3ysIbTar:

2(2)(])):(6;?)22/0 dx {(3x—2)+4m—;]§+ (2.48)
M2
s e e e

Bripazkenue, BXoJisiee B Iporaratop pepMuoHa, MOYKHO IOy IUTh
3 ) (p) BbIUUTAHHEM JIBYX 1IEPBbIX YICHOB DA3JIOXKEHUS B Dsijl
BOJIU3HU P = Mp, TJIe Mp — NEPEHOPMUPOBAHHAS Macca hepMUOoHa:

a5®(p)

S 0) =200 - 50p)| - 5

(p—mnr) . (2.49)

p=mg

[TepBbIit BEIYHTAEMBIH UJIeH J1erKo Bbrancisgercs (A = 0):

3e2Q* [ M?* 1
» = - — + = 2.50
(p) p=mp (47T)2 m% + 2 ( )
Borancienne BTOPOro Takke ocoboro prﬂa He TIPEJICTABIIAET:
82(2) 2 2 9 )\2
Ew) @ [1 ML om ] (251)
0] R P  (4m)? 2 mi,

[Tozxcrasus ux B (2.49), nosyuuM ciie/yioniee BblpazkeHue:
4e2Q)? 2z (1 — 12) m?
D / p— R4 (252
0= = mal gyt (25

zmih+(1—2) N —x(1—2)p?
+mp (1 +2)n Pt (=)W .
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Hammoe BbIpaxkenne He COAEPKUT YJILTPAMIOIETOBON PACXOAUMO-
CTH, OJTHAKO 3aBHCUT OT «Macchl GOTOHA» A. DTa 3aBUCHMOCTD siB-
JISIETCs Pe3YIILTATOM PeryJidpu3aliini nHOPAKPACHON PACXOIIMOCTH.

3aganue 2.5. Borauc/gnTh noisipusalnonHbii onepatop ¢o-
TOHA B OJHONIETJICBOM MPUOJINZKEHIN METOJIOM OOPE3aHIs HMITYJIbCA.

Pewenue

[ossipusannonueiii onepaTop GOTOHA B OJHOIETIEBOM MPHOJIU-
JKeHHHU, n300pazKeHHbIi Ha puc. 4, 00cyKnajics Bbiie, B 3aganun 1.9.
Bbl‘{I/ICJIeHI/IH METO0M O6p83aHI/IH UMIIyJibCa, B OTJINYNE OT MEeTO/ia
pa3MepHON peryJisipu3alii, IPUBOJAAT K 3HAYNTEIHHO GoJiee CJI0K-
HOMY BBIDazKEHUIO:

202
(2) - 226 Q / 2 2 2 E 27.2 =
Pos(k) = e dx {gaﬁ {M m” — dxk® + 5 ¢ k°l 4+ (2.53)

2kaks |32 — 2| 4 e (1 ) [K? kaks] 1 M
0 - — B — KoKy n .
BT . T Gap — Kalis m?2—x(l—a)k?

o 2
Du3nuecKuil CMbICT UMeET TOJILKO IornepedHad 9acTb P((¥/3) (k)

PR (k?) = ; [ kkk"] P2 k), (2.54)

n JJjied Hee MMOJIy UM

262> P
)72y — _ 2 2 442 9.
PE(k7) )2 [M m 9k:+ (2.55)
1 V2
4k 1—z)l
+k/0dxx( x)nm2—:r(1—x)k’2}

[Tocie BorauTaHMs JIByX MEPBLIX WICHOB PA3JIOYKEHUS B Pl MO k27
oP2)(0)
oKz "

U3 BbIpazKeHUA YCTPAHAIOTCs BCE paCXOIdAIINEeCs IIpU M — 00 wieHnl

PI(??)(]CZ) _ 7)(2)(k2) _ p(2>(0) — (2.56)

1 OHO CTaHOBUTCHA yJIprale)I/IOJIETOBO KOHEYHBIM

77(2(k2) sie Q2k2/0 dxx(lz)ln[lx(l:r) kQ}

(47)? m?
(2.57)
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C TOYHOCTBIO J10 1k?, 3TO BLIPAsKCHIE COBIIAJACT C (1.116), B KOTOPOM OrsaBienue
Hal0 HOJIOKUTE fi = 1. 1. MeTro pa3MepHOM PEryasapU3AIT  ......oooeenaenn. ...

3azaHus ISl CAMOCTOATEJIBHOM paboThl
2. Perynapuzanus obpe3aHueM UMIIYJIbCA  ................

1. Mouyunrs Boipakenue (2.52). JTurepatypa

2. BblBecTu KOHEUHYIO 4aCTh Pg)(kQ) B dopme (2.57).

3. Borumcmrs BepinHay 0 (OYHKIIIO 3aPsZKEHHOT0 (hepMUOHA, Me-

TOJIOM O6pe’3aHI/IH HMITYJIbCa.
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