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O MHOKecTBax U OT06pa)KeHI/IHX

B 3TOM paszene cobpaHbl HEKOTOPHIE GAKTHI O MHOXKECTBAX U OTOOpaKeHUAX, KOTOPHIE Oy-
ZyT MCIOIb30BaThCA B HaIlleM Kypce. fl HaZleloch, YTO MHOTYE U3 HUX 3HAKOMBI YUTATEIO U3
IIIKOJIBI VT BBOAHBIX JIETHUX 3aHATHUH «MaTdak — npeaucioBre», Hy a Te, YTO He 3HAaKOMBHI,
OyayT B camoe GipKaiiliee BpeMs U3y4eHbl B TApa/UIEIbHOM HalleMy Kypce TEOPUU MHO-
’KECTB U TOTIOJIOTUU. HeT Hy»XIbl «y4uTh» JAHHBIN paszies neped TeM, KaK OpaThcsa 3a Kypc
anre6pel. Ho K HeMy CTOUT BEIOOPOYHO 00paIaThes BCAKUH pas, Korga Bel mouyBcTByeTe ce-
65 HeyBepeHHO B TeX WIK UHBIX PACCYKE€HUAX, MCIOIb3YIOUINX MHOXKECTBA, OTOOPasKeHU ],
OTHOIIIEHUS WY He3HaKOMYI0 BaM KOMOUHATOPUKY.

0.1. MHoxecTBa. B HalM 1ei HE BXOJUT MTOCTPOEHUE JIOTMYECKU CTPOTON TEOPUU MHO-
*ecTB. J/I HOHMMaHUA 3TOT'0 Kypca 0CTaTOYHO IIKOJIbHOI'O MHTYUTUBHOTO IIPe/ICTaBIeHUA
0 MHOKECTBE KaK «abCTPaKTHON COBOKYITHOCTH 3JIEMEHTOB IIPOU3BOJIBHON MPUPOABI». DJIe-
MEHTHI MHOXKECTB MBI 4acTo OyZieM Ha3bIBaTh moukamu. Bce TOUYKH B TIOOOM MHOXECTBE, 110
ompeZieIeHHI0, Pa3IUYHbL.

MHokecTBO X 3a1aHO, KaK TOJIBKO IO JIt000# 00EKT MOXKHO CKa3aTh, SABJIETCS OH dJIe-
MEHTOM MHOKecTBa X WM HeT. [IprHa//Ie;KHOCTh TOYKU X MHOXeCTBY X 3allMCBIBaeTCA KakK
x € X./lBa MHOXXeCTBa pagHbl, €CJIU OHU COCTOAT U3 OJHUX U TeX Ke 37leMeHTOB. CyllleCcTByeT
eTMHCTBEHHOE MHOXKEeCTBO, He coZiepxKalilee HU OfHOT0 syieMeHTa. OHO Ha3bIBAETCA NYCMbLM
u obo3HavaeTca . Eci MHOXKeCTBO X KOHEYHO, TO MbI 0003HayaeM yepes | X | KoaudecTBo
TOYEK B HEM.

MHoxxecTBO X Ha3bIBAeTCS NOOMHONCECMBOM MHOXKECTBA Y, ec/ii KaKJbI ero sjaeMeHT
x € X JexuT Taxke U B Y. B sToM ciaydae numyT X C Y. OTMeTHM, YTO IIyCTOE MHOXe-
CTBO SABJIAETCSA ITOJAMHOXKECTBOM JIFOOOTO MHOKECTBA U BCSKOE MHO)XECTBO SIBJIIETCS TOJ-
MHO)XeCTBOM camoro cebs. [IoAMHOXeCTBa, OTJIMYHBIE OT BCETO MHOXKECTBA, HA3bIBAIOTCS
cobcmeeHHbIMU. B 9aCTHOCTH, TyCTOE TIOZAMHOKECTBO HEITyCTOTO MHOXECTBA COOCTBEHHOE.
Ecnu Hazio ykasaTh, 94To X sBjseTcs cOOCTBEHHBIM IMOAMHOXECTBOM B Y, HCIOb3yeTcst 000-
3HaueHue X ¢ Y.

YHPAXKHEHUE 0.1. CKOJBKO BCErO MOJMHOXECTB (BKJIIO‘IaH IIycToe 1 HeCO6CTBeHHOe) nUMeeTca y
MHOXKeCTBa, COCTOSIIETO U3 N 3JIEMEHTOB?

Jlns 3amaHHbIXx MHOXKeCTB X, Y ux 06sedunerue X UY cOCTOUT U3 BCEX 2JIEMEHTOB, TPUHA/I-
JIeXKAIITUX XOTs ObI OIHOMY 13 MHOXKeCTB X, Y'; nepeceuerue X NY cOCTOUT U3 BCEX DJIEMEHTOB,
TIpUHA/JIEKAIINX OMHOBPEMEHHO KaXKIOMY M3 MHOXKeCTB X, Y; pasHocmb X \ Y cocTouT u3s
BCeX 3JIEMEHTOB MHOXKeCTBa X, KOTOpPHIe He coziepikaTcs B Y.

YHPAXKHEHMUE 0.2. [IpoBepbTe, UTo onepanys IepecedeHns BelpaykaeTcs yepe3 pasHoCTh 10 GopMy-
aeX NY =X\ (X \Y). MoxXHO /i1 BBIPA3UTh Pa3HOCTh Yepe3 IepeceveHre u 00beJuHEeHNEe?

Eciu MHOXKecTBO X sBIAeTCA 00be/MHEHNEeM HellepeceKarouuXcs IIOAMHOXeCTB Y u Z, To
TOBOPSAT, UTO X ABJAETCA OU3BHOHKMHBIM 00BeduHeHuem Y uZ numyt X =Y L Z.

MHoxecTBO X X Y, aleMeHTaMu KOTOPOTO I10 OIlpeZie/IeHUIO ABIAIOTCA BCEBO3MOXKHBIE
napkl (x,y)cx € X,y € Y, HaspIBaeTca dekapmossim (WIN npsimbim) npoussedeHuem MHO-
xectB X uv.
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0.2. Oro6paxkenusa. Orobpaxenue f . X — Y u3 MHOXecTBa X B MHOXXeCTBO Y ecTh mpa-
BWIO, OZHO3HAYHO COIIOCTaBJIAOIIee KaXA0oN Touke X € X HEKOTOpPYyI0 TOUKy y = f(x) € Y,
KOTOpast Ha3bIBaeTCs 06pa3oM TOYKU X TIpU OTOOpakeHUH f. MHOKECTBO BCEX TAKUX TOUYEK
X € X, o6pa3 KOTOPBIX paBeH 33JjaHHOU TOUKe y € Y, Ha3bIBAETCA NONHbIM Npoobpasom
TOYKU Y WIU C0em OToOpakeHusd f Haj y v 0603HaYaeTcs

o) L {xeX| f(x)=y}.

[TosHBIE TPOOOPA3bI PA3TUIHBIX TOUEK He IIePeCeKalTCA U MOTYT OBITh KaK ITyCTBIMU, TaK U
COCTOSITh U3 MHOTHX TO4YeK. MHOXeCTBO Bcex y € Y, MMeloIux HellycTol Ipoobpas, Ha3bl-
BaeTcs obpazom omobpancenus f © X — Y u obo3HavyaeTca

im(f) £ {yeY|fW#@l={yeY|IxeX: fx)=y}.

JlBa otobpakenusa f : X —» Yug: X — Y pasuwl, ecmu f(x) = g(x) nns Bcex x € X.
MHOXeCTBO BceX OTOOpaykeHUH 13 MHOXKeCTBa X B MHOXKeCTBO Y obo3Havyaercs Hom(X, Y).
OTtobpaxenue f . X — Y HaspiBaeTcsa HanoxceHuem (a TaKKe cropbekyuell WIv anuUMop-
dusmom), ecnu im(f) = Y, T. e. Korga npoobpas KaxkAoH ToUku y € Y He mycT. MBI Oygem
n300pakaTh CIOPbeKTUBHBIE OTOOpaKeHUs cTpesikaMu X - Y. OTobpakeHue f Ha3bIBaeTCs
gnooceruem (@ Takxke uHBekyuell, WIN MOHOMOpPU3MOM), eclu f(x,) # f(x,) IpU X; # X,,
T. €. KorZia mpoobpas KaXkAoH TOUKU y € Y comep:kuT He 6osiee of/HOTO djieMeHTa. MIHBEK-
THUBHBIE OTOOpaXeHM N300paKatoTcsa cTpekamMu X < Y.
VIPAXKHEHUE 0.3. [lepeunciuTre Bce oTobpaxenus {0, 1, 2} — {0, 1} n {0, 1} — {0, 1, 2}.
CKOJIBKO Cpean HUX BJIOKEHUH U CKOJIbKO HAJIOXKEHUH?
Otobpaxenue f . X — Y, KOTOpoe ABJIsIETCA OJHOBPEMEHHO U BJIOXKEHUEM U HAJIOXKEHUEM,
Ha3bIBAETCS 83AUMHO 00HO3HAUHBIM (@ TaKXKe Ouekyuell Wiy udomopPuamom). BUEKTUBHOCTh
oTOOpaXKkeHUs f 03HAYAET, UTO JJIsI KAXKJO0ro Yy € Y CcylecTByeT eJUHCTBEHHBIN TaKol X € X,
gTO f(Xx) = y. MBI 6yZieM 0603HaYaTh OUEKIUU cTpenKaMu X = Y.
VOPAKHEHUE 0.4. VI3 oToOpakenuii: A) N - N: x — X’ B)Z—>Z:x—>x*’B)Z—>Z:x— Tx
r) Q - Q: x — 7x BBIZENWUTE BCE UHBEKIINH, BCE CIOPHEKIINHU U BCE OUEKIIHH.

OTtobpakenuss X — X u3 MHOKecTBa X B ceb6s1 0OBIYHO HA3hIBAIOT IHOOMOPPUIMAMU MHOXKE-
ctBa X. MHOXecTBO Bcex aHA0Mopdu3MoB ob6o3Hauaercss End(X) € Hom(X, X).
YMPAXXHEHUE 0.5 (TPUHLIMI JUPUXE). [IoKaXKUTe, 4TO ClIeAyIolIre TPU YCIOBUA HA MHOXKECTBO X
PaBHOCHUJIbHBIL: A) X 6ecKoHEeYHO B) CYHUIECTBYET BJIOXKEHNE XS X, He ABJIAonIeecd Ha/loXKe-
HHEM B) CylIecTByeT HajoxkeHUe X - X, He ABJSAI0IIeecsa BIOKeHUEM.

B3anMHO ofHO3HaYHBIe 9HAOMOPOU3MEBL X <> X Ha3bIBatOTCA asmomoppusmamu X . MHOKe-
CTBO Bcex aBTOMOp$U3MOB 0603HauaeTcs yepe3 Aut(X). ABTOMOPOU3MBI MOKHO BOCIIPUHH-
MaThb KaK nepecmaHosku dJIeMeHTOB MHOXecTBa X. Y BCAKOTO MHOXKecTBa X UMeeTCs modk-
decmeenHblil agmomopdusm Idy : X — X, KOTODBIH IepeBOAUT KaXKJbIi 3/leMeHT B CaMOT0
ceba: Vx € X Idy(x) = x.

YIIPAXXHEHUE 0.6. CuéTHO' /111 MHOKecTBO Aut(N)?

'MHOxKeCTBO M HA3BIBAETCS CUEMHbLM €CITH cymecTByeT 6uekuus N = M.
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[TPUMEP 0.1 (BATIICh OTOBPAXXKEHUI CJIOBAMM)
PaccmotrpuMm mHOkectBa X = {1, 2, ... ,n}uY = {1, 2, ... , m}, comoctaBuM KaxxJjoMy
orobpaxkenuto f : X — Y mociesoBaTeNbHOCTD €ro 3HAYEHUN:

w(f) £ (), fxp), .o s f(x)) (0-D

u 6yZieM BOCIIpUHUMATh €€ KaK n-6yKBeHHOe CJI0BO, HallMCaHHOe IIPH ITOMOINH M-6yKBeH-
Horo andasuTa Y. Tak, orobpaxkenuswm f : {1, 2} — {1, 2,3}ug: {1, 2, 3} - {1, 2, 3},
JeiicTByromumM no npaBwiam f(1) = 3, f(2) =2u g(1) = 1, g(2) = 2, g(3) = 2, conocra-
BaTca cioBa w(f) = (3,2) u w(g) = (1, 2, 2), cocTaBieHHble U3 OyKB andasuta {1, 2, 3}.
3amuch 0ToOpakeHusI CJIOBOM 3a[aéT OUEKITUIO

w: Hom(X,Y) = {cnoBawus |X| 6ykB B andaBure Y}, f — w(f). (0-2)

VIHbeKTUBHbIE OTOOPAKEHU 3aIMChIBAIOTCSA IPU 3TOM CJIOBAMU, B KOTOPBIX HET IIOBTOPSIIO-
muxcsi 6YKB, a CFOPbeKTHUBHbIE OTOOPAKEHUA — CJIOBAMH, B KOTOPBIX UCIIOIb3YIOTCS Bee 6e3
HcKItoYeHusA OykBel andasuTa Y. B3auMHO 0ZJHO3HAYHBIM OTOOpaXeHUAM OTBEYaloT CJIOBA,
B KOTOPBIX KaXkzasa OykBa andasuTa Y BcTpedaeTcss pOBHO OZVH Pas.

[IPEZN/IOXKEHUE 0.1

Eciu mHOKecTBa X u Y koHeuHsl, TO | Hom(X,Y)| = |Y]| X1,

JOKA3ATEBCTBO. [IycTh X COCTOUT M3 11 37IeMEeHTOB, a Y — 13 m, Kak B ipum. 0.1 Brrme. Hac
MHTEepecyeT KOJIMYECTBO BCeX N-OYKBEHHBIX CJIOB, KOTOPhIE MOXKHO HaIHCATh IIPH MIOMOIIN
andasuTa U3 m 6yks. O603Ha4nM ero yepes W, (n) 1 BEIIUIIEM Bce 3TH CJIOBA HA M CTpa-
HUIIaX, TTOMECTUB Ha i-10 CTPAHUITY BCE CJIOBA, HAUMHAOIINECS Ha i-t0 OYKBYy andaButa. B
pesysbTaTe Ha KaxAoM cTpaHulle oKkaxeTcda poBHO 1o W, (n — 1) cios. Iloatomy W, (n) =
=m-W,m-1)=m? - Wn-2)=...=m"- W, (1) =m". O

3AMEYAHME 0.I. B Buzy npezst. 0.1 mHO)ecTBo Hom(X, Y) Bcex oTobOpaxkeHuit X — Y ua-
cTo o603HauaoT Y¥. B oKasaTenbCTBe npezs. 0.1 MBI MOJTYAQIUBO IIpeAIoaraaiu, 4To oba
MHOXKeCTBa HemycThl. Ecin X = @, To AJiA ro6oro MHOXKecTBa Y MHOxecTBO Hom(@, Y)
II0 OTIpeZeIEHUIO COCTOUT U3 €JUHCTBEHHOIO dJIEMEHTAa — BJIOKEHUA & B Y B KauecTBe IIy-
CTOTO TTIOAMHOXXECTBA WIH, YTO TO Ke CaMoe, IyCTOro cjioBa B andasure Y. B aTom ciaydae
npea. 0.1 octaérea B cue: | Hom(@, Y)| = 1 = |Y|°. B uactHoctr, Hom(Q, @) Toxe cocTo-
WUT U3 OJHOTO s1eMeHTal — TOXXIECTBEHHOT'0 aBTOMOpdU3Ma Idg. EcmmY =@,aX # @, 0
Hom(X, @) = @, uto Toxke cornacyercs c mpeai. 0.1, ubo 0¥l =0 mpu |X| > 0.

[IPEZN/IOXKEHUE 0.2

Ecmu |X| =n, o |[Aut(X)| =n!¥¥n-n—-1)-...- 1.
JJOKABATENBCTBO. ITycTb X = {x, ..., X, }. Buekunuu X = X 3amuchIBaioTcsa n-6yKBeHHBIMU
CJIOBaMU B n-OyKBeHOM andaBUTE X4, ..., X,;, COAEPKAIUMU KaKAyI0 OyKBY X; POBHO IIO OJ-

HOMY pa3sy. O603HauMM KOJIMYeCTBO TaKUX CJI0B Yepe3 V(n) 1 BeIUIIEM UX 10 aipaBUTy HA N

lT. €. 00 B 3TOM KOHTEKCTE OKa3bIBA€TCA PaBHBIM 1.
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CTpaHMIIAX, IIOMECTHUB Ha i-TYIO CTPAHUIly BCe CJI0Ba, HAaYWHAIoMuUecsd Ha x;. Torza Ha Kax-
noi crpanutie 6yzeT poBHO V(n—1) cios, otkyaaV(n) =n-Vin—-1)=n-(n—-1)-V(n-2) =
=...=n-n—-1)-...-2-V(1) =nl O

3AMEYAHME 0.2. Yucimon! =n-(n—1)-...-1Ha3pBaeTca n-¢gakmopuan. Tak Kak MHOXe-
f
CTBO Aut() COCTOUT U3 OAHOTO d1eMeHTa Id,, Mbl mosaraem 0! < 1.

0.3. Ciou oToGpaxkeHuii. 3aganue otrobpaxkeHus f : X — Y paBHOCHIBHO YKa3aHUIO MOJ-
MHO)KecTBa im(f) C Y u pa3bueHnio MHOXXeCTBa X B IU3bIOHKTHOE 00'beJMHEHNE HEITYCThIX
TIOAMHOXeCTB f (), 3aHyMepOBaHHBIX TOUKAMHU Y € im(f):

— -1 :
X= |_|yeim(f)f ). ©-3)

Takoit B3MIAA Ha OTOOPaKEHUS YaCTO OKA3bIBAETCS TIOJIE3HBIM IMPH MOJACYETE KOMUIECTBA
5JIEMEHTOB B TOM WJIH HHOM MHOKeCTBe. Harpumep, KOrza Bce HeIyCThie CIOM OTOGpaske-
HuA f © X — Y COCTOAT U3 OFHOTO U TOTO e YKcia ToueK m = |f~1(y)|, Ynucio aneMeHToOB
B 06pase oToOpakeHus [ CBA3aHO C YUC/IOM 3JIEMEHTOB B MHOXKECTBE X COOTHOILIEHHUEM

|X] =m-|im f], (0-4)

KOTOPOE IIPH BCEH CBOEH MPOCTOTE UMEET MHOTO Pa3HOOOPa3HBIX IPUMEHEHUI.

[TPUMEP 0.2 (MY/IBTUHOMMAJIBHBIE KOS ®®UITUEHTHI)
TIpy pacKpPHITUY CKOGOK B BEIPKEHUM (Aq + ... + Q)" MOIYIUTCS CyMMa OZHOWIEHOB BHZA

af T a;(nm, IZle KX/l IToKasaTesb k; 3akIouéH B pegenax 0 < k; < n, a obuas crereHb
ki, +...+k,, =n.KoadduimeHT, BO3HUKAIOIN DX TAKOM OZHOWIEHE IT0CjIe IPUBEeHU
MOJOOHBIX C/IaraeMbIX, Ha3bIBAETCS MYAbMUHOMUAIBHBIM KO3 dulueHmom 1 ob603HavYaeTCs
( n ) TaxuMm obpasom,

k...
n k k
n
(a1+u_+am) = Z <k i ) -all,..amm, (0-5)
ki+...tkyp=n "1 Tm
Vi 0<k;<n
n
YToOBI IBHO BHIPA3UTh (k i ) yepe3 ky, ..., k,,,, 3aMeTHM, YTO pacKpbITHe N CKOOOK
1ok

(a+...+ap)ag +...+ay)...(a; + ... + a,)

3aKJIF0YaeTCsI B BbI6Ope BHYTPU KaK/OH U3 CKOOOK KaKOM-HUOYIb OZIHOM GYKBHI ¥ BBITTKCHIBA-
HUU WX CJIeBa HAIPaBo PYT 3a IPYroM B OJHO N-OyKBEHHOE CJIOBO. DTO HAZIO C/ieJlaTh BCEMU
BO3MOXXHBIMHU CITOCOOAMU U CJIOXKUTh BCe TIOJIyUeHHbIe CT0Ba. [107106HbBIE cTaraeMblie, BHOCS-
ye BKJIaZ B KO3GOUIMEHT IIPH af 1 a’; z .. afn’", CyTb CJIOBA, COCTOAIME POBHO U3 k; OYKB a;,
k, 6yxs a,, ..., k,, 6ykB a,,. KonmudecTBo TaKUX CJIOB JIeTKO MOACYUTATh o popmyste (0-4).
A YMeHHo, caenaeM Ha BpeMs k; GyKB a, IOIapHO pa3HBIMM, CHAOANB Ka)XXKAYI0 U3 HUX J0-
IIOJIHUTE/IbHBIM BEPXHUM MHJEKCOM; aHaJOTUYHO IIOCTYIIUM C k, GyKBaMH a,, k3 GykBamu
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a; UT.A. B pesynbrare nomydum n = k; + ... + k,,, IolapHoO pasHbIX OYKB:

1) (2 (k) (1) _(2) (kz) 1) (2 (Km)
a;’,a;’,..,ay Y, ay,ay Ay Y s A, Qs e s O™
< \A v o 7
v ' v
k, MedeHbIX OYKB @, k, MedyeHbIX OYKB @, Kk, MedeHbIX 6YKB a,,

O603HaunM 4yepe3 X MHOXXECTBO BCeX N-O6YKBEHHBIX CJIOB, KOTOPBIE MOXKHO HAIMCATh JTH-
MU N Pa3IUIHBIMU GYKBaMH, UCIIONB3Y KXY OYKBY POBHO IO OFHOMY pa3y. Kak MbI yxe
3HaeM, |X| = n!. B kauecTBe Y BO3bMEM MHTepecylolllee HaC MHOXXeCTBO CJIOB U3 Kk, OJ1Ha-
KOBBIX OYKB a,, k, OAMHAKOBBIX OYKB a,, U T.Z. U paCCMOTPUM oTobOpaxkeHue f : X — Y,
cTHparollee BepXHUe HHJEKCH Y BceX 6yKB. OHO aITMMOPGHO, ¥ IOTHBIN TPoo6pa3 KaKA0ro
cnoBay € Y cocroutus kq!-k,!- ... -k,,! cJIoB, KOTOpEIE IOMYYAIOTCA U3 Y BCEBO3MOXHBIMU
pacCTaHOBKaMU k; BEPXHUX HH/IEKCOB y OYKB a,, k, BepXHUX UH/EKCOB Y OYyKB a,, U T. A. [To
dbopmyie (0-4)

|
( n >= n! . 0-6)
Ky ky)  kglokyle k!

Tem cameiM, paznoxenue (0-5) uMmeeT BU/,

k k
n!-at...an"
(a+...+a,)" = Z # (0-7)
1- oo m-

ki+...tkp,=n
Vi 0<k;<n

YIPAXKHEHUE 0.7. CKOJIBKO BCETO cjIaraeMbIX B TpaBoi yacTu ¢opmyssl (0-7) ?

B wacTHOCTH, P M = 2 MBI IOJIy4aeM U3BeCTHYIO GOPMYJLY ZJI pacKphITUA OMHOMA C Ha-
TypaJIbHBIM TOKa3aTeIeM :

n
|
+ht =Y ——akpnk, 0-8
@+b"= 2 pin—mon @ ©8

o n
[Tpy m = 2 My/nbTUHOMHATBHBIN KO3GOULIIEHT ( ) MPUHATO 0603HAYATh ( k) v CX

n
k.n—k
Ha3bIBaTb k-TBIM OUHOMUALHBIM Koagﬁgfiuuuenmom CTeIIeHN N WiIU yucjiom couemaHuu 3 n

110 k. OH paBeH

n _Ck_n-(n—l)-...-(n—k+1)
k) ™ k-(k—=1)-...-1

(cBepXy ¥ CHU3Y CTOUT IO Kk TIOC/IEZIOBATENHHO YOBIBAIOIIINX COMHOXHUTENEN).

ITPUMEP 0.3 (AUATPAMMBI FOHTA)
Pa3buenne KoHeUHOTO MHOXKecTBa X = {1, 2, ... , n} B 00belUHEHNE HETIEPECEKATOIIIXCS
IMOJAMHOXKECTB

X=X, UX,U ... UXy (0-9)

1310 wacTHEIH ciyyait gopmyst HolomoHa, KOTOPYEO MBI OGCYAMM B TIOTHOM OBIIHOCTH, KOT/a GyIeM 3aHMU-
MaTbCs CTENIeHHBIMU PAZIAMHU.
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MOKHO KOZIMPOBATh CJIEAYIOMINM 00pa3oM. 3aHyMepyeM MOJMHOXKECTBA B TIOPSZIKE HECTPO-
roro yObIBaHHUA UX pa3Mepa U 0603HAYMM KOJHUYECTBO JIEMEHTOB B i-TOM IOJAMHOXECTBE
gepes A; = |X;|. [Tosy4nM HeBo3pacTalOIyIO IOC/Ae0BATENIbHOCTD YHCeT

A= ), LA 2.2,

KoTopas HaselBaeTcs popmoil pazbuenus (0-9). Popmy pasbueHus y106HO usobpaxars oua-
epammoti FOHea — KapTUHKOU BUA

; (0-10)

COCTaBJIEHHOM M3 BHIPOBHEHHBIX 10 JIEBOMY Kpalo TOPU30HTAIbHBIX KJIETYAThIX ITOJIOCOK, 3a-
HyMEePOBaHHBIX CBEPXY BHU3, TaK UTO B i-} CBepXy I0OJI0CKe A; KIeToK. Obliee YMCI0 KIeTOK
B imarpaMmMe A HasbIBaeTcs e€ gecom 1 ob603HavaeTcsa ||, a KOIMYeCTBO CTPOK Ha3bIBAETCS
onurotl 1 obosHavaetcs £(1). Tak, auarpamma FOura (0-10) oTBevaeT pa3bueHHo GOPMBI
A=(6,5,5,3,1), umeer Bec || = 20 u gmuny £(1) = 5.
YIPAXXKHEHME 0.8. HOZLCLII/ITaI‘/JITe KO/JIM4YECTBO BCEX ArarpaMM IOHI"a, yMemaruuxcsa B IIpAMOYT'OJIb-
HUKe pa3MepoM kXN KJIeTOK C JIEBBIM BEpXHUM YIJIOM B JIEeBOM BepXHEM yIJTy AnarpaMMbl (BKJIO-
yas MyCTYIO [UarpaMmy U caM IPSIMOYTOJbHUK).

ByzaeM Ha3bIBaTh 3anoHeHUeM JUarpaMMbl A MHOXkecTBOM X 13 |X| = |1| aneMeHTOB npou3s-
BOJIBHYIO PAaCCTaHOBKY STHX 2JIEMEHTOB B KJIETKU JUarpaMMEBI I1I0 OZHOMY 3JIEMEHTY B KaXK-
Iy1o KIeTKy. TakuM o6pa3oM, BcsKasa JuarpaMma A Beca n MeeT n! pasJInyHbIX 3aII0JTHEeHUH
3aJaHHbIM N-3JIEMEHTHBIM MHOXKECTBOM X.

O6beuHAA 37IeMEHTHI, CTOALINE B i-1i CTpOKe JuarpaMMbl B OZJHO IIOZIMHOKECTBO X;, MBI
mosiyyaeM pasbueHre MHOXKeCcTBa X B IM3BIOHKTHOE O00BbeANHEHNE k HelepeceKaroIuxcs
HOAMHOXECTB X1, ..., X),. [TockonbKy moboe pasbuenue (0-9) 3azaHHON GOpPMBI A MOXKHO
MOJYYUTh TAKUM 00pa3soM, BO3HUKAET CIOPhEKTHBHOE OTOOparkeHre U3 MHOXECTBA 3aI0JI-
HEeHUH marpaMMbl A B MHOXKECTBO pa3bueHuit MHOXecTBa X popmsbl A. [TokaykeM, 94TO Bce
CJIOU 3TOTO OTOOPAKEHUS COCTOAT U3 OFHOTO U TOTO Ke YHCJIa 3JIEMeHTOB. /[Ba 3aoHEHUS
MIPUBOJSAT K OAMHAKOBBIM pa3bUeHUAM TOT/Ia M TOJBKO TOT/A, KOT/Jla OHU TTOIy4aroTCs APYT
U3 ZIpyTa lepecTaHOBKaMH 3JIEMEHTOB BHYTPH CTPOK U IIepeCTaHOBKAMU CTPOK OAMHAKOBOM
JJIMHBI MeXly 00010 KaK eJUHOTo Liesioro. Ecau 0603HauuThb Yepes m; = m;(A) Y1cIo CTPOK
HEL' | B ;MarpaMMe A, TO epecTaHOBOK TIePBOTO THIIA Gy/eT [14:!= H?=1(i ™ mTyK,
a BTOpOTO THTIa — H?zl m;! mTyk. Tak Kak Bce 3TU IepeCTAaHOBKHU /IeHCTBYIOT HE3aBUCHMO
JPYT OT ApyTa, KOKIBIA CJIOM HaIlero 0ToOpakeHUs COCTOUT U3 H?:l(i!)mimi! 3JIEMEHTOB.
V3 popmysel (0-4) BeITEKaET

[TPEAI0XKEHME 0.3
Yucno pa3breHuit n-aeMeHTHOro MHOXecTBa X B IU3BIOHKTHOe o6besuHeHne m, 1-aie-

MEHTHBIX, M, 2-3IEMEHTHBIX, ... , M, N-dJIeMeHTHbIX IOMHOXXEeCTB PABHO
n!
m T (0-11)
[Ticamy!- @H™

!OTmeTnM, uTO MHOTHE M; = 0, TOCKONBKY |A| = n = m, + 2m, + ... + nm,,.
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0.4. Knacchl 95KBUBAJIEHTHOCTH. AJIbTepHATHBHBIN C110cO0 pa3bUTh 3aZlaHHOE MHOXKECTBO X
B IU3BIOHKTHOE OOBeZIMHEHNE TTIOMHOXXECTB COCTOUT B TOM, YTOOBI OOBABUTH dIEMEHTHI,
BXOZAIINE B OZHO MTOMHOXKECTBO TAKOTO pPa30MEHNs «IKBUBAJIEHTHBIMI». DopManusyeTcs
3TO Tak. HazoBém 6uHapHbLM omHouleHUeM Ha MHOXecTBe X J1t060e IIOAMHOXKECTBO

RCXXX={(x5,x)| x1,x, €X}.

[TpUHaZIeKHOCTD MAPBHI (X, X,) OTHOIIEHUIO R 0OBIYHO 3aIKChIBAIOT KAK X Xz

HaanMep, Ha MHOXKeCTBe IieJIbIX yrces X = Z UMeIOTCs 6I/IHaprI€ OTHOLIEHUA

def
pPaBEHCTBO Xy xXp S X =% (0-12)
def
IpeAlIeCTBOBaHNE Xy ¥Xy S X <x, (0-13)
def
ZIeTUMOCTh Xy~ Xy & xq|x, (0-14)
def
CPaBHUMOCTD I10 MOZYJIIO N Xy >Xy & X=X (mod n) (0-15)

(mocnenHee ycioBue x; = x, (mod n) YuTaeTca Kak «x; CPaBHUMO C X, [I0 MOZAYJIIO N» U IO
oIlpe/ie/IeHUIO O3HAYaeT, 4To X; — X, AeIUTCA Ha n).

OnPEJEJEHME 0.1
BunapHoe oTHOIIEHUEe ; HAa3bIBAETCSA IKBUBAIEHMHOCMbIO, ECJIA OHO 00JIaIaeT CIIEAYIONTH-

MU TpeEMA CBOMCTBaMM:

pedaexcusHocms : YV x € X x " x
mpax3umuseHocms : YV xq,X,, X3 € X U3 X4 * X3 M X5 ~ X3 BHITEKAET X1 ~ X3

cummempuuHocms @ Vx;,%X, € X x4 N X2 = x, ~ Xy

Cpeau bunapHbIx oTHOIIeHUH (0-12) — (0-15) mepBoe U MoCIeHEE SABIAIOTCA SKBUBAIEHT-
HocTaMY, a (0-13) u (0-14) He aBnA0TcA (OHU HE CUMMETPUYHEL).

Ecu MHOXXecTBO X pa3ObUTO B 0ObeHHeHEe HellepeCceKatouuXcsl IMOAMHOMXECTB, TO OT-
HOIIIeHHe X; ~ X,, O3Hayalollee, YTO X; U X, JIeKaT B OAHOM U TOM e IIOZIMHOKeCTBE 3TOT'0
pa3bueHusi, OYEBU/THO, ABJISAETCA SKBUBAJIEHTHOCTHIO.

Haob60opoT, mycTh Ha MHOXKeCTBe X 3alaHO OTHOIIIEHHE SKBUBaJIEHTHOCTH R. PaccMoTpuM
JUISL K&KJ0Tro X € X IMOAMHOXKECTBO B X, COCTOsAIIEe U3 BCEX DJIEMEHTOB, SKBUBAJTEHTHBIX X.
OHO Ha3BIBAETCA KAACCOM IKEUBANCHIMHOCMU dJIEMEHTA X 1 0003HAYAETCA

[x]R={Z€X|xr;Z}={ZeX|Z;x}

(BTOpO€e paBEHCTBO BBIMTOMHAETCSA O1arofapss CAMMETPUYHOCTY OTHOIIEHUA R). JItoOble Ba
kjacca [x] u [y]g 160 BoobIe He NepeceKaroTcs, MO0 MOJHOCTBIO COBIAAAOT. B camoMm
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Jiesie, eciy CyIecTBYeT 3JIeMeHT Z, SKBUBAJIEHTHBIM U X U Y, TO B CUIIy CHMMETPUYHOCTHU U
TPaH3MTUBHOCTH OTHOLIEHHS ~ S/IEMEHTEL X 1 y OyZAyT 5KBUBaJEHTHBI MeXy co0oii, a 3Ha-

YuT, 110001 3/1IEMEHT, SKBUBAJIEHTHHIN X, Oy/ZleT SKBUBaJIeHTeH TakXke U Y, U HaobopoT. Ta-
KUM 06pa3oM, MHOXKeCTBO X pacnaziaeTcs B JU3bIOHKTHOE OObeIMHEHNE PA3IMYHbBIX KJIac-
COB 5KBUBAJIEHTHOCTH.

MHOKeCTBO KJIacCOB SKBUBAJIEHTHOCTH I10 OTHOIIeHU0 R C X X X ob6o3Havaerca X /R
1 HasbpIBaeTcA oakmopom MHOKeCTBa X 110 SKBUBaJIEHTHOCTU R. CIopbeKus

f:X>X/R, xv[xlg, (0-16)

COTIOCTABJIAIOIAsA KaXKIOMY 2JIeMEeHTY X € X ero Kjiacc S5KBUBAJIEHTHOCTH [x]p € X /R, Ha-
3bIBaeTcs omobpasceruem gaxkmopusayuu. CI0u 3TOrO OTOOPaKEHUS CyTh KJIacChl SKBUBA-
JIEHTHBIX 37ieMeHTOB. Hao00poT, /to60e clopreKTHUBHOE oToOpaxkeHue f : X - Y ABnderca
oToOpakeHHeM (paKTOpU3alMH 10 OTHOIIEHUIO S5KBUBAJIIEHTHOCTH X; ~ X,, O3HAYaIoIeMYy,

aro f(x1) = f(xp).

ITPUMEP 0.4 (KJIACCBI BLIYETOB)
duxcrupyeM HeHyJeBoe 1iesioe YuciIo n € Z. PakTop MHOKeCTBA LieJbIX YKCcesl Z 10 OTHOIIIe-
HUIO CPAaBHUMOCTH 10 Mozysto n u3 (0-15) o6o3navaetcs Z /(n). Mbl 6yzeM 3aUChIBATh €70
3JIeMEeHTHI CUMBOJIAMU [Z],,, TAe z € Z, 1 OIlyCKaTh UHAEKC 1, KOIZla IOHATHO Y€MYy OH PaBeH.
Kiacc skBUBaJIeHTHOCTH

[z], Y (xeZ|(z—x):n} (0-17)

Ha3BIBAETCA KNACCOM 8blUemo8 no modynto n. OTobpakeHue pakToprU3aluu
Z>»Z/(n), zwlzl,

Ha3bIBA€TCA npueeaeHueM no MO()_}UUO n. MHO>XXeCTBO Z/(Tl) COCTOHUT U3 N pa3/INYHBIX KJIaCCOB

[0],, [1],, ..., [n—1],.

[1pu >keTaHUY UX MOXKHO BOCIIPUHUMATh KaK OCTaTKU OT ZieJIEHUs Ha N, HO B TPaKTUYECKUX
BBIYMCJIEHUAX yI0OHee paboTaTh C HUMU UMEHHO KaK C NoOMHONcecmeamul B Z, TTOCKOJIbKY
BO3MOKHOCTD I10-pa3HOMY 3alMChIBAaTh OAWH U TOT YK€ KJIACC YacTO YIIPOIIaeT BhIYUCIEHMUS.

Hampumep, ocratok ot generus 121°0 Ha 13 MoxHO uckaTh Kak
[1219°] , = [12]15° = [-1]33° = [(-D'°] ., = [1];3. (0-18)

YTIPAXKHEHUE 0.9. JIOKa)XUTe MPaBOMOYHOCTD 3TOT'O BEIYHCJIEHUS: IIPOBEPBTE, UYTO KJIACCHI BEIYETOB
[x + y],, u [xy],, He 3aBuCcAT OT BEIOOpa Yncen x € [x], uy € [y],, T. e. npaBuIa

def

(x], + V], = [x+yl, (0-19)
[x], - V], € [xy], (0-20)

KOPPEKTHO OTIpe/Ie/IAIOT Ha MHOXecTBe Z /(1) olepaliy CJI0KEHHUA U yMHOKEHHA ' .

'YImenHo Takoe ymHO)eHHe [12]1°° = [12] - [12] - ... - [12] = [12100] 6BUIO UCHOMB30BaHO B (0-18).
o ~

-~
100
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0.4.1. HeasHoe 3afianue 3KBUBajaedTHOCTH. J[JIs1 11060T0 ceMelicTBa OTHOIIEHUI SKBHBA-
JIeHTHOCTH R, C X X X mepecedenue (), R, C X X X Taxe AB/IAeTCA OTHOILIEHIEM SKBHUBa-
JIEHTHOCTHU. B camoM fieie, ecyiv KaXZ0e U3 MHOXECTB R, C X X X copepXuT [uaroHaib

A={(x,x)|xeX} CXXX,

MEPEXOAUT B cebs TpU cUMMeTpuH (x,y) S (Y, X) ¥ BMECTe C KaKAOUW Mmapoi ToueK Buja
(x,¥), (¥, Z) COIEPKUAT TAaKXKe U TOUKY (X, Z), TO STUMU CBOKMCTBaMHU 00JIaIaeT U epeceveHre
(), R, Bcex aTx MHOXecTB. [10oaTOMY /7151 1F06OTO MOAMHOXeCTBa R C X X X cyliecTByeT
HAUMEHbILLEE 110 BKJIIOUEHLLI0 OTHOLIEHNE SKBUBAJIEHTHOCTH R, cozeprkaiiee R, a *MeHHO, Tie-
pecedyeHre BcexX coepiKallnx R OTHOIIeHUH SKBHUBaJeHTHOCTU. OTHOIIIEHNe R HasbIBaeTCs
SKBUBAJIEHTHOCTBIO, NOPO#COEHHOIL OTHOIIIEHUEM R.

YTIPAXKHEHUE 0.10. [IpoBepkTe, uTO (X, y) € R eciiu U TONMBKO eciv B X CyIlleCTBYeT TaKas KOHeYHas
MOC/IeZI0BATENIbHOCTD TOUEK X = Z, Z1, Zg, ... , Zp = Y, 9TO (Z;_4,2;) € Rumu (z;,z;_,) € R
npuKaxgomi =1,2,...,n.

K coxaneHuro, 1o JaHHOMY ITOAMHOXKeCTBY R C X X X He Bcerja JIerTKo CyAUThb O TOM, KaK
yCTpOeHa MOPOXKAEHHAA UM SKBUBAJIEHTHOCTD R. /lake BBIICHUTD, HE OKaXKyTCSA JIU B PE3YJib-
TaTe BCe TOYKHU SKBUBAJTEHTHBIMU APYT APYTY MOXKET OBITH HE MIPOCTO.

ITPUMEP 0.5 (IPOBU)

MHOXeCTBO paloOHATbHBIX YricesT Q 0OBIYHO OMpeaesioT KaK MHOXKECTBO Apobeii a /b ¢
a,b € Zub # 0. [Ipu a3ToM 110/] Op0oObI0 IOHUMAETCS KIacC SKBUBAJIEHTHOCTH YIIOPAOYEH-
HBIX nap (a,b), rae a € Z, b € Z \ 0, 1o MUHMMaJIbHOMY OTHOIIEHUIO 5KBUBaJEHTHOCTH,
coZieprKaleMy BCe OTOXKECTBIEHUS

(a,b) ~ (ac,bc) cmupousBombHEIMU C € Z \ {0} . (0-21)

OrnHomrenus (0-21) BeIpakaloT co6010 paBeHCTBa pobeii a /b = (ac)/(bc), HO camu IO ce-
6e He 0OpasyloT 3KBUBajJeHTHOCTU. Hampumep, 1ipu a, b, = a,b; B AByXLIaroBoii emnoyke
oTOXZJecTBlenui (a,, b;) ~ (a,;b,, byb,) = (a,by,byby) ~ (a,, b,) camMblii IEBBIA U CAMBII
MIPaBBIN 3JIEMEHTH MOTYT HE OTOXK/I€CTBIATHCA HAaNpsAMYyto 1o npaswiy (0-21), kak, Hampu-
Mep, 3/6 u 5/10. [ToaToOMy SKBUBaJEHTHOCTb, TOPOXKAEHHAsA OTOXAecTBIeHUAMU (0-21),
00s13aHa cofilepKaTh BCE OTOXK/ECTBIEHUS

(ay,by) ~(ay,by) mpu a;b, =a,b,. (0-22)
OxasbIBaeTcs, 4TO K 3TUM OTHOIIEeHUAM 6osibllle yxke HU4dero 06aBaATh He HaZlo.

YMPAXKHEHMUE 0.11. IIpoBepbTe, uTo Habop oTHomeHu (0-22) pediekcuBeH, CHMMeTpHUY€eH U TpaH-
3UTHUBEH.

TeM caMBbIM, OH SIBJISIETCSI MUHUMAJIbHBIM OTHOIIIEHHEM S5KBUBaJIEHTHOCTH, COZlepKallliM Bce
otoxzectBieHus (0-21). OTmeTuM, 4TO eciu B oTHomeHUAX (0-21) pa3peluThb HyJleBBbIE C,
TO Bce napsl (a, b) okaxxyTcsa skBuBanieHTHHI nape (0, 0).
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0.5. Kommno3umuu orobpaxenuii. Orobpakenue X — Z, mosyJarleecs B pe3ysbTaTe I10-
CJIeZIOBATeIbHOTO BHITIOTHEHUA BYX oTobpaxkeHuil f : X — Y u g: Y — Z Ha3weBaeTca
komnosuyuetl oTobpaxkeHuti g u f 1 obo3Havaetcs g o f Wiy npocto gf. TakuMm obpasom,
KOMIIO3UIIUA g f ollpefiesieHa eCId U TOIBKO eci 06pas f cofiepXKUTCA B MHOXKECTBe, Ha KO-
TOpPOM oIpezieieHo oTobpaxenue g, u gf : X - Z, x = g(f(x)).

X0Ts KOMIIO3UIIHIO U IIPUHATO 3aNKUCHIBATh TOYHO TaK ke, KaK YMHOXKeHHe Yucesl, eJUH-
CTBEHHBIM OOIIMM CBOMCTBOM 3THX OIIepallUii ABIAETCA UX ACCOUUAMUBHOCMb WIU couema-
menibHbLU 3aKOH: KOMIIO3UIUA TPEX MOCIe0BATEIbHBIX OTOOPaKEHU

f g

X 14 h

Z

T,

KaK U IIpoUu3BeZieHNe TPEX Yrcell, He 3aBUCUT OT TOr'0, B KAKOM IOPs/iKe TIepeMHOKaloTcs I0-
c/leZioBaTeNbHbIE MTAaphl 31eMeHTOB, T. €. (hg)f = h(gf), eciu xoTsa 6Bl 0OfHA U3 IBYX YacTel
3TOr0 paBeHCTBA oIpeZiesieHa. JlefiCTBUTEIbHO, B 3TOM C/Iydae BTOpas 4acTb TOXKe OIpefe-
JieHa, ¥ 06e YacTH AeHCTBYIOT Ha KaXKAyIo TOUKY X € X mo nmpaBwiy x — h(g(f(x))).

B ocraspHOM anrebpanyeckye CBOMCTBA KOMIIO3WIIUU BecbMa JlajleKy OT IIPUBBIYHBIX
CBOMCTB YMHOKeHUA urces. Eciu KoMIo3ulys f g onpezeneHa, TO IPOTHUBOIIONIOXKHAA KOM-
no3unysA gf dacro ObiBaeT He omnpezeneHa. Jlaxe ecmn f, g : X — X ABIAIOTCA SHZOMOD-
¢dm3MaMu OZJHOTO U TOTO XK€ MHOXKeCTBa X, TaK 4TO 00e KOMITO3UIUY f g U gf OlpesieNeHsl,
PaBeHCTBO f g = gf MOXeT He BBIITONHATHCA.

YIIPAXXHEHUE 0.12. PaCCMOTpI/IM Ha IVIOCKOCTH I1apy pa3INYHbIX ITPAMbBIX fl, ‘EZ’ TIepeceKarommnxcsa
B TOYKeE 0, ¥ 00603HaAYNM qgepe3 0, U 0, 0CEBbIE CUMMETPHU OTHOCUTENIBHO 3TUX IIPAMBIX. fABHO
OIIUIINTE ABMXKEHUA IVIOCKOCTH, 3aZaBa€Mbl€ KOMIIO3UIIUAMMN 0,0, 1 0,04 . HPI/I KaKOM yCJIOBUA
Ha IIpsIMbI€ BBIIIOJIHAETCA paBEHCTBO 0,0, = 0, 0'1?

O61Ire MHOXXUTENN TO)XXe OBIBaeT Heslb3s COKpAIaTh, T. €. HU PaBeHCTBO fg = fh, HU pa-
BEHCTBO ¢gf = hf, BoOOIlle TOBOPsI, HE BIEKYT paBeHCTBa g = h.

[TPUMEP 0.6 (9HZIOMOP®U3MHbI IBYXSJITEMEHTHOTO MHOKECTBA)

JIByxameMeHTHOe MHOXKeCcTBO X = {1,2} umeeT poBHO 4eThIpe aHAOMOpdHU3Ma. Eciu Ko-
aupoBaTh oToOpakeHue f : X — X aBy6ykBeHHBIM ciioBoM (f (1), f(2)), kak B mpum. 0.1 Ha
CTp. 5, TO 3T YeThIpe sHAoMopduU3Ma 3anumryTesa caosamu (1, 1), (1, 2) = Idy, (2, 1) u (2, 2).
Bce KOMITO3UITMY MEXTy HUMHU ONpe/ie/IeHbl, U TabIniia KOMITO3ULINH g f UMeeT BU/:

NI 1,2 @21 2.2

(1,1 | (1,1 (1,1 (1,1) (1,1
(1,2) | (1,1) (1,2) (2,1) (2,2)
2,1)]((2,2) (2,1) (1,2) (1,1
(2,2) | (2,2) (2,2) (2,2) (2,2)

(0-23)

Ob6patuTe BHUMaHMe Ha TO, uTO (2, 2)o(1, 1) # (1,1)o(2,2)nurto (1, 1)o(1,2) = (1,1)+(2, 1),
x0T (1,2) #(2,1),u(1,1) = (2,2) =(2,1) = (2,2), x0T (1,1) # (2, 1).

JIEMMA 0.1 (JIEBBIE OBPATHBIE OTOBPAYKEHUA)
Ecmu X # @, To ciezyronye ycaoBUs Ha oToOpaxkeHue f : X — Y 3KBUBaJ€HTHBI:
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1) f UHBEKTUBHO
2) cymecTByeT Takoe oTobpaxkeHue g . ¥ — X, uro gf =Idy

3) A mobbIx oToOpakeHuit g,, g, : Z — X u3 paBeHcTBa f g, = f g, BbITEKaeT paBeH-
CTBO gl = 92'

Joka3ATENBCTBO. MMiuukanus (1) = (2): ana touek y = f(x) € im f nonoxum g(y) = X,
a B TOYKAX y ¢ im f 3a7azuM g Kak yrogHo'. Mmmkarus (2) = (3): ecnu f 91 = f9,,
TO YMHO)Xas obe yacTu cjeBa Ha Jitoboe Takoe oTobpaxkeHue g . Y — X, uto gf = Idy,
nojiy4aeMm g, = g,. mmukanus (3) = (1) AokasbiBaeTca OT IPOTUBHOrO. ITycTh x; # X,
HO f(x;) = f(x,). [lonoxum g, = Idy, umyctsb g, : X = X mepecTapigeT MexAy co60I0
TOYKH X, X,, & BCe OCTaJbHbIe TOYKHU OCTaBjIAeT HAa MecTe. TorAa g, # g,, Ho fg, = fg,. U

OIPEAEJEHME 0.2

Otobpaxenue f : X — Y, yaosnerBopsioiiee jsiem. 0.1, Ha3bpIBaeTcs 06pamumbiM Creda, u
BCAKOe Takoe oTobpaxkeHue g : Y — X, uro gf = Idy, HasbIBaeTcs iegblm 06pamHsim K f
wiu pempakyuetl Y Ha f(X).

YIIPAXXHEHUE 0.13. B YC/IOBUAX JIEM. 0.1 Y66LLI/ITECI), YTO BJIOZKEHHE f TOrZa M TOJIBKO Torga MMEET
HECKOJIbKO pa3/IMYHbIX JIEBBIX O6paTHbIX, KOrZia OHO HE CFOPDbEKTHUBHO.

0.5.1. IIpaBoe o6paTHOE OTOGpaXkeHUe U akcroMa BbiGopa. CTpeMIeHre K FTapMOHUU BhI-
3BIBaET KeJIaHUEe UMETh «ITPaByio» BepcHio ieM. 0.1 — Xo4eTcs, YTOOBI CIIeYIoNIe TPH CBO-
ctBa otobpakeHus f : X — Y Toxxe ObUIM SKBUBAJIEHTHBI:

1) f clopbeKTHBHO
2) cyulecTByeT Takoe oToOpakeHue g : Y — X, urto fg = Idy

3) Ansa mo6bIx oTo6paxkeHUH g,, g, : Y — Z us paBeHCcTBa g, f = g,f BHITEKaeT paBeH-
CTBO g; = J5-

OtobpaxkeHue f, y0oBIeTBOpsIOLIee CBOUCTBY (2), Ha3bIBaeTca 06pamumbsblm cnpasd, a Takoe
orobpakeHue g : Y — X, uro fg = Id,, Ha3bIBaeTca npassim 06pamHsim K f WU ceueHuem
snuMopdusMa f. Bropoe HazBaHUe CBA3aHO C TEM, YTO OTOOPaKEHUE g, YIOBIETBOPSIOLIee
CBOMCTBY (2), IepeBOAUT KaXKAYIO TOUKy ¥y € Y B Touky g(y) € f~1(y), nexanyio B coe
oToOpakeHusd f HaJ| TOYKOH .

B cTporoii Teopuy MHOXECTB, YIIyO/IeHUA B KOTOPYIO MBI IIBITaeMcsl N36eaTh, UMIUIU-
kanus (1) = (2) moctynupyeTcs B KayeCTBe OAHOM U3 aKCHOM. JTa aKCMOMa Ha3bIBAETCSA aK-
cuomoll 8bl60pa M YTBEPKAAET, UTO B KAXKIOM CJIOE JII0O0TO CIOPbeKTUBHOTO OTOOPasKeHUs
MO>HO BBIGPATB 10 S/IeMEHTY>.

'Hanpumep, 0To6pasuM UX Bce B OJHY ¥ Ty JKe IIPOM3BOJILHO BEIGPAHHYIO TOUKY X € X.
2/IHBIMU CTIOBAMM, eCITH MMEeTCS MHOKECTBO IOMAPHO HellepeceKaoIUX s MHOYXKECTB, TO B KK/IOM 13 HUX
MOXKHO BbIGPATH IO SJIEMEHTY.
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JlokazaTenbCTBO UMITTHUKAITUHY (2) = (3) TOTHOCTHIO CUMMETPUYIHO /I0OKA3aTeTbCTBY aHa-
JIOTUYHOW UMILTUKAIIUY U3 jieM. 0.1: mpuMeHss oToOpaXkeHusl, CTOSAIINE B 0OeUX YacTsAX pa-
BeHCTBA g,f = g,f, BCJIeZ 3a TakUM oTobOpakeHueM g : Y — X, uro fg = Idy, nonyyaem
PaBeHCTBO g; = gs.

Mmmukaruda (3) = (1) gokasbiBaeTcd, Kak B JjieM. 0.1, OT IpOTUBHOTO: TIpU y & im f
cBo¥icTBO (3) He BBINONMHAETCA AA g, = Idy u moboro orobpakenus g, : Y — Y, nepeso-
JAIIETO TOYKY Y B KaKyIO-HUOYZh TOYKY M3 im f 1 OCTaBJAIOIIEro Ha MeCTe BCe OCTalbHbIE
TOYKHU.

TakuM 06pa3oM, epedrcieHHbIe BhIle cBoticTBa (1) — (3) AeCTBUTETFHO SKBUBAJIEHT-
HBI IPYT AAPYTY, €CJIM BKJIIOYNUTD aKCOMY BbIOOpa B CITMCOK CBOMCTB, OIIpeIeITIONUX MHOXKe-
CTBa.

0.5.2. OGparumsie oTo6paxenus. Eciu orobpaxkenue g : X = Y OGMEKTUBHO, TO TTPOOO-
pas g~ 1(y) C X xax0ii TOuKH y € Y COCTOUT POBHO U3 OAHOM TOUKH. B 3TOM ciIyuae mpaBu-
710y — g~ Y(y) ompenenseT oTo6pakeHue g~ : Y — X, KOTOpoe ABIAETCA OZHOBPEMEHHO
Y JIEBBIM, U TIPABBIM OOpaTHBIM K g B cMbIcie onip. 0.2 un’0.5.1, T. e.

geg t=1d, wu g log=1Idy (0-24)
OTto6paskeHre g~ HasbIBaeTcs 06pamHbiM K GeKTUBHOMY OTOGPaKeHHIO g.

[TPEA/I0KEHME 0.4
Crnenytoliue ycaoBUs Ha oToOpakeHue g . X — Y 3KBUBaJIEHTHBI APYT APYTY:

1) g B3aUMHO OZITHO3HAYHO

2) cymecTByet Takoe oro6paxenue g' 1 Y — X,urol go g’ =1dyu g’ o g = Idy

3) g ob6najaeT IeBBIM U IIPABEIM OGPATHBIMU OTOBPAKEHUAMUZ.

I[Ipu BBITOJTHEHUU 3THUX YCJIOBUI BCe JIeBble U IIPaBble OOpaTHbIE K g OTOOPaKEHHU PaBHEI
ZIPYT APYTY U OTOBPAXKEHHUIO g ©, OMUCAHHOMY Iepes pOPMYTHPOBKO peIOKeHHUA.

JIOKA3ATEBCTBO. VIMIutukaiius (1) = (2) yxke 6bL1a ycTaHoBIeHa. OueBUAHO, 9To (2) = (3).
JokaxkeM, uro (3) = (2). Ecmm y orobpakenus g : X — Y ectb ieBoe ob6paTHoe f : ¥ — X
u npaBoe obpatHoe h: ¥ — X, Tof = foldy = fe(geh)=(feg)eh=1Idyeh =hu
ycnoBue (2) BuimosnHeHo ans g' = f = h. Ocraéres nokasars, uro (2) = (1),u g’ = g_l.
Tak kak g(g'(y)) = y ana mo6oro y € Y, mpoobpas g~ (y) Kaxzoii TouKK y € Y comepKuT
T0uKy g’ (y). C ApYyTO# CTOPOHBI, TIOCKOILKY A BCeX X € ¢~ () BLIIONHEHO PaBEHCTBO
x = Idy(x) = g'(g(x)) = g'(y), mpoobpas f ~'(y) cocTout u3 eauHCTBeHHO ToukU g’ (y),
T.e. g — 6uexknua, u g =g L. O

IT.e. g’ 0sycmoponte o6paTHO K g.
206paTuTe BHUMAHMe, YTO COBIAEHMS JIEBOTO 0OPAaTHOTO OTOGPaKEHNU ¢ IPABBIM 06PATHBIM OTOGpaKe-
HUEM He TpebyeTcs.
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0.6. I'pynnsl npeo6pa3oBanuii. Hemycroit Ha6op G B3aMHO OZJHO3HAYHBIX OTOOPaKEHUH
MHOXXecTBa X B ceOd HasbIBaeTCsA 2pynnoil npeobpasosaHuil MHOXECTBA X, eCI BMeCTe C
KaXKJbIM OToGpaskeHHeM g € G B G JeXUT U 06paTHOe K HeMy OTo6pakeHHe g~ 1, a BMecTe
C KQXJBIMU JByMA OTOOpaKeHUAMH f,g € G B G JIOKUT U UX KOMIO3UIMA fg. DTH yClIo-
BUA rapaHTHUPYIOT, 9TO TOXZAECTBeHHOe IpeobpasoBaHue Idy Toxe JeXUT B G, TOCKOIBKY
Idy = g~'g ana moboro g € G. Ecnu rpynma npeo6pa3oBaHuit G KOHEYHa, 9HCIIO0 3eMeH-
TOB B Hell o603HavaeTcd |G | 1 Ha3bIBaeTcs nopssokom rpynisl G. Eciu nogmuoxxectso H C G
TOXKE ABJIAETCA IPYIION, TO H Ha3bIBAIOTCA nodzpynnoll rpynnsl G .

ITPUMEP 0.7 (TPYIIIIBI IEPECTAHOBOK)

MuoxecTBo Aut(X) Bcex B3aMHO OJHO3HAYHBIX 0TOOparkeHuit X — X sBJseTCsA TPYIIIOL.
OTa rpyIina Ha3bIBAETCS CUMMEMPUUECKOLl 2pynnotl i 2pynnoii nepecmaHog8ok MHOXKeCTBa X .
Bce mpoune rpymisl mpeobpa3oBaHUl MHOXXeCTBA X SABJIAIOTCS MOATPYIIIIAMY 3TOM T'PYIIITHL.

I'pymnna nepecTaHOBOK N-3J1€MeHTHOTO MHOXecTBa {1, 2, ... , n} obo3HadaeTcd S,, ¥ Ha3bl-
BaeTcA n-i cummempuueckoil epynnoii. CortacHo npezi. 0.2 Ha cTp. 5 NOpAAOK |S,| = n!.
[TepecTaHOBKU

o:{1,2,...,n}->{1,2,...,n}

IIPUHATO 3alUCBIBAaTh CTPOYKAMU 0 = (04, ... , 0,) UX 3HAYEHUH 0; “ (i), kax B mpuM. 0.1
Ha cTp. 5. Hampumep, mepectanoBku 0 = (3,4,2, 1) ut = (2, 3,4, 1) npeacTasisiioT co6010
0oTOOpaKeHust

NN

a UX KOMIIO3UIIMHY 3allMchiBaoTcA Kak ot = (4,2,1,3) uto = (4,1, 3, 2).

YIPAKHEHUE 0.14. CocTaBbTe TabINIly YMHOXKEHUS IIECTH 3JIEMEHTOB I'PYIIIL S;, aHAJIOTUYHYIO
tabsuiie (0-23) Ha cTp. 12.

[TPUMEP 0.8 (ABEJIEBBI I'PYIIITbI)

['pymmna G, B KOTOPO¥ JIF00ObIe ZiBa a7ieMeHTa f, g € G IepecTaHOBOYHBI, T. €. YZIOBJIETBOPSIIOT
COOTHOIIEHUIO fg = gf, Ha3pIBAETCA KOMMYmamugHoul wiu abenegotl. [Ipumepamu abese-
BBIX TPYII SBJISIOTCS TPYIINBI Tapa/UIebHBIX TEPEHOCOB IUIOCKOCTH WK IPOCTPAHCTBA, a
Takoke rpymnmna SO, I0BOPOTOB IIOCKOCTH BOKPYT GHUKCUPOBAHHOM TOUKHU. A KaXKAOTo Ha-
TYpaJbHOTO N > 2 TIOBOPOTHI Ha YIVIBL, KpaTHbIE 27T /n, 06pasyioT B rpymmne SO, KOHEYHYIO
noarpynmy. OHa Ha3bIBaeTCsA YUKAUUECKOLL 2pynnoll nopsioka n.

Tx < Yy Ha MHOXe-

0.7. YacTU4YHO ynopa/l09eHHble MHOXKeCTBa. bruHapHOe OTHOLIeHUe
CTBe Z Ha3BIBAETCSA UACMUUHBIM NOPAOKOM, €ClTH OHO pedIeKCUBHO U TpaHBI/ITI/IBHOZ, HO B
OT/INYME OT SKBUBAJIEHTHOCTU HE CUMMETPUYHO, & KOCOCUMMEMPUUHO, T.€. U3 X K YUY < X

BBITEKAE€T PaBEHCTBO X = Y. Eciv Ha MHOXKeCTBe 3a/iaH YaCTUYHBIN IIOpAAOK, MbI ITUIIEM

1Cm. n° 0.4 Ha cTp. 9.
2Cp. cormp. 0.1 Ha cTp. 9.
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X < y,Korjax < Yy M X # y.YacTU4YHBIN NOPAZOK HA MHOXKECTBe Z Ha3bIBaeTcs JuUHell-
HbM (VI TIPOCTO NOpsi0KOM), €CIU JIoOBIe 1BA 3/IeMeHTa CPaBHUMBI, T. €. /1A BceX X, Y € Z
BBITIOTHAETCS OHO U3 TPEX aJIbTePHATHUBHBIX YCJIIOBUN: WM X < Y, WM X = Yy, WL Y < X.
Hamnpumep, 00bIYHOE HEPABEHCTBO MEX/Y YNC/IAMU ABJIAETCA TMHEMHBIM IIOPAAKOM Ha MHO-
YKeCTBe HaTypaabHBIX urces N, Torja kak OTHOIIleHue IeJIMMOCTU n | m, o3Hadarollee, YTo n
Jenut m, 3azaéT Ha N yacTUYHBIHM NOPAZOK, KOTOPHIN He ABJIAeTCA IMHeHHBIM. [[pyTuM Bax-
HBIM [IPYMEPOM YaCTUYHOTO, HO He JIMHEHHOTO MOPsZIKa ABJAETCA OTHOIIEHYE BKIIOUYeHUA
X C Y na mHOXecTBe §(M) Bcex MMOAMHOXKECTB 3aZJaHHOI'0 MHOXKecTBa M.

YIPAXKHEHUE 0.15 (TTPEATIOPANOK). [Ipednopsidkom Ha MHOXeCTBe Z Ha3bIiBaeTcs Jiroboe pediek-
CUBHOE TPaH3UTUBHOE GMHAPHOE OTHOIIIEHUE X < V. YOeAUTECh, YTO AJI KaXKJO0To peATopsaaKa
OUHApHOE OTHOIIIEHUE X ~ Y, O3HAYA0IIee, YTO OMHOBPEMEHHO X < Y MY < X, IBJIIETCA OTHO-
IIeHHEeM SKBUBAJIEHTHOCTH, U Ha pakTope Z/ ~ KOPPEKTHO oIpeZeseHo GHHAPHOE OTHOMLIEHME
[x] < [y], o3Hauao1ee, 4YTO X < Y, KOTOpOe ABJAeTCA YaCTUYHBIM opaakoM. [IpogymatiTe, kak
BC€ 3TO paboTaeT JJIs1 OTHOIIEHWUS JeTUMOCTH N | M Ha MHOYKECTBE I[eJIbIX Ynce Z.

MHoxecTBO P ¢ 3apUKCPOBaHHBIM Ha HEM YAaCTUYHBIM ITOPAZKOM Ha3bIBAETCA UACMUUHO
YNOPsA00UEHHBIM MHONCECMBOM, COKPAIIIEHHO — YyMOM. Ec/iv TOpsiZioK TMHENWHBIHN, YyM P Ha-
3BIBAETCSA JIUHEIIHO YyNnopsidoueHHbIM. Besikoe ToaMHOKeCTBO X 1F000T0 uyMa P TakKe sBJId-
eTcA 4YYMOM II0 OTHOLIEHMIO K YaCTUYHOMY MOPAAKY, MMeloleMyca Ha P. Eciu aToT uHAy-
IIUPOBAaHHEIN C P OpAJOK Ha X OoKa3blBaeTCA JUHEWHBIM, TIOAMHOXKECTBO X C P HasbIBaloOT
uensto B UyMe P. DleMeHTHI X, y YyMa P Ha3bIBalOTCA CPABHUMBIMU, €CIN X < Y WINY < X.
Ecnu ke HU OZHO U3 3TUX YCJIOBUY He BBHINMONHAETCA, TO X U Y HA3bIBAIOTCA HECPABHUMBbLMLUL.
HecpaBHuMBIe 371eMeHTH aBTOMaTUUeCKU Pa3InYHbl. YacTUYHBIN IOPALOK JIMHEeH TOTAA U
TOJIBKO TOT/IA, KOT/Za JIFOObIe [Ba 3/IeMeHTa CPAaBHUMBI.

Orobpaxenue f : M — N mexzay uymamu M, N Ha3bIBaeTCs COXPAHAIOUUM NOPAJOK>
Wi mopgusmom aymos, e f(x) < f(y) ana Bcex x < y. JlBa uyma M, N Ha3bIBalOTCsA
U30MOpPHBLMU, €CITA UMEeTCs COXPaHAIIasA MopAAokK bueknusa M = N. B TakoM cirydae Mbl
numeM M ~ N. OtobpaskeHue f Ha3bIBaeTCsA CMpozo 8o3pacmaruium, eciu f(x) < f(y) ana
Bcex x < Y. Bcakoe coxpaHslollee NMOPAZOK BIOXKeHUE ABJIAETCA CTPOTO BO3paCTAIOIIUM.
O6paTHOe CIIpaBe/INBO /I BO3PACTAIOINX OTOOPaKeHUH U3 TMHEHHOTO YIIOPAL0YEeHHOTO
MHOJKeCTBA, OJHAKO HEBEPHO B 00IIEM CITydae.

OnemeHT y yyMa P Ha3bIBaeTcs 8epxHell epaHbio mogMHOXKecTBa X C P, ecnu x < y /Ui
Bcexx € X.EciunpustoMy € X, To BepXHAA I'paHb y Ha3blBaeTcs gHeluHell. B TakoM ciaydae
[ BceX X € X BBIIIOJIHEHO CTPOTOe HEPaBEeHCTBO X < Y.

dnmeMeHT m* € X HasbIBaeTCd MAKCUMAIbHBIM B TIOAMHOXKecTBe X C P, ecmu gnax € X
HepaBeHCTBO M* < X BBIMOJIHAETCA TOJBKO MPpU X = m”*. 3aMeThbTe, YTO MAKCUMAaIbHbIHI
aJIeMeHT He 00s3aH OBITH CPaBHUM CO BCEMH dJieMeHTaMu X € X U, TEM CaMbIM, MOXET
He ABJIATbCA BepXHeU IpaHbio 41 X. YacTUYHO yIOpAZOYEeHHOe MHOXKECTBO MOXKET UMEThb
HECKOJIPKO pasINYHBIX MaKCHMaIbHBIX 3JIEMEHTOB WIN He UMEThb UX BOBCE, KakK, HallpuMmep,
yyM N 110 OTHOIIIEHUIO K ZIeTMMOCTH WX K OOBIYHOMY HEPaBEHCTBY MeXKy yrcaaMu. JInHe-

IT. e. BHITIOMTHEHUE WM HEBHITIOMHEHHE YCIOBUA X < Y He 3aBUCHUT OT BEHIGOpA Ipe/icTaBUTeNell X U Y B
kiaccax [x] u [y].
2A Takke HeyObleaouWUM WX HeCMpPo20 803pACMAOUUM.
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HO YIIOPAZIOYeHHBIN YYM MMeeT He 6oJjiee OZIHOTO MaKCUMaJIbHOI'O JIeMeHTa, U eCIU TaKoM
3JIeMEHT CYLIECTBYET, TO OH ABJIAETCA BepXHel I'PaHbIo.

CUMMeTpUYHBIM 00pa3oM, d1eMeHT m, € X Ha3bIBAeTCA MUHUMAIbHbIM B X, €CITH JJIA
X € X HepaBeHCTBO M, > X BBINOJHAETCA TOJIbKO IIPU X = M,.. AHAJIOTUYHO OIIpeZIesIAI0TCA
Y HYDKHUeE FPaHU, ¥ BCE CKa3aHHOe BbIIlle O MaKCUMaJbHBIX 2JIEMEHTaX U BepPXHUX I'PAHAX B
PaBHOM CTelleHU OTHOCUTCA U K MUHUMAaJIbHBIM dJleMeHTaM U HIDKHUM I'PaHAM.

0.8. BniostHe ynopsAo4YeHHbIe MHOXeCTBa. JIMHeHO yropsaZodeHHoe MHOXecTBO W Ha-
3BIBAETCS 8MONHE YNOPAOOUEHHBIM, ECTTU KAXK/I0€ HEITYCTOe TIOAMHOXeCTBO S C W cogepXuT
TaKOM 37IeMeHT S, € S, 4To S, < S AJiA BceXx S € S. DTOT dJleMeHT aBTOMAaTHUYEeCKU e/IH-
CTBEH U HA3bIBAETCS HAUAIbHbLM dJleMeHmMoM TIOAMHOXKecTBa S. HampuMep, MHOXKeCTBO Ha-
TypasIbHBIX urcen N co cTaHZapTHBIM OTHOIIIEHHEM HepaBEHCTBA MEX/Y YKUCJIaMU BIIOJTHE
YIOPAZI0YEHO, KaK U Jtoboe Au3bloHKTHOe 00beamHenue Buga N LI N LI N LI ..., B koTopom
BCe 2JIEMEHTHI Ka)XKI0M KoY MHOKecTBa N rmosiararoTcst CTporo 60IbIIUMY BCEX DJIEMEHTOB
BCEX IPEABIAYIINX KOTni. [TycToe MHOXKECTBO TOXKe BIIOJIHE yHopsAodeHo. HanpoTus, MHO-
»kecTBO Q CO cTaHZAPTHBIM OTHOIIIEHWEM HEPABEHCTBA MEXKY YNCTaMU HE ABJISIETCS BIIOJTHE
YIOPSAI0Y€HHBIM.

BrioHe yriopsiZioyeHHbIE MHOXKECTBA 3aMeYaTeTbHbl TEM, YTO UX 3JIEMEHTHI MOXKHO pe-
KyPCUBHO Tlepe6paTh TOYHO TaKXKe, KaK U 3JleMeHThl MHOKecTBa N. A UMeHHO, yCTh HEKO-
TOpOe yTBepXkAeHne @ (W) 3aBUCUT OT 2JIeMEeHTa W BIIOJIHE YIIOPAZ0YEHHOTO MHOXecTBa W.
Ecmm @(w) ucTUHHO 151 HAaYaabHOTO 3JIeMeHTa W, MHoXecTBa W, u fj1s1 kaxxagorow € W
WCTUHHOCTH YTBepKAeHUs P (x) IpH Bcex X < W BJIEYET 32 COO0I0 UCTUHHOCTh YTBEPIK/e-
HuA @(w), To @(W) UCTUHHO 151 Bcex w € W.

VIIPAYKHEHUE 0.16. YOeAUTECh B STOM.

Takotli criocob ZiokasaTenbCTBa yTBepkAeHUA (W) And Bcex w € W HasbIBaeTcss mpaHc@u-
HumHotl uHdykuueti. Vicriosb3yeMble 11 MHAYKTUBHOTO ITIepexo/a MOAMHOXKECTBA, COCTOSI-
IIMe M3 BCEX DJIEMEHTOB, MPEeANIEeCTBYIOIINX JaHHOMY 3JIEMEHTY W, Ha3bIBAIOTCS HAUAIbHbL-
MU UHMePB8ANamMU YaCTUYHO YIOPSAJ0UYeHHOT0 MHOXKecTBa W 1 o603HavatoTcs

WE{xeW|x<w}.

OnemeHT W € W HasbIBaeTcs MoOuHOll 8epxHell 2paHbl0 HAYAIbHOTO WHTepBana [w) C W
U OZIHO3HAYHO BOCCTAaHABIMBAETCS IO MHTEPBAIY [W) KaK HadyalbHBIN 3JIeMeHT MHOXKeCTBa
W \ [w). OT™MeTM, YTO HayaJabHbIN 37eMeHT w, € W ABjsgeTcs TOUHOU BepxHel rpaHbio
IIyCTOTO HaYaJIbHOTO UHTepBaia [w,) = &.

YIPAXKHEHHUE 0.17. [IOK&XUTe, YTO cCOOCTBEHHOE TIOAMHOXKecTBO [ C W TOorza u TOJbKO Torja siB-
JIIeTCA HadaJ bHBIM MHTEPBAJIOM BIIOJIHE YIIOPAZOYEHHOrO MHOXKecTBa W, korza [x) C I ans
KaXkJ[Oro X € I, ¥ B 9TOM CJTy4ae TOYHAs BEPXHsIs IpaHb MHTepBaia | 0OZIHO3HAYHO BOCCTAHABJIH-
BaeTcs 1o | Kak HaualbHBIM 3/IeMeHT ZOomoaHeHus W N\ I.

Mexzy BIIOJIHE YIIOPAZOYEHHBIMY MHOXXECTBAMM MMEETCs OTHoLIeHUe nopazka U < W,
o3Hauarolee, 9To U MOXXHO OMEKTHBHO U C COXpaHEHHEM IopszAka oTobpasuTs Ha W wim
Ha KaKOW-HUOY/b HavanbHbIM uHTEpBaa [w) C W. Eciu npu atoM U u W He nusoMopdHBI,
Mmbl tumieM U < W. Xopomum yripaxxHeHreM Ha TPaHCOUHUTHYIO UHAYKLIUIO ABIAETCA



18 O MHO)XeCTBax U OTOOpaKeHUAX

YIPAXKHEHUE 0.18. YOeuTecCh, UTO Jjist 1060 TTaphl BIIOJIHE YIIOPSIA0YEHHBIX MHOXKECTB U, W BHI-
TTOJTHEHO POBHO OZHO U3 cooTHomeHu: wim U < W, wm U ~ W, wm W < U.
Kitacchl m130MOpPGHBIX BITOJHE YIIOPSAOUYEHHBIX MHOXKECTB Ha3bIBAIOT opouHaiamu. MHOXe-
cTtBO N CO cTaHZapTHBIM NOPAAKOM MO>KHO BOCHIPUHMMATh KaK MHOXKECTBO BCeX KOHEYHBIX
opZUHAaJOB. Bce ocTanbHbBle OpAiHAMEL, BKItoUasa N, Ha3bIBAIOTCA MPAHCHUHUMHBLMU.

0.9. Jlemma LlopHa. PaccMOTPHM IPOU3BOIBHOE YACTHYHO YIIOPSAJ0YEeHHOE MHOXECTBO P 1
ob6o3HaynM yepe3 W(P) MHOXKeCTBO BcexX ITOAMHOKeCTB W C P, KOTOpBIe BIIOJHE YIIOPSAI0-
YeHbl UMEeIIIUMCS Ha P oTHoIeHeM x < y. MHOXXecTBO W(P) HEITyCTO U COAEPKUT ITyCTOE
IOZMHOXECTBO & C P, a Takke Bce KOHeuHble e’ C C P, B 4aCTHOCTH, BCE HJIEMEHTHI
MHOXKecTBa P.

JIEMMA 0.2
He cymectByeT Takoro otobpaskenus ¢ : W(P) — P, uro o(W) > w ansa Bcex W € W(P) u
wew.

JIOKA3ATE/IBLCTBO. [TyCcTh Takoe oToOpakeHue @ CyliecTByeT. Ha30BEM BIIOJIHE YIIOPAJ0YEH-
HOe MMOAMHOXeCcTBO W C P peKypcuUBHBIM, eciu o([w)) = w a4 Bcex w € W. Hampumep,
MTOMHOKECTBO

{e@). e(te@))). e({e@). elte@)}). ... |

PEKYPCHUBHO U €r0 MOXXKHO PacUIUPATH Aajbllle BIIPaBo, IToKa P He McyepraeTcs, YTO MIPOTHU-
BOPEUUT HAJIO:KEHHOMY Ha Q YCJIOBUIO. YTOUHUM cKa3zaHHoe. Eciiu iBa peKypCUBHBIX BIIOTHE
YHOPSAIOYEHHBIX TTOIMHOXXECTBA UMEIOT OOITMI Ha4aIbHBIM 3JIEMEHT, TO TMOO OHU COBIA/Ia-
IOT, TMOO OZTHO M3 HUX SIBJIAETCA HavyaJIbHBIM HHTEPBAJIOM APYTOTO.

YIPAXXHEHME 0.19. JIOKa)KuTe 3TO.

O6o3HauuM yepe3 U C P oObeguHeHUe BCEX PEKYPCUBHBIX BIIOJTHE YIIOPAAOYEHHBIX MOJ-
MHOXKECTB B P ¢ HayaJbHBIM 3/IeMeHTOM (D).

YIIPAXXHEHUE 0.20. y6€,Z[I/ITeCI), 4TO IOAMHOKecTBO U C P BIOJIHE YIIOPpAAOYEHO 1 PEKYPCHBHO.

[Tockosbky anmemeHT (U) cTporo 6osblie Bcex aneMeHTOB u3 U, oH He nexxut B U. C gpyroit
cTopoHBI, MHOXecTBO W = UU{g(U)} BIlosHe ynopsAZ04eHo, peKypCUBHO, U er0 HauaJIbHbIM
aneMeHTOM sBJIsieTcs 0(Q@). CnepoBarenvuo, W C U, otkyza o(U) € U. llpotuBopeune. [

ITPEO/I0XKEHME 0.5
Ecnu kaxkzioe BIIOJIHE VIIOPsIZI0OYeHHOE TTOAMHOXECTBO YyMa P MMeeT BEPXHIOIO I‘paHbz, TO
B P eCTb MaKCUMAaJIbHBIN 3JIEMEHT® (BO3MOXKHO HE eIUHCTBEHHBIHN).

JIOKA3ATE/ILCTBO. EC/T MaKCMMaTbHOTO 3/IEMeHTa HET, TO JIA II00oro p € P uMeeTcs TaKou
sneMeHT p’ € P, uto p < p’. Torza A KaXkA0ro BIIOJHE YIIOPAZOYEHHOTO OAMHOXKECTBA
W C P HaligéTca Takol sneMeHT w* € P,ytow < w™ gy Bcex w € W. Comocrasias
Kaxgomy W € W oauH”" 13 TaKKX 27IEMEHTOB W™, MBI nojydaem otTobpaskenue o : W — P,

IT. e. KOHeUHbIE THHEHHO YIOPAZOIEHHbIE TOAMHOXKECTBA.

2T.e. JUIs1 JII0O0T0 BIIOJIHE yTIopsifgodeHHOro W C P HaWAETcs Takol p € P,uto W < p i Bcex W € W.

3T.e. Takoii p* € P, 4To HepaBeHCTBO P* < X BHIIOMHAETCA B P TONBKO /A X = P*, CM. TIOC/IeHIE JBa
a63ana nepezn’ 0.8 Ha cTp. 17.

4 Jlna sToro TIPUAETCS BOCIIONb30BaThCsA aKCMOMO¥ Bhibopa 3 n° 0.5.1 Ha cTp. 13.
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KOTOPOTO He MOXXeT OBITh 110 JieM. 0.2. [

OMNPEJEJIEHUE 0.3 (TTIOJIHBIE YYMBI)
YacTUYHO yIOpsAZ0YeHHOEe MHOXKECTBO HA3bIBAETCS NONHbLM, ECJIA KAXKJAsA €T0 Iellb UMeeT
BEPXHIOIO I'PaHb.

CJEACTBUE 0.1 (IEMMA LIOPHA)
B KaXXZI0M IIOJTHOM YyMe €CTh MaKCUMAa/IbHBIN 3/IeMeHT (BO3MOXKHO He eIMHCTBEHHBIN). [

YIPAXKHEHHUE 0.21 (IEMMA BYPBAKY — BUTTA O HENOZABMKHOM TOYKE). [IycTh 0TOOpajkeHHe U3 MOJI-
HoTo uyMa B ce6s1 f : P — P TakoBo, 4To f(x) > x Ay Bcex x € P. [loKa)kUTe, YTO CyIIeCTBYET
Takoe p € P, uro f(p) = p.

YIIPAXKHEHUE 0.22 (TEOPEMA HEPMEJIJIO). ,Z[OKa)KI/ITe, 9TO KAXXJ0€ MHOXECTBO MOKHO BIIOJIHE YIIO-
PASOYUTD.

VIIPAXKHEHHE 0.23 (TEOPEMA XAYCZIOP®A O MAKCHMAJIbHOM LIENN). JJOKakKUTe, 4TO B II0OOM YyMme
KaXkZ1ast LIellb COAEPKUTCSA B HEKOTOPOM MaKCUMAaIbHOM TTO0 BKJIFOUEHHUIO LIETH.



§1. Ilona, KOMMYyTaTHUBHbIE KOJIbIIA U abeseBbl IPYIIIbI

1.1. OmpezesieHus u IpuMepbl. [0BOPS BOJIBHO, TI0JIE IIPEACTABIIIET COOOI0 YHCIOBYIO 06JIACTb, IZie
oIIpeZieIeHbl YeThIpe CTaHAPTHhIE apudMeTHIeCKIe ONIepPALNN: CJIOKeHIe, BBIYUTaHNe, YMHOXEHUE
U JieJieHre, KOTOpHIe 001aZlaloT TEMU JKe CBOMCTBAMU, YTO U COOTBETCTBYIOLINE eHCTBUA HaZl paly-
OHAJILHBIMU YncIaMy. TOYHBIN lepedeHb STUX CBOMCTB UAET HIDKE.

ONPEAEJNEHUE 1.1
MuoxkectBo [ ¢ aBy™mst ontepatusamu F X F — [F: cioncenuem (a, b) — a+b v ymHoncenuem (a, b) — ab

Ha3bIBAETCA noJiem, €C/JIU BbIITOJTHAKTCA CIeAYIOoIIre TPU Ha6opa AKCHOM:

CBOMCTBA CJIOXKEHUS

KOMMYMAamugHOCMb: a+b=b+a VabeF 1-1

accoyuamueHoCmb: a+b+c)=(@a+b)+c Va,b,ceF (1-2)

Hauvue Hynis: d0€F: a+0=a Va€eF (1-3)

Hauuue Npomueono 0N CHbLX: VaelF d(-a)eF: a+(-a)=0 (1-9)
CBOVICTBA YMHOXXEHUA

KOMMYMamueHOCMb: ab=ba VabeF (1-5)

accoyuamueHocms: a(bc) =(ab)c Va,b,ceTF (1-6)

Hanuvue eOUHUUbL: d1e€eF: la=a VaeF a-7

Hauuue 06pamHblx: VaeF\0 JatleF: aal=1 (1-8)

CBOMCTBA, CBA3BIBAIOLIUE CIOXKEHUE C YMHOXEHVEM
oucmpubymugHocmb: albb+c)=ab+ac Va,b,ceF (1-9)

HempueUaNbHOCb: 0#£1 (1-10)

[TPUMEP 1.I (TTOJIE U3 ABYX DJIEMEHTOB)

I[IpocTeiumii 0O BEKT, YAOBIETBOPAIOMINI BceM akcuoMaM u3 onp. 1.1 — aro none F,, cocTosmee
TOJIBKO M3 IByX Takux asieMeHToB 0 1 1,4T0 04+1 = 1-1 = 1, a Bce ocTanbHbIe CyMMBI ¥ TIPOU3BECHUA
PaBHBI HYJIIO.

YrpAaXXHEHUE 1.I. [IpoBepbTe, uTo [F, felicTBUTENbHO ABJACTCA IOIEM.

DJIEMEHTHI 3TOTO TOJISI MOXKHO BOCIIPUHUMATD KaK KJIACCHI BEIYETOB 10 MOJYJIIO 2, T. €. «4€THOe» = 0 u
«HEYETHOE» = 1, CO CJIOXKEHNEM U YMHOXKEeHHEM, 3aanHbiMu popmysiamu (0-19) — (0-20) Ha ctp. 10.
C Apyro¥i CTOPOHBI, 3JIEMEHTHI 1101 [F, MOTYT MHTepIIPEeTHPOBAThCA KaK «IOXb» = 0 M «MCTHHa» = 1,
CIIOXEeHHe — KaK JIOTHYECKOe «HCKIIoYaloliee Wik»1, a yMHOXeHHe — KaK JIOTHYecKoe «i»2. IIpu
TaKO! MHTepIIpeTaly ajarebpandeckue BbIYUCIeHUA B 1Tose [F, TpeBpalaoTcsa B IOrHYecKre MaH!-
myaagun C BBICKa3bIBAHUSAMMU.

YHOPAXXHEHME 1.2. HamuIinuTe MHOTOWIEH OT X C KOB(i)CI)I/IHI/IEHTaMI/I M3 I10JIA IFZ, paBHbeI «HE X», a

T, e. BEICKa3bIBaHMe A + B HCTHHHO TOI/ZA U TOJIBKO TOIZA, KOIZIA HCTHHHO POBHO 0OHO U3 BHICKA3LIBAHMI
A, B.Ha saspike popmyn: 0+1=14+0=1,a0+0=1+1=0.

2T. e. BEICKa3bIBaHMeE A - B HCTHHHO €CJTH ¥ TOMBKO eCTH UCTUHHBI 06a BBICKasbiBaHUA Au B:1-1 = 1, HO
0:-1=1-0=0-0=0.

20
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TaKK€ MHOTOWIEHOT X 1 Y, paBHLIﬁ «X I/IJII/I1 y».

[TPUMEP 1.2 (PALIMOHAJIBHBIE YHCJIA)

Hanomuio?

, ITO TIOJIe PAITMOHATBHBIX YKces  MOXKHO OIpeIeUTh KaK MHOXKeCTBO pobeii a /b, rae
o/ «ApOObI0» MOHUMAETCs KJIacC 9KBUBAJIEHTHOCTH YIIOPAAO0YeHHOM Hapkl (a,b)ca,b € Zu b # 0
o OTHOIIeHuto (a4, b,) ~ (a,, b,)ipua, b, = a,b,, KOTOpoe ABIAETCA MUHUMAJIbHBIM OTHOIIEHHEM

BKBI/IBaJIEHTHOCTI/IS, coAeprKallvM BCE€ OTOXKAECTBICHUA

a ac
—== Vc#0.
b bc 7

CloxeHre U yMHO)XeHUe pobeti onpezenseTcs GopMyIaMu

« ad+ bc a

c Cwac
d bd b d

w .

=N
iy

+ (1-11)

S| Q

YIPAXKHEHUE 1.3. [IpOBEpETE, UTO 3TH ONEPAIH ONpeAeTeHb KOPPEKTHO (pe3y/IbTaT HE 3aBUCUT
OT BBIOOpA MpeAicTaBUTEIIEH B KJIaccax) U YAOBIETBOPSIOT aKCOMaM IT0JIA.

ITPUMEP 1.3 (BEIIECTBEHHBIE YICJIA)

MHoxecTBO BellleCTBeHHBIX urces R ollpesenaeTcsa B Kypce aHaIN3a HECKOIbKUMU Pa3IMIHBIMU CIIO-
cobaMu: KaK MHOKECTBO KJTaCCOB SKBUBAIEHTHOCTH A€CATUYHBIX ' ZIpobeii, KaKk MHOXKECTBO JIeZIEKH-
JIOBBIX CEUeHUH YIIOPSAZ0YEHHOTO MHOXKeCTBa Q, MM KaK MHOKECTBO KJIACCOB SKBUBAJIEHTHOCTHU Pa-
LIMOHAJBLHBIX TTOCIeZioBaTebHOCTelM Ko, Mbl oslaraeM, 4To YuTaTe b 3HaKOM C STUMU OIIpeeie-
HUSIMU Y IOHUMAET, KaK OHU CBSI3aHHI IPYT C APYTOM, INOO CKOPO y3HaeT 06 3TOM U3 Kypca aHajau3a.
Kakoe 6b1 onricanme MHOXeCTBa IR HU UCIIOJb30BaIOCh, 3a/laHUE Ha HEM CJIOXKEHUS M YMHOXKEHUS,
PaBHO KakK U pOBepKa akCcroM u3 omp. 1.1, TpebyroT onpeseIéHHOM YMCTBEHHOM paboThI, TaK)Ke Tpa-
JAUIMOHHO IIPOJieibIBaeMoi B Kypce aHalIu3a.

1.1.1. KommyTaTuBHBIE KojbLia. MHOXXeCcTBO K ¢ onepanyaMu CI0XXeHUA U YMHOXKEHUA Ha3bl-
BaETCs KOMMYMAMUBHbIM KOAbUOM € eOUHUYell, eCJTU 3TH Ollepaliuy 061a1at0T BCEMU CBOMCTBAMU U3
omp. 1.1 Ha cTp. 20 3a UCKIIOUYeHHEeM cBoticTBa (1-8) cylecTBOBaHUA MYJIBTUILTMKATHBHO 0OPATHBIX
anemeHTOB U ycinoBua 0 # 1. Eciu, KpoMe 3THUX JBYX aKCHUOM U3 CIIMCKa aKCHOM IT0JIA UCKII0YaeTCs
TpeboBaHue HaMMIUA eauHULEL (1-7), To MHOXeCTBO K ¢ AByMsA OllepalUAMU, VAOBIETBOPAIOMINMU
OCTaBIIUMCA aKCMOMaM, Ha3blBaeTCs IPOCTO KOMMYMAMUBHbIM KOAbUOM. IIpuMepaMy OTJINYHBIX OT
osiel KoJiel] ¢ eJUHUIIAMU ABJIAI0TCA KOJIbIIO LeJIbIX YHCcesl Z 1 KOJIbL[0 MHOI'OWIEHOB ¢ Ko3duIineH-
TaM¥ B [IPOMU3BOJIBHOM KOMMYTaTHBHOM KOJIbIIE C efuHULIel. IIpuMepsl KOMMYTaTUBHBIX Koslel] 6e3
€IVHUIIBL IOCTABJIAIOT YETHBIE IlejIble YKC/Ia, MHOTOWIEHBI C YETHBIMU IebIMU KoaddunuenTamu,
MHOTOWIEHHI 63 CBO60JHOr0 WieHa ¢ KoabpUreHTaMH B TI060M KOMMYTAaTUBHOM KOJBIIE U T. II.

1.1.2. AGeneBsI rpynmnbl. MHOXeCTBO A ¢ 00Holl onepanueit A X A — A, yIoBIeTBOpsIOIen
IIEPBBIM YETHIPEM aKCHOMaM CJIOXKeHUA U3 onp. 1.1, HaspiBaeTca abesegoll epynnotil. TakuM ob6paszom,
BCSIKOE KOMMYTATHUBHOE KOJIBIIO K sBIfeTcs abeeBoi IPyNIoi OTHOCUTEIBHO OIepaluy CJI0KEeHHU.
Ora rpymnma Ha3bBaeTcsa adoumusHoll epynnoii koasya. [Ipumep abeseBoii IpyNIbl, He ABIAOLIECA
KOJIBIIOM, ZIOCTaBJISIIOT 8eKMOPbL.

131ece uMeeTca B By 06BIMHOE, He HCKTIOYAION[ee «IITH»: MHOTOWIEH J0/DKeH IPHHUMATD 3HaueHHe 1
TOT/Ia ¥ TOMILKO TOT/IA, KOT/[A Xoms 6l 00HA U3 TIepeMeHHBIX paBHa 1.

2Cwm. mpum. 0.5 Ha cTp. 11.

3Cm.n°0.4.1ma cTp. 11.

*Wnu mpUBA3aHHEIX K KAKOH-TU60 APyToii IO3UIMOHHOM CHCTeMe CUMCTIeHHUA, HATIPIMep, JBOMYHBIX.
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[TPUMEP 1.4 (TEOMETPUYECKUE BEKTOPBI)

ByzieM HasbIBaTh zeomempuueckUm 8eKmMopoM Kjlacc HallpaBJIeHHOro oTpe3ka (Ha IUIOCKOCTU WU B
MIPOCTPAHCTBE) IO OTHOIIEHUIO SKBUBAJIEHTHOCTH, OTOXKECTBIIAIONIEMY MEXKAY COO0I BCe OTPE3KH,
KOTOpBIe MOJIyYarlliecsd ApYyr U3 Apyra NapauleJbHBIM ITepeHocoM. HyneBbIM BeKTOPOM Ha30BEM
KJIaCC 9KBUBAJIEHTHOCTH TOYKH — 3TO €IMHCTBEHHBIN BEKTOP, UMEIOIINH HYJIEBYIO JTMHY U HEe UMEI0-
Iy HanpaeieHusi. CJI0KeHNEe BEKTOPOB OIPEAENAETCs CTaHJapTHBIM 00pa3oM: HaZio BEIOPATh IIpe-
CTaBUTENEN BEKTOPOB @ U b Tak, YTOOBI KOHEI] a COBMAJ C HaYaJoM b, U OOBSIBUTD 4 + b paBHBIM
BEKTOPY C HauaJOM B Havaje a U KOHIIOM B KoHIle b. KOMMyTaTHUBHOCTb U acCOIMaTUBHOCTh 3TOM
olnepaunuy BUAHB U3 puc. 101 u puc. 102,

a+bh+c

Puc. 101. [IpaBuio napasuiesiorpaMma. Puc. 102. [IpaBUIO 4eTHIPEXYTONTbHUKA.

HyneBbIM 371eMeHTOM SABJISETCSA HYJIEBOM BEKTOP. BEKTOpP —a, IPOTUBOIIOJIOXKHBINA BEKTOPY A, MOJY-
yaeTcsd U3 BEKTOpa a U3MeHeHUeM ero HallpaBjeHNA Ha IPOTHUBOIIOJIOXKHOE.

[TPUMEP 1.5 (MYJIBTUILTUKATHUBHASA CPYIITIA [10J1A)

YeThIpe aKCHOMBI YMHOXeHHUA u3 orp. 1.1 Ha cTp. 20 yTBep:KAaroT, To MHOkecTBo F* £ F \ 0 Bcex
HeHyJlegblx 37eMeHTOB 1o F sBisieTcs: abesieBoM PO OTHOCUTEIBHO OMEpaIiy YMHOXKEHUS.
DTy TPYIITy Ha3bIBAIOT MYJIbMUNIUKAMUBHOU 2pynnoii noas. Ponb Hy/A U3 aaAuTUBHOM rpymmsl F B
MYJIbTUILIMKAaTUBHOM rpymme F* ncrmonHseT eaununa. B abcTpakTHOM aGesieBo IpyIIIe TAKOM aJ1e-
MEHT Ha3bIBAe€TCA Heﬁmpa]lebLM. MYJIbTI/IHJII/IKaTI/IBHbIM aHaJIOTOM IepexoZa K IIPOTUBOIIOJIOXKHOMY
3JIEMEHTY SBJIAETCA TIepexo/] K 06paTHOMY 2JIEMEHTY.

JIEMMA 1.1
B sto60ii abeneBoi rpymie A HEUTpaJIbHBIN 2JIEMEHT €AMHCTBEH, U U1 KAKJOTO a € A IPOTUBOIIO-
JIOXKHBIH K @ 3JIEMEHT —a OTpeZiesisieTcs TI0 a OHO3HavYHo. B yacTHOCTH, —(—a) = a.

JIOKA3ATE/IBCTBO. ByzieM 3anuceIBaTh onepanuio B A aAAUTUBHO. Ec/ii ecTh ZiBa Hy/leBbIX a7ieMeHTa 0
n0,,700, = 0,+0, = 0, (mepBoe paBeHCTBO BHILIHEHO, TaK Kak 0, ABJIAeTCA Hy/JIeBbIM 3JIEMEHTOM,
BTOPOE — IOCKOJIbKY HY/IEBBIM 3/1eMeHTOM siBisietcs 0,). Ecim ecTs ABa anemenTta —a u —a’, npotu-
BOTIONIOKHBIXK @, T0 —a = (—a) +0 = (=a) + (a+(—a’)) = ((—a)+a) +(-a’) =0+ (-a’) = —a’.

O
JIEMMA 1.2
B 11060M KOMMYTaTHUBHOM KOJIbIIE /IS JTF0OOTO 3IeMeHTa a BHITIOIHseTCs paBeHcTBOo 0 - a = 0, a B
JI060M KOMMYTaTHUBHOM KOJIbIIE C eJUHUIIEN — paBeHCTBO (—1) - a = —a.

JlOKA3ATEBLCTBO. Tak kKak a - 0 = a(0 + 0) = a - 0 + a - 0, npubapsaa kK 06EUM YaCTIM dJIE€MEHT,
MPOTUBOTIOJIOKHBIHN K a - 0, monydyaem 0 = a - 0. Bropoe yTBep)k/ieHHE MPOBEPAETCS BBHIKIAJKOU
-D-a+a=(-1-a+1l-a=((-1)+1)-a=0-a=0. O
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3AMEYAHUE 1.1. Eciiu B KOMMyTaTUBHOM Kosiblle K ¢ eIMHUIEH BBITTONHAETCS paBeHcTBO 0 = 1, To K
COCTOUT U3 OJHOTO HYJIs, TaK Kak s Kaxkaoro a € K umeema = a -1 = a - 0 = 0. Obpa3oBa-
HUE, COCTOSAIIEEe U3 OZHOTO HYJIsI, COTVIACHO TIPEABIAYIINM OTIPe/IeIeHUIM, SBISIETCI KOMMYTAaTUBHBIM
KOJIBIIOM C eINHUIIEH, HO He TI0JIEM.

1.1.3. BeruuraHue u gejeHue. 3 iem. 1.1 BeITeKaeT, 4TO B 1000 abeeBoi IpyIine KOpPeKTHO
olpeiesieHa pasHOCb JIOOBIX IBYX 3JIEMEHTOB

a-b¥a+(-b). (1-12)

B wacTHOCTH, omepaniys BHIYUTaHUsA UMEETCs B aIUTUBHOM rPyIIIe JI060r0 KOMMYTaTUBHOT'O KOJIb-
11a. B mmosie HeHy/IEBbIE 37IEMEHTHI 06Pa3yIoT abesieBy TPYIIILY 0 YMHOXKEHUIO. [103TOMY B II060M 1oJTe
UMEETCS POBHO OZIMH €ZIMHUYHBIH 3JIEMEHT, U JJ1s1 JII000T0 HEHYJIEBOT'O 3JIeMeHTa a 0OpaTHHIN K HEMY
37IeMeHT a” * 0ZIHO3HAYHO OIpeensdeTcsd 1o a. TeM caMbIM, B JTF060M TI07ie TIOMUMO CJIOKeHHs, YMHO-
»KeHus U BeruuTanusa (1-12) umeercs onepanus desieHusl Ha JIIOOble HEHYJIEBBIE 3/IEMEHTHI

a/bZab™, b#0. (1-13)

1.2. [leTMMOCTB B KOJIbIlEe IeJbIX Yrcea. OCHOBHBIM OTIMYMEM KOMMYTAaTUBHBIX KOJIEI] C eITUHUIIEN
OT TIOJIEH ABJIETCS OTCYTCTBUE OOPATHBIX 3JIEMEHTOB K HEKOTOPHIM HEHYJIEBBIM 3JIeMeHTaM KOJIbIIa.
DJIeMeHT a KOMMYTaTUBHOTO KoJblla K ¢ eZIMHUIIEH Ha3bIBAETCSI 06pamMuMbIM, €CJIA B 3TOM KOJIbIIE
CyIIeCTBYeT TaKOii 3/IeMeHT a_ *, 4To a” 'a = 1. B IPOTHBHOM cIydae /IeMeHT a Ha3kIBaeTcd Heobpa-
mumbim. Hampumep, B KoJibIle Z 06paTUMBIMU 3JIeMeHTaMHU ABIAIOTCA TOIbKO 1 1 —1. B kosbile Q[x]
MHOTOWIEHOB C Pal[MOHATBHBIMU K03 UIleHTaMu 06paTUMBIMU 3JIEMEHTAMU SABJISAIOTCSI HEHYIIE-
BBbIe KOHCTAHTHI (MHOT'OWIEHHI CTEIIEHU HYJTb) U TOJBKO OHU.

ToBOPAT, YTO 2/IEMEHT a OenUmcsl Ha 3JIEMEeHT b, ec/ii B KOJIbIIE CYIIEeCTBYeT TaKO! 3JIEMEHT ¢,
4yTO @ = bq. DTO 3anuchiBaeTcs Kak b|a (uuTaercs «b JeUT a») WIK Kak a : b (YUTaeTcsa «a AeTUTCs

Ha b>>) . OTHoOIIIeHe AeTUMOCTH TECHO CBSI3aHO C penieHneM JIMHEMHBIX ypaBHEHHfI.

1.2.1. YpaBHenue ax + by = k, HOJ] u HOK. 3a¢ukcrupyeMm kakue-HUOYAb LeJble YKcaa a U b
1 0603HAYUM Uepe3
(a,b) ¥ {ax + by | x,y € 7} (1-14)

MHOKECTBO BCEX IIEJIBIX YHCEJ, IIPEACTAaBUMBIX B BU/E aXx + by C LeJBIMA X, Y. DTO MHOXKECTBO 3a-
MKHYTO OTHOCUTEIHHO CJIOKEHUS U BMECTE C KaKABIM CBOWM 3JIEMEHTOM CO/IEPXKUT BCE €ro Iiebie
kpaTHbIe. Kpome Toro, Bee urcia us (a, b) Halleslo AensaTcsa Ha KaXKAbIi OO JeTUTesb yrcen a u b,
a camu a u b Toxe BXogAT B (a, b). O603HauMM depe3 d HauMeHbIIIEe MTOIOKUTENBHOE YUCIIO B (a, b).
OcTaTok OT JiesieHus Joboro yucia z € (a, b) Ha d 1exuT B (a, b), TOCKOJBKY MPe/ACTABISAETCS B BU-
e z — kd, rae v z u —kd nexat B (a, b). Tak KaK 3TOT OCTATOK CTPOTO MeHbIIle d, OH PaBeH HYJIIO.
CrenoBatenbHO, (a, b) COBIIalaeT C MHOXKECTBOM BCEX YMCeJl, KpaTHBIX d.

Taxkum ob6pasom, UuciIo d ABASETCS OOIIUM AeTUTENIeM ducent a,b € (a,b), mpeacTaBaieTcs B
Buzle d = ax + by ¥ genutcsa Ha 060U 06Ul AeuTenb urcena a u b. IIpu 3TOM ITPOU3BOJIBHOE
yucno k € 7 npezacrasisercs B Buge k = ax + by ecyv 1 TOJIBKO eciv OHO ZienuTes Ha d. Yucso d
Ha3bIBAETCSA HAUOOLUUM 0OWUM OenlimesieM YUCeN a, b € 7 v obo3HavaeTcs HoA(a, b).

YTIPAXKHEHUE 1.4. O60611I1Te TTpOofieJIaHHbIE TOJBKO YTO PACCYXKAEHUS: VIS IIOOOr0 KOHEYHOT'O Ha-
6opa uucen a,, ..., a,, € Z ykaxure yucio d € Z, KOTopoe JeJINT BCe a;, AeMUTCA Ha 000
UX 00N fleNuTeNb U IpeACTaBasAeTca B BuAe d = a X, + -+ + Xy, C LHEIBIMHU X;. [ToKaxuTe
TaKKe, YTO YPABHEHUE N1 = A, X; + -+ + Ay, X, PA3PEIIMMO OTHOCUTENBHO X; B KOJIbLE Z €CJIA U
TOJIBKO ecyiid N : d.
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3anuceiBag uucna a u b kak a = ad, b = fd, rae d = HoA(a, b), MBI 3aKJI0O4aeM, YTO YUCIO
c=afd =Ba=ab (1-15)

JeUTCs Ha a v Ha b. TTokaxkeM, 4TO ¢ IeJTUT Bee obIIre KpaTHble urcen a u b. ITyctb m = ka = £b. Tak
Kak Hoz(a, §) = 1, cylecTBYIOT Takue X,y € Z, 4To ax + fy = 1. YMHOXas 06e 4aCTH 3TOro paBeH-
CTBa Ha M, MBI 3aKJI049aeM, 4Tom = max+mpy = fhax+kafy = c(£x+ky), kak U yTBepKAan0Ch.
Yucsio ¢ Ha3bIBAeTCsA HAUMEHbWUM 06UiUM KPAMHbIM YUCENT a U b v 0603HavYaeTcs HOK(a, b).

YOPAXKHEHUE 1.5. YOeIUTeCh, 4TO BCe Iiejible pellieHus (X, y) ypaBHeHUs ax + by = k UMeroT Buz
X =Xy +nf,y =y, — na, TAe a U f§ Te XXe, 9TO U BHIIIE, (X, Y,) — KaKOe-TO OZHO pellleHue, a
n € Z — nroboe.

1.2.2. Aaropurm EBkimga —Taycca. Hatity Hoz(a, b) A1 JaHHBIX @, b € Z v IpeiCTaBUTD €TI0 B
Buzie HoA(a, b) = ax + by c LeJBIMU X, Y MOXKHO cJIefytonium ob6pazoM. CocTaBUM TabIHUITY

a 1 0
<b 0 1> (1-16)

U 6yzeM peo6pa3oBLIBATh €€ CTPOKH, II03JIEMEHTHO IPUOABIIAA K OHOM CTPOKE JPYIYIO, YMHOXKEH-
HYIO Ha IOZAXOZAIIIee IieJIoe YHCJIO TaK, YTOOBI OZWH U3 3IeMEeHTOB IIepBOT'0 CTOJIONA KaXKIBIN pa3 CTPo-
r'0 YMEHbIIAICS 110 aOCOMIOTHON BeMYMHe. DTO BO3MOXKHO /IO TeX IIOP, ITOKA OAWH U3 3IEMEHTOB B
IIEPBOM CToJIOLe He oOHynuTCA. ITocie 3Toro, MeHAA IpY HeOOXOAMMOCTH CTPOKY MeCTaMU U/ WiIn
MeHsId 3HaK y BCEX 3JIEMEHTOB OJHOM U3 CTPOK, MOXKEM IIepeIrcaTh MOMYYEeHHYO TabJIuIly B BUZE

d x vy
<0 k e>’ (1-17)

rae x,y, k,¥ € Zud € N. 3to o3Hauaer, uro HoA(a, b) = d = ax + by, a HOok(a, b) = |ka| = |£b|,
npuuém Hoz(k, €) = 1. Hanpumep, ana uucena = 5073 u b = 1 064 nomydaem’:

5073 1 0
<1064 . 1) D= 1) -5-(2)
—-247 1 -5
L0640 1) )~ (2)+4-(1)
-247 1 =5

A _19> M= @) +3- (@)

2)=@2)+4-(D)

-19 13 —62> 1) o —(1)

0 56 —267
19 -13 62
0 56 -267)°
Tem cambim, Hoz(5 073, 1064) = 19 = —13 - 5073 + 62 - 1064, HOk(5 073, 1064) = 5073 - 56 =
= 1064 - 267.

!3ammce Bpoge (1) — (1) — 5 - (2) 03HaYaeT, 9TO K 1-if CTPOKe NpUBABIAeTCA 2-, yMHOXeHHAaA Ha —5.
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VIPAKHEHUE 1.6. YO€AUTECh, UYTO B KXK/OL BO3HUKAOMIEH 110 XO/y BHIYUCIEHNA TabIUIle

m x y
n s t
KpOMe, MOXET OBITh, UTOTOBOH (I10/lyd4eHHO! IIepeCcTaHOBKOM CTPOK U/WIN CMEHOH 3HaKa B Ofi-

HOU M3 CTPOK) BBITIOJIHAIOTCA paBeHCTBA M = xa + by, n =as + bt uxt —ys = 1.

N3 YIipa’XHEHHUSA BbITEKAeT, YTO 3JIEMEHTDBI BOBHHKaIOI.L[efI B KOHIIE€ BBIYMCJIEHUA Ta6JII/II_[e BHUa

d x y 0 s ¢t
WIN ,
0 s t d x y
(roe d’ € 7 moxeT oTIM4aThCA OT UTOroBOro d € N JIHIITb 3HaKOM) BBIITOTHAIOTCS paBeHCTBa

d =ax+by, sa=-th, tx—sy=1. (1-18)

U3 mepBoro ciaezyet, uto d’ AemuTea Ha Bee obIIde AeUTeNH YKcea a ¥ b. YMHoXas moc/IeHee pa-
BEHCTBO Ha 4 U Ha b ¥ MOJIb3ysCh IEPBBIMU JBYMsI paBEHCTBAMHU, 3aKJIF0UYaeM, YTO

a=atx—asy=atx+bty=td’ u b=Dbtx—bsy=—asx —bsy = —sd’

oba genarcaHa d’, otkyaa d = |d'| = noz(a, b). Bropoe paBeHcTBO (1-18) MoKa3LIBaeT, YTO YKCIIO
¢/ = sa = —tb saBngeTCA O6MUM KPATHEIM a U b. YMHOXasA TpeThbe paBeHcTBO (1-18) Ha mo6oe obiee
KpaTHoe m = ka = £b uuces a u b, ybexgaemcs, uTom = mtx—msy = £btx—kasy = —c' (£x+ky)
pemurcs Ha ¢, oTkyza ¢ = |¢’| = HOK(a, b).

3AMEYAHUE 1.2. C BBIYHUCIUTENBHON TOYKM 3peHUs OThICKaHUe HO/(a, b) 1 HOK(a, b) IO anropuTmMy
EBxinza - laycca Heconocmasumo GbICTpee pas3ioKeHUs YUces d U b Ha TIPOCThie MHOXUTeH. YnTa-
TEJIO0 TpeJiaraeTcs yoOeJUThCS B 3TOM, IOMPOOOBAaB BPYYHYIO PAa3JIOKUTh HAa MPOCTHIE MHOXKUTEIH
yucia 10 203 u 4 687. Beruucienue 1o anroputMmy EBkinza —T'aycca 3aHuMaeT 6 CTPOK:

10203 1 O
<4687 . 1) D= 1D)=-2-@2)

829
829 5
< 287 —6 13) D= D+3-2)
v _17 37 (1-19)
< 287 - 13) @)= @=-9-1)
< 1 147 —320) D~ M+32-(2)

0 4687 10203
1 147 =320

oTKyzZa HOozA(10203,4 687) =1 =147 -10203 — 320 - 4687, Hok(10 203,4 687) = 10 203 - 4 687.
Eciy u3BeCcTHO IpOoW3BeZieHHE ABYX OueHb OOJBIINX IIPOCTHIX YUCEJI, TO U3BJIeYb U3 HErO CaMU 3TU
YuciIa 32 pa3yMHOE BpeMs He 10/ CUITY ke MOIHEIM KOMIIBIOTepaM. DTO 0OCTOATENbCTBO JIEKUT B
OCHOBe MHOI'HIX ITOIIY/IIPHBIX CHCTeM IMKU(pOBaHUA JaHHBIX.
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1.3. B3auMmHas IpPOCTOTA. BhIllle MBI BUZEIH, YTO B KOJblle Z ycioBue HoA(a, b) = 1 paBHOCUIBHO
Pa3peIrMOCTH B LEJbIX YUCIaX ypaBHeHUs ax + by = 1. Uucna a, b, obnagaromiye 3TUM CBOHCTBOM,
Ha3bIBAIOTCSA 83AUMHO NPOCMbLMU. B IPOM3BOIBHOM KOMMYTAaTUBHOM Koiiblle K ¢ eJUHUIIEN U3 pas-
PEIINMOCTH YpaBHeHUs ax + by = 1 TakKe BBHITEKAeT OTCYTCTBUE Y IEMEHTOB a ¥ b He06paTHUMBIX
obmux Aenuteneii: e a = da, b = df,unax + by =1, to d(a + B) = 1 u d o6bparum. OfHaKO, OT-
CyTCTBUE V a ¥ b HeOOpaTUMBIX OOIIUX JeUTeNIel, BOOOIe roBOpsl, He rapaHTUPYeT Pa3pelInMOCTH
ypaBHeHus ax + by = 1. Hampumep, B Koiblle Q[x, y] MHOTOWIEHOB C pallMOHAJIbHEIMU K03ddU-
I[MEHTaMU OT ABYX [TEPEMEHHBIX X, Y OJHOWIEHbI X U Y HE UMEIOT O6IIUX AeNUTeNel, OTIMYHBIX OT
KOHCTaHT, OJHAKO paBeHCTBO f(x,y) - x + g(x,y) - y = 1 HeBo3MO:KHO HU IIpU KakuX f, g € Q[x, y].

YIPAXXHEHUE 1.7. OOBSCHUTE IIOYEMY.

OkasbIBaeTcs, 4YTO UMEHHO pa3pelIMMOCTb YpaBHEHUI ax + by = 1 BieuéT 3a co60I0 HAIUYIHE Y
3JIEMEHTOB A, b MHOTMX MPUATHBIX CBOMCTB, KOTOPBIMH 00JI1a1al0T B3AMMHO IIPOCTBHIE IIeJTbIe YHCIIA.

ONPEJEJIEHME 1.2
DyeMeHTHI a ¥ b TPOM3BOJILHOTO KOMMYTAaTUBHOTO KOJIbIIA K € €ZIMHUIIEH HAa3bIBAIOTCA 83AUMHO NPO-
CMbLMU, €CJTA YpaBHeHMe ax + by = 1 paspemmmo B K OTHOCUTETBHO X U Y.

JIEMMA 1.3
B Ipon3BOIBHOM KOMMYTaTUBHOM KOJiblle K ¢ eJUHUILIEH 7151 J1t060T0 ¢ € K ¥ TI06BIX B3aUMHO TIPO-
CTHIX a, b € K crpaBeAIvBb UMIUIUKALIUN:

(1) ecu ac genuTcsa Ha b, To ¢ genuTcsa Ha b

(2) ecnu ¢ genuTea v Ha a, K Ha b, To ¢ AenuTcesa v Ha ab.
Kpome Toro, ecu a € K B3aUMHO IIPOCT C K&XKABIM U3 3JIEMEHTOB b, ... , b,,, TO OH B3aIMHO IIPOCT U
C X Ipou3BeZieHueM b, ... b,,.

JIOKA3ATE/IbCTBO. YMHOXas1 00e YacTH paBeHCTBa ax + by = 1 Ha ¢, mojlyJyaeM COOTHOLIeHNe
¢ =acx + bcy,

U3 KOTOporo BeITeKaroT obe ummtukanuu (1), (2). Eom Vi dx;,y; € K: ax; + b;y; = 1, To 11e-
PEMHOXKas BCe 3TU PAaBEHCTBA U PACKPhIBAsi CKOOKH, IMOJIyYHUM B JIEBOW YaCTU CyMMY, B KOTOPOU BCe
ciaraemsle, Kpome (b ... by,) - (¥4 ... ¥y,), AenATcA Ha a. BeIHOCA a 3a CKOOKY, IPUXOAMM K COOTHOIIe-
Huoa - X +(by ... by) - vy ... y) = 1. ]

YIPAXXHEHUE 1.8. [Tosb3ysack geM. 1.3, ZOKaXXUTe CIeAYIOIyI0 TeopeMy 06 OZHO3HAYHOCTH Pa3jio-
’KEHUS Ha IIPOCThle MHOXXUTEIN B KOJIbIle Z: BCAKOoe HeoGpaTuMoe Iiejioe uucio z # 0 aBngerca
TIpOM3Be/IeHneM KOHEYHOTO KC/Ia IIPOCTHIX , TPMYEM o6kIe IBa TAKMX IPe/ICTaBIeHHA

P1---Px=Z=(q1---qy

HMEIOT OMHAKOBOE YHC/I0 COMHOXUTENEH K = M, ¥ 3TU COMHOXUTEITN MOXXHO IIeEPeHyMepOBaTh
TakK, 4YTOOBI p; = =+q; /1A BCeX 1.

3AMEYAHME I.3. (HO/ M1 HOK B [IPOM3BOJIbHOM KOJIBLIE) B IIpOM3BOJIBHOM KOMMYTaTHUBHOM KoJibIle K
IPUHATO HA3BIBATh HAUOOALULUM 00WUM Oesilmeiem DIIEMEHTOB a, b € K moboii anemeHT d € K,

1HaHOMHI/IM, YTO HEHYJIEBOE HeOGpaTHMOG Jes10€ YMCI0 Ha3bIBAE€TCA NpOCmbsbiM, €CJIM OHO HE paCKJiaZbiBa-
€TCA B IPOU3BEAEHUE IBYX HeO6paTI/IMbIX LEJIbIX YHCEeII.
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KOTOPBIH ZIEJIUT @ U b U IeJIUTCS Ha BCe MX OOIIMe AeTUTENN. DTO ONpeZiesieHre He rapaHTUpPyeT HU
CYH_IECTBOBaHI/IF[, HU €JUHCTBEHHOCTU HaI/I6OJ'II)H.IeI'O O6H.[el"0 AeNUTeNnd, HU ero HpeﬂCTaBI/IMOCTI/I B
Buzle d = ax + by. AHaJOTUYHO, HAUMEHbLWUM 0OWUM KPAMHbLM DJIEMEHTOB a, b € K HasbiBaeTcs
Jt0001 31eMeHT ¢ € K, KOTOPBIH IeTUTCA Ha a U b ¥ IeSTUT Bce uX 00111e KpaTHble. TAKOTO 3/ieMeHTa
TOXE MOXKET He OBITh, 4 €CJIM OH €CTh, TO He 0053aTe/IbHO €UHCTBEH.

1.4. KoubIio Ber4eToB Z [ (n). HamomHio

JIFO M, YTO 3aMuchiBaeTcsA Kak a = b (mod n), ecnu ux pasHocTh a — b genurtcsa Ha n. CpaBHUMOCTD

, 4TO 4YMcCJja a, b € Z HaswmiBaioTCs CpasHumbMU T1I0 MOAY-

110 MOZYJIIO N SIBJIIETCS OTHOIIEHUEM 5KBUBAJIEHTHOCTU® U pa3brBaeT MHOKECTBO I[EJIbIX YKCENT Ha
HenepeceKaIlrecs KJIacChl CPaBHUMBIX 10 MOZYJTIO N YUcesl. DTU KJIacChl Ha3bIBAIOTCS K1ACCAMU Bbl-
uemos no Modyaio n, a UX COBOKYITHOCTb 0603HavaeTcs depes Z/(n). Mel Oyzem nucars [al,, € Z/(n)
Z7Is1 0003HAaYEHUS KJ1acca, coZiepKaiiero 4ncio a € Z. Takoe o603HaYeHNE He O[HO3HAYHO: Pa3HbIe
yncaa x € Zuy € Z 3a4aloT OAUH U TOT e Kiacc [x], = [y], ec1n u Tonpko eciu x = y + dn
211 HekoToporo d € Z. Beero B Z / (n) uMeeTca n pasnuyHbIX Kiaaccos: [0],,, [1],, ... , [(m — D)],.
Cro)keHre U YMHOXKeHYeE KJIACCOB BEIYETOB 33/Ia€TCS ITPAaBUIAMU:

[a]l +[p]1 = [a+b], [a]-[b]= [ab]. (1-20)

CoracHo ynp. 0.9 Ha cTp. 10, 3TN onepanuu OIpe/eeHbl KOppeKTHOS. OHU 0ueBUIHBIM 06pa3oM
VZOBJIETBOPAIOT aKCMOMaM KOMMYTaTHBHOTI'O KOJIbLIa ¢ efuHuLlel — dopmy:sl (1-20) cBOAAT onepa-
LIMY HaJ BEIYETaMHU K OIlepaliAM HaJ [eJbIMU YUCIaMU, A7 KOTOPBIX aKCOMBI BBIIIOJHEHHI.

1.4.1. [lenuTtesnu Hy/ A ¥ HIIBIIOTEHTHI. B Z/(10) mpousBeaeHue kinaccos [2] u [5] paBHO HyIIIO,
XOTA KaxcOblil U3 HUX OTVIMYEH OT HyJIs, a B Koiblle Z / (8) HeHyneBoil kiacc [2] UMeeT HyJIeBoi Ky0
[2]® = [8] = [0]. DemeHT a TIPOM3BOJILHOI'O KOMMYTAaTHUBHOTO KOJblla K HasbIBaeTcA desiumesiem
Hyns, ecnu ab = 0 711 HEKOTOporo HeHysneBoro b € K. TpuBUaNbHBIM JeIUTeNeM HyJd ABIAETCA
HyJIb. O6paTUMBI 371eMeHT a € K He MOXXeT OBITh JeIUTeNIeM HyJiA, TOCKOIbKY, YMHOKas 0be YacTu
paBeHcTBa ab = O Haa™*, Mbl HomydaeM b = 0. TeM caMbIM, KOJbI[O C HEHy/IeBEIMH eTUTe/IAMU HyIA
He MOXXeT ObITh TojieM. KoJblio ¢ eiuHuIel 63 HeHY/IeBBIX JeTUTe el HYJIs Ha3bIBAETCS UeJI0CTHbIM.

DneMeHT a Kosblla K HasbiBaeTcsa Huibnomenmom, eciv a™ = 0 a5 HekoToporo n € N. Tpusu-
QJIbHBIM HUJIBIIOTEHTOM SIBJIAETCS HY/Ib. BCAKUI HIIBIIOTEHT aBTOMAaTUYECKU AeNUT Hysb. KOIbIIo C
e/IMHUIIeN 6e3 HEHY/IEBBIX HWIBIIOTEHTOB Ha3bIBAeTCS NpusedéHHbIM. HanprumMep, KaX/j0e 1IeJI0CTHOE
KOJIbLIO TIPUBEZIEHO.

1.4.2. O6paTuMBbIe d/1eMeHThI KOJIbIia BbI9eToB. O6paTuMocTs kiaacca [m],, € Z/(n) o3HavaeT
cylllecTBOBaHUe TaKoro kiacca [x],, uro [m],[x],, = [mx],, = [1],. [locienHee paBeHCTBO paBHO-
CWIBPHO HaJIMYUIO TAKUX X,y € Z, yTo mx + ny = 1 B Z. Tem caMbIM, Ki1acc [m],, o6patum B Z / (n)
€CJIU ¥ TOJIbKO ecytu HoA(m, n) = 1 B KoJibIle Z.

TIpoBepUTDb, 06PaTUM JIU AAHHBIH K1acc [m],,, ¥ eciu Aa, BBIUCTUTD [m];, ", MOXHO py oMoy
anropurMa Eskimaa —Taycca®. Tak, npogenanHoe B dpopm. (1-19) Ha cTp. 25 BEYUCIeHNe IOKA3bIBa-
eT, uto knacc [10 203] o6patum B Z,/(4 687) 1 10 2031 = 147 (mod 4 687), a kiacc [4 687] o6paTum
BZ/(10203) 1 4687 ' = —320 (mod 10 203).

1Cm. pum. 0.4 Ha cTp. 10.

2Cm.n° 0.4 Ha ctp. 9.

3T. e. He 3aBHCAT OT cII0cO6a 3aIMKCH KJIACCOB M, 4TO TO 3Ke caMoe — OT BEI60pa MpeZicTaBuTeNel a € [a]
ub € [b].

4Cm. n° 1.2.2 Ha cTp. 24.
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O6paruMeble 31eMeHTH Koblia Z / (n) 06pa3yioT MyJIbTUIUIMKATUBHYIO abeneBy rpynmy. OHa Ha-
3BIBAETCA 2PYNNOil 06PAMUMbLX 8blUEMOE TI0 MOZYJIO N ¥ 0603HavaeTcsa Z/(n). [IopAfoK 3TOH IpymIIbl
paBeH KOJIMYeCTBY HATYPaTbHBIX YHCEJI, MEHBIINX N ¥ B3AUMHO IPOCTHIX ¢ n. OH 0603HaYaeTcs

L/ ()|

def
p(n) =
Y Ha3bIBaeTcs ghyHkyueil Jinepa yucian € Z.

[IPUMEP 1.6 (TEOPEMA DVJIEPA U ITOPAZJOK OBPATUIMOTO BbIUETA)
YMHOMXKeHMe Ha GUKCHPOBAHHEIH 06paTUMbIii BerdeT [a] € Z/(n)* 3azaéT 6uekmumio’

a:Z/m*>7Z/n)*, [x]~ [ax], (1-21)

o6paTHOI K KOTOPOii AB/IAeTCA yMHOXeHHe Ha BhrdeT [a] ~*. [TociezoBaTeIbHO IpUMeHsAs 0To6paske-
uue (1-21) K IPOU3BOILHOMY 3JIeMeHTY [z] € Z /(n)*, mony4aem LENoYKy ero o6pasos

[z] > [az] & [a%z] & [a3z] > ..., (1-22)

KOTOpbIEe HAUHYT MOBTOPATHCS, MO0 MHOXXECTBO BHIYETOB KOHEYHO. B cry OGMEKTUBHOCTH OTOOpa-
skeHud (1-21), caMbIM IEpBBHIM IIOBTOPHO BCTPETUBIINMCA 3JIeMeHTOM Lienouku (1-22) cTaHeT eé Ha-
YaJIbHbIM 2JIEMEHT [Z], T. €. lenouka (1-22) sBiseTcs UKIOM. B cuty Bcé Tol ke OMeKTUBHOCTH OTO0-
paxenwus (1-21) ABa TaKuX IIUKJIa, IPOXO/SAIINE Yepe3 Kiaccel [x] u [y], mubo He epecekaroTcs, 1160
MIOJTHOCTBIO coBNaZatoT. KpoMe TOTo, BCe IIUKIBI UMEIOT OAMHAKOBYIO JJINHY.

YOPAXKHEHUE 1.9. YOeUTeCh, YTO OTOOpaXKeHUA YMHOXKEHUS Ha [x]71 [y]una [y]_1 [x] cyTb B3auMm-
HO o6paTHBIEe OUEKINY MEXAY ITUKIaMU, TPOXOASIIUMHU Yepes3 Kiaacch [x] u [y].

M&I 3axtouaeM, 9to Z/ (n)* pacnagaercs B 06beJMHEHNE HellepeceKaoIuxcs HUKIoB (1-22) oduHa-
k0801l O1uHbL M, KOTOpas TAKUM 06pa3oM ABIAeTCA AeauTeneM ancia ¢(n) = |Z/(n)*|. Ymuoxasa obe
qactu paBeHcTsa [z] = [a]™[z] Ha [z]~!, monygaem [a™] = [1], otkyza u [a®?™] = [1]. UHbIMH cITO-
BaMH, U151 TEOOBIX B3aMMHO IPOCTHIX LIEJIBIX YHCEI a U N BhImosHseTcs cpasHenue a®™ = 1 (mod n).
OTOT aKT U3BECTEH KaK meopema Jilnepa. YUCI0 m OJHO3HAYHO XapaKTEPU3YETCS KaK HAaUMeHbIIlee
Takoe k € N, uto [a]k = 1, u HaswIBaeTca nopsdkom obparumoro Berdera [a] € Z/(n)*. Kak mbl
BU/IEIH, TIOPAZIOK KaXKA0ro o6paTumMoro Beruera B Z / (n)™ genut ¢(n).

1.4.3. Ilojsa BeIYETOB ]Fp = Z/(p). VI3 ckasanHoro B Havyase n° 1.4.2 BBITEKAET, YTO KOJIBIIO BBI-
4eToB Z / (n) ABJAETCA MONEM TOTZA U TOJIBKO TOTZa, KOTZA N ABIAETCS NPOCMbIM Yuciom. B camom
Jene, ecnu n = mk cocTaBHOe, HeHyeBbIe kiaccel [m], [k] € Z/(n) aenst Hynb ¥ He MOTYT OBITH 00-
paTuMbl. HanpoTus, eciu p mpocToe, To HoZ(m, p) = 1 A BceX m, He KpaTHBIX p, U 3HAUUT, KaXKAbIN
HeHyJeBol kiacc [m] € Z /(p) obparum. [lose Z / (p), The p IpocToe, IPUHATO 0603HAYATh F,.

[TPUMEP 1.7 (BUHOM HBIOTOHA IO MOZYJIIO D)
Brnone F, = Z / (p) BHINIOMHSIETCA 3aMeYaTeNlbHOE PABEHCTBO

1+14+--4+1=0. (1-23)
N
P pa3

W3 Hero BBITE€KAET, 4TO AJIA JIIOOBIX a, b e IFp BBITIO/THAETCA PAaBEHCTBO

(a+b)P =aP +bP. (1-24)

'Cm. n°0.5.2 Ha ctp. 14.
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p) __»p
k kl(p—k)!

HowieHoB a¥hP K, CcyMMa KOTOphIX paBHa (1+...+1)- akbP~* e BHYTPH CKOOOK CKJIaIbIBAIOTCS (Z)
eannun nos F,,. Takast cymma pasHa Hymo ipu 0 < k < p B CHILy CIIeAyIOLel TeMMBL.

B camoM ziefie, pacKpbiBast cKO6KHU B 6GrHOMe (a + b)P, MBI AJIs1 KaXK0T0 K [OTyduM ( oz-

JIEMMA 1.4
[Tpu pocToM p U 1r060M HaTypaabHOM k B mipefenax 1 < k < (p — 1) GuHOMUaNbHBIHN KO3bOUITH-
eHT (Z) Je/IUTCA Ha .

JIOKABATE/IBCTBO. Tak KaK YMCJIO p B3AUMHO IIPOCTO CO BCEMU YMcIaMHy oT 1 o p — 1, oHo o sieM. 1.3
B3aMMHO IIPOCTO ¢ Tpou3BezieHueM k! (p —k)!. [Tockonbky p! memutes Ha k!(p—k)!, u3 Toti ke em. 1.3

crenyer, uto (p — 1)! zemurea Ha k!(p — k)!, a 3HauwT, (z) = #ik), JIle/IATCA Ha P. O

CJEACTBUE I.I (MAJIASI TEOPEMA PEPMA)
Tl mo6oro a € Z u moboro npocroro p € N BrimosHAeTcs cpasHenue aP = a (mod p).

JloKA3ATE/BCTBO. Hazio mokasats, uto [aP] = [a] B mose IFp. Cormnacho (1-24)

[al? = ([1]+ ...+ [1)" = [1P + ..+ [1]P = [1] + ... + [1] = [a].

' ' ' I:l
a pas a pas a pas
YIIPAYKHEHUE 1.10. BEIBeiuTe Masyto TeopeMy depMa 13 TeopeMsl Jitnepa’.

n
YHPAXKHEHUE 1.11. [Tokakute, 4TO (";’; ) = m(mod p) Ana Bcex m,n € N u ipocTeIX p { m.

1.5. Tomomopdusmpl. OToOpaskeHUe abeyeBbIX TPYI ¢ : A — B Ha3bBIBaeTCA 20MOMOPHUBMOM,
ecu A mobbIX a,, a, € A B rpymile B BBIIOJHEHO COOTHOILIIEHNe

p(a; +a,) = g(ay) + p(a,). (1-25)

B 4acTHOCTH, 3TUM YCJIOBHUAM YZAOBIETBOPAET HYJ1e80l (WIN MpusUaibHblil) ToMOMOpuU3M, oToOpa-
JKaIOIIUM Bce 27eMeHTH A B Hy/IeBOli a7eMeHT B.

YIIPAXKHEHME 1.12. y6eZ[I/ITECI:, qTOo KOM]'IOBI/I]_II/I}:I2 I'OMOMOp(i)I/IBMOB — 9TO TOXE I‘OMOMOp(l)I/IBM.

Jlto60oii romoMopdusM ¢ : A — B EPEBOAUT HYJIEBOH 3JIEMEHT TPYIIIH A B HY/IEBOM 3JIEMEHT I'PYTI-
el B, Tak kak u3 paBeHcTB @(0) = ¢ (0 + 0) = ¢(0) + ¢(0) BriTekaeT, uto 0 = ¢(0). Beikiazaka

p(a) + p(—a) = p(a+(-a)) = p(0) =0

MMOKa3bIBaeT, uTo ¢(—a) = —@(a). Tem cambiM, 06pa3 im¢@ = @(A) C B moboro romomopdusma
¢ . A — B aBnsetcs abeneBoii MOATPYIIIOH B B.

1.5.1. fAapo. ITonHbIi Tpoobpas Hy/IEBOTO 3/IeMeHTa TPyl B pyu romoMopdusme ¢ : A — B
HasbIBaeTcsA s0pom romoMopdusMa ¢ v 0603HaYaeTCs

kero =@ 1(0)={a€A| p(a)=0} .
Anpo obpasyeT B A MOATPYIIIY, TAaK KaK U3 paBeHCTB ¢(a,) = 0 u ¢(a,) = 0 BLITEKaeT PaBeHCTBO

pla, +a,)=¢(a) +p(a,) =0+£0=0.

1Cm. mpum. 1.6 Ha cTp. 28.
2Cm. n° 0.5 Ha cTp. 12.
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[IPEZ/IOKEHUE 1.1
Kaxxaprit HelrycTo croit! romoMop¢u3aMa abeeBbIX TPYII ¢ . A — B BISETCA CABUTOM €ro AApa:

o Yp@)=a+kerp={a+a’|a’ Ekerg)ampcexa € A.

B 4acTHOCTH, BCE HEIYCThIE CIOW HAXOAATCA B OUEKIIUHU APYT C APYrOM, U UHbEKTUBHOCTH TOMOMOP-
¢dusma @ paBHOCWIbHA paBeHCTBY ker ¢ = {0}.

JIOKA3ATENBCTBO. PaBeHcTBa ¢(a,) = @(a,) u ¢(a; — a,) = @(a,) — ¢(a,) = 0 paBHOCWIbHBIL.
[TosToMy 57I€eMeHTH a,,d, € A IepexoiAT B OAUH U TOT 3Ke 3JIeMeHT U3 B Torza U TOJIBKO TOTAA,
Korza a; — a, € ker(¢). g

[TPMEP 1.8 (KBAJIPATHI B ITOJIE. IFp)

3adukcupyem npocroe p > 2. OTrobparkeHUe @ : IF; - [F;, x +— x?%, AaBnAeTcs ToMOMOPPUIMOM
MYJIbTUILUTUKATUBHOM T'PYIINBI HEHYJIEBBIX 3JIEMEHTOB ITOJIS F, s ce6s1. Ero spo COCTOUT U3 TaKUX
x € ]F;, gro x2 = 1. [TockoJbKY B I10JI€ pABEHCTBO x2—-1=(x+ 1)(x — 1) = 0 BO3MOXXHO TOJIbKO
s x = +1, MblI 3aKitodaeM, uTo ker ¢ = {+1}, u Bce HemycThle cior ToMOMOPGU3Ma ¢ COCTOAT
U3 JByX 271eMeHTOB. [loaTomy |im¢@| = (p — 1) /2, T.e. pOBHO IIOJOBUHA HEHYJIEBHIX 3I€MEHTOB

1oJIAg IFp SABJIIETCA KBaZpaTaMu. Y3HaTb, SIBJSIETCA JIM KBaZpaToM 3a[aHHOE YKCIO a € IF;; MOXHO
p-1

IIPY TIOMOIIK PYyroro roMmoMopdusma i : ]FIX] - IFIX,, X P X 2
(p — 1)/ 2 HeHyneBBIX KBaZpaTOB JIeXKaT B ero sape. [loatomy | imy| < 2.

. Tlo maoit Teopeme ®epma’ Bce

YIIPAYKHEHME 1.13. HOKa)KI/ITe, 49TO HeHyTIeBOﬁ MHOTI'OYIEH CTEIIEHN M C KOB(])(l)I/II_II/IeHTaMI/I B IIpOU3-

BOJIBHOM MoJie [k iMeeT B 3TOM IToJie He 6oJiee M pa3IUYHBIX KOPHEH.
p-1
V3 ynpa)kHeHUs BBITEKAET, YTO PABEHCTBO X z = 1 He MOXXeT BHIIIOJIHATHCA Cpasy AJsa Bcex p — 1

3JIEMEHTOB IPYIIITEI [F;. [Moatomy | im | = 2u | kery| = (p—1)/2. Mb1 3akitr09aem, uto ker i cocTout
B TOYHOCTH U3 HEHY/IEBBIX KBaZpaToB 1o F,,. IHBIMU croBamMy, a € IF; SBJIAETCSA KBaZ[PaTOM €CJTU

p=1
uTonbKO ecma 2 = 1. Hanpumep, —1 ABiseTcs kBagpaToM B ose [, ecii 1 ToIbKO eciut (p — 1)/2
YE€THO.

YOPAXKHEHUE 1.14. [TokaxuTe, yto imp = {+1}.

1.5.2. I'pynna romomopéusmos. i1 abesneBrix rpynm A, B yepe3 Hom(A, B) MbI 0603HavaeM
MHOXK€ECTBO BCEX 20MOMOpPHu3mMo8 A — B. DTO MHOKECTBO ABJIAETCS abeeBoli IPYIINOH OTHOCUTEb-
HO oIlepalluy IOTOYEeYHOr 0 CJIOKeHNUA 3HaYeHUH, T. e. o, +¢, . a = ¢,(a)+¢,(a). HyneBbIM anemMen-
ToM rpynnsl Hom(A, B) ABsieTcs Hysnegoll zomomop@usm, 0TOOpakalomuii Bce 31eMeHTHI IPyIInEl A
B HYJIEBOM 3JIeMeHT I'pyIIbl B.

1.5.3. Tomomopdusmsl kosen. OTobpaxkeHue Kojer ¢ : A — B Ha3bBaeTcs zomomopdusmom
KoJley,, ecJIy AJs JIFOOBIX a,, A, € A B KOJIbIle B BBIIOIHEHE! COOTHOIIEHNA:

fla; +ay) = f(ay) + f(a,)

(1-26)
fla;a,) = f(a)f (ay).

[TockosbKy roMoMopu3M Kosell ¢ : A — B ABnAeTcd roMoMOpGU3MOM aJANTHUBHBIX abeleBhIX
TPYIIT, OH 06JIaZiaeT BCEMU CBOMCTBaMU TOMOMOPU3MOB abesieBbIxX Tpymil. B wactHocTH, @(0) = 0,

1Cp. cn° 0.3 Ha cTp. 6.
2Cm. . 1.1 Ha cTp. 29.
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¢(—a) = —@(a), u Bce HEMyCTHIE CJIOU (@ SABJIAIOTCA CABUTAMU CJIOA HaJ HyNAEM: eciu ¢(a) = b, To
@ Y(b)=a+kero
Torza, korga kerp = {0}. figpo romomopdusma koser; @ : A — B BMecTe ¢ KaXK/IbIM 3JIEMEHTOM
a € ker @ coiepXuT U Bce KpaTHBIe eMy 37eMeHTH aa’, mockombky @(aa’) = @(a)p(a’) = 0. B
YaCTHOCTH, PO Ker ¢ sBsgeTcsa moaKoabiioM B A. O6pa3 romoMmopdusma kosell ¢ : A — B saBjseTcs
TIOZIKOJIBIIOM B B, HO OH MOXKET He coZlepKaTh eJUHUIILL, U 1 € A MoXXeT He nepelitu B 1 € B.

{a+a’'|a’ €kerg}.losToMy roMOMOPdU3M ¢ HUHBEKTUBEH TOT/IA M TOJIBKO

YIIPAXXHEHMUE 1.15. Yoeaurech, uto otobpaxkenue Z/(2) —» Z/(6), [0] — [0], [1] — [3], aBraeTcs
roMoMopdHU3MOM KOJIell.

[IPEZIJIOKEHUE 1.2
JIt060i1 HeHy/IeBOil TOMOMOP()U3M IIPOU3BOIBHOTO KOJIBIA C eMHUIIEH B TI060€E 1eTOCTHOE " KOJBIIO
MIEPEBOJIUT €AVHUILY B €VHUILY.

JloKA3ATE/NBCTBO. VI3 paBeHCTB (1) = ¢(1 - 1) = (1) - ¢(1) BBITEKaeT, 4YTO go(l)(l - go(l)) = 0.
B 11€/IOCTHOM KOJIbIIE TaKOe BO3MOXHO 6o mpu (1) = 1, mubo npu ¢(1) = 0. Bo BTopoMm ciyuae
pa@)=p(-a)=¢)-@p(a) =0a11Bcexa € A. [

1.5.4. Tomomopdusmsl moneii. Eciu konbua A v B ABIAIOTCSA MOJISIMU, TO BCAKUN HEHYJIeBOU ro-
MoMmop¢u3M Kosell ¢ : A — B aBideTcsa roMoMopdHU3MOM MYy/IbTUIUIMKATUBHEIX TPYIII 3THX MOJIEH.
B uactHocty, (1) = 1u ¢(a/b) = p(a)/p(b) Ans Bcex a uBcex b # 0.

[TPEAJIOKEHME 1.3
JIto60ti HeHyIEBOH TOMOMOPGU3M U3 TIOJIS B TIPOM3BOIBHOE KOJIBIIO SABIAETCS BIOKEHUEM.

JlokA3ATEbCTBO. Eciu ¢(a) = 0 ansa kakoro-Hubyzab a # 0, To AJia Kakaoro b

@ ((b)=¢ (bata)=¢ (ba™")p(a)=0.

[MToaTomy 060 HeHYIEBOM TOMOMOP(U3M U3 MOJIA UMEET HYJIEBOE SPO. O

1.5.5. Xapakrepuctuka. /7151 1060r0 Kosiblia K ¢ eIUHUIEH NMeeTCs KaHOHUYEeCKUEH roMOMOp-
¢dusm kosent % : Z — K, 3ajlaHHBIN TIPaBUIOM

w(xn)=+(1+...4+1), tme neN. (1-27)
——

n

Ero o6pas im » ABisgeTcsa HAMMEHBIINM I10 BKJIFOUE€HUIO TOAKOIBIIOM B K ¢ efuHUIEl, paBHOU eIHU-
e Kosbla K. Eciti romoMopdu3aM # MHBbEKTUBEH, TO FOBOPST, YTO KOJIBILIO K MMeeT xapakmepucmukxy
Hy/b. B IpoTHBHOM city4dae xapakmepucmukoii char(K) xosnbia K Ha3pIBaroT HauMeHbliee m € N, s
xoroporo 1+ 1+ .- + 1 = 0. PaBeHcTBO

m
T+14 = +1=1+1+ ~ +1D)-1+14 - +1)

V~ V~ V~
mn m n

'HamomHIo, 4TO yesocmHbIM Ha3bIBAETCA KOMBIIO C eAUHMIIeil 6e3 HeHy/IeBbIX AeTuTeNel Hynd, cM. n° 1.4.1
Ha cTp. 27.
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MIOKA3BIBAET, YTO XapaKTEPUCTUKA IIeJIOCTHOTO KOJIbIa IN60 paBHA HYIIO, TUOO ABJIAETCI IPOCTHIM
YUCIOM. JIJIS IIeIOCTHOTO KosbLia K XapaKTEPUCTUKU p > 0 roMoMOpOU3M ¥ MEPEBOAUT BCE YUCIIA,
KpaTHBIE P, B HYJIb 1 KOPPEKTHO GaKTOPU3yeTCs 0 TOMOMOpdU3Ma MOJIs BEIYETOB

Hy ! Z/(p) - K, a(modp)+ x(a). (1-28)

Mo mpez. 1.3 romomopdusm (1-28) UHBEKTUBEH, U 3HAYUT, im ¥ = im "y ]Fp. TakuMm 06pa3om,
HauMeHblllee coZiepKalliee eJUHUIY IIOAKObIIO 1IeJIOCTHOrO KoJblia K MOI0oKUTEeNIBHON XapaKTepu-
CTHKHU SIBJISIETCS TI0JIEM, U30MOPGHBIM MOJIIO BEIYeTOB Z / (p) 1o mpocToMy Moy p € N, paBHOMy
xapakTepucTuke char K.

1.5.6. Ilpoctoe noamoe. [Tycth Teniepp K = [ aBnderca noneM. Ero HauMeHbllee 0 BKJIIO-
YEeHUIO [TOATI0JIe Ha3bIBaeTcsA npocmaim nodnosiem B F. B cuity cBoero olipezienieHHs IPOCTOE MIOZTIONE
coziepkuT obpas im(x) romomopdusma (1-27). Eciu char(F) = p > 0, To mpocToe moAIioie COBIajaeT
cim = im », 1 ©30MOP}HO IOJIIO BHIYETOB Z/(p). Ecnu char(F) = 0, To romoMopdu3M ¥ UHbEKTUB-
HO BKJaZbIBaeT Z B [F. Tak Kak MPOCTOe MOAIONE COAEPXKUT OOpaTHbIe KO BCEM 3JIEMEHTaM U3 im ,
npaBwio p/q — x#(p)/x(q) IponoKaeT » 1o BIoxeHUs noseii » ©: Q — FF, 06pa3 KoToporo coBazaer
C IPOCTHIM IoAnoIeM. TeM caMbIM, IIPOCTOE IIOAIOJIE MOJIS XapaKTEPUCTUKH HY/Ib N30MOPQHO MO0

PpallMOHAJBbHBIX YU CEJT Q

YIIPAXXHEHMUE 1.16. [IOK&)XUTe, YTO A) KaKJBIH HEHy/JIeBOH TOMOMOPGU3M U3 IIOJIA B ce6s1 TOXe-
CTBEHHO JleficTByeT Ha IIPOCTOM IIOATIONE B) MEeX/Y ITOJIAMU pa3HOl XapaKTepUCTUKU He Cyllie-
CTByeT HeHy/IeBbIX TOMOMOP)U3MOB.

[TPUMEP 1.9 (ABTOMOP®U3MBI 10 R)

[TokaxkeM, 4TO KaXXZbIli HEHy/IeBOM romoMopdusM ¢ : R — R toxzectBeH. IIOCKOIBKY HepaBeH-
CTBO X; < X, PABHOCHJIBHO TOMY, 9TO X, — X; = G [JI1 HEKOTOPOTO @ # 0, MBI 3aKJIIOYaEM, YTO
ZUISl BeeX X, < X, BBIIOJNHAETCA HepaBeHCTBO @(X;) < ¢(x,), 6o ¢(x,) — ¢(x;) = @(x, — x;) =
= @(a?) = p(a)* > 0. TakuM 06pasoM, ¢ ABIAETCA CTPOTO MOHOTOHHOM GyHKIMeEH, coBmajaomieit
C TOXK/JIECTBEHHBIM OTOOpaXkeHneM ¢ (x) = x Ha mpocToM nozmone Q C R.

YOPAXKHEHUE 1.17 (110 AHA/IU3Y). [IOKaXXUTe, YTO CTPOro MOHOTOHHAsA pyHKkIMA R — R, coBmaza-
tomas ¢ GpyHkImen @ (x) = x Ha nogMHOXecTBe Q C R, coBnazaeT ¢ Hero BCIOAY.

[TPUMEP 1.10 (roMOMOP®13M PPOBEHUYCA)
B nose F xapakrepuctuku char(F) = p > 0 oro6paskeHre BO3BEZEHMU B P-TYIO CTENIEHD

F,: F—>F, x - xP, (1-29)

ABJIAETCSA TOMOMOPGU3MOM, TIOCKOJBKY V a, b € F BeimonustoTes paBenctsa (ab)P = aPbP u

p-1
(@+bP =aP +bP + D (1+1+ - +1)-akbP™* = aP + bP
-

k=1

()
(cp. ¢ mpum. 1.7 u sem. 1.4 Ha cTp. 29). Tomomopdusm (1-29) HasbBaeTcsa 2omomopdusmom Ppo-

6eHuyca. Kak v BCAKUI HEHY/IeBOM roMOMOpP(U3M U3 MOJIsA B ce0s1, OH TOXK/ECTBEHHO JEMCTBYET Ha
npocroM noamnose F,, C F, 4To ewé pa3 oKasbiBaeT MaIyio TEOPEMY depmal.

'Cm. cn. 1.1 Ha cTp. 29.
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1.6. IIpaMsle npousBeAeHu. [IpAMoe nponsBezieHNe abeneBbIX TPy A, ..., A,
T4 =41%x... x4, € ((a,.....a,)| a, €A, YV} (1-30)
v
COCTOUT U3 YIODPAZOYEHHBIX HA60POB (a4, ... , 4,,) JIEMEHTOB a, € A, U HajlelaeTca CTPYKTYpor

abesieBOH IPyMITbl HOCPEACTBOM IIOKOMIIOHEHTHBIX OIlepaIyii:
(@ys.ees@y)+ (byy... b)) € (ay +by,...,ay +byy). (1-31)

VIPAKHEHME I1.18. [IpOBephTe, UTO TaK ONpeAeIEHHAs Oepalysa KOMMYTaTUBHA U aCCOI[MAaTHUBHA,
HYJIEBBIM 3JIEMEHTOM /IS Heé siByiAeTcss HaGop Hyeii (0, ..., 0), a IpOTUBOIIOIOKHBIM K HAGOPy
(ay, ..., a,,) AnAeTca HAGOD (—ay, ..., —0y,).
Abenesa rpynmna (1-30) HasbIBaeTCs nPAMbLM npoussedeHuem abeneBbIx IpyI A;. Eciii Bee rpyimst 4;
KOHEYHBI, IIpsiMoe TpousBegenue (1-30) Toxke KOHEYHO U UMeeT TIOPSIIOK

|HAi =114l

[IpsiMoe mpoM3BeAE€HNUE UMEET CMBICI HE TOJIBKO I KOHEYHOTO Habopa, HO U /IS IPOU3BOJIHHOIO
ceMelicTBa abesIeBEIX IPYIII A,,, 3aHyMePOBaHHBIX JJIeMeHTaMH X € X KaKoro-HuOyzap MHOXecTBa X.
Takoe npousBeZieHHe 0603HadaeTcs depes [ [,cx Ay-

AHanornyHbIM 06pasoM, s TI060r0 ceMeHcTBa KOMMYTATUBHBIX KOJIEI] {Kx}x <x OTPE/ieNIEHo
npsimoe npousBeseHye || K,,, ameMeHTaMu KOTOPOTo SIBJIAIOTCS ceMeicTBa (a, xex> A€ KaKzpli
JIeMEHT @, JIEXXUT B CBOEM Koiblie K,.. Omepanuu cloKeHUA U YMHOXEHUA OIpeZeAIoTC TakxkKe
ITOKOMITOHEHTHO:

def . def .
(ax)xex + (bx)xex - (ax + bx)xex > (ax)xex (bx)xex - (ax bx>xeX :
VIIPAYKHEHUE 1.19. YOeJUTeCh, YTO H K, ABIAeTCA KOJIBLOM, IPUYEM eC/IH Bece Kosblia K, UMeroT
eIUHHUIIBI, TO H K, Toxxe umeet eaununy (1, ..., 1).

Hanpuwmep, ecin X = RuBce K, = R, T. e. IepeMHOXaeTcs KOHTHHYyaJIbHOE CeMeUCTBO OZAMHAKOBBIX
9K3eMIUIApOB Mo R, 3aHyMepoBaHHBIX JeMCTBUTENbHBIMU YKcIaMu X € R, To mpsAMoe npou3sse-
nenve [[,cg R, usomopdHO Kombiy GyHKImit f © R — R ¢ 0GBMHEIME ONEPalMAMH HOTOYEYHOTO
CJIOXKEHUSA 1 YMHOXEHUSA 3HAaYeHUH QYHKIINN. DTOT U30MOP(U3M ITepEBOJUT CEMENCTBO BEIeCTBEH-
ueIx uucen (fy) € [[,eg Ry, 3aHyMepoBaHHOE BeleCTBEHHBIM YHCIOM X, B pyHKImio f : R — R,
3HaueHUe KOTOPOIi B TouKe X € R paBHO x-TOMy a/leMeHTy ceMelcTBa: f(x) = f,.

B npsiMoM npou3BeeHUH KoJIel] I060i HeHY/IEBOH 2JIeMeHT, IMEIOLTHIH XOTs OBl OZHY HYJIEBYIO
KOMIIOHEHTY, ABJIAeTcA JenuTeneM Hynd. Hanpuwmep, (0,1, ..., 1) 7e1uT Hynb:

0,1,...,1)(1,0,...,0) = (0, ..., 0).

[ToaToMy mpou3Be/ileHre HECKOJbKUX KOJIell HUKOT/Aa He sBJsgeTcsa mosieM. Harmpumep, mpousBese-
nue F,, X F, xoHeunbix mosneit IF,, u F, u3 p u q anemenTos cocrout u3 (p — 1)(q — 1) o6paTumbix map
(a, b), 06pasyroImyX My/IETUILTUKATUBHYIO Tpynmy [y X Fy, up + q — 1 genurerneit nyna suga (a, 0)
wim (0, b).

B o61eM ciydae aneMeHT a = (a4, ... , 4yy,) € Ky X ... XK, 06paTiM eCiv 1 TONBKO €CITU KaKAast
€ero KOMIOHeHTa a,, € K, o6paTma B cBOéM Koublie K,,. [109TOMy rpynna o6paTUMBIX 3JI€EMEHTOB
kosbla [] K, siBsieTcs IpsAAMBIM IPOU3BEEHUEM IPYIII 0GPATUMBIX JJIEMEHTOB KoJtel K, :

<H K,,)X =[] x> (1-32)
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1.7. Kuraiickas TeopeMa 00 ocTaTKax. HYCTB Oejaoe Yucjaon = n, ... Ny, ABIAETCA IIPON3BEACHUEM

MIOIIApHO B3aMMHO IPOCTBIX YUCENI N4, ... , Ny, € Z. OToOpakeHNe, lepeBoAsAllee BrIyeT z (mod n) B
Habop BBIUETOB Z (mod n;) :
L)) > L)) X ... XL/ (), 2]y = ([2] .00 2], ) (1-33)

KOPPEKTHO OIIpeZie/IeHO, TOCKOIbKY TP BEIOOPE APYroro IpejCTaBUTeNd z; = Z, (mod n) pa3HOCTb
Z, — Z, AEJINTCA Ha IIPOU3BEJEHUE N = N, ... Ny, U [Zl]ni = [Zzlni IpU BceX i. JIeTKO BUAETD, 4TO @
IIepecTaHOBOYHO CO CJI0XKeHUEeM:

o(lzl, + wl,) = o([z+wl,) = ([z+w]n1,...,[z+w]nm) =
= ([2ln, + Wl > -5 2], + W, ) =
= ([zln,» o> 215 ) + (Wl s o WD, ) = @([2],) + @(IW],) -

AHaNIOTUYHO IIPOBEpsAeTCs, YTO ¢ IePecTaHOBOYHO C YMHOXEHHUEM, T. €. ABJAeTca TOMOMOPOH3MOM
konen. Ecmu [z],, € ker ¢, To z AenuTes Ha KaKzAoe n;, a 3HAYUT, 110 jieM. 1.3 Ha cTp. 26, genuTcs
U Ha UX IPOU3BeZleHHue N = N, ... MN,,, oTKyza [z],, = 0. Tak kak roMoMopdu3M C HyJIeBBIM AAPOM
MHDBEKTHBEH U B Kosbliax Z/(n) u [ | Z/(n;) osvHAKOBOE YKCIIO 37IEMEHTOB N = N ... N,,, OTOOpake-
Hue (1-33) 6uekTHUBHO. DTOT GaKT U3BECTEH KaK Kumaiickas meopema o6 ocmamkax.

Ha »xuTtelickoM f3bIKe OH O3HA4aeT, 4To AJsA M060ro Habopa OCTATKOB 1y, ... , 1y, OT AeJeHUd Ha
IOIIaPHO B3aMMHO IIPOCTHIE YUCAA N4, ... , Ny, BCETAA HAHAETCA YUCIIO Z, UMeloIliee OCTaTOK T OT Jie-
JIeHUs Ha n; OAHOBPEMEHHO /7 BeeX i, IpU4YEM JIto0ble /IBa TAKUX YKCTIA Z, , Z, PA3/IUYaloTcsA Ha Ilejioe
KpaTHOE YMCJIa N = N, ... N;. [IpaKTU4YecKoe OTBHICKaHUE TAKOT'O Z OCYLIECTBJIAETCS C IOMOIIBIO ajl-
roputMa EBkimza—Taycca ciaefyromumM o6pasoM. 113 B3auMHOM IPOCTOTHI YKCIA N; C OCTAJIBHEIMU
YMCTaMU N, BHITEKAET ', 4TO 1; B3AMMHO IPOCTO C IPOU3BEICHIEM M; = 11, £i Ny [IoaTOMY 217151 KaK-
Jloro [ HaliAyTcs Takue X;, y; € Z, 9To n;x; + m;y; = 1. Yucno b; = m;y; faét ocraTok 1 oT AeneHus
Ha n; ¥ JeJUTCA Ha Bce N, ¢ v # i. Yucno z = by + ... + 1, by, pemaet 3agauvy.

[TPUMEP I.1I

Haiizém HauMeHblIee HaTypaJbHOE YUCIO, UMEIollee OCTaTKU T, = 2,7, = 7 U 13 = 43 OT Ae/ieHus,
COOTBETCTBEHHO, Han; = 57,1, = 91 uny; = 179. CHauana HaiaéM 4ncio, obparHoe k 91 - 179
mo Mozy:ro 57: 3amedaeM, uro 91 - 179 = 34 - 8 = —13 (mod 57), npumeHsiem anroputMm EBkmzia —
Taycca? k a = 57 u b = 13 u npuxoauM K paBeHcTBy 22 - 13 — 5 - 57 = 1. Takum 06pasoM, YHCIIO

b, =-22-91-179 (= 22-13(mod 57))

Zaét npu genenun Ha 57, 91 u 179 ocratku (1, 0, 0). AHATIOTMYHO HAXOAUM YHCIIA
b, =-33-57-179 (=33 -11(mod 91))
b; =—-45-57-91 (=45-4(mod 179))

Jatonye mpu Aenenuu Ha 57, 91 u 179 ocratku (0, 1, 0) u (0, 0, 1) cooTBeTcTBeHHO. TpebyeMbie
octaTk (2, 7, 43) UMeeT YHCIIO

Zz=2b, +7b, +43by =—(2-22-91-179+7-33-57-179 + 43 - 45 .57 - 91) =
= (716716 + 2356 893 + 10 036 845) = —13 110 454,

TTo Bcé Toit sxe em. 1.3 Ha cTp. 26.
2Cm. n° 1.2.2 Ha cTp. 24.
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a TakKe Bce YMCJIa, OTIMYAIOTCA OT Hero Ha Iiejble KpaTHbBle yucnan = 57 - 91 - 179 = 928473.
HanMmeHBbIINM ITOJOKUTENBHBIM CPeJU HUX ABJAeTCA Z + 15n = 816 641.
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Bcrogy B 3TOM naparpade Mbl 0603HadaeM yepe3 K IPOU3BOIBHOE KOMMYTATHBHOE KOJIBIIO C €JUHU-
1eii, a yepe3 k — npousBosbHOE TIOE.

2.1. Paasl U MHOro4wIeHbl. beCKOHeYHOe BhIpakeHue Buja

fx)= Zavx" =a,+a,x+a,x*+..., ne q; € K, 2-1

V20
Ha3bIBAETCA (hOPMANILHBIM CMeNneHHbIM pA0oM OT x ¢ KoadduieHTaMu B Kosblie K. Paabl

f(x)=ay+a;x+ax*+... 2-2)
g(x) = by +byx + byx* + ...

pasHsl, ecim a; = b; 1A Beex i. ClIoXXKeHNe U yMHOXXeHHe PAZOB (2-2) ocylecTBIAeTCA 0 CTAaHAAPT-
HBIM IIPaBUJIAM PACKPHITUA CKOOOK U IIPUBeAeHUA OAOOHBIX ClIaraeMbIX: KO3QUITUEHTSH S,, U Py,

pAnoB s(x) = f(x) + g(x) = s, + 5. x + szx2 +...upx)=f(x)gx)=py+px+ pzx2 +... cy']."bl

Sm = A + by,

Pm Z agbg = agbpy, + a1bpy_y + ... + a1 by + ap by (2-3)

a+p=m

YOPAXKHEHUE 2.1. Y6eUTeCh, YTO 3TH /IBE ONlepalliy VOBJIETBOPAIOT aKCMOMaM KOMMYTaTUBHOTO
KOJIbIIA C €UHUIIEH.

Konbuio popMasnbHBIX CTEIIEHHBIX PAZOB OT IIepeMeHHOH x ¢ koaddunrenTamu B Kosblle K 0603Ha-
vaetcs uepe3 K x| . HauanpHblit koaddunreHt a, paga (2-1) Ha3pIBaeTCsa c80600HbIM UNEHOM ITO-
ro psazga. CaMblil JIeBBIH HeHy/IEBOH koaddunueHT B (2-1) HaspBaeTca maadium Ko3appunrieHToM
paza f, a ero HoMep — nopsdkom psaga f u obosHauaercs ord f. Eciu B kosblle K HET JenuTenei
HyJIA, MTagumii koapGUIMEHT TPOU3BEAEHNS ABYX PAZOB paBeH MPOU3BEAEHHIO MIAAMINX K03dbu-
I[UEHTOB COMHOXUTeJNEH. [103TOMY KOBLIO GOPMATbHBIX CTEIIEHHBIX PAAOB ¢ Ko3dduUlleHTaMu U3
IIEJIOCTHOTO KOJIbIIA TOXKeE ABJAETCA 1eaocTHbIM U ord(f g) = ord(f) + ord(g).

Konbmo K [[x;, ..., X,]] popMayIbHEIX CTEIIEHHBIX PAZOB OT N IIEPEMEHHbIX OLPeseIeTCs 0 HH-
def
aykiun: K x4, ..., x, ] € K[[xq, ..., x,_1] [x,]] npeacTaBiser coboto MHOXECTBO GOPMaTIBHBIX CYMM
Buga F(x) = ) a Xyt xp”
un T vy, V€L Ve VT n

2.1.1. AsnreGpandveckue oliepanuy Haj pagamMu. HazoBéM n-apoti anzebpauueckoil onepayuetl
B K [x]] mpaBumo, conocrasAolee n pagaMm f, ... , f,, HOBBIA pAZ f Tak, 4TO KOKABIH KO3bGUIIUeHT
psAza f BeIYUCIACTCA 110 K03 GULIMEeHTaM PAAOB fi, ... , f;, IPU IIOMOLIY KOHEYHOT'O yuca’® omepanui
B K. Hampuwmep, cjiokeHre M YMHOKEHUE PSAI0OB — 3TO OMHAPHBIE alreGpandecKye omepalyu, a moj-
CTaHOBKa BMECTO X YHCJICHHOTO 3HaueHuA @ € K anre6Gpanyeckoii omepanuei 06LIYHO He AB/IAeTCA .

ToBopsa popMaIBHO, ONEpaIUM, 0 KOTOPHIX TYT MAET Pedb, ABIAIOTCA OIepAMAMHE HaZ N0C1e008amebHO-
cmamu (a,,) u (b,,) anemeHToB Koblla K. ByKBa X CJIy>KUT JIMIIb AJIA 0OIerYeHUA UX BOCIPUATHUA.

ZKoTopoe MOXKET 3aBHCETh OT HOMepa KoaddHIiueHTa.

3 O4eBUAHBIM UCKTIOYEHIEM U3 STOTO IIPABIJIA CIYXKUT BEIYMCIeHYe 3Ha4eHNd paza f(x) mpu x = 0, zao-
Ilee B KAUeCTBE pe3y/IbTaTa CBOOOAHBIHM WieH 3Toro psiZia. OZHAKO IPHU IPOU3BOJIBHEIX & U f BeIUucIeHue f (o)
TpebyeT, BOoOIIe roBOPs, BHIIOJIHEHNS OECKOHEYHO OOJIBIIOTO KOJMMYECTBA CIOKEHMIH.

36
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ITPUMEP 2.1 (BAMEHA IEPEMEHHOI1)
[MoxcraHoBKa B psag (2-1) BMecTo x ytoboro paga g(x) = byx + b2x2 + ... C HY/JIEBBIM CBOOOJHBIM
YIEHOM SIBJIIETCS OMHAPHOU anrebpandyecKol onepaliiei, Aarolei Ha BEIXOE Pl

f(gx) = ag + a;(byx +byx? + ...) + ay(byx + byx?® + ..)* + ag(byx + byx* + .03 + ... =
=a, +(a;by) - x + (a;b, + a,b?) - x* + (a;bs + 2a,b, b, + azh3) - x> + ...,

B KOTOPOM Ha KOB(l)(l)I/ILII/IeHT Ipu x™ BIMAIOT JUIIb HadyaJIbHbIE WIEHEI IIE€pBBIX M Ccjlara€MbIX B f

TTPUMEP 2.2 (OBPAILIEHUE)

TokaxeM, uTo paz f(x) = a, + a;x + a,x> + ... € K[x[| o6patum B K [x]] e u Tonbko ecim
ero cBo6OAHbIN WwieH a, o6paTuM B K, U B 3TOM ciydae obpamenue f — f ' ABIAeTCA yHapHOM
anre6panyecKoil oneparyeil Haz 06paTUMBIM psazoM f. IIycTb

(g +a;x +a,x?+...) - (by + byx + byx* +...)=1.

ITpupaBHUBaA k03QUIMEHTH IPY OAUHAKOBLIX CTENeHAX X B IeBOM U IPaBOi YacTH, IoaydaeM bec-
KOHEYHYIO CHCTeMY ypaBHEHUI
agby =1
agh, +a,by =0

(2-4)
agb, +a,b; +a,by =0

Ha K03 UITHEHTH b;. PaspemmMocTs IepBOTO YpaBHEHHUs PABHOCHIbHA 06PAaTHMOCTH @), U B 3TOM
cygae by = agt uby, = —agt(a;by_y + ayby_p + ... + agb,) mpu Beex k > 1.

YIPAXKHEHUE 2.2. Beraucmute B Qx| a) (1—x)"' 5) (1 —x%)"1 B) (1 -2x)"2

2.1.2. MHOTOWIEHBI. PS/[bl C KOHEYHBIM YHUCIOM HEHY/IEBBIX KOG PUITMEHTOB Ha3bIBAIOTCA MHO-
eouneHamu. MHOTOWIEHBI OT X4, ... , X, C KoaddurmeHTamu B K 06pasyoT B KOJIbLie CTEIIEHHBIX PSAOB
HOJKOJIBLIO, KOTOpOe o6o3HavaeTcs K[x,, ..., x,] C K[x4,...,x,]. MHOrOWIEH OT OAHOM epeMeH-
HOI1 X IIpeZcTaBisieT co6010 GopManbHOe BhlpakeHre Buja f(x) = ag+a,; X+ ... +a, x™. CambIii mpa-
BbIH HEHY/IEBOH K03 UITMEHT B HEM Ha3bIBAETCSI CMAPWUM, & ETO HOMED — CmeneHbio MHOTOWIeHa f
1 obosHauaetcs deg f. MHOTOWIEHHI €O cTapiiuM KoabduiineHTOM 1 Ha3BIBAIOTCA NPUBEIEHHBIMU, A
MHOTOWIEHBI CTETIEHU HYJIb — KOHCMAaHMamu.

Tak Kak cTapIunii KO3GPUIIMEHT MPOU3BEAEHUS PaBEH MTPOU3BEAEHUIO CTAPLINX KO3 OUIIMEHTOB
COMHOKHUTEJIeH, /1 MHOTOUYIEHOB f,, f, ¢ K03 QUIMeHTaMHU B IeJIOCTHOM' KoibIle K BHITIOMHSAETCA
paBeHcTBo deg(f; f,) = deg(f;)+deg(f,). BuacTHOCTH, KOMIBIIO K [X] TOXKe IlesIocTHO., ¥ 06paTUMBIMU
3JIeMEHTaMHU B HEM SABJIIOTCS TOJHKO 0OpaTUMBble KOHCTAHTEI.

VIIPAKHEHME 2.3. [Tokaxure, uto y" — x™ gemurea B Z[x, y] Ha y — x ¥ HallAUTe 9aCTHOE.

2.1.3. JludpdepennuanbHoe ucuucienue. 3aMeHuM B f(x) = a, + a, X + a,x* + ... nepemeH-
HyIO X Ha x + ¢, rje t — emé ogHa IepeMeHHad. [loayduM pag

fx+t)=ay+a,(x+t)+a,(x+t)*+... € K[x,t] .

IT. e. c equHUIIEH U Ge3 genuTenedt HYJIA.
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PackpoeM B HEM BCce CKOOKM, 3aTeM CI'PYIITUPYeEM claraeMble TI0 CTETIEHAM TlepeMeHHO t 1 0603Ha-
auMm gepes f;, (x) € K [x]| psiz, BozHukaromuii kak koaddurpent npu t™:

f+t) = fol0)+ ) t+ [0 2 + f(0) -t + ... = Z fm () - ™. (2-5)

m20

YIPAXKHEHMUE 2.4. Y6eauTecs, uto f,(x) = f(x) coBnazaeT c UCXOAHBIM PSAZIOM f .

o d
Psaz f, (x) HasbIBaeTCA NPoU3E0OHOT! OT MCXOAHOTO PsAzia f 1 0603HadaeTtcs f win = f.OHogHO3HAYHO
oIIpeiesIsieTCsI PABEHCTBOM

flx+1t)=f(x)+ f'(x) - t + (wienHs, gendmuecs Ha t2)
Y MOJKET OBITh BBIYMCJIEH IIPY ITOMOIIHY YIIP. 2.3 KaK pe3y/abTaT MoACTaHOBKU t = 0 B psf
flx+1t)— f(x) Z (x+t)f —x
_ = ap———

k
= Z a(+ 0+ (e + O)F 2x + L+ 21,
t t
k>1 k>1

YTO JIaéT
fl(x)= 2 kax® ™t =a, +2a,x +3a;x* + ... . (2-6)

k>1

[IPUMEP 2.3 (P/ZIbI C HYJIEBOM ITPOM3BOJHOI)

V3 hopMmysisl (2-6) BEITEKAET, UTO MPOM3BOAHAA OT KOHCTAHTHI paBHa Hyimo. Ecm’ char K = 0, To Bep-
Ho M obpatHoe: f’ = 0 Torza u ToMBKO TOTAA, Koraa f = a,. Ho e char K = p > 0, To npousBoaHas
OT Ka)KZ0T0 MOHOMA BHAA x*P 3aHy/IMTCs, TOCKOIBKY KoaddumpenT m mpu x™ 1 B hopmyie (2-6)
mpezcTaBasieT co600 CyMMy m eJUHHI Koiblia K. MbI 3aK/IrodaeM, HaJl IeJIOCTHEIM KOJIbLIOM K Xa-
pakTepucTuku p > 0 paBeHcTBo f'(x) = 0 o3Hadaer, uTo f(x) = g(xP) ana HexkoToporo g € K [[x].

YTIPAYKHEHUE 2.5. [TokakuTe, 4To mpu ipoctoMm p € N s mo6oro paza g € F, [x]| semonusercs
paseHcTBO g(xP) = g(x)P.

[IPEZIJIOXKEHUE 2.1 (TTPABUJIA IN®OEPEHLINIPOBAHIIA)
Jns mo6oro ¢ € K umobsix f, g € K [x]] cnpaBeaMBbI paBeHCTBA

af) =a-f', fF+9'=f"+g9". (' =f-g+f-9g". 2-7)
KpoMe Toro, e/l psifi g He NMeeT CBOGOAHOTO WIeHa, TO
(flg@) = g' ) f'(9(0)). (2-8)
a ey psiz, f 06paTUM, TO
Lpt=p/p. (29)

JIOKA3ATE/IBCTBO. [IepBhIe IBa paBeHCTBA B (2-7) BBITEKAIOT IPAMO U3 GopMyIisl (2-6). st AoKa3a-
TeJbCTBA TPEThETO IEPEMHOXKUM PAIBI

flx+1t)=f(x)+t-f'(x)+ (aurensl, gendmuecs Ha t*)
gx+1t)=gx)+t-g'(x)+ (anens, geramuecsa Ha t) .

'Cm. n° 1.5.5 Ha cTp. 31.
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C TOYHOCTBIO /[0 WIEHOB, Ae/AINXCA Ha t2, HOTydrM
flx+t)glx+t) = f)gx) +t-(f (0)gx) + f(x)g' (x) + (wrenst, genampecs Ha t?) ,

orxyaa (fg) =f' -g+f g . Popmyna (2-8) AoKa3bIBaeTCA IOXOKUM 06Pa30M: HOACTABAA B f(X)
BMecTo X paz g(x + t), noaydaeM f(g(x + t)) = f(g(x) +t - g'(x) + (wieHsl, gendmuyecs Ha tz)).
Tonaras 7(x, t) & g(x +t) — g(x) = t - g’ (x) + (WieHsl, ZeAmuecs Ha t2) ¥ MepenucLBas IPaBYIo
4acTh IpeJbIAyIIero pajga Kak

flox+0) =f(g(0) +1(x, 1)) =
= f(g(0)) + 7(x,t) - f'(g(x)) + (swrensi, gensumpecs Ha 7(x, t)%) =
= f(g)) +t-g'(x) - f'(g(x)) + (wnens, genamuecs na t?),

3aKJII09aeM, 4TO ( f (g(x))’ =g -f ( g(x)). Jlns mokasarenbcTBa Gopmysbl (2-9) J0CTaTOYHO
npozuddepeHIpoBaTh 06 YacTu paBeHcTBa f - f 1 = 1. Il

YIPAXKHEHMUE 2.6. [Tokaxkure, uto npu chark = 0 B pasnoxenuu (2-5) xaxasiit paf f,,(x) paBeH
1 da\m d\m d
p— ( dx) f(x), rme ( dx) O3HaYaeT M-KpaTHOe PUMEHEHH e ONepaliy ——.

2.2. /IeTMMOCTD B KOJIbIIe MHOTOWIEHOB. I[IKOBbHBIN aITOPUTM «ZIeI€HUS YTOIKOM» paboTaeT A
MHOTOWIEHOB C K03¢$dUIIeHTaMU B IIPOU3BOJIBHOM KOMMYTATHUBHOM KOJIbLIE C eMHULIEH IIPU YCIIO-
BUM, YTO MHOTOWIEH-/IETUTEb UMEET OOPAaTUMBIH CTapIINi KOIGOUITUEHT.

[IPEAIOXKEHUE 2.2 (AEJEHUE C OCTATKOM)

[Tycth K — TIpOU3BOJIbHOE KOMMYTATHUBHOE KOJIBIIO C €AMHUIIEN, U CTapIIUH KO3QOUIIMEHT MHOTO-
wieHa u € K|[x] o6parum. Torza ansaaoboro f € K|[x] cylnecTBytoT Takue q,r € K[x],uto f = uq+r
u deg(r) < deg(u) wiu r = 0. Ecu kosb1io K 11eI0CTHOE, TO q U T OJHO3HAYHO ONPEAENAIOTC STUMU
CBOHCTBAMU 1O f U U.

JIOKABATENBCTBO. [TycTh f = a,x™ +...+a,x+ay uu = bpx* +... +b,x+ by, rae b, o6patum. Ecmu
n < k, MoxHO B3ATb q = Our = f.Ecmu k = 0, T.e. u = b, MOxHO B3aTh = 0, ¢ = by f. TTycThb
n = k > 0 u npezAyoXXeHUe CIIpaBeIMBO I BceX MHOrowIeHOB f ¢ deg f < n. Torga MHOrowieH
f- anb,zlx”'ku WMEET CTENEHb, CTPOT'0 MEHBIIYIO YEM N, U 10 UHAYKIWY TPEJCTABISAETCA B BUE
qu+r,taedegr < deguwinr = 0. Tem cambim, [ = (q + anb,zlxn_k) U+ 7, KaK U yTBEP)KAaJIOCh.
Ecim xonbiio K nenoctHoe U p, s € K[x] takoBsl, uto deg(s) < deg(u)uup +s = f = uq +r, o
u(q —p) =r —s.Illpup — q # 0 cTemeHb eBOL YacTh He MeHee deg U, YTO CTPOTO OOJIbIIle CTEMIEHU
npaBoi. [Toatomy, p — q = 0, oTkyzaur — s = 0. [

ONPEJEJEHUE 2.1
MHOTOWIEHBI q U T, YAOBJIETBOPSIONINE YCIOBUAM TP, 2.2 HA3bIBAKOTCSA HENOJIHbIM UACMHbIM U
ocmamxkom OT AeneHusd f Ha u B K[x].

C/JEZCTBUE 2.1
U151 TFOOBIX MHOTOWIEHOB f, g ¢ KoadduureHTamMu B it060M nose Kk cymiecTByeT eIMHCTBEHHAS TaKast
Iapa MHOrowieHoB ¢q,r € k[x],u4ro f = g - q + r udeg(r) < deg(g) wnur = 0. O

TIPUMEP 2.4 (BBIYUCJIEHUE 3HAYEHNA MHOTOYWIEHA B TOYKE)
OcTaToK OT ZiesieHrss MHOTOwWIeHa f(x) = anxn + ...+ a,;x + a, Ha TMHEeHHBIH IBYWIEH X — a UMeeT
cTelleHb Hy/Ib U paBeH 3HaueHuo f () MHOTOWIEHa f TIpU X = @, B YEM JIETKO yOEAUTHCA, TTO/CTABIIAA
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X = a B paBeHCTBO f(x) = (x — a) - q(x) + r. IIpu «eleHnU yTOIKOM» 3HaUYeHUe f (&) BEIYUCIAETCA
B BU/Jle

fla) = a(... ala(@ay, +a,_;) +an_,) + ) +a,,
4TO ropaszio 3 deKTHBHEee «T060BOH MOICTAHOBKM» 3HAYEHUS X = & B A, X" + ... + a, X + a.

[IPEAJIOXKEHME 2.3

Haz npousBosbHBIM nosieM k 71 iro6oro Habopa MHOTOWIEHOB f7, ... , f,, € k[x] cymecTByeT equH-
CTBEHHBIH IpuBeAEHHBIN MHOrOWIeH d € K[x], KOTODBIN Ie/TUT KaKAbIi M3 MHOTOUIEHOB f; 1 IeJIUT-
s Ha JIT060H MHOTOWIEH, Je AN KaXKAbIH U3 MHOTOWIEHOB f;. OH IIpesCcTaBIAeTCs B BUjie

d=fih,+...+f,h,, rtme h; €klx]. (2-10)
[pousBosbHbIN MHOTOWIEH g € k[x] mpeacTaBum B Buze (2-10) eciu u TobKo eciu d|g.

JIOKA3ATE/ILCTBO. EAMHCTBEHHOCTh OYeBHZHA: BA MHOTOWIEHA, KAXK/BIA U3 KOTOPBIX JelIUTcAd Ha
ZpyTroii, UMeIOT paBHbIe CTelleHH 1 MOT'YT pa3andarhbCs JUIIb IOCTOAIHHBIM MHOXHUTENIeM, KOTOPBIN
PaBeH eAMHUIIE, KOJIb CKOPO 00a MHOrowIeHa IpuBejeHbl. CyIlecTBOBAHUE OKA3BIBAETCSA TEM JKe
paccyxzeHueM, uto u B n° 1.4.2 Ha cTp. 27. O603HaYNM MHOXKECTBO BceX MHorowreHoB g € Kk[x],
npezicTaBUMbIX B Buze (2-10), uepes (fy, ..., f,) & {flh1 + ...+ f,h, | h; € ]k[x]}. DTO MTOAKOIb-
1o B k[x], comepxaiiee BMecTe ¢ KaXAbIM MHOTOWIEHOM g U BCe KpaTHble eMy MHOI'OWIEHH! hg ¢
mobeM h € k[x]. Kpome Toro, (f;, ..., f,,) COAEPXUT KaK/IbIi 13 MHOTOWIEHOB f;, 1 BCce MHOTrOuIe-
HBI U3 (fy, ... , f,) AesATCA Ha 000 00N eUTeNb BceX MHOTOWIEHOB f;. Bo3pMéM B kadecTBe d
IpUBeIEHHBIM MHOTOWIEeH HauMeHbIel cTeneHu B (f7, ... , f;,). s moboro g € (fy, ..., f,,) OCTaToK
r = g — qd oT AeneHus g Ha d NeXUT B (fy, ..., f,), U Tak kak HepaBeHcTBO deg r < deg d HEBO3MOX-
HO, MBI 3aKIt04aeM, yTor = 0, T.e. Bce g € (f, ..., f,,) AenaTca Ha d. [l

ONPEJE/NEHUE 2.2

MHorowieH d 13 mpezyL. 2.3 HasbIBaeTCA Haubobwum obuum denumenem’

3HavaeTcsa HOA(f , ..., fo)-

MHOTOWIEHOB f; 1 060-

2.2.1. B3auMmHasa npocToTa. V3 mpe1. 2.3 BBITEKAET, YTO 11 Tr060T0 1mosis k B3auMHast mpocTo-
Ta? MHOTOUIEHOB f;, ... , f,,, € K[x], T. e. Hanuuue Takux h,, ..., hy, € K[x], 4t0 hy fy+...+h,f, = 1,
PaBHOCWJIbHA OTCYTCTBUIO Y MHOTOWIEHOB f7, ... , f;, OOLINX JeuTesell MoMoKUTeIbHOM cTelleHn —
TOYHO TaKKe, KaK 5TO IIPOMCXOAUT B KOJIbIIE I[eJIbIX yuces Z.

OTIPEJEJIEHUE 2.3
HeobpaTumblii MHOroWwIeH f € K[x] ¢ KoadduIeHTaM1 B IeIOCTHOM® KobIie K Ha3hIBaeTCs Henpl-
800UMbLM, €CJIU U3 PABEHCTBA f = gh BBEITEKAET, UTO g WIH h ABJIAETCA 0OpAaTUMOI KOHCTaHTOM.

YrpaxXHEHUE 2.7. [IyceTs k — smro60e mose. ITob3ysch jeM. 1.3, JOKaXKUTe CIIEAYIONUIYIO TEOPEMY
00 0ZIHO3HAYHOCTH PA3JIOXKEHUA Ha IIPOCTble MHOXKUTENU B Koublle K[x]: Kaxkaplii MHOrOWIEH f
IIOJIOXKUTENbHOU CTelleH! ABJAETCA IIPOM3BeeHeM KOHEYHOI'0 YKcja HellpHBOANMBIX MHOTO-
WIEHOB, IPUYEM B JIFOOBIX JIBYyX TAaKUX NIPE/CTABIEHUAX Py ... D, = f = q ... q,, OANHAKOBOE
KOJIYeCTBO MHOXXUTeJIEH K = m, ¥ UX MOXKHO IIepeHyMepOBaTh TaK, YTOOHI p; = A;q; IpX BCex i
ZJIs1 HEKOTOPBIX HeHyJIeBbIX KOHCTaHT A; € k.

1Cp. c3am. 1.3. Ha cTp. 26.
2Cwm. omp. 1.2 Ha cTp. 26.
3T. e. c eauHMIIEH U 6e3 AemuTenei HYJIS.
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2.2.2. Asnropurm EBkinza—Taycca u3 n° 1.2.2 Takxe NIpUMeHUM K MHOTOWIEHaM C KO3bduiu-

eHTaMu u3 mo6oro mous k. [Tokaxem, Kak OH paboTaeT, BBIMUCIUB HOA(f , g) Aist

F=x"+3x+4x> +x* +5x> +3x3 +3x +4ug=x"+5x* +11x3 + 12x* + 7x + 4.

Kak u Bn® 1.2.2 Ha cTp. 24, cocTaBidaeM TabIuILy

f 10
g 0 1

)=

27 +3x° +4x5 +x* +3x3 +5x2+3x+4 1 0
X%+ 5x* +11x3 + 12x% + 7x + 4

o 1)

U npeobpasyeM eé CTPOKH, YMHOXKasI KaKyr0-HUOYAb U3 HUX Ha HEHYJIEBYIO KOHCTAHTY U IPUOABIIAA K
PEe3YJIBTaTy APYTYIO CTPOKY, YMHOXKEHHYIO Ha MOAXOAALINI MHOTOWIEH, TaK, YTOOBI CTENeHb OZHOTO
13 MHOTOWIEHOB B JIEBOM CTOJIOLIE CTPOr'O YMEHBIIIAIACh, TOKA OJWH U3 HUX He OOHYIUTCA:

D 1)=-x*2):

(D)= (1) +2x(2):
D= 1)=-32):
2)=42)+x(1):
2)=42)+7D):
(D) = 1) +4x(2):

D= 1)=72):
2)~ (2)+x(1)/16:

(2) =

2)-2(1):

-

("
(2
(
g
("
(<
(5

2x8 —7x° —11x* —4x® + x> +3x+4 1 —x?
x% 4+ 5x* + 11x° + 12x% + 7x + 4 0 1>
3x° + 11x* +20x3 +15x2 + 11x+4 1 —x% +2x
25 +5x* +11x3 + 1242 + 7x + 4 0 1 )
—4x* —13x% - 21x2 -10x -8 1 —x?+2x-3
x5 +5x* +11x3 +12x2+7x+4 0 1 )
—4x* —13x3 - 21x? - 10x -8 1 —x?4+2x-3
7x* +23x% +38x* + 20x + 16 x —x3+2x2—3x+4>
—4x* —13x3 - 21x%2 —10x - 8 1 —x?4+2x-3
x3 +5x%+10x+8 4x+7 —4x3+x%*+4+2x-5

7x3 4+ 19x2 +22x -8 16x2+28x+1

—16x* + 4x3 + 7x?

)

—18x -3

x34+5x% +10x + 8 4x +7 —4x3 +x*4+2x -5
—16x% —48x — 64 16x? —48 —16x* 4 32x3 —32x + 32
x*+5x° +10x+8  4x+7 —4x® +x% +2x -5 )
x*+3x+4 —x +3 —2x342x -2
2x +6x+8 x3 +x+7 —x5+2x4—4x3—x2+4x—5>
x> +3x+4 —x%2+3 xt—2x3 +2x =2

0 B +2xt+x+1 x> —x%-1 )

TloTy4eHHbIH pesyIbTaT o3HadaeT, uTo HOA(f, g) = x*+3x+4 = —(x*=3)- f+(x*—2x3+2x-2)- g,

a HOK(f, g)

=P +2x*+x+1)-f=

(x® + x?

+1).g.

YIPAXKHEHUE 2.8. Y6eAUTeCh, YTO B Ka)XKI0H BO3HUKAIOIIEH TI0 X0y BHIYMCIEHUS TabIuIe

(

r s

o)

BBIIIOJIHAIOTCA paBEHCTBA P = T'f +sg,q9 = uf +wg, a MHOTO4WIEH W — US ABJIAETCA HeHYIIeBOI‘/JI
KOHCTaHTOﬁ, U BBIBEJUTE M3 HUX, YTO B HTOTOBOM Ta6JII/I]_Ie BHa

d hy h, - 0, m; m,
0 m, m, d" hy h,
mHorowieH d' = fh, + gh, nenut f u g, a MHOorowied ¢/ = fm, = —gm, genut nr06oe obiee

KpaTHoe f u g.

)
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2.3. KopHu mHOrOowIeHOB. Yucsio a € K Ha3biBaeTcs kopHem MHorowrieHa f € K([x], ecu f(a) = 0.
Kak MbI Buziesu B IpuM. 2.4 Ha cTp. 39, 3TO paBHOCWIBHO TOMY, 4TO f(x) fenmuTea B K[x] Ha x — a.

YOPAXKHEHUE 2.9. IlycTh k — mose. TIpoBepbTe, YTO MHOTOWIEH CTEMEHU 2 WIN 3 HEIPUBOJUM
B k[x] ecsiu 1 ToNTbKO ecy y HEro HeT KOopHel B moje k.

[IPEAJIOXKEHME 2.4
[Tycte K — 1esocTHOe KobLio U f € K[x] uMeeT s pasiIu4YHBIX KOPHeH a4, ...,a; € K. Toraa f
nJenutcsa B K[x] Ha mpou3BeseHme Hi(x — a;). Buacrrocry, deg(f) > s wu f = 0.

JloKA3BATENBCTBO. Tak kak B K HeT fenurteneid Hyna u (a; — ;) # 0 npu i # 1, noacrasiad B pa-
BEHCTBO f(x) = (x — a;) - q(x) 3HaUeHUA X = q,, ..., A, yOexKAaeMcs, YTO OHU ABJIAIOTCA KOPHAMU
MHOTOWIeHa q(x), U IPUMeEHAEM UHAYKITUIO. U

CJIEZICTBYE 2.2
ITycTb konbIi0 K IestocTHOe, U f, g € K[x] uMeloT cTenieHy, He IpeBocxoAamue n. Ecnu f(a;) = g(a;)
A1 6oree, YeM n IoONAapHoO pasHeIX a; € K, To f = g B K[x].

JlOKA3ATEBLCTBO. Tak kak deg(f — g) < n,uy f — g 6osbiie n kopue#, f — g = 0. O

[TPUMEP 2.5 (MHTEPITIOJISILIMOHHBI MHOTOY/IEH JIATPAHIKA)

Iycts k — moste. Ilo cir. 2.2 z1a 066X HA60POB M3 N + 1 Pa3MWYHBIX YHCeT dg, Ay, ..., 0, € ku
IIPOM3BOJIBHBIX 3HAUeHUH by, b, ... , b, € k umeercs He 6onee ogHoro MHorowreHa f € k[x] creme-
HU < N co 3HaUYeHUAMH f(a;) = b; Ipu Bcex . EAMHCTBeHHBIN TaKkol MHOTOYJIEH BCET/a CyllecTByeT U
HAa3bIBAETCSA UHMEPNONSAYUOHHBILM MHO20UIeHOM JIazpamyca. UTOOBI BRITTUCATD €70 IBHO 3aMETHUM, YTO
npousseznenwe [ [, ;(x — a,) sanynseTcs Bo BceX TOUKax @, KPOMe i-Toi, I7ie ero 3HaYeHHe OTIMIHO
oT HyJ4. [lesid Ha Hero, ojTyyaeM MHOTOWIeH f;(x) = Hv #(x -a,)/ HV #i(ai — a,,) CO 3Ha4eHUAMU
fi(a,) = 0mpuv # iu f;(a;) = 1. ickoMblii MHOrO4IeH JlarpaH:xa UMeeT BU/

n n X a
Zbifi(x): Zbinﬁ-
i=0 i=0 v#i U v
2.3.1. IIpucoeguHeHue KopHei. 3abrKcUpyeM MPOU3BOIbHBIN OTJIUYHBIN OT KOHCTAHTBI MHO-
rowreH f € k[x]. Konbuo BeraetoB k[x] /(f) onpezensercs aHaIorudHo Konbuy1 Z/(n). A umenHo,
ob6osHaunm 4epe3 (f) = {fh| h € k[x]} noakonbuo B k[x], cocTosimee u3 Bcex MHOTOWIEHOB, AeJs-
muxcs Ha f. CABUTH 3TOTO TIOAIKOJIbIIa Ha BCEBO3MOXKHBIE 3eMeHTH g € Kk[x] o603HauatoTcs

lglf =g+ ()={g+fh|hekix]}

¥ HasbIBAIOTCS KLACCAMU 6blUemos 10 MOAyIio f . JiBa Takux Kinacca [g4]f u [g,] 11bo He nepecexa-
I0TCA, MO0 COBIIAJAIOT, NIPUIEM IIOCIeHee O3HaYaeT, 4To g, — g, € (f).

YIPAXKHEHME 2.10. Y6eguTech, 4To OTHOIIEHUe g, = g, (mod f), o3Havaromee, 4T0 g, — g, € (f),

ABJIAETCA SKBI/IBa]IeHTHOCTI:}O2 .

MHO:keCTBO KJIaccoB BerueToB o603HaudaeTcs uepes k[x]/(f). CroxeHre U yMHOXKeHUE B HEM 3aZja€TCsT
def

dopmynamu [glf + [R]f < [g + hlf, [g]f - [h] € [ghly.

'Cm. n° 1.4 Ha cTp. 27.
2Cwm. omp. 0.1 Ha cTp. 9.



2.3. KOpHU MHOTI'OWIEHOB 43

VIPAXXHEHME 2.11. IIpoBephTe KOPPeKTHOCTD |

aKCHMOM KOMMYTATHBHOT'O KOJIbIIa C €ZIUHULIEH.

aTOro onpefeneHus u BeinonHeHue B k[x] /(f) Bcex

Hyném xonbua k[x]/(f) sBnsercs xkaacc [0] F= (f), exnanneit — kiacc [1] F=1+ (f)- Tak xKak KOH-
CTAHTHI He JIeJIATCA Ha MHOT'OWIEHBI II0JI0KUTEIbHOMN CTelleHH, KJIacChl BceX KOHCTAHT ¢ € k pasnuy-
HEI 110 MoAysio f. iHave roBops, nose k romomopdHo BrIagsiBaeTcs B Kobio k[x]/(f) B kauecTBe
OATIO0Ns, 06pa30BaHHOIO KJIaccaMy KOHCTAHT. [I03TOMY KJIACCH Ynces ¢ € k 0OBIMHO 3amUChIBAIOTCSA
KakK c, a He [c]f.

YIIPAXKHEHUE 2.12. [Tokakure, uto s moboro @ € k xonbio k[x]/(x — a) usomopduo noso k.

Kaxzerit MHorowteH g € k[x] ozHo3HauHO npescrapidercsa B Bue g = fh + r, rae degr < degf.
IToaTomy B KaX/i0M Ki1acce [g]; ecTb poBHO OAUH MHOrowieH r € [g]f ¢ deg(r) < deg(f). Takum
obpasom, kaxkabIil amemMeHT Kosbua k[x] /(f) ofHO3HAUHO 3aNKCHIBAETCS B BUZE

[ag+a,x+ ... +a, X" p=as+a,9+...+a, 9", med =[x];uq k.
Knacc 9 = [x] f YAOBIIETBOPSIET B KOJIbLIE k[x]/(f) ypaBuenuto f(9) = 0, ubo

£ = f (Ix]f) = [F)l, = [0],.

B Takux 0603HaYEHUAX CJIOKEHHE M YMHOXKEHUEe BBIUETOB IIPEACTAB/IET C060I0 hopManbHOE CJIO-
KeHHe U yMHOXeHHe 3amnmcelt a, + a9 + ... + a,_,9™ ! 10 cTaHAAPTHBIM MpaBUIAM PACKDHITUA
CKOOOK U MPUBEZEHUS MOZIOOHBIX CIaraeMbIx ¢ yuéToM cooTHolnenus f(9) = 0. ITo aToit mpuurHe
xoubnio k[x] /(f) uacto o6o3uauator yepes k[I], rae f(¥) = 0, u HaspBaOT pacwuperuem nons k
yTéM npucoeduHeHUs K HeMy KopHA ¥ MHorowreHa [ € k[x].

Hanpumep, kosbiio Q[x]/(x* — 2) MOXXHO BOCTTPMHMMATh KaK MHOKECTBO GOPMAJIbHBIX 3aMiceii
Bugaa+b \/E, rae \/E ¥ [x]. CnoskeHUe U yMHOXeHME TAKUX 3aMKCeli TIPOMCXOUT 110 CTAHAAPTHBIM
IIpaBWIAM PacKpPHITHUS CKOOOK C y4ETOM TOTO, YTO \/E . \/E =2

(@+bV2)+(c+dV2)=(@a+c)+ b +d)V2
(a+bV2)(c +dV?2) = (ac + 2bd) + (cb + ad)V/2.

YIIPAXHEHUE 2.13. [IpoBepbTe, 4To Q[\/E] SIBJIIETCS TIOJIEM, U BBISICHUTE, SIBJIIFOTCS JIU TIOJISIMH
xombia Q[9], B koTopeix A) 93 +1 =0 5) 93 +2=0.

[TPEA/IOKEHUE 2.5
I[Tycts kk — npousBonbhoe none U f € k[x]. Kombno k[x]/(f) sBnAeTcs monem eciiu ¥ TONBKO eciu f
HenpuBoguM B k[x].

JOKA3ATE/NBCTBO. Eciut f = gh, rae cTeneru f u g crporo Mesblie deg f, HeHyseBble Kiaacchl [g], [h]
SIBJIAIOTCA JequTensaMu HyA B koable K[x] / (f), 4To HeBo3aMOoxHO B mosie. Eciu f HEIprUBOAUM, TO
HoA(f,g) = 1 pnamoboro g & (f), v 3Ha4wt, fh + gq = 1 Ana HekoTopeIX h,q € K[x], oTkyza
[q] - [g] = [1], T. e. knacc [g] o6paTum B K[x]/(f). O

VIIPAKHEHUE 2.14. Haiizure (1 4+ 9)! 8 mone Q[9], rae 9% + 9 + 1 = 0.

T, e. HE3ABUCHMOCTD KJIACCOB g + h]f u [gh]f OT BeIGOpA Mpe/icTaBUTeNEN g € [g]f uhe [h]f.
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TEOPEMA 2.1
s mo6oro noss k u mpousBosbHoro f € k[x] cymectByer Takoe none F D Kk, yto B Kosblle F[x]
MHOT'OWIEH f pa3siaraeTcs B pou3sBe/ieHue deg f TMHEHHBIX MHOXUTETEHN.

JloKA3ATEIbCTBO. MHAYKIMA o n = deg f. ITycTh AJ1s1 itoboro mosis K ¥ KaXk0To MHOTOWIEHA CTeTle-
Hu < n u3 k[x] nckomoe mosne uMeeTca’. PaccMOTPUM MHOTOWIEH f cTereHu n. EC/iM OH NIpUBOAKM,
T.e. f = ghudegg,degh < n, To o UHAYKTUBHOMY NpEATIONOXKeHMUIO cyiecTByeT nose L O k Hazg
KOTOPBIM g TIOJTHOCTBIO pasjaraeTcs Ha JIMHENHbIe MHOKUTENH, a Takke note F D L Haz KOTOpEIM
MOJTHOCTBIO pasinaraetrcs h, acHuM U f . Eciu f HempuBogum, pacemortpu mosie L = k[x]/(f). OHo co-
Zepxut K B kauecTBe KJIacCOB KOHCTAHT, ¥ MHorouwteH f genurca B L[x] Ha (x — 1), tme ¥ = [x] 5 €L
YacTHOE OT 3TOTO JIeIeHUsI UMEET CTENeHb N — 1 ¥ TI0 MHAYKI[UY PACKIaIbIBAETCS HA TMHEWHbIE MHO-
JKUTENMN HaZ, HeKOTOPBIM TtosieM F D L. Tem cambIM U f TIOJTHOCTBIO packiazbiBaeTcs Haf F. [l

TEOPEMA 2.2 (KUTAMCKASI TEOPEMA OB OCTATKAX)
[Tycts MHOrOWwneH f = f ... f, € k[x] ABndeTca npousBeAeHreM m MONAPHO B3aHMHO IIPOCTHIX
MHorowIeHoB f; € k[x]. Toraa oTobpaskeHue

k[x] k[JC] ]k[x]
. — , L ’ 211
B G T Gy W Wy olaly) (211)

KOPPEKTHO OIIpeZieIeHO U ABJAETCS N30MOPGU3MOM KOJIel.

JIOKABATE/IBCTBO. [IpoBepKa TOro, 4To oTobpakeHre (2-11) KOPPEKTHO OIpeeNeHo?, ABIAETC IO-
MOMOP()U3MOM KOJIEI] M UMEET HYJIEBOE S/IPO, IOCIIOBHO Ta JKe, 4To B n° 1.7 Ha cTp. 34, ¥ MBI OCTaB-
JisieM eé yuTtatessiM. JlokaxeM, 4To romomMopduaM (2-11) ciopbeKTuBeH. i KaXA0ro i 0603HaYUM
yepe3 F; = f / f; npousBezieHre BceX MHOTOWIEHOB f;, KpoMe i-ro. Tak KaK f; B3aMHO IIPOCT C KaX-
JBIM f,, IPU V # i, MHOTOY/IEHHI F; U f; B3BaMMHO NIPOCTHI 110 JieM. 1.3 Ha cTp. 26. [ToaToMy CyliecTByeT
Takoi MHorouwreH h; € k[x], uto [1]fi = [Fi]fi [hi]fi = [Fihl-]fi B k[x]/(f;). MBI 3aK1I09aeM, 4TO KJ1acc
MHorowleHa F;h; HyneBoii Bo Bcex Komblax k[x]/(f,) c v # i u paBeH eaunuue B k[x]/(f;). [ToaTomy
Zu1s mo6oro Habopa K1accos [7;] f, € k[x]/(f;) MHOTOUNEH g = Zi r;F;h; TaxoB, uTo [g] £ = [7;] £
cpasy A1 BCex i.

2.3.2. O6mue KOpHU HECKOIbKUX MHOTOWIEHOB fi, ..., f;, € Kk[x] c xoaddunnentamu B mo-
se k mckaTb 06BIYHO IIpollle, YeM KOPHH KaXKAOT'0 U3 MHOTOWIEHOB f; B OTAENBHOCTH, TaK Kak 00-
Liye KOPHU SBJIAIOTCSA KOPHAMY MHOTOWIEHA HOA(fy, ... , frp), KOTOPBIN HAXOAUTCS IPY IIOMOLLIY aJl-
roputMa EBKIMZIa U KaK IIPaBUIO UMeeT MEeHbIIYIO cTelleHb, YeM JIfo6oit u3 f;. OTMeTUM, 4To IpU
HOA(fy, ... fyp) = 1 MHOTOWIEHE! f; He NMeIOT OOIIUX KOPHeH He TONbKO B Ioste kK, Ho ¥ Hu B KaKOM
6onbieM koiblie K D Kk, mockomnbKy cymecTsytoT Takue h; € k[x], ato fih, + ... + fi,h,,, = 1.

2.3.3. Kparubie kopHH. ITycTh k — npousBosbHoe mose. Yucsno o € k Ha3piBaeTcs m-KpaTHBIM
kopHeM MHorowieHa f € Kk[x], ecmn f(x) = (x — a)™ - g(x) u g(a) # 0. Kopuu kpatHocTA m = 1
Ha3bIBAIOTCSA NPOCMbIMU, a 60Jiee BBICOKUX KPATHOCTEN — KPAMHbLMU.

[IPEZ/IOKEHUE 2.6
Yucso a ABAETCA KpaTHBIM KOPHEM MHOTOUWIEHa f ec/i U Tolbko ecu f(a) = f'(a) = 0.

1BaMeTI/IM, YTO IIpU N = 2 9TO TaK: AOCTATOYHO B3ATbHb F =k.
*T.e. p(lgly) = @([h];) mpu [g]; = [R].
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JIOKA3ATENILCTBO. EC/IM KOPeHb @ KpaTHBIH, To f(x) = (x — a)? g(x). luddepenuupys, momydaem

fl =@ - a)(29(x0) + (x = a)g' (),

orkyza f'(a) = 0. Ecii KopeHb @ He KpaTHBIH, To f(x) = (x — a)g(x), tae g(a) # 0. [Noacrapmas
x=asf'(x)=(x—a)g'(x)+ g(x), nomydaem f'(a) = g(a) # 0. O

[IPEAJIOKEHME 2.7
Ecnu chark = 0, To @ € k ABnsgeTca m-kpaTHBIM KopHeM MHorowieHa f € k[x] eciu u Tonpko eciu

d dm—l dm
= — =..=—-— =0 0.
f@ = —f(@ f@=0 u T f@#
JlokasaTENbCTBO. Ecmu f(x) = (x — @)™g(x), 10 f/(x) = (x — )™ ! (mg(x) + (x — a)g’ (x)). Ipn
g(a) # 0 BTOpOII MHOXUTEND B ITOC/IeJHEM PaBeHCTBe HeHy/leBol Ipu x = «. [loaToMy a ABngeTca
M-KpaTHLIM KOPHEM f eC/IM U TOJMbKO ecli a ABjsAeTcd (m — 1)-KpaTHBIM KopHeM f . O

2.3.4. CemapabenbHocTb. MHorOwIeH f € k[x]| Ha3biBaeTcs cenapabenibHbim, €CIV OH B3AUMHO
MIPOCT CO CBOE TPOM3BOAHOM. DTO PABHOCWILHO OTCYTCTBUIO Y f KPaTHBIX KOPHEH B JIF060M KOJblle
K D k. B camom gene, ecmu deg Hoa(f, f') > 1 wm f' = 0, To mo Teop. 2.1 noa(f, f') unu, coor-
BETCTBEHHO, caM f mMeeT KopeHb B HekoTopoM nosie [F D k, u o mpezt. 2.6 3TOT KOpeHb KPaTHBINA
ana f. Hao6opor, e Hoa(f, f') = 1, To pf + qf ' = 1 ana noaxoaamux p, ¢ € k[x], u mostomy f
u f' He MOTyT OZIHOBpeMeHHO 06PaTUThLCA B HY/Ib HU B KakoM pacuupenun K D k.

[TPUMEP 2.6 (CENAPABEJBHOCTD 1 HECEITAPABE/IbHOCTb HEIIPUBOJUMbIX MHOTOUJIEHOB)

Ecmu mBOrOwIeH f € k[x] HenpuBoAUM, TO OH B3aUMHO IIPOCT CO BCEMU HEeHY/IeBBIMU MHOT'OWIeHa-
MM MeHbIteit crenenu. IToatomy Hoa(f, f') = 1, ecm f/ # 0 B K[x]. [TocKoabKy Haz oJIeM XapaKTe-
PUCTHUKU HY/Ib KaXKbli MHOTOWIEH IIOJIOXKUTEIbHOM cTelleH! MMeeT HeHyJ/IeBYIo IIPOM3BOAHYI0, Bce
HENpUBOJAMMbIE MHOTOWIEHHI Ha/l TAKAM TojieM cenapabenbubl. Eciu chark = p > 0,10 f/ = 0
ecmu U TonbKo ecu’ f(x) = g(xP) ana mexotoporo g(x) = b, x™ + ... + byx + b, € k[x]. Tax
KaK B XapaKTePHCTHKe P BO3BeJeHHE B P-TYIO CTEIeHb ABIAETCA TOMOMOPGU3MOM KOMel” i ToX/e-
CTBEHHO /IEHCTBYeT Ha IPOCTOM I10Je [, 7151 106010 MHOTOWIEeHa g ¢ K09 ULIEHTaMU B IIPOCTOM
KoHe4HOM roie k = [F), BBIIOTHAIOTCA paBeHCTBA

g(xP) = b, xP™ + ... + b,xP 4+ by = bExP™ + ..+ bPxP + b} =
= (byyx™ + ... + byx + by)? = gP(x).

ToaTomy B [, [x] KaKZIbIi MHOTOWIEH C HYJIEBOM IIPOU3BOAHOM ABJISETCA YUCTOM P-TOM CTEMEHBIO U
TeM caMbIM IPUBOAMM. Mbl 3aKmodaeM, uto B I, [x] Bce HeMPUBOAMMEbIE MHOTOUIEHbI TOXE cenapa-
GeIbHBI.

VITPAXKHEHUE 2.15" . [JOKQ)KUTe, YTO HEIPHBOAUMbIA MHOTOWIEH Ha/l JIIOOBIM KOHEYHBIM TTOJIEM Ce-
mapabesieH.
HenpuBozuMbIil MHOrOWIEH HaZ 6€CKOHEYHBIM IOJIEM ITOJIOXKUTENbHON XapaKTepUCTUKU He 00513a-
TeJIbHO cenapabeneH. Hanprmep, MOKHO IOKa3arb, 410 Hag noseM k = [, (t) paupoHanbHbX QyHK-
LU OT OZTHOM TTepeMeHHOM t ¢ K0ahdUIIMeHTaMU B TT0JIe F,, mHoOroureH f(x) = xP — t HeIPUBOANM,
HO MocKonbKy f/ = 0, MHOrouWwIeH f He cermapabeeH.

1Cm. mpum. 2.3 Ha cTp. 38.
2Cwm. npum. 1.7 Ha cTp. 28.
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2.4. Tore xomiutekcHbIx uncen C € R[]/ (t* + 1) rosyyaetcsi U3 moss R nprcoeguHeHUEM KOPHS
HenpuBoAuMOro Haz R MHorowreHa t? + 1 = 0 ¥ COCTOUT U3 3/IeMeHTOB X + iy, Tae x,y € R, ai ¥ [¢]
YZAOBJIETBOPSET COOTHONIEHHIO i2 = —1. O6paTHBIM K HeHy/IeBOMY YHCIY X + Vi ABAETCA YHCIO

1 x =1y __x ¥y
x+yi (x+iy)x—iy) x2+4+y? xZ2+y?

KoMILTeKCHOe YMCTIo Z = X + yi yA06HO u3o6paxkaTs Ha IiockocTy R? ¢ GUKCHPOBAHHOI PAMO-
YTOJIBHOM CHCTEMOMW KOOPAWHAT (X, y) padilyc 8eKmopoM Z, BeAyIUM U3 Hadajaa KOOPAWHAT B TOUKY
z = (x,Y), Kak Ha puc. 2¢1. KoopauHaTsl (x, y) Ha3bIBAIOTCSA OeliCmeumensHoll U MHUMOU YacTAMU
gyucna z € C u ob6osHavaroTed yepes Re(z) u Im(z), a ammna |z| &€ 4/x2 + y?2 HasbiBaeTca mModynem
WU abCcontomHotl 8eUUUHOL KOMIUIEKCHOTO YucIa Z. MHOXeCTBO Bcex Takux ¥ € R, 94To moBOpoOT
IJIOCKOCTH BOKPYT HyJIA Ha yroJi ¥ COBMEIAeT HallpaBleHHue KOOPAMHATHON OCH X C HalpaBJIeHUEM
BEKTOpA z, HAa3bIBAETCS ap2yMeHmMoM ducia z U obosHavaetcst Arg(z) = {a + 2nk| k € Z}, rae
@ € R — opueHTHpOBaHHasA JIMHA KaKOH-HUOYAb AyTY e AMHIUYHON OKPYKHOCTH, BeAYLIEH U3 TOUKHU
(1,0)B Tquy1 z/|z|. TakuM 06pa3oM, Kaxkoe KOMIUIEKCHOE YUCJIO UMeeT BUA Z = |z|-(cos a+i-sin a),
rae @ € Arg(z), uRe(z) = |z| - cosa, alm(z) = |z| - sina.

A
z=x+1iy
y = Im(Z) T T T T T T T T T T e |
L0 lz|=vx?+y?
PR YN 'Arg(z)=a+2mk , kel
P AN |
’ N |
// |
/ a |
/ I
| I
T > ‘ >
| 0 1 x = Re(2)
\
\ -1° —a
\ Z RN
\ N\
VAN
N ~ 7 N N
~S~_|L_~- - N
|z7t=|z| 7Y, Arg(z~Y)=—a+2mk , kEZ

1

Puc. 201. Ynucna z = |z| - (cosa + isina) uz~* = |z| "*(cos a — i sin ).

Ha MHOXecTBe BeKTOpPOB B R? nMeeTcsa cBOsi BHYTPEHHAA Olepalyis ClI0KeHUA BeKTOPOB, OTHO-
CUTEIbHO KOTOPO# paZinyc BEKTOPH Touek z € R? 06pasyioT abeneBy rpymiy. 3aauM Ha MHOKe-
cTBe BeKTOpoB B R? omeparyio yMHOKeHHUs Tpe6GoBaHMeM, YTOGHI /TMHE TepeMHOXKaeMBIX BEKTOPOB
IepeMHOXKa/INCh, & apT'YMEHThl — CKJIaAbIBAJIUCh, T. €.

|Z122| = |Z1| : |Zzl

(2-12)
Arg(z,z,) = Arg(z,) + Arg(z,) = {0, +9,1 9, € Arg(z,), ¥, € Arg(z,)} .

YIPAXXHEHUE 2.16. [IpoBepbTe KOPPEKTHOCTh HIDKHEN GpOPMYJIHL, T. €. yOeauTech, YTo JI00ble 1B
YuciIa B IPaBOM MHOXKECTBE OTINYAIOTCA Ha Ifejoe KpaTHoe 27T.

1]1}061)16 ABE TaKUX Ay OTIMYAIOTCA APYTr OT Apyra Ha ILiejloe YUCI0 060p0TOB, a «OpUEHTUPOBAHHOCTD>»
O3HaydaeT, 4TO AJINHY AyTU CIeayeT 6paTb CO 3HAKOM «++», €CJIN JBUXXEHHE B0JIb Heé IIPpONCXOAUT IIPOTUB Ya-
CcoBOH CTPEJIKH, U CO 3HAKOM «—>» €CJIU I1I0 YacoBOM CTpEJIKE.
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JIEMMA 2.1

MHOXeCTBO PaJyC BeKTOPOB TOUEK Z eBKIH/0BOI KOOPAMHATHOMH IIOCKOCTH R? ¢ ONMCAHHBIMHU BbI-
ITe CI0KeHHeM M yMHOMKeHMeM fABjgeTcs noieM. OTo6pakenne C — R?, comocrapsioiee KOM-
IUTeKCHOMY 4ucay X + iy € C Touky z = (x,y) € R?, apiaercsa ©30MoppU3MOM TIONeH.

JOKA3ATE/IbCTBO. Pazirtyc BEKTOPHI TOYEK IUIOCKOCTU 06pasyloT abeseBy IPYIIILY 10 CIOXKeHUI0. Ode-
BUJIHO TaK’Ke, YTO HeHyJIeBble BEKTOPHI 00pa3yloT abesieBy IPyIITy OTHOCUTEIBHO OIlepaliuy YMHOXKe-
Hus, 3a7aBaeMoit popmynamu (2-12). ExvHuULIeN 3TON IPYIIIBI CIYKUT eAUHIYHBIN HaIlpaBIAIOIUN
BEKTOD OCH X, a 06paTHLIH K HeHY/IeBOMY Z BEeKTop z * uMeeT |z | = 1/|z| u Arg(z™!) = — Arg(z)
(cm. puc. 2¢1). Jlng poBepKY AUCTPUOGYTHBHOCTH 3aMeTUM, YTO JJIs1 lIo6oro a € R? oTobpaxeHue

a: R? > R?, ze az,

cocTosilliee B yMHOXKEHUM BCEX BEKTOPOB Ha a 1o ¢opmysam (2-12), mpeacrasiseT co600 nogopom-
Hy10 20MOomemuio’ TIOCKOCTH R? OTHOCHTETBHO Havasa KOOPAMHAT Ha yroi Arg(a) ¢ KoadduImeH-
ToM |a|. Akcroma guctpubytuBHocTH a(b + ¢) = ab + ac yTBepX/JaeT, YTO TOBOPOTHAsA FTOMOTETHUS
TIepecTaHOBOYHA CO CI0KEeHHeM BeKTOPOBZ. Ho 3T0 IeiCTBUTENLHO TaK, TIOCKOJIBKY U TIOBOPOTHI U T'O-
MOTETHH IIePEBOJAT ITapajUIeJIorPaMMEI B ITapajuie/iorpaMMbl. TakuM 06pa3oM, paJuyc BEKTOPEHI TO-
4eK eBKIN/IOBON KOOpAMHATHOH iockocTu R? 06pasytoT mose. BeKTophI, apasiebHble TOPU30H-
TaJIbHOM KOOPAWHATHOW OCH, COCTAB/IAIOT B HEM moAmoe, usoMmopdHoe nomo R. Eciu 0603HaYnTh
yepes [ eJUHUYHBIN HalpaBJIAOIINi BeKTOP BepTUKAIbHON KOOPAMHATHON OCH, TO paJIlyC BEKTOD
Kax/I0i Touku z = (x,y) € R? oHO3HAYHO 3aNUIIeTCs B BUJE Z = X + iy, T/le 9ynucaa X,y € R noHu-
MaroTCcs KaK BEKTOPBI, lTapajUleJIbHble TOPU30HTATBHON KOOPAMHATHOM OCH, a CJIOXKEHHE U YMHOXe-
HUe MPOMCXOZIAT TI0 TpaBuiaM 1onsA R2. [Tpu aTom i = —1 u A1 MOGBIX BEKTOPOB Z; = X, + iy, U

Z, = X, + iy, BEIIIOJIHAIOTCA paBeHCTBA Z; + Z, = (X; + X,) + i(y; + y,) U

2125 = (X1Xy — Y1Y,) + 101, + X204),

KOTOPBIMU OITUCHIBAETCS CIOXKEHHE U YMHOXKeHMe BrueToB [x + yt] B mone C = R[t]/ t*+1). O

2.4.1. KoMIuiekcHOe compsixeHue. Uncana z = x + iy 1 Z = x — iy Ha3bIBAIOTCA KOMNIEKC-

HO COTlpHMCéHHbLMH. B TEpMHHAaX KOMIUVIEKCHOT'O COIIDAXKEHUSA o6paTHoe K HEHYJIEBOMY Z € C yucio

MOJKHO 3aIyCcaTh KaK z +

= Z/|z|?. Ha reoMeTpryecKkoM s3bIKe KOMIUIEKCHOE COTIPSIKEHHUE Z > Z
IpeAcTaBsieT cO600 CUMMETPHIO KOMIUIEKCHOH IUIOCKOCTH OTHOCUTETBHO BellleCTBEHHOM ocu x. C
anre6pandecKoil TOUKU 3peHHs CONMpKeHHe ABIAETCA MHBOTIOTUBHEIMS aBToMOpduaMoM mond C,
Te.Zz=zmABcexz € C,uz, +2, =2, +2,, 2,2, = 2,2, WA BCeX Z,, Z, € C.

2.4.2. TpuroHometpus. [I0YTH BCS IIKOTbHAsA TPUTOHOMETPUS IIPEJCTABJISIET COO0I0 TPYAHO IS
BOCIIPUATHS 3aKOAUPOBAHHYIO 3aIIUCh 3ayPAAHBIX anrebpandyecKux BBIYUCIEHUN ¢ KOMIUIEKCHBIMU

qyucjaaMy, JeXXallruMy Ha eﬂHHHqHOﬁ OKPYXHOCTH.

ITPUMEP 2.7 (®OPMYJIBI CJIOXKEHNS APTYMEHTOB)
[lpoussesenue z,z, 9Ucel zZ; = COS @, + iSing, U zZ, = cos, + isin ¢, comacHo seM. 2.1 pas-
HO cos(¢, + ¢,) + isin(¢, + @,), a 1060BOe ITEPEeMHOXKEHVEe STUX YUCEeN IIyTEM PacKpPBITHSA CKOOOK

11'[oeopomHoﬁ 2omomemuetl OTHOCHUTENBHO TOYKH 0 Ha yToa & ¢ KoadduiirieHToM @ > 0 Ha3bIBAETCSI KOM-
MO3ULKA I0OBOPOTA HA YTOJI & BOKPYT TOUYKU 0 ¥ PacTAXKeHUA B 0 pa3 OTHOCUTeNbHO 0. Tak Takue pacTaXKeHUA
U [TIOBOPOTBHI KOMMYTUPYIOT APYT C IPYT'OM, HEBAXKHO B KAKOM IOPsAZKE BBIIIOIHAETCA 3Ta KOMIIO3ULIAA.

2T. e. ABNAETCA roMOMOpGU3MOM aAAUTHUBHBIX TPYIIIL.

33H,£L0M0p(1)1/13M t: X — X IpousBOJBHOIO MHOXeCTBa X HasbIBaeTcs uHgosoyuell, eciu L o t = Idy. ITo
npegt. 0.4 Ha cTp. 14 Bcsikast MHBOJIONMS aBTOMAaTUYECKY OMeKTUBHA.
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JA€T z,z, = (Ccos @, Cos @, — sin @, sin ¢,) + i(cos ¢, sin ¢, + sin ¢, cos @, ), OTKyAa cos(@; + ¢,) =
= cos ¢, COs @, — sin @, sin ¢, u sin(p; + ¢,) = cos @, sin ¢, + sin ¢, cos ¢,. TakuM 06pazoM MEI
dokasanu TPUroHOMeTpudeckye GopMyIIbl CI0KEHUA apTyMeHTOB.

[TPUMEP 2.8 (TPUTOHOMETPUYECKHUE ®YHKLIM KPATHBIX YIJIOB)
ITo siem. 2.1 yncno z = cos@ + ising € C umeer z™ = cos(ng) + i sin(ng). PackpriBas cKOGKY B
6uHOMe (cos ¢ + i sin @)™ mo ¢popm. (0-8) Ha cTp. 7, HOMy4aeM PaBEHCTBO

cos(ng) + isin(ng) = (cos @ + isin )™ =

= cos" ¢ + l<111> cos™ 1psing — (;l) cos™ %@ sin®p — l<;l> cos" 3psindp + ... =

=( (") cos™0 = (") cos™2psin?p + () cos™ *psintp — - ) +
0 2 4
+i- <<711> cos™ 1 sin g — <131> cos" 3 sin®p + (g) cos™ S psin®p — - )

3aKIIovarolee B cebe cpasy Bce MbICTMMBIE GOPMYJIbI ISl KDATHBIX YIJIOB:
cos(ng) = (g) cos" g — <721> cos™ 2 sin®p + (Z) cos" *@sintp — -

sin(ng) = <711> cos" rpsing — (;l) cos" 3@ sindp + <§) cos™ S sin®p — -
Hampumep, cos 3¢ = cos® ¢ — 3 cos ¢ - sin® ¢ = 4 cos® ¢ — 3 cos? ¢.

YIPAXKHEHWUE 2.17. Beipasure sin(27 /5) v cos(2m /5) 4yepe3 pafiuKajbl OT PalliOHATBHBIX YHCET.

2.4.3. KopHH U3 eUHUIBI M KPYTOBbIe MHOTOWIEHbI. PemmyM B mose € ypasHeHue z* = 1.
CpaBHMBAasA MOZY/U JIEeBO! U NpaBoi YacTH, 3akiiodaeM, 4To |z| = 1. CpaBHUBasA apryMeHTEl, [10-
nyqaem n Arg(z) = Arg(l) = {2nk| k € Z}. C TouHOCTbIO /10 TIpHbaBIEHUS LIEIBIX KPATHBIX 21T
CylllecTByeT POBHO 1 Pa3/JIMYHBIX BEIeCTBEHHBIX YKCceJl, T0NaJaloliuxX IPH YMHOKEHUHU Ha N1 B MHO-
xkecTBO {2k | k € Z}. OTo Bce reoMeTpudecku pasnuunbie yibl 2tk /nc0 < k < n— 1. Mu
3aKJII09aeM, 9TO ypaBHeHHUe 2z = 1 UMeeT POBHO N KOpHEM

{, = cos(2mk /n) + isin(2nk /n), rtme k=0,1,...,(n—-1), (2-13)

PacHooXXeHHBIX B BepIIMHAX [IPaBUJIBHOIO N-YTOJbHUKA, BIMCAHHOTO B €JUHUYHYIO OKPY>XKHOCTb
TaK, 4TO €ro BepuinHa {, HaXOAUTCA B TOUKe 1, CM. pUcC. 202 U puc. 203.

WY Yy

G ¢ ¢
¢z

{3
(4 (4 CS

Puc. 202. I'pynmna Y. Puc. 2¢3. I'pynmna .
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Kopnwu (2-13) ob6pasytoT abesieBy IpyIIIy OTHOCUTEIHHO OMlEpaIUi YMHOKeHUsA. JTa rpyiima o603Ha-
4yaeTcs M, ¥ Ha3blBaeTcs 2pynnoil kopHetl n-ii cmenenu u3 eduruusl. KopeHb { € y,, Ha3bIBAIOTCA nep-
8006pa3HBIM KOPHeM CTETIEHU N U3 eJUHUIIEL, €CJIN BCE OCTAIbHbIE 3JIeMEHTHI IPYIIIILL 4, IPe/ICTaBIA-
totea B Buge (¢ ¢ k € N. Hanpumep, epBooGpasHbIM ABIAETCA KOPEHb { , = cos(2m/n)+isin(21/n),
MMeONTNH HaMMEHBIINH TIONTOKUTENbHBIN apryMmeHT. Ho GbIBAIOT U IpyrHe: Ha puc. 262 BCe YeThIpe
OTINYHBIX OT 1 3IeMeHTa I'PYIIIBI [ ABIAIOTCA IIepBOOOPa3HBIMU KOPHAMH, TOT/A KaK B TPYIIIIE U
Ha puc. 203 MepBoo6Pa3HBIMU ABIAIOTCA TONBKO {; U {5 = {7+ = {>. MHOXeCTBO Bcex epBoobpas-
HBIX KOpHel o6o3HavaeTcs yepe3 R, C M,,.

YIPAKHEHUE 2.18. TTOKa)KUTe, YTO (f = cos(2mk /n) + isin(2rk /n) € R, eciu U TONBKO ecnu
Hoza(k,n) = 1.

[IpuBezaénHbIi MHOTOWIEH @), (2) = [ ] ¢er,, (2= ), KOPHAMM KOTOPOTO ABIAIOTCA BCE IepBOOOpa3HbIe
KODHU N-1 CTeNeH! U3 eJUHUIIBI ¥ TOJIBKO OHM, HAa3bIBAETCS N-THIM KPY208blM WIIU YUKIOMOMUUECKUM
MHOrowIeHoM. Hanpumep, IATHIH U IIeCTOH KPyroBble MHOTOWIEHB! UMeIOT BUZ

D(2)=z-0)z-0)z2-0)z—0) =2z +2> +2° +z+1
D(z2)=(z—-()Nz—()=2z"—z+1.

YIPAXHEHUE 2.19™ . TlombITaliTech 0Ka3aTh, YTO PH Beex n € N MHOrowIeH @, MMeeT Ieble
K03 dUIIHEHTH 1 HempuBoguM' B Q[x].

[TPUMEP 2.9 (YPABHEHUE Z"* = a)
Yucno z = |z| - (cos@ + ising) € C ABnsgercs KOpHEM YpaBHEHUA Z° = a €CJIM U TOJIbKO €C/IU
|z|]* = |a| mng € Arg(a). [Ipu a # 0 ¥MMeeTca POBHO N TakWMX 4rcel. OHU BEIPAXKAIOTCA 9epes3
r = |a| u @ € Arg a o dopmyie

7, = {1/;-(cosa+n2nk+isina+n2ﬂk), 0<k<n-1,

U pacriosiaraloTcs B BepIIrHax IPaBUJIbHOT'O N-yTOJAbHUKA, BIMCAHHOTO B OKPY:KHOCTb pajuyca (‘/7_”
C IIEHTPOM B HYJIE TaK, YTO PaJUyC BEKTOP OAHOM U3 ero BEpIINH 06pa3yeT € OChIO X YTOMI & /.

2.5. KoHeYHbIe MOoJIst MOXHO CTPOUTB TiprcoeanHss K IF), = Z/(p) KopeHb Kakoro-HuGY/b HEMPHUBO-
ammoro MHorourteHa f € [, [x]. Ecmu deg f = n, To monydaronieeca TakuM 06pazoM I0Jie BEYETOB
F,[x]/(f) cocromT 13 p™ smemenToB BuAa a, + a;d + ... + a, 9" ', tneq; € F, u f(9) = 0.

[TpuMEP 2.10 (110J1E Fy)

MuorowreH x* + 1 € F,[x] HenpuBoauM, Tak Kak He uMeeT KOopHel B F,. [Ipucoeanuss k F, ero
KOpeHb, Toy4yaeM moje Fq & Fi[x]/ (x? + 1), cocTosee U3 AeBATU 21eMeHTOB BUza a + bi, rae
a,b € F; = {-1,0,1} ni* = —1. Pacumpenne F, C F, noxoxe Ha pacumpenne R C C. AHanorom
KOMTUTIEKCHOTO COTIPsikeHus B nojie [y siBnsiercs romomopdusm ®@pobennyca” Fy @ Fy — Fo, z - 23,

TOX/IeCTBEHHO JlelicTByIomUH Ha ipocToM nogmnoie F; C F, 1 nepesoaamuii i B —i.

YIPAKHEHME 2.20. CocTaBbTe /14 1osA Fg TabauIbl yMHOXXEHUA U 0OpaTHBIX 2IEMEHTOB, Iiepe-
ancute B oy Bce KBazpaThl ¥ KyObl U yGeAUTECh, YTO MY/IBTUIUIMKATHBHAA rpynma Fy nusomMopd-

Ha Ug.

IT. e. He ABNAIOTCA NPOU3BEAEHUAMU MHOTOWIEHOB CTPOTO MEHbIIeH CTeTIeHN.
2Cm. npuM. 1.10 Ha cTp. 32.



50 82 MHorowieHs! U paclIupeHus nosuei

[TpumeP 2.11 (noiE F,)

MHorowieH x2 +x+1 € F,[x] HenpuBoAUM, Tak kak He uMeeT kopHeii B [F, . [Ipucoeannsas k IF, ero
KopeHb, onyyaem nosie F, & F,[x]/(x* + x + 1), coctosmee u3 0, 1, w = [x]u 1+ w = w? = 0™ ?,
npuuém’ w? + w + 1 = 0. Pacupenue F, C F, Toxe moxoxe Ha R C C, eciii MOHUMATh BTOPOe
pacIpeHue Kak pe3yabTaT IprcoearHeH s K R mepBoo6pasHOro KOMIUIEKCHOTO Ky6UYecKoro Kop-
HSl 0 U3 e[UHUITEL, KOTODHIH TaKke y0BJIeTBOPAET ypaBHeHUo w? + w + 1 = 0. B none F, ananorom
KOMIUIEKCHOTO conpsbkeHusa C — C, mepeBozsamero w € CB w = w?, Takxe ABIAETCA FOMOMOP-
dusm dpobenuyca® F, : F, — F,, z — z2, KOTOpHIil TOXIECTBEHHO ZIefCTBYeT Ha IIPOCTOM TIOZTIONe

F, C [, v nepeBOAUT KOPHU MHOTOYIEHA x* + x + 1 apyr B Apyra.
VIIPAXKHEHUE 2.21. YO€ANUTECh, YTO MY/IbTHUIUIMKATHBHAsA rpynmna F, nzoMopdHa f;.

TEOPEMA 2.3
Jna xaxzporo n € N umpocroro p € N cymecTByer KoHeuHoe noste Fy u3 q = p™ 3/IEMEHTOB.

JlOKABATE/IBCTBO. PaccmoTpuM B [, [X] MHOrOWIeH f(x) = x? — x. ITo Teop. 2.1 cyIIecTByeT TaKoe
nonte IF O ), 4to f nmomHOCTBIO packiazbiBaeTcs B F[x] B pousBesieHye q IMHEUHBIX MHOXHTEIIEH.
Tak kxak f'(x) = —1, MHOTOWIeH f cemapabenen’, U Bce STH MHOXUTENH Pa3IMYHEL. TaKuM 06pasom,
B iosie [F MeeTcst pOBHO g Takux uucen a, yTo a¥ = a. 0603HauMM MHOXECTBO STHUX YUCETI YEPES F,
M IIOKaXXeM, 4TO ]Fq C F aBnaerca nmogmnoneMm. OueBuzaHo, uto 0, 1 € [ nexxar B ]Fq. Ecmu a € ]Fq, TO
a™' € F,, TaK KaK (a_l)q = (aq)_l =q!
B XapakTepucTuke Asa —a = a. Ecm a, f € Fg, To (aB)? = alB% = af, r.e.af € . IlockombKy
char F = p, B monte [F BEImonHsAeTca paBeHcTBo” (a+ )P = aP 4 BP. [IpuMeHsas ero n pas, 3aK/IiodaeM,
aro (@ + )1 =(a+pB)P =aP" +pP" =a+p amBcexa,f € Fq, otkynaa + f € F. O

;u—a € Fg, rakkak (—a)? = —a¥ = —anpup # 2,2

YHOPAXXHEHME 2.22. [IoKaXXuTe, YTO YHCJIO0 2JIEMEHTOB B JIF060M KOHEYHOM ITOJIE SIBJIAETCS CTEIIEHBIO
€ro XapakKTE€pUCTHUKH.

2.5.1. KoHeuHble MyJIbTHIUIMKAaTHBHBIE IOATPYIIILI ITOJISA. PaccMOTpUM abesieBy rpymmy A, ome-
paIio B KOTOpoii 6yZieM 3amuchiBaTh MYJIBTUIUTUKATUBHO. Eciiu rpymina A KOHeYHa, TO CpeZIU CTelle-
Heli 106010 371eMeHTa b € A BCTpEYarTesa OAMHAKOBBIE, CKaXeM b™ = b* ¢ n > k. YmHOKan 06Ge
9acTH 5TOro paBeHCTBA Ha b~X, 3axmouaem, uto bk = 1. Takum obpa3zom, A Kakgoro b € A
cymectByer Takoe m € N, uro b™ = 1. HauMeHblllee U3 3TUX M HA3EIBAETCA NOpsA0KoM dIeMeHTa b
u o6osHavaercs ord b. Ecm ord b = n, To anementrl b° = 1, b = b, b?, ..., b™ ! monmapHo pasmmy-
HBI, ¥ KaKzas Iie/1as cTeneHpb b coBmazaer ¢ oZHNUM U3 HUX: ecu k = ng + r, I7je ¥ — OCTaTOK OT
nenenus k Ha n, o b* = (b™)9b" = b”. B wactHOCTH, b™ = 0 eciu 1 ToNBKO e m : ord b.

YIIPAXXHEHUE 2.23. [TOKQXXUTeE, YTO IOPSAOK JI060ro 37IeMeHTa U3 KOHeYHO! abeeBol rpymibl A
Jenur |Al.
I'pynma A Ha3BIBAeTCA YUKAUUECKOLL, €CIT OHA WCYEPIIBIBAETCS IIEIBIMU CTEIIEHSIMU KaKoro-HUOyAb
anementa a € A, 1.e. A = {a"| n € Z}. Jinsa KoHEeYHO IpymIibl A 3TO PABHOCWILHO PABEHCTBY
ord a = |A|. Kaxzaplii 06afarouuii STUM CBOMCTBOM 3JIEMEHT @ € A Ha3bIBaeTcs 06pasyrouell LUK-
snmdeckoli rpynnel A. Hanpumep, rpynmna g, C C KOMIUIEKCHBIX KOPHEH N-U CTENIEHU U3 eIHUIIET
IUKIMYecKas, U eé 006pa3yIoMuy ABISI0TCA IepBOOOpa3Hble KOPHHU.

!Otmerum, uto —1 = 1 B F,, 4TO MO3BONAET O6XOAUTHCS 6€3 MUHYCOB.
2Cm. mpum. 1.10 Ha cTp. 32.

3Cm. n° 2.3.4 Ha cTp. 45.

4Cy. mpum. 1.10 Ha cTp. 32.

>Cm. n° 2.4.3 Ha cTp. 48.
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[IPEAJIOXKEHME 2.8
Ec/ii TopsAKy 271eMEHTOB MYJIbTUIUIMKATUBHOM abesieBoli TPyIIbl A OTpaHUYeHBI CBEPXY, TO MaKCH-
MaJIbHBIM U3 HUX ZIETUTCS Ha TIOPSZIOK JIF060T0 d/eMeHTa a € A.

JIOKABATE/IBCTBO. JIOCTATOYHO AJIA TIOOBIX IBYX 3JIEMEHTOB d,, 4, € A, UMEIOIUX NOPAAKA M, M,,
IIOCTPOUTD 3/IEMEHT b € A, MOPAZOK KOTOPOTo paBeH HOK(M,, m,). Ecn HozA(m,, m,) = 1, monoxxum

- m —km
b = a,a,. Torga b™™2 = @™ a™2 = 1. Ecm b* = 1,10 ak = a3 t=a, Yu

, OTKyZa 1 = a4
3HAYUT, km, : m,. Tak Kak m,; U m, B3aUMHO IIPOCTEHL, kK : m,. MeHs POJAMU a, U a,, 3aKI0YaeM,
4yTo kK ! m,, a 3HauuT, k : m,;m,. Tem cameiM, ord(b) = m;m, = HOK(M, Mm,).

Ecim HOZi(M,, m,) # 1, To Au1a Kaxgoro mpocTtoro p € N obo3HaunM depes Vv;(p) HOKasaTess, C

KOTOPBIM p BXOAUT B pa3jIOXKE€HHUE YHC/Ia M; Ha IIPOCTHIE MHO)KI/ITCJII/I1 . Torga

HOK(M,, m,) = Hp pmaxVs(P)v2(P)

Tonoxum £, = [ p”*® no Beem npocteM p € N c v, (p) > v,(p), u £, = HOK(M,, m,) /£,. Torna
k k

Hoa({,,%,) =1um, = k,¢,, m, = k,¥, ina Hexoroprx k,, k, € N. Dnements b, = a;*, b, = a,*

HMMeIOT B3aUMHO IIPOCThIe MOPAAKU £, , £, U 110 YKe JoKa3aHHOMY UX NTpousBeZieHue b = b, b, nuMmeer

nopsazgok £,£, = HOK(m,, m,). O

CIEICTBYE 2.3
JIro6as KOHEYHas MOATPYIIa A B My/IbTUIUIMKaTUBHOM rpymme K™ nmpounssonbHoro noas Kk asmgercs
UKINYEeCKOH.

JOKA3ATE/bCTBO. O603HAYMM Yepe3 M MaKCUMAaIbHBIH U3 IIOPAAKOB 3/IeMeHTOB rpynibl A. CormacHo
npezt. 2.8, Bce 3JIEMEHTBI TPYIIIbL A SIBIAIOTCA KOPHAME MHOrowieHa x™ — 1 = 0. [TosTomy ux He
6oslee m ¥ Bce OHU MCYEPIIBIBAIOTCS CTENEHAMU UMeIOIIerocs B A ajieMeHTa m-Toro mopszaKa. O

TEOPEMA 2.4
Besikoe KOoHeYHOe 1oJie 130MOPGHO OAHOMY M3 TIOJIeH IFq, MOCTPOEHHEIX B Teop. 2.3 Ha cTp. 50.

JlOKA3ATE/BCTBO. [IycTh nosie F nmeeT xapakTepUCTUKY P ¥ COCTOUT U3 q 37IeMeHTOB. [1o ci1. 2.3 My/b-
TUIUIMKAaTUBHasA rpymnma F* aeisercs nukindeckoit. O603HaunM eé o6pasyroyio yepes { € F*. To-
rmalF = {0,1,¢, Zz, e Zq_z} 1 (q_l = 1. YToO6HI ZioKa3aTh TEOPEMY, ITOCTPOUM €Il OJHO IT0JIE U3 (
3JIEMEHTOB, U30MOp¢dHOE Kak Moo [F, Tak M MOAXOAIIEMY MO0 U3 Teop. 2.3. i 3Toro 0603HaYUM
depe3 g € Fp[x] NIpYBEAEHHBI MHOTOWIEH MUHUMAJIbHOM CTEIIeHH C KOpPHEM (.

YIIPAXXHEHUE 2.24. Y6€AUTeCh, YTO TAKOX MHOTOWIEH g CYLIECTBYET, HenpuBoAuM B [, [x] 1 aent
Bce MHorowrens! f € F[x] ¢ kopHem ¢.

W3 ympakHeHHUA BBEITEKAET, 4TO KOJIBLIO [, [x]/(g) aBnsieTcs oseM, a paBwio [h] g > h({) koppekTHO
3a4a€T HeHy/eBOi romoMopdusm Koser F[x] /(g) — F. OH unbeKTUBeH 10 IpeAn. 1.3 Ha cTp. 31
CIOPbEKTHBEH, TaK KakK Bce (' cofiepxkarcs B ero obpase. Tem cambiM, F ~ Fp [x]/(g). B uacTHOCTH,
nozne F cocrout u3 q = p" anementos a,_,{" '+ ...+ a,;{ +ay, tAE A; € Fp,n=degg.

Tak Kak { ABAeTCA KOpHeM MHorowreHa f(x) = x9 — x, us ynp. 2.24 BrITEKaeT, 9to [ = gu
Anst Hexotoporo u € Fp[x]. IloacTaBisia B 9T0 paBeHCTBO G 371eMeHTOB Monid F,, IOCTPOEHHOro B
Teop. 2.3 ¥ COCTOSIIETO B TOYHOCTHU U3 ¢ KOpPHEH MHOTOWIEHA f, MBI 3aKJIFOYaeM, YTO XOTs ObI OfUH

1Cm. ymp. 1.8 Ha cTp. 26.
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13 HUX — Ha30BéM ero § € F, — sABiseTcsa kopHeM MHorowieHa g. [Ipasuno [h], — h($) koppekT-
HO 3aJja€T BiIOXeHUe noneit F,[x] /(g) & g, cCIoppeKTHBHOE, TOCKOJIBKY 00a T/ COCTOSAT U3 q
3JIEMEHTOB. TeM caMbIM, IFp [x]1/(g) =~ [Fq. U

CJIEJCTBUE 2.4 (13 IOKA3ATEJ/JLCTBA TEOP. 2.4)
Jna kaxxaoron € N u npocrorop € N B IFp [x] uMeeTcst HEITPUBOAUMBIN MHOTOWIEH CTEMEHU 1. [

CJIEACTBUE 2.5
Kaxzgoe koHeuyHoe none [F coctout us p™ aneMeHTOB, rze npocroe p = char F, u ama kaxzgoron € N
1 IIPOCTOT'O P UMEETCS eAMHCTBEHHOE C TOYHOCTHIO 10 M30MOp(H3Ma I10JIe U3 p'* 3I€EMEHTOB. O



§3. ZIpo6u u psgsl

B aToM maparpade MBI TpooKaeM 0603HauaTh Yepe3 K Mpor3BOIbHOE KOMMYTAaTUBHOE KOJBIIO C
eHUILIEH, a yepe3 k — MpousBosIbHOE TTOJTE.

3.1. Kossna yactHbIX. Crtoco6 n3roToBienus moss Q u3 Kosblia Z KaKk MHOXKECTBA APOOEH ¢ 1eTbIM
YUCIUTENEM U HeHY/IEBBIM 1[eJIbIM 3HaMeHaTenreM MIPUMEHUM B JII060M KOMMYTaTUBHOM KOJiblle K
c epuHuteit. IloamHokecTBO S C K Ha3bIBaeTCAa My/IbMUNAUKAMUBHbIM, ecTi 1 € Su st € S ana
Bcex s,t € S. HanpuMep, MHOKECTBO BCEX IETBIX HEOTPUIIATEIbHBIX CTENIEHEH qk 06010 sj1eMeHTa
qekK MYJIBTI/IHJII/IKaTI/IBHOZ. MuoxectBo K° C K, cocTosiiee U3 Bcex He JeNSIINX HyJlb HEHYJIEBBIX
3J7IEMEHTOB, TOXKe MYJIBTUIUIMKAaTUBHO. B 4aCTHOCTH, MHOXKECTBO BCEX HEHY/IEBBIX 3JIEMEHTOB JIFOO0T0
11eJIOCTHOTO KOJIblla MyIbTUIUIMKATUBHO. Kaxk/j0oe MyIbTUILITMKAaTUBHOE ITOAMHOXecTBO S C K 3a7aét
Ha MHOXECTBE yIOPAJ0YEHHBIX I1ap K X § OTHOIIeHNe SKBUBAJIEHTHOCTU ~y, Hopom,zléHHoe3 OTOX-
JecTBIeHUuAMH (a, s) ~g (at,st) ansa Bcex t € S. Kiacc a3KBUBaJeHTHOCTH Haps (a, S) O MOZAYJIIO
3TOTO OTHOIIEHUs Ha3bIBaeTcs 0pobbio CO 3HaMeHaTeseM B S 1 o6o3HavaeTcst a /s. MHOXKECTBO BeexX
Takux Apobeit o6o3Havaerca KS™! wm K[S™'] u HaseIBaeTCA KOMbUOM YACMHBIX WIN J0KANU3AYUel]
KoJiblla K co 3HaMeHaTeJsIMU B S.

I[IPUMEP 3.1

[ycte K = Z/(6)u S = {[1], [2], [-2]}. Kaxxzas Apo6b B K S ~1 yuMeeT npe/icTaBIeHHUe CO 3HAMEHATe-
nem[1]: [a)/[+2] = [al[F2)/[+2][F2] = [Fal[2)/[1][2] = [Fal/[1]. BuactHocty, [0]/[+2] = [O]/[1].
Taree, [+21/[1] = [+2][2]/[1][2] = [F1][2]/[1][2] = [¥1]/[1]. Haxonew, [3]/[1] = [3][2]/[1][2] =
=[0]/[2] = [0]/[1]. Tem cameim, KS™* ucuepnnisaerca apo6amu [0]/[1], [1]/[1] u [-1]/[1].

YIPAXKHEHUE 3.1. YOeAUTech, YTO 3TU TPU APOOU PA3IUIHEL.

JIEMMA 3.1
a/s=b/ts KS™! ecnu v TonmpKo ecnu atu = bsu B K ma HeKOoToporou € §S.

JloKA3ATE/BCTBO. [TomoxxuM (a, s) = (b, t), ecnu atu = bsu ayg HeKoToporo u € S. /lpyxiiaroBas 1ie-
I0YKa OTOXKZJECTBIeHu (a, s) ~s (atu, stu) = (bsu, tsu) ~g (b, t) NOKasbIBaeT, YTO OTHOLIEHUE X/
COZIEPKUTCS B OTHOIMIEHUU ~ . OcTaéTcs IPOBEPUTD, YTO OTHOIIEHUE & ABJAETCS OTHOUIEHHEM 3K-
BHUBAJIEHTHOCTH — TOTZIA OHO COBIIAJET C ~¢ B CHJIy MUHHUMAJIBHOCTH IIOC/IeAHero. PedieKcHBHOCTD
U CUMMEeTPUYHOCTh 04eBUHHI. JlokakeM TpaH3UTUBHOCTG. [IycTh (a, s) = (b,t) u (b, t) = (c,r), T. €.
CyIIeCTBYIOT Takue U, w € S, uro atu = bsu u brw = ctw. Torza

ar(tuw) = (atw)rw = (bsu)rw = (brw)su = (ctw)su = cs(tuw),

T.e.(a,s) ~ (c,r). O

JIEMMA 3.2
Omnepanyu % + % = %Sbr md .2 ab i oppexTHO 3agaroT Ha KS™! CTPYKTYpYy KOMMYyTAaTHBHOTO

T rs
Kosblia ¢ equnuieid 1 /1 v uyném 0/1.

1Cm. mpum. 0.5 Ha crp. 11 u npum. 1.2 Ha cTp. 21.

2MsI o onpezenenmo nojaraem q° = 1.

3T. e. HaUMeHbIITee TI0 BKITIOYEHHIO OTHONIEHHE SKBUBATEHTHOCTH R C (K X S) X (K X S), cofepalee Bce
mapel Buza ((a, s),(at, st)), raet € S, cm. n° 0.4.1 Ha cTp. 11.
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JIOKA3ATEJIbCTBO. TaK KakK KaxkZloe OTOX/EeCTBJIEHHE ~ ¢ SBJIAETCA HCHO‘{KOfI DJIEMEHTapHbBbIX OTOX-

JecTBieHust (a,r) ~s (au,ru), rae u € S, JOCTATOYHO NIPOBEPUThH, YTO Pe3y/IbTATHl ONepaluii He

a au b bw .
MEHAITCA IIpU 3aM€EHE ; Ha E, a ; — Ha m, Taeu,w € S, YTO OY€BU/IHO:

au  bw _ ausw+bwru _ (as+br)-wu _ as+br

4+ — = =
U Sw TUSW TS - wu s
au bw _ aubw _ (ab)-wu _ ab
Tu SW  Tusw TS - wu rs

HpOBepKy BBITIOTHEHHUA B KS_l BCEX aKCMOM KOMMYTAaTUBHOI'O KOJIblla C e,Z[I/IHPIHeﬁ MBI OCTaBJIAEM
YUTATE/IIO B Ka4eCTBE yIIpaKHEHUA. O

CIEACTBUE 3.1
KonbIio KS ™! HynmeBoe eciu ¥ TOMBKO eI S COAEPKUT Hy/Ib.

JokA3ATENBLCTBO. Ecsin 0 € S, To sr06ast apobs a /s = (a-0)/(s-0)=0/0=(0-0)/(1-0)=0/1
SKBHUBaJIeHTHA Hymo. C apyroi croponsl, 1 /1 = 0 /1 TOIBKO ecnu CyIECTBYET TaKOH S € S, 4TO
1-1-s=0-1-s=0,otkyzas =0 €S. U

TEOPEMA 3.1

Oro6paxenue i : K — KS™', nepeBoasmee a € K Bpo6s a/1 € KS™*, aBnsercs romomopdusmom
xoser ¢ aapoM kerig = {a € K| 3s € S: as = 0}. O6pas i4(s) moboro aneMeHTa s € S obpaTuM
B KS™1. Jlna mo6oro romomopdusma @ : K — R B IIeIOCTHOE KOJIbLIO R, IEPEBOAANIETO KAXK/BIH
3JIeMeHT U3 S B 00paTUMBbIH 3JIeMeHT U3 R, CyIecTByeT eIMHCTBEHHBIHM TaKoli TOMOMOPGHU3M KOJIel]
@s: KS™' = R, 410 ¢ = g 0 L.

JOKA3ATEILCTBO. O4eBUHO, UTO Lg ABIAETCS roMoMopdu3MoM. [Ipobs tg(a) = a/1 paBHa 0/1 eciu
Y TOJIBKO eC/IM HalziéTcA Takoi s € S,uyrtoa-1-s =0-1.-5 = 0. O6paTHBIM K tg(s) = 5/1 anemeHTOM
sABJIsAeTCsA APo6b 1/s. OcTaéres oKa3aTh MocaeqHee yTBepxKAeHue. s TPoAo/DKeHUs roMoMopdr3Ma
@ : K — R go romomopdusma ¢ : KS™' — R HeT uHOro BBIGOpa KaK MoNokuth ¢g(1/s) = 1/¢(s),
TaK KaK B KOJIbIle R JOIKHEI BEIIOMHATBCSA paBeHCTBa Pg(1/5s) - ¢g(s) = (ps(s . (1/5)) =¢(1)=1.
CrieZoBaTeIbHO, UCKOMOE MPOZIoTKeHHe 06513aHo 3azaBaThes dopMyioit pg(a/s) £ p(a)/¢(s). Ona

a au au\ _ e@u) _ e@ew) _ @@

KOpPpEeKTHa, MIOCKOJIbKY IIPU 3aMeHe — Ha — Cc U € S uMeeM (— = = = = =
PPEKTHA, yp s 1 s Ps\su) = pow =~ peew T e
BecxuTpocTHYI0 IPOBEPKY TOTO, YTO ITIOCTPOEHHOE 0TOOpakeHUe ¢ ¢ TepecTaHOBOYHO CO CJIOXKEHHUEM
1 YMHOXXEHUEM, Mbl OCTaBJIIEM YUTATEJIIO. O

YrPAXXHEHUE 3.2. [Tycts K = Z/(30),a S = {[Zk]30 | k=0,...,4}. okaxwure, uto KS~* ~ Z/(15).

[TPUMEP 3.2 (IIOJIE YACTHBIX I[EJIOCTHOTO KOJIBIIA)

Ecsm konbio K He MMeeT fienuTesiel HyJls, ero HeHy/IeBble 3JIeMeHThI 06pa3yioT MyJIBTUIUINKATHBHYIO
cucreMy. KoJIbIo YaCTHEIX CO 3HAMEHATEIIMU B 3TOU CUCTeMe ABJIseTCs mojeM. OHO Ha3bIBaeTCsA No-
JleM YacmHbLX LIeJIOCTHOTO Kosblia K 1 obo3Havaercs Q. PaBeHcTBO a /b = ¢ /d B Q) paBHOCHIBHO
paBeHCcTBY ac = bd BK, aromomopousmi: K < Qg,a — a/l, "HbeKTHBeH, 1 0601 TOMOMOPGU3M
¢ : K — R B1eJIOCTHOE KOJBIIO R, IepeBoAAMUIN Bce HeHy/eBble 37leMeHTH U3 K B o6paTUMBble dJie-
MEHTHI KOJIbLIA R, €/[JNHCTBEHHBIM CIIOCOGOM MPOIOIIKAETCS /0 BIOYKEHNS [OJIs YaCTHBIX ¢ © Qi < R.

[TpuMEP 3.3 (r1oJiE Q)
I[TosieM 4acTHBIX I[eIOCTHOTO KOJIblIa Z ABIAETCA IoJle pallioHAIbHbIX yncen Q = @, KoTopoe KaHo-
HUYECKU BKJIAZIBIBAETCS B JIF0O0E M0JIe XapaKTePHUCTUKY HYJIb B KAYeCTBE IIPOCTOTO HOATIONS .

'Cm. n° 1.5.6 Ha cTp. 32.
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TTPUIMEP 3.4 (TIOJIE Ps1/10B JIOPAHA)

[Nosie YacTHBIX Kosblia popManbHbIX cTeneHHBIX psfoB k[x] ¢ koadduirientamMmu B mpoM3BOJEHOM
none k o6o3nagaercs k(x) £ Q] - Tax Kax 060 Psaz ¢ HEHyIEBHIM CBOOOAHBIM WIEHOM 00pa-
um® B k[x[], kaxzmas apo6s p(x) / q(x) € k(x) ogHO3HauHO TpezcTaBNAeTCa B Buge X h(x), rae
h € k[x] umeer HeHymeBOI CBOGOAHBIN WieH, a MOKa3aTelb m € 7 paBeH PasHOCTH OKasaTe-
Jier MTaJIINX WIEHOB PAZIOB p U q. ViHade ToBoOps, mmoje Kk(x) coctout us popManbHBIX CTEITEHHBIX
psazoB Buza f(x) = Y, k>m(f) akxk, B KOTOPBIX JIOMyCKAETCA KOHEYHOE YHCJIO MOHOMOB OTPHUIATENb-
HO¥1 cTenenu. Takuie psA/bI Ha3biBatoTCA psadamu Jlopawa, a mose k(x ) — nonem psidos Jlopana. Homep
m(f) € Z camoro JieBoro HeHy/IeBOTo KoadduimeHTa psga JlopaHa f HasbIBaeTcs nopsiokom psza f.

3.2. ParnuonanbHbie GpyHKIHU. [Tose yacTHBIX Kosblia [k[x] o603HauaeTcs yepes k(x) v Ha3bIBaeTCs
noJjieM payuoHanbHbIX PyHKkyul OT x. Ero ajileMeHTaMu ABJISAIOTCS Apobu Buga p(x)/q(x) cp, q € k[x].

[IPEAJIOXKEHME 3.1
Ecnu g = g, ... gm, T8€ g; € klx] n HOA(g;, g;) = 1 npu i # j, To Ipn mobom f € k[x] apobs f /g
€IMHCTBEHHBIM 006pa30M IMPeACTABIAETCA B BUJE CYMMBbI

£=h+i+---+fﬂ, (3-1)

g 91 Im

rae h € k[x] udeg f; < deg g; mpu Bcex i.

JIOKA3ATE/IBCTBO. [lens f Ha g ¢ OCTaTKOM?, 3aKJII0YaeM, 9TO f/g = h+7/g, tae h— HenonHoe YacT-
HOe, a OCTaTOK I UMeeT cTenleHb degr < deg g. Ecin g = g, g, nHOA(g,,9,) = 1,TO [gz]g1 obpatum
B k[x]/(g,)- IIpeacraBum [r]g1 / [gz]g1 = [fl]g1 MHOTOWIeHOM f; crenenu deg f; < degg,. Torzna
r = f; -9, +f, -9, AnaHekoToporo f, € k[x]. CpaBHUBasA cTeneHy, 3akaodaeM, 9to deg f, < deg g,.
Takum obpasom, r/g = f, /9, + f>/ 9, ¥ K KaKA0M U3 3TUX Apobeil IPIMEHNMO TO )K€ PACCYXIeHue,
ecy e€ 3HaMeHaTeJb ABJIAETCA IPor3BeleHHeM B3aUMHO IIPOCTBIX MHOTOWIEHOB. DTO J0Ka3bIBaeT
CylecTBOBaHUe pa3noxeHuq (3-1). g foka3aTenbCTBa ero eJUHCTBEHHOCTH, YMHOXHUM 00€e 9acTy
pasinoxenus (3-1) Ha g. [Tonyuum paBeHcTBO Buza f = hg + f,G; + ... + f,,G,,, TAe uepe3 G; = g/ g;
0603HaueHO NPOU3Be/IeHNEe BCEX MHOTOWIEHOB g, KpoMe i-ro. Tak kak deg(f; G, +...+f,,G,,) < deg g,
MHOTOYIEH h ABJIAETCA HEIIOJHBIM YaCTHBIM, a1 = f; G, + ...+ f;, G;, — OCTaTKOM OT JleJIeHuA f Ha g.
Kaxxzieli f; ABNAETCA TEM eJMHCTBEHHEIM MHOI'OWIEHOM cTelleHH < deg g;, knacc kotoporo B k[x |/ g;)
pageH [f] g /1G;] g, TaKUM 0b6pas3om, Bce UHT'peAUeHTH GopMyJIbl (3-1) OHO3HAYHO ONPEAEIOTCSA
MHOTOWIEHaMHU f U g4, ..., gn.- 0

[IPEAJ/IOKEHME 3.2
JTro6yto pobb BUzga f /g™, B koTopoi deg f < deg g™ = m deg g, MOXHO eIMHCTBEHHBIM 06Pa3OM
IIpe/ICTaBUTh B BUZle CyMMBbI

Lm=£+%+---+f—’,fl, (3-2)
g g g g
rae deg f; < deg g npu Bcex i.
JlOKABATE/BCTBO. [IpeacTapienye (3-2) paBHOCWIBLHO 3aIUCH [ B BUIE
f=A9" T+ L™+t frna G+ fns (3-3)

1cm. npum. 2.2 Ha cTp. 37.
2Cm. n° 2.2 Ha cTp. 39.
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aQHAJIOTMYHOM 3aIIUCH 1IeJIOro YKcia f B g-UYHON MO3UIIMOHHON CHUCTeMe UCYUCIeHUA: f,, ABIAeTCA
OCTaTKOM OT AeJieHus f Ha g, f;;_; — OCTATKOM OT JejieHus dactHoro (f — f,) /g Ha g, fn_, —

OCTaTKOM OT ZleJIeHH: YaCTHOI'0 (% - fm_1> /gHAgUT.A. O

3.2.1. PasnoxeHue HA MpocTefiine Apoou. V3 NpeApIAyIuX ABYX TPENIOKEHU BHITEKAET, YTO
Kaxkgas apobs f /g € k(x) momyckaeT edurcmeeHHoe IpeACTaBIEHUE B BU/JE CYMMBI HEITOJTHOTO YacT-
HOTO OT ZieieHus f Ha g v Apo6eli Buga p /q™, te q poGeraeT HETPUBOAMMBIE IEJIUTEN 3HAMEHA-
TeJs g, IoKa3aTeb m MeHseTcs OT 1 1o KpaTHOCTU BXOXKJEHUS q B pPa3jioKeHHe g Ha HEIIPUBOAUMBIE
MHOXKUTENN, U B KaKJOM 13 Takux Apobeii degp < deg q. Takoe TpeZcTaBieHne Ha3bIBAETCs pA3JI0-
acenuem f / g Ha npocmetiwiue Opo6bu v OBIBAET ITOJIE3HO B MPAKTUYECKUX BEIYUCIEHUAX C PAllHOHAb-
HBIMH QYHKIUAMHU.

[IPUMEP 3.5
BeraucauM 2022-10 TPOM3BOHYIO, a TAKXKe MepBoobpasHyio’ oT 1 /(1 + x?%). Paznoxum 3Ty Apobb B
niosie C(x) Ha mpocTelmMe:

1 o« 4 B
1+ x2 1+ix 1-ix

, tme a,BecC.

[Moacrasnss x = +i B paBeHcTBO 1 = a(1 — ix) + (1 + ix), Haxoguma = f = 1/2, T.e.

1 _1( 1 N 1 )
14+x2 2\1+4ix 1-ix/"

Teneps guddepeHipyeM Kaxjoe ciaraemMoe:

d \*°** 1 2022! [ (=0)?°%2 ;2022
<E> 14+x2 2 ((1 +ix)2023 (1 — ix)2°23) -
gy LA B A 1021 2023\  (=D"x?
i (1 + x2)2023 S\ 2 (1 + x2)2023 7

" MHTEIrpHUpPYEM KaXKJoe€ cilaraeMoe:

dx 1 dx 1 dx In(1 + ix) — In(1 — ix) 1. 1+ix
== — 4+ = — = - = —In——= = arctgx.
1+x%2 2 1+ix 2 1-—ix 2i 20 1-ix

[ToauepKHEM, YTO BCe IPOAEIaHHbIE BHIYUCIEHUS KOPPEKTHO ompeziesieHsl B koiblie C[x]|, a Bce Ha-
TIICaHHbIE PABEHCTBA CYTh PABEHCTBA MEXY S7IeMEHTAMHU STOTO KOJIbIIaZ.

IT. e. Taxoii paz f 6e3 cBo6ogHOro WieHa, uto f(x) = 1/(1 + x?). Ilogpo6ree cm. B n° 3.3 Ha cTp. 59.
2B gacTHOCTH, IOCTIE/IHEE PABEHCTBO BHITEKAET U3 OIpeZle/IeH A TAHTeHCa:

o sint 1 eft—e7i 1 e2t_1q
tgtd=f1 =T — =——€Cﬂt]]
cost i eitte-it i e2t+4+1

: 14 .. .
Tonaras tg t = x, momydaeM e = 2% TIpo skcmonenTy u torapudm M emé noapo6HO TOroBOPUM B n° 3.3

1—ix’
Ha CTp. 59 HuXKe.
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3.2.2. PasnoxkeHHe paliOHAIbHON QYHKIMY B cTelleHHOMH paf. [To Teop. 3.1 Ha cTp. 54 cymie-
CTByeT efUHCTBeHHOE BiaokeHue Kk(x) — k(x), mepeBoasiiee Kaabplii MHOTOWIEH B ceOs1. MHaue
rOBOPA, KAKAYIO PAlOHAIBHYIO GYHKIMIO MOXKHO pa3oxuTh B paz Jlopana. Eciu ocHoBHOe noste k
anre6paryecKy 3aMKHYTO! , TaKoe pas/iosKeHye OIUCHIBAETCH J0BOTBHO ABHBIMU dopMyaaMu. ITycTh
deg f < deg g u 3HaMeHaTenb Apobu f / g uMeeT BUA:

gx)=1+ax+ax*+...+a,x" = H(l —a;x)™, (3-9)

TZie BCe Uncia a; € Ik IIOIIapHO Ppa3JUYIHBI.

VIIPAXKHEHUE 3.3. Y6eUTeCh, 4TO YMCIA (; U3 PasIokeHus (3-4) CyTb KOPHU MHOTOWIEHA
t"ta "+ ta,tta, = H(t —a)™.

Mo mpeat. 3.1 v ipeas. 3.2 dyHkus f / g ABIAETCI CyMMO#M MPOCTENIINX Apobeit
B
—__, (3-5)
(1 —a;x)*y

rZle IpU KaXK/IOM [ TToKa3aTesu k s exkar B mpegenax 1 < k; j <m;,ap; i € k.
Ecnu Bce KpaTHOCTH M; = 1, TO pasjioKeHUe Ha MPOCTeHIINe JpOOH UMeET BUJ

fx) __ B Bn

= + ...+ ;
l-ax)..1—a,x) 1-—a;x 1—a,x

YTOOBI HANUTH f3;, YMHOXHUM 00e 4acTH Ha OOIINi 3HaMeHAaTeJlb U IOACTaBUM X = ai_l. [Momyunm

go_ ) a7 () 26)
‘ Hv#i(l - (av/ai)) Hv;éi (ai - av)
MBEI 3aKiIr04aeM, 4To Korsa Bce m; = 1, 1pobs f / g ABnAeTcs cymMMoil n = deg g TeOMeTpPUYECKUX
TIPOT'PEeCcCUii:
@:Z(ﬁla'f+ﬁ2a§+...+ﬁ af) - x*, (3-7)
g9(x) e

rAe f; HaxozATcA 1Mo dopmynam (3-6).
Ipocrefimas Apo6e (3-5) ¢ nokasareneMm k;; = m > 1 packiaAbIBaeTcs B Psf NIPU OMOLIN
dopmynbl HeioToHa 11 GUHOMA C OTPULIATENTbHBIM TIOKa3aTeleM

Z(k+m_1)'“(k+2)(k+1)~xk=2<k+m_1>'xk’ (3-8)

6 (m—-1)! o m-—1

1—x)m

KoTopas mosydaercsa (m — 1)-kpaTHeiM AuddepeHIIMpoBaHHEM 00erX YacTel pasoKeHUsI TeOMeT-
pudeckoii mporpeccuu (1 —x) ' =1+x +x% +x3 + ...
n
YIIPAXXHEHHUE 3.4. Y6eZuTechb, 4To <%) 1-x)"t=n!/1-x)""

Takum 06pa3oM, pasyoKeHue mpocTediei Apobu (3-5) umeeT BUz

k+m-1 k
()

k>0

IT. e. ka b1t MHOrowreH u3 k[x] monHocThIO packtazpiBaercs B k[X] Ha IMHeHHEIE MHOXHUTEIH.
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3.2.3. PelieHue JINHEHHBIX PEKyPPEHTHBIX ypaBHEHUIA. [IpebIyIye BEIMUCIEHNI MOXKHO HC-
HI0JIb30BATB A1 OTBICKaHUA «POPMYJIBI K-TOTr0 WieHa» II0CIeA0BaTeIbHOCTH Z),, 3alaHHOH IUHeTIHbIM
PeKYPPeHMHbIM YPABHEHUEeM N-M020 NOPsI0KA:

Zk + alzk_l + aZZk_Z + ...+ anZk_n - 0 N (3'10)

rzie K03bQUIMEHTH a4, ... , a4, € C— 3azanHble yncia. [Ipu k > n ypaBHeHuto (3-10) yaoBieTBODA-
10T KO3QUIMEHTEHI Z, 0000 CTeNIeHHOTO psja Buja

1

by +byx + ...+ b,_x""
Zo+zx+zxt + . = —2—1 = -
1+a;x+a,x?+ ... +ayx

Eciu B unciuTesIe IpaBoi yacTu nogobpars koapduiueHTs! by, by, ..., b,_; € C Tak, 4TOOHI NEp-
BBIE 1 KOIOPUITUEHTOB Z), ... , Z,_, PA3JI0XKeHNA OIyIeHHOH APoOHU B CTeNIeHHOH psJ COBIAJIH C ITep-
BBIMU N WIeHaMU nocienoBareabHocTH (3-10), To dopmyssl (3-6) u (3-9) AaAyT ABHBIE BRIpAXKEHUSA
3/IEMEHTOB 0C/IeI0OBATebHOCTH Zj, Yepes k.

ITPUMEP 3.6 (4nciA PUBOHAYYN)
Haiiném siBHOe BhIpaxkeHUe uepes k /715 371leMeHTOB II0C/Ie[0BaTeIbHOCTH Zj,, B KOTOPOU

Z2y=0,z,=1uz,=2,_,+2z,_,upuk > 2.

PekyppeHTHOe YpaBHEHUE Z}, — Zj,_, — Zj_, = 0 OIMCBIBaeT KO3GPUIINEHTH! psaza
by + b x
X+ 2yx% 4230 + = 22—,
1-x-—x
y KoToporo z, = 0 1 z; = 1. YMHOXas obe yacTH Ha 3HaMeHaTeJIb ¥ CpaBHUBAsA KOAPOUIIMEHTHI IIPU
x° u x', sakmouaewm, uto b, = 0, a b, = 1. Takum 06pazom,

x P B-

= + s
1-x—x2 1-ax 1-a_x

rmea, = (1+ \/g)/Z CyTh KOPHU MHOTOWIeHa t* —t — 1,af, = —f_ =1/(a, —a_) = 1/\/Er[o
dopmyie (3-6). Pasznoxxenue z(x) B psi UMeET BUJ

x 1 11 _yai-d
1—x—x2_\/§<1—a+x 1—a_x>_]§) NG s
L, _ 1+ V- -5k

k 25

[IPEAJIOXKEHME 3.3
Eciu nocnesoBaTebHOCTD Yncel z;, € C yZoBIeTBOPAET IIPU kK > N peKyppPeHTHOMY YDaBHEHUIO

Zp+aZy_ 4+ 0,z 5+ ...+ apz,_, =0 (3-11)

¢ IoCTOAHHBIME KodbdummenTamu a; € C, 10 z, = aXo, (k) + ... + a¥¢,.(k), tae ay, ..., a, — 310
BCe pa3TUIHble KOPHM MHOTOWIeHa

t"+a t" Lt ay,, (3-12)

a @;(x) € C[x] u deg ¢; cTporo MeHblIe KPATHOCTU COOTBETCTBYIOIIETO KOPHA ;.

1 On HasbIBaeTCA XapaxmepuCMUUeckUM MHO20UIEHOM PEKYPPEHTHOTO ypaBHeHus (3-10).
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JIOKABATEIBCTBO. Pan Y. z,.x¥ € C[x]], koaddurmentrr kotoporo pemator ypasHenue (3-11), aB-

nseTes cyMMol apo6eti Buaa B(1 — ax)™™, rae a mpo6eraeT pasIuyHbe KOPHU MHOrowIeHa (3-12),
MTOKa3aTesTb M JIEKUT B TIpeZiesiax oT 1 /10 KpaTHOCTH COOTBETCTBYIOIIETO KOPHS (@, ¥ /I KAXK/JOM TTaphl
a, M KOMIUIEKCHOE Yuciio S = (&, m) OfHO3HAYHO BBIYUC/IAETCA 10 &, M Y IEPBBIM 1 KO3QPUIIeH-
TaM [oc/Ie[0BaTeNIbHOCTH Z;,. ComtacHo ¢popmyte (3-9) koadduiueHT npu x¥ y pasnoxenus apobu
(1 — ax)™™ B CTENEHHOMN PsAS UMeET BU/ ak(p(k), rae (k) = (kjnnzl) ABJIAETCA MHOTOWIEHOM CTe-
meau m — 1 ot k. O

3.3. Jlorapu¢Mm U 3KCIIOHEHTA. BCIoAy B 9TOM pas/iesie Mbl pacCMaTPHUBaEM PSiZibI C KO3PPHUIEeHTaMU
B nosie k xapaxrepuctuku char k = 0. B aToMm ciydae i mo6oro paaa f(x) = ag + a; x + a,x* + ...
CYILIECTBYET €JUHCTBEHHBIN psiZ 6e3 CBOOOAHOTO WieHa, IIPOU3BOAHAA OT KOTOpOoro paBHa f(x). OH
Ha3bIBAETCA Nep8ooOpA3HOL WK UHMezpanom oT f 1 ob6o3HadaeTcs

/f(x)dxd:efaox+ﬂx2+ﬁx3+...=bek. (3-13)
2 3 &k

[TepBoOGpPasHbIH PSAZl OT 3HAKOIIEPEMEHHOMN reOMeTPUYIECKOH IIPOrPECCUU HAa3BIBAETCS J102apudMom
¥ obo3HavaeTcs

1n(1+x)°‘=ef/10f =/(1—x+x2—x3+...)dx=
X

EAMHCTBEHHBIN PsiZl cO CBOGOAHBIM WieHOM 1, COBIaZaoNIMil Co CBOel MPOM3BOAHOM, HAa3bIBAETCS
3KCNOHeHmoll ¥ 0003HaYaeTCs

2 3 4 XS

SN ok =1ex+ T+ 3-15
I;) / 2 6 24 120 ( .

3.3.1. JlorapudmupoBaHue U IKcIIoHeHupoBaHue. O6o3uaunm yepe3 N = (x) C k([x] agau-
THBHYIO abeJieBy TPYIIITY BCeX PsoB 6e3 cBobGoaHoro wieHa, ayepe3 U = 1+N C k|x]] — mynbrurwiu-
KaTHUBHYIO abeJieBy TPYIITY BCEX PAJOB C €JMHUYHBIM CBOOOAHBIM YieHOM. [10/icTaHOBKA B apTyMeHT
sorapudma BMecTo 1 + Xx mpousBosbHOrO psga u(x) € U o3HayYaeT IMOACTAHOBKY B JIoTapudpMude-

ckuii psag (3-14) BMecTo mepeMeHHOU x psaga u(x) — 1 6e3 cBO6OAHOTO WieHa U TEM CAMBIM SIBJIIETCS
anrebpanyeckoi onepauneﬁl. ME&I TosTy4aeM 0TOGparKEHUE J102aPUPMUPOBAHUS

In: U= N, urlnu. (3-16)

VIIPAXKHEHME 3.5. YoequTech, 4TO d% Inu=u'/uuln(l/u) = —Inu anascexu € U.
[MoacTaHOBKA B 3KCIOHEHTY (3-15) BMecTo x jroboro psaga t(x) € N gaér psag e™) co CBOOOAHBIM
wieHoM 1. MBI TOJIy4aeM 3KCnoHeHUUAIbLHOe 0mobpaiceHLe

exp: N->U, 10 e". (3-17)

JIEMMA 3.3
Jina pagos u,w € U paBerctBau = w,u’ = w’, In(u) = Inw)uu’ /u = w’ /w nonapuo skBuBa-
JIEHTHBI IPYT ZIPYTY.

1Cm. n° 2.1.1 Ha cTp. 36.
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JIOKA3ATE/IBCTBO. [lepBoe paBeHCTBO BIEYET 3a o060l Bce ocTambHbIE. [I0CKOMBKY PAABI C PABHEI-
MU CBOGOJHBIMH WIEHAMY COBIIAJAIOT eC/IM U TOJIBKO eCJIM COBIAZIAlOT UX IPOM3BOAHEIE, TIEPBhIE BA
paBeHCTBa U TOC/Ie/IHME B PaBeHCTBA PaBHOCKIBHEL ZIPYT ApyTy. OcTaéTes IoKasaTh, 9TO U3 IIO-
c/lef[Hero paBeHCTBa ceAyeT mepsoe. Ho mocieqHee paBeHCTBO yTBepkaaeT, uto u’ /u —w' /w =
=@'w-w'u)/uw=w/u)-(u/w) =0orkyza (u/w) =0,T.e.u/w = const = 1. O

TEOPEMA 3.2

DKCIIOHEeHITHAIbHOE U JjorapudMudeckoe orobpaxkenus (3-17) u (3-16) ABIsI0TCA B3auMHO o6paT-
HBIMHU m30Mopdu3Mamu abeseBbIX IPYIII, T. €. JIS JIIOOBIX PAJOB U, U, U, U3 U U T, T, T, U3 N BBHI-
nonHsoTeA TokAecTBa lne® = 7, ™% = v, In(u,u,) = In(u,) + In(u,), e™11%2 = ef1e®.

JIOKA3ATEILCTBO. PaBeHcTBO In e” = T mpoBepseTcst cpaBHEHNEM ITPOU3BOHBIX OT OGEUX YacTel:

/
T T/
’ e e'r
mery ) e
et et
a paBEHCTBO et =g CpaBHEHHEM JIOTapUPMUIECKUX TPOU3BOAHBIX:

/
(elnu) _ ell’lu(lnu)’ _ ul
elnu elnu T u

TeM cambIM, SKCIIOHEHIIMPOBaHUe U J1orapu$pMUPOBaHUE ABIAIOTCA B3AUMHO OOPATHBIMU GHEKIUsA-
mu. Psizget In(u, u, ) v In u, +1n u, COBIAAAOT, HOCKOMbKY UMEIOT HyJIeBble CBOGO/HbIE WIEHBI U PABHBIE
IPOU3BOAHBIE:

C(wuy)  uju, fugul up o ug

!/
==L+ 2= (lnu, +Inu,)
U U, U U, U U

(ln(uluz)) !

[ToaToMmy JlorapudMUpoBaHre — roMoMopdU3M, a 3HAYUT, U 06paTHOe K HEMY SKCIIOHEHIMPOBa-
HUE — TOXKe. O

YIPAKHEHMUE 3.6. Jlokaxkute B Kk [[x, y]] paBenctso e**Y = e*e¥ HemocpencTBeHHBIM CpaBHEHHEM
K03 PUIMEHTOB 3TUX JABYX PAJOB.

3.3.2. CreneHHas QyHKIUA U OMHOM. B 3TOM paszerne MbI IIPOJOIKAEM CUMTATh, 4yTo Tose k
VMeeT XapaKTePUCTUKY Hyib. [ moboro unucaa a € k onpezgenum 6uHomuansHalil psid ¢ oKasare-
neM @ bopmyon

(1 +x)zx def ealn(1+x)

[MoacTapss BMecTO 1+ X Mpou3BOIbHEIE PSAZABI U € U, MBI 715 Jito6oro yncia @ € k monydaem anre6-
panvecKyIo Omeparuio 603gedeHus 8 a-myto cmenewsb U — U, u — u%, o61azaioniyo BceMy UHTYH-
THUBHO OXKUJIAEMBIMU OT CTETIEHHOM QYHKIIMK CBOMCTBAMU. B 4acTHOCTH, AJIS JIIOOBIX pAAoB U, v € U
U urcen a, f € Kk BBIMTOMHAIOTCS paBeHCTBA

alnueﬂlnu — ealnu+Blnu (a+p)lnu _ ua+B

ua . uB =e = e
(ua)ﬁ — eBln®) _ ,BIn(e*™) _ ,aflnu _ , aB

(uv)a — ealn(uv) — ea(lnu+lnv) — e(xlnu+alnv — e(xlnu . ealnv = y%p%

Hamnpumep, A71s1 1060T0 psifia U C €AUHUIHBIM CBOOOAHBIM WIEHOM DS/ u/n MIpeZICTaBIsAET COOOI0 {/&
n o
B TOM CMBICJIE, YTO (ul/") = u. YTo6B! IBHO HAHTH KO3QOUIMEHTHI a; OMHOMUAIBHOTO PAAa

1+x0)%=ay+a;x+ax*+...
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pPaccMOTpPUM ero JorapudMUIecKylo IIPOU3BOAHYIO

(A+0%)" g d «
— = —1In(1 ¢ =a—In(1 =
1+ x)= dx n(l +x) adx n(1 +x) 1+x

)a+1

YMHOKas JIeByIo U ITpaByto yacTy Ha (1 + x , [ToJIydaeM paBeHCTBO

(al + 2a,x + 3a;x* + ) l+x)=a-I+ax+ax®>+a;x®+..).
CpaBHWBas Ko3ddbuIMenT IpU X~ B TIPaBOit U JIEBO#T YACTH, IPUXOAMM K PEKYPPEHTHOMY COOT-
HomeHuto ka; + (k — 1)a,_, = aay_,, U3 KOTOPOTO

Ca—(k-1)  _ @-G-D)a-(k-2)
=T T k(k—1) "z =
_ (a—(k—1)a—-(k-2))(a—Da
Kl ‘

Crosiias B IpaBoi 4acTu Apobb UMEET B YUCIUTENE ¥ 3HAMEHATEJIe 10 K MHOXKUTEJIEH, Ipe/ICTaBJIs-
OIIHX COBOIO MOC/IEA0BATEBHO YMEHBINAOIIECS HA eIUHUITY YKCIa; B 3HaMeHaTene — oT k 10 1, B
yucauTene — oT a 10 (@ — k + 1). DTa Apobb Ha3bIBAETCS OUHOMUMILHBIM KOAIPPuyUeHmom 1 060-
3HaYaeTcsa

v = (3-18)

a\ o Ala—1) - (a—k+1)
k!

Takum obpazom, Auid moboro a € k cipaBeanuBa gopmyna Horomoua

1+x)*= z <a>xk cltaxs He=De dl@-D@=2) 5,
s k 2 6

ITPUMEP 3.7 (BMHOM C PALIMIOHAJIbHBIM ITOKA3ATEJIEM)
Ecmma =n € N, Tonpu k > n BunciuTtesne 1po6u (3-18) nosaBurcs HyneBoi COMHOXUTENb. [ToaToMy
pasyioxkeHre OHOMA B 3TOM CiIydae KOHEYHO U IMeeT BUJ,

n
(1+x)n:1+nx+@x2+...+xn=2 <Z> - xk,
k=0

3HaKoMbIl HaMm u3 popm. (0-8) Ha cTp. 7. [Ipu @ = —m, rie m € N, MBI Toy4aeM pas3iokeHue 13
¢dopm. (3-8) Ha cTp. 57

A+x)M=1-mx+ Mt D 2 mm+Dm+2) 5, _ 2(—1)"("”"_1) xk.

2 6 k

k>0

[lpu @ = 1/n, tae n € N, popmyna HeroToHa pa3BoOpavyrBaeT B CTENEHHOM PsJ paguKal

+ ... =

o G 3G G
1+x=14+=x+ x% + x3
n 2 6
x n-1 x> @m-1)2n-1) x* @-1D@n-1)Bn-1) x*

=14+4=—-— =+
n 2 n2 2-3 n3 2-3-4 n*
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Hanpuwmep, mpun = 2 u k > 1 B kadecTBe KoaddurmenTta npu x© momyaaercs gpo6s

1-3.5-...-(2k=3) _(-D** 1 _<2k—2>

—1)k-1.
1 2k 2k 4k-1 k-1

k-1 _ k
\/1+x=1+zk>1¢-<2k 2)-4’,‘{_1. (3-19)

k k-1

[TPMEP 3.8 (uncIA KATATIAHA)
Bocnomeayemcs paznoxkeHueM (3-19) s mosyueHus SBHOU GopMysisl i uuces Kamanawna, gacto
BO3HUKAIONINX B KOMOMHATOPHBIX 3a/a4aX. Beraucivm npousBesienuie n + 1 uucen

gy ... 0y, (3-20)

JleJiasi 3a OJJMH IIar POBHO OJHO M3 N YMHOXXEHUI U 3aKJIIovasi TepeMHOKaeMble YKcia B CKOOKU. B
pe3y/bTaTe MBI paCCTaBUM N TIap CKOOOK B BeIpakeHnH (3-20). KomuecTBO pa3mUuIHBIX paCcCTAHOBOK
CKOOOK, BO3HUKAIOMUX TAKUM 00pa3oM, HasbIBaeTcs n-bIM uuciom Kamanaua c,,. llpun = 1 ectsb
JIVIIb OfHA pPaccTaHOBKa CKOOOK (aya,), npun = 2 — aBe (ay(a,a,)) u ((aya,)a,), npun = 3 —
nAathe: (ag(a,(a,as))), (ay((aaz)as)), ((aga)(azas)), (ag(a,az)as), ((aga,)a,)as). MHOKECTBO
BCEBO3MOJKHBIX PACCTAHOBOK CKOOOK B mpou3BeAeHuu (3-20) pacrnazaeTcs B AU3bIOHKTHOE 00be/H-
HEHMe N MOAMHOXKECTB, B KOTOPBIX KOHQUTypaINi Hapy>KHBIX CKOOOK UMEIOT BU/

(ag(a, ...ay)), ((aga)(a,...ay)), ..., ((Ag ... ap_y)an_1a,)), ((ag ... ay_1)ay)

U KOTODBIE COCTOAT, COOTBETCTBEHHO, U3 Cp_1, C1Cn_s C2Cn_z; -+ Cn_Cq, Cp_q HIEMEHTOB. Eciu 0-
TIOJIHUTH TIOC/IeI0BATENbHOCTD uncen Katanana unciom ¢, & 1, To OMyYnTes COOTHOIIEHNE

Ch = CoCpn_q + CiCh_> + ...+ Ch—2Cq + Cnh-1Co >

osHavaroee, uTo pad Kamanana c(x) £ Y k>0 ckxk =1+c¢x+c,x* + ... € Z[x] ynosnerBopsier
ypaBHenumo c(x)? = (c(x) — 1)/ x, T. e. ABNAETCA NeXamuM B Koablle Z[x]] KopHeM KBaZpaTHOTO
TpéxuieHa xt? — t — 1 = 0 oT nepeMeHHoi t. B mose psazos Jlopana Q(x) D Z[x]] kopuu HaxoasTcs
TI0 CTAaHJAPTHOM HIKOIbHOM Gpopmyne t = (1 +4/1 — 4x)/2x. Tak kak 1+ /1 — 4x He fenuTcs Ha 2X

B Z[x]), xopens (1 + v/1 — 4x)/(2x) & Z[x]]. Tem cameim, c(x) = (1 — /1 — 4x) /(2x), oTKyzZa 1O

dopwmyie (3-19)
1 2k
= —— .
kE+1\k

OTMeTI/IM, 4TO JAaXXe He Cpa3y IIOHATHO, YTO 3TO YMCJIO — LIeJIoe.

3.4. Jeiicreue Q[[d / dt]] na Q[t]. PaccMoTpum KobIo GOpManbHBEIX cTermeHHBIX psgoB Q [x] ot
HmepeMeHHOM X U KOJIbIIo MHOTOWIeHOB Q[t] oT mepeMeHHo1i t. O603HaYNM Uepe3

_d o ,
D=2:Qltl-Qltl. gg,

oneparop auddepeniupopanua. Oneparop D MOXHO IOACTaBUTb BMECTO IIepeMeHHOH X B JII0O0H
cTelneHHOH psaz P (x) = E,@O (pkxk € Q[x]]. PesysnbraTom Takoii OACTAHOBKH, IO OIPEEIEHHUIO,
ABJIAeTCA IMHeHHoe 0ToOpakeHne

O(D): Qltl = Qltl, [ ) 0D f = @of +oif +0f "+ ... (3-21)

k>0
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[MockomnbKy Kaxkzoe uddepeHIpoBaHNe YMEHbIAeT CTelleHb MHOTrOWIeHa Ha eJMHUILY, BCe clara-
eMble B TpaBoii yacTtH (3-21) obpaTaTcs B Hyslb ipu k > deg f. Takum 06pa3oM, AJIs1 KasKJ0ro MHOTO-
wieHa f € Q[t], nmpaBas yacTh (3-21) ABJAeTCA KOPPEKTHO OIpeeléHHEIM MHOTOWIEHOM, KaXXAbIi
K03 PUIMEHT KOTOPOTO BBIYUCIAETCSI KOHEUYHBIM YHUCIOM JeHCTBUM ¢ K03bdUIleHTaMU UCXOAHO-
ro MHorowieHa f u nepBbiMu deg(f) koadpduinentamu psaga @. JinHeHHocTh oTobpaskeHus (3-21)
osHauaert, yto ®(D)(af + Bg) = a®(D)f + fP(D)g nnsa Bcex a,f € Qu f,g € Q[t]. Pesynp-
TaTOM IIOZICTaHOBKH oriepatopa D B mpoussegenue psagos @(x)¥ (x) € Qx| asnsercs komnosuyus
®(D) o ¥ (D) =¥ (D)o ®(D) orobpaxkenuii @(D) u ¥ (D).
YIPAXKHEHUE 3.7. Y6eUTeCh B 3TOM.

TakuMm ob6pasoM, Bce oTobpakeHus Buga ¢ (D) mepecTaHOBOYHHI JPYT C APYTOM, U I GMEKTUBHO-
ctu otobpaskenusa @ (D) HEOGXOANMO ¥ JOCTATOYHO, YTOOHI CTeleHHOM paz @(x) 6T o6paTuM’ B
kosbLe Q [[x]] . B ciy muHetiHOCTH 3HaueHMe oTo6paxkeHus ¢ (D) Ha MPOU3BOIbHOM MHOTOWIEHE BBI-

pakaeTcs dyepes ero sHadeHuda @, (t) & @(D)t™ Ha 6a3UCHBIX OZHOWIEHAX t™:
®(D) (ag + at+ ...+ ant™) = ag + a; D, () + ... + a, P, (0).

MHuorouneH @,,(t) & @(D)t™ HaspIBaeTCA M-THIM MHO20UNeHOM Annens paza @. Ero creneHs He Tpe-
BOCXOZIUT M, a KO3 PUITMEHTHI 3aBUCHT JIUIIb OT MEPBBIX M + 1 KoadduiineHTOB psizza .

I[IPUMEP 3.9 (OIIEPATOPHI CZIBUTA)
Skcnonenta e =1+ D + D?/2 4+ D3 /6 + ... uMeeT MHOrOWIeHHI ATITiess

1 mm—-1)...(m—-k+1) m

D,.m k,m — — m—k _ m-k m

e’t —ké _k!D t" = E X t = E <k)t =t+1™.
20 k>0 k=0

Tostomy e? : f(t) = f(t + 1) — a0 onepamop cdsuza. Tak Kak psaasl e* u e ™ o6paTHHI APYT APYTY

B Q[x[], oneparopsr e? u e P Toxe obpatusl zpyr apyry, T.e. e 7P 1 f(t) — f(t — 1).

VITPAXKHEHUE 3.8. Y6eaurech, ato e%P : f(t) — f(t + a) npu mo6oM a € Q.
TTPUMEP 3.10 (BBIYMCIEHUE CYMMBbI CTEITEHEL)
151 IPOM3BOMBHO 3aGUKCHPOBAHHOTO M € Z,, PACCMOTPHM CyMMY

n
S E 0™+ 1M 2™ 4 3™+ 4™ = ) k™ (3-22)
k=0

kak ¢yHKIMIo oT n. [Ipum = 0, 1, 2, 3 dyHKIIMA S, () JOCTATOUHO U3BECTHBI:

Som=1+...+1=n
SSm=1+2+...+n=nn+1)/2
S,M)=1*+2%+...+n*=nn+1)2n+1)/6
Ssm)y=13+22+ ... +nd®=n*(n+1)?/4=5,(n)?*.

(3-23)

YTOOE!I TOTYIUTH ANIA Sy, () ABHOE BEIpAXKEHUE, IIPIMEHUM K 9TOH GYHKIIUU PABHOCMHbLI onepamop

Vi) = o) —et-1).

IT. e. umen HEHYJIEBO CBOOOZAHBIN WieH, CM. IpUM. 2.2 Ha CTp. 37.
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®yukuus VS, (t) IpUHUMAET py Beex t € Zy, Te e 3HaYeHWs, YTO U MHOTOWIEH t™. Eciu cyme-
CTBYeT Takoi MHOTOWIeH S,,(t) € Q[t], uto S,,,(0) = 0 u VS,,(t) = t™, To ero 3HaYeHUs B TOUKAX
t=0, 1, 2, ... nocseoBaTeIbHO BHIYUCIAIOTCA, HauKHad ¢ S, (0) = 0, mo popmyite

Sp(m) =S,(n—1)+VS,,(n) =S,,(n—1)+n™

Y COBIaZAIoT c cyMMaMu (3-22). [TokaxkeM, 4To ypaBHeHue VS, (t) = t™ umeet B Q[t] eJUHCTBEHHOE
pewenue S, (t) ¢ S,,,(0) = 0. CormacHo npum. 3.9 onepatop V. Q[t] — Q[t] umeeT Bug

_ -D
Vel1—eP=lz€¢"p.
D

Pazg (1 — e ) /x umeert cBo6oaubIi wieH 1 u o6patum B Q [x] . O6paTHEIi eMy psj
dx) e —%X ¢
(0% —— e Q]

HaspiBaeTcs padom Todda. Tloacrasnasa x = D B paBeHcTBo td(x) - (1 —e ™) = x, moy4aeM COOTHOIIE-
uue td(D)» V = D. Crano 6bITb, DS, (t) = td(D)VS,,,(t) = td(D)t™ = td,, (t) ABIsAETCI MHOTOWIEHOM
Anmnensa paga Toaaa, a MCKOMBIN HAMU MHOTOY/IEH S, (t) = / td,,,(¢t) dt nosmy4aeTca U3 Hero UHTErpu-
poBaHueM. 3anuiiieM psz ToAja B «3KCIIOHEHIINANbHOM dopmMe»

) = Y, Kk, (3-24)
&

CyMMa m-ThIX CTelleHel IIepBBIX ¢ HaTypaJbHBIX YKcesl paBHA

aktm—k+1

Smlt) = / ( y % prem) e = / (km; <’:> @™ k) de = » <7:>m——k+1 _

|
k=0 k! k=0

1 m+1 m+1 2 m+1 m m+1 ma1
= a,t+ a t“+ ...+ at™ + a,t .
m+1<< 1 > m < 2 > m-1 ( m > ! <m+1> 0

Ty dopMyITy 4acTO CUMBOJIMYECKU ITUIIYT B BUZE

(Mm+1)-S,t) =@ +™ —a,,,,

)m+1 k

IZle cTpesKa y a' mpeArnchiBaeT IPH PacKPBITUY GHHOMA (a + t 3aMeHATb a" Ha a;,. Koaddunu-

€HTBI (), PEKYPCHBHO BBIYMCIIOTCA U3 paBeHcTBa td(x) - (1 — e™*) /x = 1, KoTOpoe ¥MeeT BUz

a a a 1 1 1 1
1+a x+—2x2+—3x2+—4x4+...>~(1——x+—x2——x3+—x4—...):1.
< 1 2 6 24 2 6 24 120

YIIPAXXHEHME 3.9. HaliziuTe IIepByIO JI0KUHY YHCeN a;,, TpoBepbTe GOopMyIH (3-23), ZOIOIHUTE UX
ABHBIMU dopMynaMu A1 S,(n) u Sg(n) u BBIYHCIHITE S10(1000).

! gxoB BepHy/mm (1654 —1705), MOIb3yACh JTUIIb IIEPOM U 6yMaroii, cIoxmn 10-e CTeTleHy TIepBOi ThICA-
YU HaTypalbHBIX YKCEJ IPUMEPHO 3a 7 MUHYT, O 4éM He 6e3 TOpAOCTH HAIMKCal B CBOEM MaHYCKPHIITE «Ars
Conjectandi», uszansoM B 1713 rozgy y»xe Iocjie ero KOHYUHBL.
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3AMEYAHMUE 3.1. (uncyia BEpHy/in) Haspanue «psif Togzma» BOILIO B 0GMXOZ BO BTOPO# MoIoBHHe XX
Beka mocjie paboT Xupliebpyxa v I'poTeHAVKa, I/le OH MCIIOIh30BaICA A1 GOPMYIUPOBKU U [IOKa-
3aTeNbCTBa TeopeMbl PuMana — Poxa. Bo BpemeHa BepHymiu u Diinepa nMpeAnovnTa Iy Moab30BaThCS
pagom td(—x) = x /(e — 1), KoTopbiit omIMYaeTcs oT td(X) pOBHO B OZIHOM YJI€HE, TIOCKOIbKY

x x 2—e¥—e™*
td(x) — td(—x) = 1—e—x+1—ex =x'(1—e—")-(1—ex)=x

Tem cambIM, K03 durieHTsI IpH X B td(X) 1 B td(—X) paBHBEI COOTBETCTBEHHO 1/2 11 —1/2, a Bce mpouue
K03QOUIMEHTHI PU HEYETHBIX CTEIEHAX x2**1 ¢k > 1 B 0Goux pazax Hynesble. KoaduriueHTsl By,

B OKCIIOHEHIIUAJIBHOM IIpE€ACTaBJICHUN

X Bk k
ex—l_zﬁx

k>0

HaseIBalOTCA yucnamu beprynnu. Takum obpasom, B, = a;, npu k # 1 u obpamaroTca B Hy/Ib IIpU
BCex HeYéTHRIX kK > 3,a B, = —a; = —1/2. Co BpeMéH CBOEro OTKPHITHA YHcIa BepHy/LIH BRI3BIBa-
I0T HeocslabeBaloluii HHTepec. VM MoCBAmeHa 06IMpPHAs IUTepaTypa’ U ClelualbHblil HHTepHeT-
pecypc?, Ha KOTOPOM CpeJy IPOYEro eCTh MPOrpaMMa /I GHICTPOTO BHYMCICHHUSA YHCENT B}, B BU-
Jle HECOKPaTUMBIX PallMOHAIBHEIX Apobeil. OZHAKO, He CMOTPSI Ha MHOXXECTBO KPaCHUBBIX TEOPEM O
uymcIax bepHy/H, Ipo ABHYIO 3aBUCUMOCTD B,, OT n M3BecTHO HEMHOTO, U 000 cogep:KaTeNbHbIN
HOBBIH B3IVIs1Z] B 9TOM HaIlpaBleHUU ObUT ObI MHTEPECEH.

YIPAXKHEHMUE 3.10. [TomyuuTe Aa urcen bepHymu peKypcuBHyo GOpMyITy

n-1
(n+ 1B, =~ <":1) . B,.

k=0

'HauaTh 3HAKOMCTBO C KOTOPOi 51 COBETYIO ¢ I 15 kuuru K. Afipasud, M. Poysen. «<Kraccideckoe BBeieHHE
B COBPEMEHHYIO TEOPUIO uuces» U § 8 1. V kuuru 3. . Bopesguu, U P. Illlagapesuy. «Teopus duce.
thtp://www.bernoulli.org/
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§4. Ugeansl, pakTOPKOJIbLA U pa3jI0KeHNE HA MHOXKHUTEIN

4.1. Upeans. [Toakoabio | KOMMYTaTUBHOTO Kosiblla K Ha3pIBaeTcs udedloM, ECJIU BMECTE C KaXK-
JIbIM CBOVM 3JIEMEHTOM OHO COZIEPXKUT W BCe ero KpaTHble. B n° 1.5.3 MBI BUZEIN, YTO 3TUM CBOU-
CTBOM 06JaZiaeT si7ipo Jr060ro romoMopduaMa Kosell. MHOKECTBO BCEX IJIEMEHTOB KOJIbIla, KPATHBIX
dUKCUpOBaHHOMY 3JIEMEHTY a € K, Takke ABaAeTcs ugeaaoMm. OH o603HavaeTcs

(a)={kal|keK}, “4-1)

Y Ha3bIBAETCS 2/1a8HbIM U/IEATIOM, TIOPOXKAEHHBIM a. [JTaBHbIE MleasTbl NCIIOIh30BaINCh HAMU TPU 10~
cTpoenuu Konen BerdetoB! Z/(n) u k[x] / (f), Iie OHM BO3HUKAIM KaK Apa rToMOMOPGU3MOB paKTo-
pusatmu Z » Z/(n), m — [m],, uk(x] » kix]/(f), g —» [g]f, TepeBOAAIINX 1iejioe YUcaIo (COOTB.
MHOT'OYIEH) B KJIacc ero BeryeTa. Cpey IIaBHBIX HealoB UMEIOTCI mpusuanbHbtii ugean (0), cocto-
SITIWH TOJIBKO U3 HYJIEBOTO 3JIEMEHTA, U HecobcmaeHHbill ngean (1), coBaamoniuii co BCEM KOJBIIOM.
Vizeasbl, OTJIMYHBIE OT BCETO KOJIbIIA, Ha3bIBAIOTCS COOCMBEHHBIMU.

YIIPAXXHEHUE 4.1. [IoKaXkuTe, YTO CclIeAyIollre YCIOBUA Ha ujean I B KOMMYTaTUBHOM KoJblle K ¢
eauHUIEH skBUBaieHTHB: A) [ = K B) 1 €1 B) I comepXuT 06paTUMBI JIEMEHT.

[IPEAJIOXKEHME 4.1
KomMmyTaTuBHOe Koiblio K ¢ eMHUIEN TOTZIa M TOJBKO TOTZA ABJSAETCA IOojieM, KOrZa B HEM HeT
HETPUBUAJIBHBIX COOCTBEHHBIX U/IEATIOB.

JOKA3ATELCTBO. M3 yTIp. 4.1 BEITEKAET, YTO B [TOJIe TAKUX HZieaoB HeT. Hao60poT, ecsiv B KOJIbLie HET
HeTPUBHAJIBHEIX COOCTBEHHBIX UZ€aJOB, TO IMIaBHBIHM uzea (b), cocToAmui 13 BceX KpaTHBIX ITPOU3-
BOJIBHO B3ATOr0 37ieMeHTa b # 0, coBIaZiaeT co BceM KOJIBIIOM. B 4acTHOCTH, OH COZEPXKUT eANHUILY,
T.e. 1 = ab ansa Hekoroporo a. Tem cambIM, 1060 HEHYIEBOU 1eMeHT b o6paTUM. [l

4.1.1. HérepoBocTs. JItoboe moagmMHOkecTBO M C K mopokzaaeT ugean (M) C K, cocTosmuii us
BCeX 2JIeMeHTOB Kojblla K, TpeAcTaBUMBIX B BUAe b, a, +...+b,,a,,,raea,, ... , a,, — IPOU3BOJIbHbEIE
aJIeMeHTHl MHOXecTBa M, a b, ..., b,, — TIpOM3BOJIbHBIE 3JIEMEHTHI Koblia K, ¥ 9HUC/IO claraeMbIX
m € N Taxke IpOU3BOJBHO.

YOPAXKHEHUE 4.2. YoeauTech, uto (M) C K sBiseTcs ueanioM U COBIIAZAET C eEpeceueHreM BCex
W/1easioB, CoflepKaIluX MHOXKECTBO M.

Jro6oti uzean I C K umeet Buz (M) A TIOAXOASAIIETO MHOXKeCTBa obpasyromux M C [: Hanpumep,
BCerza MOXKHO oNoxkuTh M = [. Ugeanel [ = (a4, ..., a,) = {b,a,; + ... + bya, | b; € K}, nomycka-
IOIIie KOHEYHOE MHO)KECTBO 00pa3yroNInX, Ha3bIBAIOTC KOHEUHO NOPOHCOEHHBIMU. MBI BCTpEeYaTUCh
C TAaKUMH H/ieaiaMu, KOTZa J0Ka3bIBAJIU CyIeCTBOBaHME HAaUOOJIBIIIETO OOIIETO JETUTENA B KOJbIAX
I[EJIBIX YKCeI I MHOTOUWIEHOB C KO3QPUIMEHTaMH B ITOJIE.

JIEMMA 4.1
Crepyromiyie CBOMCTBA KOMMYTAaTUBHOT'O KOJIbIIa K ITOMIapHO SKBUBAJIEHTHBI:

1) moboe moaMHOXecTBO M C K cozepXUT KOHEUHBIH Habop 57eMeHTOB d,, ..., 4, € M, mo-
POXJAIOUINH TOT XKe uzeast, yro u M

2) smob6oii ngean I C K KOHEYHO TIOPOXKIAEH

'Cm. n° 1.4 Ha cTp. 27 mn° 2.3.1 Ha cTp. 42.

66
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3) mobas 6eckoHeYHasA Bo3pacTalollias LellouKa BIOXKeHHbIX ugeanoB [; C I, CI; C ... BK
cTabWIU3upyeTcsa B TOM CMEIC/Ie, YTO Haiiaérea Takoe n € N, uro [, = [, 714 Bcex v > n.

JIOKABATE/IBLCTBO. fIcHO, uTo (1) BiedéT (2). YTo6b! momyduTsh (3) u3 (2), 3aMeTUM, 4TO 06'beJUHEHHE
I = U I, Bcex nzeasoB LeII0YKH TOXe ABJAeTcA uieanoM. CornacHo (2), ugean | MOpoxXAEH KOHeY-
HBIM HabOpOM 371eMeHTOB. Bce oHU IpHUHaAIexaT HeKoTopoMy uzeany [,. Toraa I, = I = [, mpu
v 2 n. Yrobs! BeiBectH (1) u3 (3), 6yAeM 10 MHAYKIIUY CTPOUTD LIEIIOYKY uAeanos I, = (a,, ..., ay,),
HAaYaB C IIPOU3BOJIBHOTO 37eMeHTa a; € M u f06aBiad Ha k-TOM ILIary odepeHyro 0O6pasyollyio
ay € M N\ I,_, ;o TeX 1op, IIOKa 5TO BO3MOXKHO, T. €. Ioka M ¢ . Tak kak I;,_, & I, aTOT mpouecc
He MOJKET IPOJOKATHCS OECKOHEYHO, ¥ Ha KaKOM-TO IIIary MbI TIOJIYYUM UJeas, COAep KaIluil Bcé
MHOXXeCTBO M, a 3HauMT, coBIlazatomuii ¢ (M). O

ONPEJENEHUE 4.1
Kosb1io K, yOBIETBODSIIOLIEE YCIOBUAM JieM. 4.1, HaspiBaeTcs Hémepossim. OTMETHM, ITO T1060e To-
Jie HETEePOBO.

TEOPEMA 4.1 (TEOPEMA 'MJIBBEPTA O BASUCE U/IEAJIA)
Eciu xonb11o K HETEPOBO, TO KOJIBIIO MHOTOWIEHOB K [X] Tak:ke HETEPOBO.

JIOKABATE/IBCTBO. PaccMoTpuM npousBosbHEIN Hgean I C K[x] u o6o3HaunM uepes Ly C K MHOXe-
CTBO CTapIIMX KOIGOUIIMEHTOB BCeX MHOIOWIEHOB CTeleHH He Bhlie d us [, avepe3 L, = | aLla—
MHOXKECTBO CTapIIuX Ko3GGUIIMEHTOB BOOOIIE BCEX MHOTOWIEHOB U3 .

YIIPA’KHEHHUE 4.3. YoeauTech, 4To Bee L; (BKmodas L) ABIAIOTCA UeanaMu B K.

[Tockonpky Konbllo K HETEPOBO, Bee uieandl L; KOHEYHO MOpoxJeHbl. Jia kaxaoro d (BkIodas
d
d = o0) 0603HaUYUM Yepe3 fl( ), ,(n‘? € K[x] MHOTOWIEHEI, cTapirre Ko3pPUIMEHTh KOTOPHIX

o 6 ] (c0)
HIOPOX/IAI0T COOTBETCTBYIOWMIA uaean Ly C K. Ilycte Hanbobias U3 cTelleHel MHOTOWIEHOB f;
cTapire K03$GUINeHTH KOTOPHIX IOPOXKAAIoT uzaean L, paBHa D. [TokaxxeM, 4To uzeas | TOpoX-
d
JlaeTcs MHOTOWIeHaMU fi(°°) u f].( )ed < D.

Kaxzp1it MHOrowieH g € [ cpaBHUM II0 MOZY/II0 MHOI'OYIEHOB f1(°°), cees f,(nfo) C MHOT'OWIEHOM,
CTelleHb KOTOPOT'o CTporo MeHbie D. B caMoM zejie, MOCKOJIBKY cTapmuii k03¢ ULleHT MHOTOWIe-
Ha g JIOXUT B uzeane L, OH uMeeT BUZA Y. A;a;, tae A; € K, a a; — crapive KoaQQUIIeHTE MHO-
TOWIEHOB fi(°°). Ilpu degg > D Bce pasHocTH §; = degg — degfi(°°) > 0, u MOXXHO 06pa3oBaTh
MHOTOWIEH h = g — ) A; -fi(°°)(x) . xfi, CPaBHUMBI ¢ g 1o Mozy:io | 1 uMmeromuii deg h < deg g. 3a-
MeHsIeM g Ha h 1 IOBTOPsieM MPOLEAYPY, TOKA He MOJYINM MHOTOWIeH h = g (mod ( f1(°°), cees ,5::’0)))
cdegh < D. Teneps cTapmuii koaddulieHT MHOTOWIeHa h 1eXXUT B uzieane Ly cd < D, 1 MBI MOXeM
CTPOT'0 YMEHBIIATh €r0 CTeNeHb, TEM JKe CIIOCOOOM COKpalllas CTApIIN WieH ITyTéM BEIYUTAHUA U3 h
MOZAXOASALINX KOMOUHAIII MHOTOWIEHOB f}d) c0<d<D. 0

CJ/IEICTBUYE 4.1
Ecnu K HETEpOBO, TO KOJIBII0 MHOTOWIEHOB K[x,, ..., X, ] TaKkke HETEPOBO. ]

YTIPAYKHEHUE 4.4. [IOKQ)KUTe, YTO KOIbIIO GOPMAaTbHBIX CTENEHHBIX PAZOB HA/l HETEPOBBIM KOJIBIIOM
HETEPOBO.

CHEICTBYE 4.2
Jlrobast crcTeMa TOJMHOMUANBHBIX YpaBHEHUM ¢ Ko3bdulleHTaMU B HETEPOBOM KOJIbIle SKBHBa-
JIeHTHa HEKOTOPOM KOHEYHO cBoell mojicrcTeMe.



68 84 Vzeansl, GaKTOPKOJIBIA U PA3IOXKeHe Ha MHOXKUTEN

JOKA3ATENBLCTBO. Ecu konb1io K HéTepoBo, TO Komblo K([x, ..., X,] TOXXe HETEPOBO, U B JIO60M
MHOXKecTBe MHorowleHoB M C K|[x,, ..., X, ] MOXXHO yKa3aTb TaKOl KOHEUHBII HAO0OP MHOTOWIEHOB
fi>---» fm € M, uTo KaXABIIt MHOTOWIEH g € M mpe/cTaBideTca B Buie g = hyf; + ... + h,, f,,, Ana
HeKOTOPHIX h; € K[x4, ..., x,]. [ToaToMy toboe ypaBHeHUe BUAA g(X4, ..., X,) = 0c g € M ABndaeTca
cleiICTBUEM m ypaBHEHUM f; (X, ..., X,) = ... = fr (x4, ..., x,) = 0. ]

4.1.2. IlpuMmepbl HEHETEPOBBIX KoJiell. KolbIl0 MHOIOWIEHOB OT CYETHOTO MHOXKECTBa Ilepe-
MeHHBIX Q[x,, X, X3, ...], 27IeMeHTBI KOTOPOT'O CyTh KOHEUHBIE TMHEHHbIe KOMOMHAIINY C palluOHAb-
HBIMM K03QUlieHTaMi BCeBO3MOXKHBIX MOHOMOB BU7Ia xﬂilezz x:,rsl ¥ He ABJAETCA HETEPOBBIM:
ero uzean (X, X,, ...), COCTOANINI U3 BceX MHOT'OWIEHOB 6e3 CBOOOJAHOTO WieHa, Helb3sl IOPOAUTh
KOHEYHBIM MHOXXECTBOM MHOT'OWIEHOB.

YIIPAXXHEHUE 4.5. JIOKQ)XKHUTe 3TO U BBIICHUTE, ABJIAETCS JIM KOHEYHO MTOPOXKAEHHBIM Hzea, 06pa3o-
BaHHBI B KOJblle 6eCKOHEYHO TTagKkux GyHKIMH R — R BceMu GyHKIIUAMY, KOTOPHIE obpartiia-
IOTCS B HyJIe B HYJIb BMECT€e CO BCEMU CBOUMM ITPOV3BOAHBIMU.

[IPE/JOCTEPEIKEHUE 4.1. T10IKOJIBI[0 HETEPOBA KOJIbIIa MOXKET He OBITh HETEPOBLIM. Hamprmep, KOJb-
110 GopManbHBIX cTereHHbIX psizoB C[[z]] HETepoBo 10 yIIp. 4.4, TOrZa KaK ero MoKOIbI0 06pa3oBaH-
HOE PsiIaMHU, CXOISIINMUCS BCIoAY B C, HETEPOBBIM HE ABJISETCA.

YIIPAXXHEHUE 4.6. [IpuBeguTe IprMep 6eCKOHEYHON BO3PACTAOMIEH IIEIIOYKK CTPOTO BIOKEHHBIX
YZleasioB B KoJIblie cxoasamuxcs Beiogy B C crenennsix psigos u3 C[[x].

4.2. ®akTop KosbLa. [IycTh HA KOMMYTaTUBHOM KOJbIle K 33/JaHO OTHOIIEHVE SKBUBAJIEHTHOCTH,
pasbuBaroiiee K B AN3BIOHKTHOE 00beJMHEHNE KJIACCOB SKBUBAJIEHTHBIX 3JeMeHTOB. O003HauUM
MHOKECTBO KJIACCOB Yepe3 X U PaCCMOTPUM CIOPBEKTUBHOE 0TOOpakeHHe GpaKTOpU3aIun

n: K>»X, arla], (4-2)

nepeBoAdAllee 3/IeMeHT a € K B ero Kjacc 3KBUBJIEHTHOCTH [a] C K, ABIAIOMUICA 31€MEHTOM
MHOXecTBa X. MBI XOTUM 3alaTh HA MHOXXECTBE X CTPYKTYPY KOMMYTATHBHOTI'O KOJIbLIA, ONPE/eIUB
CJIOKeHHE U YMHOXKeHHe TeMU JKe caMU IIpaBUIaMU

lal +[b] =[a+D], [a]-[b]=[ab], (4-3)

KOTOpbIE MBI MCIIOJIb30BAIM B KOJIbIIaX BBIYETOB. EC/IM 3TU mpaBuia KOPPEKTHBI, TO aKCHOMEBI KOM-
MYTaTHBHOTO KOJIbIla B X OYyZyT aBTOMaTUYE€CKU BHITIOJHEHBI, KaK U /71 KOJIEIl BEIYETOB, MTOCKOIbKY
dbopmyibl (4-3) CBOAAT MX MPOBEPKY K IIPOBEPKE aKCMOM KOMMYTaTHUBHOIO KoJiblia B K. B yacTHOCTH,
HYJIEBBIM 3J1eMeHTOM Kosiblia X 6yzeT kinacc [0]. C gpyro# cTopoHsl, eciiu GopMysbl (4-3) KOPPEKTHHI,
TO OHU YTBEPXK/JAIOT, YTO OToOpakeHue (4-2) sBisieTcss romoMopduamom kosell. Ho eciu aTo Tak, To
comacHo n° 1.5.3 Ha c1p. 30 xiacc Hyns [0] = kerm, cayxaiiuii sapoM aToro romomMmopdusma, siB-
nsietcs uzpeanoM B K, a kiace [a] C K mpou3BOJIBHOTO 3eMeHTa a € K, ciayxkamuii mpoobpasom
Touku [a] € X npu romomopdusme (4-2), ABNAETCA aJAUTUBHBIM CBUTOM si[pa Ha 3JIEMEHT a.:

[al=n"Y(n(a)) =a+kerm=a+[0]={a+b|be[0]}.

OKasbIBAETCs, YTO ITUX HEOOXOAUMBIX YCIOBUH Ha KIACChl TAKXKE U IOCTATOYHO JJI TOTO, YTOOBI IIpa-
BuiIa (4-3) 6bUTM KOPPEKTHHI, T. €. 1 Ttoboro uzeana | C K MHOXKECTBO KJIacCOB

lal;=a+I1Z{a+b|bel} (4-4)
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obpasyet pasbueHue konbla K, u mpaBuia (4-3) KOPPEKTHO OIpeAeNIAIOT Ha KJlaccax 3Toro pasbue-
HUA CTPYKTYPY KOMMYTAaTUBHOTO KOJIbIIA C Hy/IeBBIM a7eMeHToM [0], = 1.

YIPAKHEHHUE 4.7. YOeUTeCh, YTO OTHOIIEHHE CPaBHUMOCTH 110 MOZYJIIO Hjeana a, = a, (mod I),
o3Hayarllee, 4YTo a, — A, € [, ABIAeTCA OTHOLIeHHeM SKBUBAJIEHTHOCTH, U IIPOBephTe, UTO
dbopmysnbl (4-3) KOPPEKTHEL.

ONPEAEJIEHUE 4.2

Kiaccel 3KBUBaJIEHTHOCTH (4-4) Ha3bIBAIOTCA KAACCAMU 8bluemos (MU CMEeNCHbIMU KAACcaMil) TI0 MO-
ayiio uzeana I. MHOXKECTBO STHX KJIacCOB ¢ orepaiusamu (4-3) HaseiBaeTcst hakmopKoabLyoM KOJb-
na K mo uzeany I v oboznavaercs K/I. Srumopdusm K » K/I, a — [a];, cONOCTaBIIAIOMII KaXXI0MY
2JIEMEHTY KOJIbI[a ero KJIacC BHIUETOB, Ha3bIBAETCS 20MOMOPPUIMOM pakmopusayuu.

ITPYIMEP 4.1 (KOJIBIIA BBIYETOB)
PaccmatpuBasuirecs Boitie Kosbua Z / (n) u k[x] /(f) cyTb GakTOphI KOIbLIA LIETbIX YUCIET U KOTbIa
MHOT'OWIEHOB 10 ITaBHEIM uzeasnam (n) C Z u (f) C k[x] coorBeTcTBEHHO.

I[TPUMEP 4.2 (OBPA3 TOMOMOP®I3MA)
ComrtacHo n° 1.5.3, gy1s1 mo60ro romoMopdu3Ma KOMMYTaTUBHBIX KOJIell ¢ : A — B UMeeTcs KaHOHU-
Yyeckuit uzomopdusm koser ¢ : A/ker ¢ = im ¢, [aly., o P ¢(a), IepeBOAAIINIT KaXK/BbII KIIace

[a]ker<p =a+kergp = </’_1(<P(a))
B ero o6pas ¢(a) = ¢([a]) npu romoMopdusme ¢.

ITpPiMEP 4.3 (MAKCI/IMAJII)HI)IE VEAJIBI 1 TOMOMOP®VI3MbI B])I‘{I/IC]IEHI/IH)

Vigean m C K Ha3bIBaeTCs MaKCUMAIbHbM, eciu aKTopkoiblio K /m aBagercs nmoneM. Hazpanue
CBA3aHO C TeM, 4TO COGCTBEeHHbIi! Haean m C K MaKcHMaleH, eCId U TOMBKO eCIIH OH He COZIePXKHUT-
¢Sl HU B KaKOM CTPOTO 60JbllieM COOCTBEHHOM Heasie, T. €. SABIAETCI MaKCUMAaTbHbIM 3JIEMEHTOM B
qyMme? cOBCTBEHHBIX HUzeanoB Kosblia K, 4aCTUYHO YIOPAZOYEHHBIX 10 BKIOUEeHU0. B camoMm Jerne,
06paTHMOCTh BCeX HEHY/IEBHIX KJIaccoB [a],,, B dakTopkosblie K /m 03HadaeT, 4To A1 1060r0 a & m
HatiayTesa Takue b € K, m € m,uro ab + m = 1 B K. IlociefHee paBHOCUIBHO TOMY, UTO Hje-
an (m, a) 2 m, TOPOXXAEHHBIN M U 2JIEMEHTOM a & m, cofepXuT 1 u coBmazaer c K, T. e. 4To uzean m
HE COZIEPKUTCS HU B KAKOM CTPOTO OOJIbIlieM COGCTBEHHOM H/ealie.

W3 1eMMBbI L[opHa3 BBITEKAET, YTO JIFOOOM COOCTBEHHBII HIeasl TPOU3BOILHOTO KOMMYTAaTHBHOTO
KOJIblIa C eUHNIIeN coflepKUTCA B HEKOTOPOM MaKCUMaabHOM HZease. B caMoM zese, MHOXKeCTBO
BceX COOCTBEHHBIX M/I€aIOB, COAEPKAIINX IIPOU3BOIBHO 33/laHHbIN uzean I C K, Toxe cocTaBisier
YYM I10 BKJIIOYEHUIO.

YTPAXKHEHUE 4.8. Y6eAUTeCh, YTO OH MOJIHBIH, T. €. IS TI0O0T0 TMHENHO YIOPAJ0UYEHHOT'O MHOXKeE-
crBat M cozepskanux | coGCTBEHHBIX WeanoB B K cyliecTByeT cOGCTBEHHBIN uzean J*, coaep-
JKalUK Bee umeansl U3 M.

T, e. OTIMYHEL OT BCEro KOJbLIA.

2Cm. n° 0.7 Ha ctp. 15.

3CM. cr. 0.1 Ha cTp. 19.

‘B JTaHHOM CJTy4ae 3TO O3HAYaeT, YTO JJIst TFOOBIX J1,J, € M BeInONHAETCA BKIAOYeHUE J; C [, WIN BKIIO-
venue J, C J;.
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ITo nemme LlopHa cyIiecTBYeT Takol COOCTBEHHBIN Hzeasl m D I, KOTOPHI He CoZlepKUTCA HU B Ka-
KOM 60sibliIeM cCOOCTBEHHOM Hzeae, cogepxaieM /. Takoii ujeas m aBTOMaTHIECKH MaKCUMaJIeH 110
BKJIIOYEHHIO U B UYMe BCeX COOCTBEHHBIX H/leasioB Kobla K.

MakcuMasTbHbIE H/ieabl BOSHUKAIOT B KOJIbIIAX GYHKIIUH KaK AAPa 20MOMOPPUMO8 8bIULCTIEHUSA.
A nMeHHO, TIycTh X — MPOU3BOJIbHOE MHOKECTBO, p € X — mtobas Touka, k — sro6oe mone, u K —
KaKoe-HUOy/Ib TIOAKOJIBI0 B KOJIbIle BcexX dyHkIui X — Ik, cozepikaliee TOXKAeCTBEHHO eIMHUYIHYIO
¢dyukumio 1 u BMecTe ¢ kaxaol ¢oyHKIMeH f € K cozeprkalilee U Bce IPONOPLUOHATIbHEIE el GpyHK-
uu cf, ¢ € k. ToMomopdu3M BbIYUCIEHUA ev, ! K — knepesoaur ¢yukuumo f € K B eé 3HaueHUE
f(p) € k. IlockonbKy OH CropbeKTUBEH, ero siapo kerev,, = {f € K| f(p) = 0} ABnsgercsa makcu-
MaJIbHBIM HZleayioM B K.

VIIPAXKHEHUE 4.9. YOEAUTECh, UTO:  A) KaXKZBIM MaKCMMaJbHBIM uean koablia C[x] uMmeeT Buf
ker ev,, /11 HeKoToporo p € C B) B KOJIbIle HEIPEPBIBHEIX ¢bynkuwmii [0, 1] — R kaxAbIi MaKcu-
MaJIbHBIHN Hean uMeeT BUa ker evy, I HekoTopoii Touku p € [0, 1]. B) Ykaxure B Konbile R[x]
MaKCHUMaJIbHBIN Hzleasl, OTINYHBIN OT BCeX W/eanoB Buza kerev,, rme p € R.

[TPUMEP 4.4 (ITPOCTBIE UJIEAJIBI U TOMOMOP®H3MBI B T10JIS)

Vigean p C K Ha3bIBaeTcs npocmsim, eciiv B akTopkonblie K /p HeT enuteneti HynsA. ViHade roBops,
ngean p C K TpoOCT, ecyid M TONBKO €CJIK U3 ab € p BHITEKAeT, YTo a € p Wi b € p. Hampumep,
rnaBHble uzeansl (p) C Z u (q) C k[x], rae k — moJse, mpocTsl TOra ¥ TOIBKO TOTZA, KOTZA YUCIIO P
MIPOCTO, & MHOTOWIEH q HEITPUBOJAUM.

VIIPAYKHEHUE 4.10. YoeAuTech B 9TOM.

CoracHO oTpeZiesieHUsM, BCIKUIM MaKCUMabHBIN Heas mpocT. O6paTHOe HEBEPHO: CKaXkKeM, TIaB-
HBIN ugean (x) C Q[x, y] mpoct, Tak kak koibuo Q[x, y]/(x) ~ Q[y] nenocTHOe, HO HE MaKCUMAJIEH,
TIOCKOJIBKY CTPOTO COICPIKUTCA B Uzease (X, y) MHOTOWIEHOB 6e3 cBo6oAHOro wieHa . ITpocTrie uze-
asel Kosblia K sIBNSAIOTCA siipaMu TOMOMOPGU3MOB U3 Kosiblla K BO BCEBO3MOXKHBIE MOJiA. B camom
Jene, obpas moboro Takoro romomopduamMa, 6yaydu IOAKOIBI[OM B TI0JIe, HE UMEET AeInuTe el HyJIs.
Hao6opor, dpakTopkomnbuo K /p mo npocTomy uzeany p C K sBIseTCs MOAKOIBLIOM CBOETO IIOJIS 4aCT-
HBIX Qg ,, 1 KOMIIO3HIIYS ¢dakropuzanuuu 1 BioxkeHuss K » K /p & Qkjp 3anaér romomopduam us K
B 11071€ Qg C AAPOM P.

YIIPAYKHEHME 4.11. y6EZII/ITer, YTO I[IepeceveHr € KOHEYHOI'O MHOXKECTBA UI€a/I0B COAEPKUTCA B IIPO-
CTOM Hzeajie p TOJIbKO €C/IN XOTA OBI OZIVH U3 IIepeCceKaeMbIX NeaoB COAEPKUTCA B P.

[IPUMEP 4.5 (KOHEYHO ITIOPOXKAEHHBIE KOMMYTATUBHBIE AJITEBPHI)
[Iycth K — mpOU3BOJIbHOE KOMMYTaTHBHOE KOJIBIIO C eIMHUIIEH. Besikoe KOJbIo BUa

A=K[xy,....x,1/1,

rae I C K[x,,...,x,] — IpOU3BOJIbHBINA H7eas, HA3bIBAETCA KOHEUHO NopoxcdéHHol K -a.zzze6pozi2.
Krnaccel a; = [x;]; HasbIBatoTca obpasyrowumu K-anre6psr A, a MHOTOWIEHEL f € | — coomHoute-
HUAMU MEXyY STUMU obpasyromumu. ToBops HedopmaibHO, K -aire6pa COCTOUT U3 BCEBO3MOXHBIX
BBEIPQKEHUH, KOTOPBIE MOXKHO COCTaBUTh U3 3JIEMEHTOB KOJIbIIa K 1 KOMMYTHUPYIOIIUX OYKB A, ... , Ay,

T. e. B Ampe roMoMopdH3Ma BEIYUCIEHHUA B HyJIE: eV - Qlx,y] » Q, f(x,y) ~ f(0,0).
2Yinu, 6omee TOPKECTBEHHO, KOHEUHO NOPONCOEHHOL! KomMMymamusHoii anzebpoti Haz KOmbIoM K.
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TIPY TTOMOIIIY OTIEPAITUH CTOKEHUA ¥ YMHOKEHUS, TPOU3BOJUMBIX C YIETOM TIOTMHOMHUAIBHBIX COOT-
HolleHu# f(a,, ..., a,) = 0 aua Beex f us I. M3 c1. 4.1 u ugymero ciegom ynp. 4.12:

YIPAXKHEHUE 4.12. IToKkaxuTe, 4T0 GaKTOPKOJIBII0 HETEpOBA KOJIbIIA TOXKE HETEPOBO.

MBI ITOJIy49aeM

CJIEACTBUYE 4.3

Bcsikast KOHEUHO TIOPOXKAEHHAs KOMMYyTaTUBHAs anrebpa Hajl HETEPOBHIM KOMMYTAaTUBHBIM KOJIBIIOM
HETEPOBa, ¥ BCE COOTHOIIEHUS MEX/IY €€ 00pasyioLUUMU ABJISIIOTCS CIeCTBUSAMU KOHEYHOT'O YHCIa
COOTHOILIEHUH. Ol

4.3. Ob6sacTH I7IaBHBIX MAeasoB. LIeJ0CTHOEe KOJIBIO C eAUHHUIIEH HA3bIBAeTCA 001aCmbio 2/1A6HbLX
udeanos, €M KaXAbIH €ro ujieast sBaseTcsa raBHbIM. Habmoaapimuiics Hamu B §§ 1, 2 mapaiensm
Mexay xonbiiamu Z u k[x], rae k — mose, o6bACHAETCS TeM, YTO 06a KoJblia SBJSIOTCA 001acTIMU
IJIaBHBIX HZieanoB. Mbl paKTUUECKU YCTAHOBWIN 3TO TIPU MTOCTPOEHUM HaMOOJBIIUX OBIIUX JeTnTe-
neit!. KIIo4eBbIM 31eMEeHTOM HaIIIHX paccy:kaeHui 610 desieHue ¢ OCMamKkoM.

TTPYIMEP 4.6 (EBKJINJOBbBI KOJIBLIA)
LlenocTHOE KOblIO K C eTUHUIIEH HAa3bIBAETCS e8KAU008bIM, €CJTA HAa HEM UMEETCS (hYHKUUS 8bICOMbL

v:K—>1Z,,=Nu{0},

¢ aByms cBotictBamu: (1) v(a) = 0 <= a = 0; (2) ana 1o0bIX HEHY/IEBBIX a, b € K HaliéTcs Takoe
q € K,4aro v(a — bq) < v(b). Bce Takue q Ha3bIBAIOTCS HENONHbIMU UACMHbIMU, & COOTBETCTBYIOIIVIE
pa3HocTU ' = a — bq — ocmamkamu OT JieJIEHUs a Ha b OTHOCUTENLHO BBICOTHI V. [ToguepkHEM, UTO
HUKaKOU UX eIMHCTBEHHOCTH JJIs1 33/JaHHBIX A, b He IIpeArosnaraeTcs. B KaXqoM HeHylieBoM uzease [
€BKJINZIOBA KoJblla K MMeeTcsi HeHy/IeBol neMeHT d € [ HauMeHbIeid B [ BBICOTHI. [I0CKOMBKY A1
Jtoboro a € I HaligéTrcs Takoe q € K, uro v(a — dq) < v(d), v ipu aToM a — dq € I, MBI 3aKTI0YaEM,
yto @ — dq = 0 u, Tem cambiM, | = (d). [ToaTOMy KaskZioe €BKJIHAOBO KOJIbIIO K SBJsIeTCS 061acThiO
IJIaBHBIX NIeajIOB.

VIIPAXKHEHUE 4.13. JIOKa)KUTe eBKJIUA0BOCTD KoJiell: A) Z cv(z) = |z|
B) k[x], rme k —mone, cv(f) =degf+ 1upu f #0uv(0) =0
B)Z[I| € {a+bi€C|ab€eZ i*=-1}cv(z) = |z|
NZw E{a+bw €Cla,b€Z w?+w+1=0}cv(z) =|z|%
OyHKIWIO BBICOTB V : K — Z, Ha IF060M eBKJIM0OBOM KOJIbIle K BCersia MOXHO BBIOPATD TaK, 4TO6bI
JUI BCeX HEeHYJEBBIX a, b € K BBINOJHANIOCH JOMOMHUTEIbHOE cBoicTBO v(ab) > v(a). [lna sToro,
3a7laBIIMCh KaKOH-HUOYAbL BEICOTOM V' | /171 BceX HeHy/IeBHIX a € K TONoKIM

v(@) = min, g, v’ (ax).

Toraa mo ompezenenuto v(ab) > v(a) And Bcex HeHyNeBhX a,b € K uv(a) = 0, ectM ¥ TOJIBKO
ecmn a = 0. Yéeaumces, 9yTo v 061ajaeT ¥ BTOPHIM CBOMCTBOM €BKJIM/IOBOM BBICOTHI. IIycTh v(b) =
= v/(bc) ana venynesoro ¢ € K. [TocKoJbKY cylecTByeT Takoe ¢ € K, uro v/ (ac — bcq) < v’ (bc),
MBI 3aK/TI09aeM, 4To v(a — bq) < v’ ((a - bq)c) < v/(bc) = v(b), kak u Tpe6oBanock. BeicoTa v co
cBotictBoM v(ab) > v(a) AJs BceX HEHYNEBBIX a4, b € K Ha3bIBaeTCs npusedéHHOl.

YTIIPAXKHEHUE 4.14. [IoKa)XXUTe, 9YTO B eBKJIUJOBOM KOJIbIIE C IIPUBEAEHHOM BBICOTON V PaBEHCTBO
v(ab) = v(a) BBITIONHAETCA AJI HEHYJIEBBIX A, b, €CJIU U TOJIBKO ecii b obpaTum.

Cm.n°1.2.1 Ha cTp. 23 unpezi. 2.3 Ha c1p. 40.



72 84 Vzeansl, GaKTOPKOJIBIA U PA3IOXKeHe Ha MHOXKUTEN

Cy1iecTBYIOT 06J1aCTH TIaBHBIX M/I€a/IOB, He SIBJIAIONIHECS €BKINAOBHIMU KolbllaMu. Hampumep, Ta-
KOBBIM SIBJII€TCSI KOJIBIO Beex yvcen Buzga a + b{ € C,rae a,b € Z,a{ = (1 + \/—19) /2, ognaxo
coziepikaTebHOE 06CY:KIEHNE STOTO MPUMepPa BHIXOAAT 38 paMKU TIOHATHH, KOTOPHIMHU MBI TIOKa BJla-
neeM. B npum. 4.7 Ha cTp. 74 OyzeT AaHa XxapaKTepu3alius 06acTel MIaBHBIX W/ealoB B TEPMUHAX
BBICOT C HEMHOTO 60Jiee CTabbIMU CBOMCTBAaMU, YeM Y €BKJIUIOBOM BHICOTHI.

4.3.1. HO/I u B3auMHas IpoCTOTa. B KoJibIle IIaBHBIX WeaoB K uzean
@y, ...,ay) = {xa; + ... + xpa, | x; € K},

HOPOXKAEHHBIN JIIOOBIM HA60POM JIEMEHTOB A, ... , Ay, ABIAETCA [TIABHBIM M UMeeT B/ (d) A7 HeKo-
toporo d € K. TakuM o6pa3oM, ajieMeHT d npejcTasidercaBsuged = a. b, +...+a,b,,tae b; € K,
ZIeJIUT BCe BJIEMEHTHI a; U IeJIUTCA Ha JITo00M 00U 1e/INTeNb 3/IeMEHTOB @;, T. €. ABJIAETCA HAUOOb-
wum obwum denumenem’ sseMeHTOB ay, ..., 0a,. OTMETHM, YTO HANOOJIBIIN OBIIUH AeTHUTEIb OlIpe-
JIeJIEH He OZIHO3HAYHO, a C TOYHOCTHIO ZI0 YMHOXKEHUS Ha TIPOU3BOJIBHBIN 00paTUMBbIi 21eMeHT u3 K.

YIPAXKHEHUE 4.15. YOeIUTECh, YTO B JIFOOOM 11€JI0OCTHOM KOMMYTaTUBHOM KoJiblle K T/IaBHbIE H/iea-
sl (a) u (b) COBMAZAIOT, €CJTU U TOJIBKO €CIU @ = Sb /i1 HEKOTOpoTro obpaTuMoro s € K.

[TosToMy Bciogy Aasee obo3HaYeHUe HOA(A,, ... , A, ) TIOApa3yMeBaeT IiesIblii KJlace 37IeMeHTOB, MOTy-
YaIOIMUXCA APYT U3 APyra YMHOXKEHUAMY Ha 06paTUMBble KOHCTAHTHI, U Bce GOPMYJIBI, KOTOPHIE OYAYT
TIHCAThCSA, OTHOCATCA K IPOU3BOIBHO BEIGPAHHOMY KOHKPETHOMY IpeCTaBUTENIIO 3TOro Kiaacca’. B
JaCTHOCTH, PABEHCTBO HOZA(A4, ..., d,) = 1 03HayaerT, YTO y 3/IeMEeHTOB a; HeT HeoOpaTUMBIX OBIIIIX
penureneit. Tak Kak B oaToM ci1ydae 1 = a, b, + ... + a,b, cb; € K, oTcyTcTBUe Heo6paTUMBIX 00-
KX JeluTeel y 2J1eMeHTOB a; B KoJblle IVIABHBIX H/jealoB PaBHOCUIbHO UX 83aUMHOLL npocmome B
cMmbIcie onp. 1.2 Ha cTp. 26.

YOPAXKHEHUE 4.16. IIpoBepbTe, uTo ngeansl (x, y) C Q[x, y]u (2, x) € Z[x] He ABIAIOTCA [JIABHBIMH.

4.4. ®akTopuaIbHOCTb. BCIOy B 3TOM paszieie MbI [0 YMOT4YaHUIo 0603HavaeM uepe3 K yenocmHoe
KOJIbIIO. HeHyseBbIe a/1eMeHTH a4, b € K Ha3BIBAIOTCS ACCOUUUPOBAHHBIMU, ECJIU b AETUTCSI HA 4, U A
JlesIuTCA Ha b WK, 4To To ke camoe, eciu (a) = (b). Vi3 ymip. 4.15 BhIIIe BEITEKaeT, UTO a U b accou-
HMPOBAHBI, €CJIU Y TOJIBKO €CJ/I OHU MOIyYaroTCs APYT M3 Apyra yMHOXKEHHEM Ha 06paTUMBbIL 3JIEMEHT
KosbIa. Hampumep, 1iesble 4rcia a ¥ b acCcOIMUpOBaHbI B KOJIbLIE Z, €CJIN U TOJIBKO eciv @ = +b, a
MHorowIieHH f(x) u g(x) ¢ koadpdunmentamu us mosa k accoruuponansl B k[x], eciu u TobKO eciiu
f(x) = cg(x), rme ¢ € k* — HeHy/1eBasA KOHCTaHTA.

4.4.1. HempuBoauMble 371eMeHThI. HeHy/ieBoii HeoOpaTHMBIH 3IeMEHT ¢ Ha3bIBAETCS HENpueo-
OuMbLM, €CJT U3 PaBEHCTBA ¢ = MN BBITEKAET, UYTO M WIK h 06paTuM. J[pyriMu CJIoOBaMHu, HETIPHUBO-
JVMOCTD JIEMEHTA ¢ 03HAYAET, YTO IVIABHBIN Hea (q) COOCTBEHHBIN U He COAEPKUTCS CTPOTO HU B
KaKOM /IpyrOM COOCTBEHHOM IJIaBHOM H/leasle, T. €. MaKCUMaJleH B YaCTUYHO YITOPAZI0UEHHOM OTHO-
IIeHWeM BKJIIOYEHU MHOXKECTBE COOCTBEHHBIX ITIaBHBIX H/leaioB. HelpUBOAUMBIMY 3/1IEMEHTaMU B
KOJIbIIe Z SABJISIOTCS MPOCTHIE YMCIa, a B KonblIle k[x], rae k — momne, — HenmpuBoAMble MHOTOWIEHBI.

B KoJIblle IVIaBHBIX H/eajoB JIo6bIe 1Ba HEIPUBOAMMBIX 3eMEHTa P, § JTU60 B3aUMHO IIPOCTHL,
JM60 acCOLMUPOBAHBI, TOCKOMBKY Haean (p, q) = (d) ana HekoToporo d € K, v B BUAy MaKCHMaJlb-
HoctH (p) u (q) Brutodenus (p) C (d) u (q) C (d) Baekyt qubo paBeHcTBo (d) = (K) = (1), 1u-
60 paBencTBO (d) = (p) = (q). O6paTHTe BHUMaHHE, YTO B IIPOU3BOJILHOM I[€IOCTHOM KOJIbIIE ZIBa

'Cm. 3am. 1.3. Ha cTp. 26.

Y10, KOHEUHO ke, TpebyeT IPOBEPKU KOPPEKTHOCTH BCeX TAKKMX GOPMYI, KOTOPYIO MbI, KaK IIPaBHIIO, 6y-
ZleM OCTaBJIATh YATATE/IIO B KaueCTBe YIIPaXXKHEHUS.

3B cmpicye omp. 1.2 Ha cTp. 26, T. €. CyIIECTBYIOT Takue X,y € K, yrto px + qy = 1.
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HEeacCOLHUPOBAHHBIX HETIPUBOAUMEIX JIEMEHTA MOTYT U He GBITh B3aMHO NPOCThHIMU. Hanpuwmep,
B Q[x, y] HETIpUBOANMBIE MHOTOWIEHHI X Y Y HE B3aUMHO IIPOCTHI U HE aCCOI[MUPOBAHBL.

[TPEA/IOKEHME 4.2
B KoJIblie IIaBHBIX HZIeasIOB K CiieZlylolye CBOMCTBA HEHY/IEBOTO dieMeHTa p € K SKBUBaJIEHTHBHI:

1) wugean (p) MakcuMaseH, T. €. GaKTOpKOJbLO K /(p) sABIAETCS TIONEM
2) wupgean (p) mpocr, T. e. B akTopkonbile K /(p) HeT AenuTesnei Hy/sa

3) p HeupuBOAUM, T. €. U3 PABEHCTBA p = ab BBITEKaeT, 4To a Wiu b obpatum B K.

JTIOKA3ATE/IBLCTBO. MMiutnkaiius (1) = (2) oueBHAHA ¥ UMEET MECTO B JIF0O0OM KOMMYTAaTUBHOM KOJIb-
1ie c eauHULeH. VIMIunkanus (2) = (3) UMeeT MeCTO B JIF0O0M LIeJIOCTHOM KoJiblie K . JIeiCTBUTENbHO,
u3 p = ab caenyer, uto [a][b] = 0 B K /(p), v Tak kak B K /(p) HET AenuTeneli Hy/Is1, OOUH U3 COMHO-
x)uTteneii, ckaxxkeM [a], paBeH [0]. Torza a = ps = abs g HekoToporo s € K, otkyza a(l — bs) = 0.
[MockombKy B K HeT fenuTeneii Hyad, bs = 1, T. e. b obpaTum.

[TokakeM Telepb, YTO B KOJIbIle TIaBHBIX uzeasnoB (3) = (1). Tak Kak KaKAblii COOCTBEHHBIM
nziean B K raBHBIN, MaKCUMaIbHOCTD Hzeana (p) B YyMe COOCTBEHHBIX IMIaBHBIX W/€aioB O3HAYaeT
€ro MaKCHMaJIbHOCTb B UyMe BCeX COOCTBEHHBIX H/IeaoB. B mpum. 4.3 Ha cTp. 69 MBI BUZEIH, YTO 3TO
PaBHOCHJIBHO TOMY, uTo K /(p) more. O

[TPEZ/IOKEHUE 4.3
Kakzpiii HeHy/1eBOI HeOOpaTUMBIH 3JIEMEHT I[€JIOCTHOTO HETEPOBA KOJbIIA SABJISETCS IIPOU3BEAeH!-
€M KOHEYHOI'0 YN CJIa HeIPUBOJUMBIX.

JIOKA3ATE/ILCTBO. ECIU a7IleMeHT a HellpUBOANM, 0OKa3bIBaTh Heuero. [TycTh a IpuBOAUM. 3anuiieM
ero B Bi/le IPOU3BeJileHUA He0OPATUMBIX 3JIeMeHTOB. Kask Il IpUBOANMBLN COMHOXKXUTEIIb 3TOT'O IIPO-
V3BeJeHVs CHOBA 3aIUIIEM B BH/E IIPOU3BEIEHUS HeOOPAaTUMBIX 3JIEMEHTOB U T. . DTa Ipoleaypa
3aKOHYUTCH, KOTZIA BCe COMHOXKUTENN CTaHyT HEIPUBOAUMEI, 4TO U TpebyeTcd. Eciu ke 0Ha HUKO-
IZIa He 3aKOHYUTCS, MBI CMOXXeM 00pa30BaTh 6ECKOHEUHYIO II0CIe[0BATEIBHOCTD CTPOTO BJIOKEHHBIX
ZpYT B IpyTa IMIaBHBIX uAeanos (a,) & (a,) G (az) € ..., 9TO IPOTUBOPEYUT HETEPOBOCTH. Il

OINPEAEJIEHYE 4.3

LlenocTHOe Kobllo K Ha3bIBAETCSI (haKMOPUAIbHBIM, ECTTH KaXKIbIH ero HeoOpaTUMBIN HEHY/IEeBOM
3JIEMEHT SIBJIIETCS ITPOU3BEJeHUEM KOHEUHOT'0 YK CJIa HEITPHUBOAUMEBIX, TPUYEM JIFOOBIE ZIBA TAKUX Pas-
JIOXKEHUA P1Py ... P = G145 --- J; COCTOAT U3 OAMHAKOBOTO YMCIA K = M COMHOXHUTeJeHl, moce
HaJuIekalleil nepeHyMepalry KOTOPhIX MOXKHO yKa3aTh TaKue o6paTUMEIe 3JIeMeHTH s, € K, uTo
q, = p,S, IIpU BCEX V.

4.4.2. TIpocThle 3yeMeHThI. HeHyeBoi ajeMeHT p € K Ha3BIBaeTCs NPOCMbLM, €CIA IMTOPOXK-
JAEHHBIN UM MIaBHBEIN uzean (p) C K mpocr, T. e. B dakTopkoiblie K / (p) HET fenuTeneil HynA. DTO
O3HAYaeT, 4To A JIOObIX a, b € K mpousBezeHue ab fenuTcsa Ha p TOJNBKO e€CJIU 4 WIH b fenuTcs
Ha p. KaXX/Ip1ii TPOCTOH 27IeMeHT p aBTOMAaTHUYeCKH HEIPUBOJVIM: €CIH P = X, TO OAVH U3 COMHOXU-
Tesel, CKaXeM X, ZIeJIUTCS Ha P, ¥ TOTZa p = pyz, 0TKyzAa yz = 1 u y obpatum. CornacHo npe. 4.2
B KOJIbLIe IVIaBHBIX W/IeaioB BEPHO U 0OpaTHOE: BCe HEIIPUBOAUMEIE 3IEMEHTHI KOJIbIIA [IABHBIX H7ie-
ayoB nmpocThl. OZHAKO B IPOU3BOJIHHOM LIEJIOCTHOM KOJIbIle MOTYT ObITh HENPUBOAUMEIE HEIIPOCTHIE
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aneMeHTHL. Hamipumep, B KoJiblie Z[\/g] =Z[x]/ (x% — 5) TaKOBBEIM AB/IAETCA YUCIO 2, TAK KaK B BaK-
tope Z[\/5]/(2) = Z{x]/(2,x% = 5) = Z[x]/ (2, %% + 1) = Fy[x]/(x? + 1) = Fylx]/ ((x + 1)?)
eCTh HWIBIIOTEHT — Kkiiacce [x + 1] € Z[x]/ (2, x? 4 5). Cpeay Ipo4yero 3To O3HA4aeT, YTO KBazparT
a1+ \/5)2 =6+ 2\/§,ZLCJII/ITCH B KOJIbIIE Z[\/g] Ha 2, x0T 1 + \/E He JIeJINTCA Ha 2, IpY TOM 4TO 2
1 /5 + 1 HeNIpUBOAMMEBI ¥ HE ACCOLMHPOBAHEI IPYT C IPYTOM B KOJIbIIE Z[\/E].

VIIPAXKHEHUE 4.17. YO€ZUTECh B OTOM, U ITIOKAKUTE, YTO 2 - 2 = 4 = (\/E + 1) . (\/E - 1) CyTb /iBa

PA3IUUHbLX PA3I0XKeHUS uncia 4 Ha HeIPUBOAVMbIE MHOXXKUTETHU B Z[\/g].

[TPEA/IOXKEHUE 4.4
LleocTHOE HETEPOBO KOJBIIO K GaKTOpHUaTbHO, ECJIU U TOJBKO €CJI BCE €T0 HEIIPUBOAMMEIE JIEMEH-
TBI IIPOCTHI.

JIOKA3ATE/BCTBO. IToKa)keM cHayasa, 9To ecau K GpakTopuasbHO, TO 0001 HEIPUBOJVMEIN die-
MeHT q € K mpocr. IlycTs nmpousseseHue ab genutca Ha q. Toraa pasnoxeHue ab Ha HEIPUBO-
JIVMble MHOXKUTENU COAEeP)KUT MHOXHUTENb, aCCOLIMMPOBAHHBIN C ¢, U B CWIY CBOe eJUHCTBEHHO-
CTH ABJIAETCA IPOM3BeleHeM pasjioKeHUH a U b Ha HelpUBOAUMBle MHOXXUTeNH. [loaToMy q acco-
IIUMPOBAH C OJHUM U3 HEMPUBOAUMBIX JIeIUTeNeN a win b, T.e. a wiu b genutcs Ha q. Haobopor,
ITyCTb BCe HEIIPUBOAMMEIE 31eMeHTHI B K mpocThl. Torga mo npezu. 4.3 Ha cTp. 73 KaKbIH 2JIeMEHT
kosbla K ABIAETCA NPpOU3BeJeHHeM KOHeYHOTr'0 YUCiIa NPOCTHIX. [TokakeM, 4TO B LJeJIOCTHOM KOJIb-
Ile PaBEHCTBO P, ... D = (... (m,, B KOTODOM BCE COMHOXXMUTEIH IPOCTEI, BO3MOXXHO TOJIbBKO €C-
m k = m u nocie Hagyexxamel nepeHyMepanuy KXt p; = s;q;, TAe s; 06paTuM. IToCKOIbKY
IpOU3BeZIeHNUE (; ... G, ACIUTCA Ha p,, OAUH U3 ero COMHOXXUTeJIel AeUTcsa Ha p, . ByaeM cauTars,
9TO 3TO q, = SP,. Tak Kak q, HENPUBOAUM, IeMeHT s obpaTuM. [Tonb3yAch eJ0CTHOCThIO K, co-
KpamraeM obe 9acTH PaBeHCTBA Pq ... Py = {q .. §;, HA P, ¥ IOTy4aeM Oojee KOPOTKOEe paBEeHCTBO
DPaDs3 - D = (5G,)q5 ... @y, K KOTOPOMY IIPUMEHMMEL T€ K€ PacCyXAeHNsA. U

CNEACTBVE 4.4
Bcsikoe KOJbIIO TIAaBHBIX NeaioB GaKTOPUATBHO. [l

[IPUMEP 4.7 (XAPAKTEPU3ALIVSI OBJIACTEH IVIABHBIX U/IEAJIOB, ITPO/IOJIKEHUE ITPUM. 4.6 HA CTP. 7I)
[ToxaxxeM, YTO LIeJIOCTHOE KOb1i0 K ABJdgeTcs 061aCcThio ITIaBHBIX U/eajoB, €C/IM U TOJILKO eciv Ha K
nmMeeTcs: GyHKIUSA BRICOTEI V © K — Z>0 = NU {0} co creayrommmu JByMs CBOHCTBaAMMU:

Dv(a) =0 a=0; 2) ecmm a & (b), To HatigyTcsa x,y € K ¢ 0 < v(ax + by) < v(b).

JleficTBUTENIBHO, ITyCTh TaKas BhICOTa cymiecTByeT. Torma B kaxaoMm uzeane | C K ecTb HeHy/lIeBOM
aneMeHT d € I, Ha KOTOPOM V IPMHUMaeT HauMeHbIlee B | HeHy/IeBoe 3HadeHue. Ecmu a € I \ (d),
TO HakgyTesa x,y € K c0 < v(ax + dy) < v(d), 4To HEBO3MOXKHO, 160 ax + dy € I. Tem cambiM
I = (d) u K aBnseTcsa 0671acTbi0 MaBHBIX MeatoB. Hao6oport, mycTb K — o61acTh MIaBHBIX HEasIoB.
BribepeM B KaX/[0M KJIACCe aCCOMUPOBAHHBIX TPOCTHIX 3/IEMEHTOB KAKOT0-HUOY/b IPeACTABUTE/A P
¥ JUI1 KOKAOTO a € K 0603HaYMM 4yepes V,,(a) oKasaTelb, C KOTOPHIM P BXOJUT B PA3/IOXeHHe @ Ha
IPOCThIE MHOXKUTEH: (. = Hp p¥» @ Tonosum v(a) = 22» V2@ Tak kax vp(a) = 0 a7 Beex p Kpo-
Me KOHeYHOTO YHCIIa, 3TO Onpesiesenue koppextHo. Ecmu b | a, To Hoa(a, b) = [, pmin(Vp(@)vp(b))
MMeeT MOJIOKUTENbHYIO BBICOTY, CTPOTO MeHbIIyI0, 9eM v(b), ¥ TpeAicTaBasgeTcs B BUE ax + by, 9To
! 4ro v(a) < v(ab) ana
BCEX a U BCeX HEHYJ/IEBHIX b, TPUYEM PaBEHCTBO PABHOCKILHO 06PaTUMOCTH b.

n Tpe6yeTc;L Borsee Toro, IIOCTPOEHHAas BbICOTA V npuseaeHa B TOM CMBICJIE

1Cp. c mpum. 4.6 Ha cTp. 71.
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[TPUMEP 4.8 (TAYCCOBBI UUCJIA Y CYMMBbI /IBYX KBAJIPATOB)
OnemenTs Konmbna Z[i] = Z[x]/(x* + 1) ~ {x + iy € C| x,y € Z} us ynp. 4.13 (8) Ha cTp. 71
Ha3BIBAIOTCS YEAbIMU 2AYCCOBbIMU HUCAAMU.

YIPAXKHEHUE 4.18. YOeaAUTech, uTo: A) B Z[i] o6paTuMbl ToMbKO +1 1 +i B) Z € Z MPOCT, €CIN U
TOJILKO €CJIU TIPOCT Z.

U3 yripa)KHEHUsI BBITEKAET, YTO PA3JIOKEHUE BEIIECTBEHHOTO IIEJIOTO YKcia n € 7 Ha IPOCThIe MHO-
JKUTENU B obacty Z[i], OyAydr ”HBapUAHTHBIM OTHOCUTETHHO KOMIUIEKCHOT'O COMIPSIXKEHMsI, BMECTE C
Ka)KZIbIM HEBEeI[eCTBEHHBIM HEITPUBOANMBIM MHOKUTEIEM COZEPIKUT U €T0 COTIPSIKEHHBIN. [1oaTOMY
BelleCTBEHHOE IIPOCTOE P € Z CTAHOBUTCS MPUBOAUMBIM B Z[i], €CIM U TOIBKO €CJIU OHO MMeeT BUZ
p = (a+ib)(a—ib) = a®+b? c HeHyneBbIMU @, b € Z. C APYTOi CTOPOHBI, HEMPUBOAUMOCTD p € Z[i]
osHavaeT, 4To pakTopKonbLo Z[i]/(p) ~ Z[x]/(p,x* + 1) ~ F,[x]/(x* + 1) aBnserca nonem’, 4to
PaBHOCH/ILHO HEITPUBOAUMOCTH MHOTO4IeHa x* + 1 Haz F,. IloceHee paBHOCKIBHO TOMY, 4TO —1
He sIB/IeTCs KBaApaToM B ), 1 MMeeT MeCTo eC/iu U TOJIbKO ecnmu’ p = 4k + 3. MBI 3aKII09aeM, 4TO
HEMPUBOJUMOCTD IIPOCTOTO p € Z B obsactu Z[i] paBHOCWIbHA TOMY, UTO p = 4k + 3, ¥ TOMY, 4TO p
He TIPe/ICTABJISIETCS B BU/IE CYMMBI ZIBYX KBaZIPATOB IIEJIbIX YUCEIT.

YIPAXKHEHUE 4.19. [TokakuTe, 94TO Ipou3BoIbHOEe n € N ABnAeTca KBagpaToM WIX CYMMOH ABYX
KBaZIpaTOB HATYPaJIbHbIX YHCEJ, ECJIU U TOJBKO ECJTU B €T0 PA3JIOKEHHUH Ha TPOCTHIE MHOXKUTEH
B KOJIbIle Z IIpOCThle uncia p = 4k + 3 IpUCYTCTBYIOT TONBKO B YETHBIX CTEIIEHAX.

4.4.3. HOJI B pakTOpHanbHOM KoJjble. B 11060M parToprasbHOM Kojblle K y TII060ro KoHed-
Horo Habopa yucena,, ..., a,, € K nmeerca HanbGoMbIINH OOIIUI nemvrtensS. OH UMeeT clenyrolee
sIBHOE omnucanuie. 3ahUKCUPyeM B KaXK/IOM KJIAaCCe aCCOIMMPOBAHHBIX ITPOCTHIX AJIEMEHTOB KOJIbIla K
HEKOTOPBIN TIPeJCTaBUTENb P U IS KaXKA0To a € K 0603HaYMM 4yepe3 Vp (a) € Z,, TIOKa3aresb, C
KOTOPBIM P BXOAUT B pa3jioKeHUe a Ha MPOCThIe MHOXHUTENH”, KaK B npum. 4.7 Beie. Torzaa, ¢ To4-

HOCTBIO I0 YMHO)KE€HUA Ha 06paTHUMBIE 3IeMEHTHI, HOA(A4, ... , Oy) = H v p™h Vp(ay)

YIIPAXKHEHUE 4.20. YOeaUTech, YTO IIpaBas dacTb JeMUT KaxJoe a; U AeJIUTcs Ha mob6oi obmuii
JeJInTeNb BCeX a;.

OTMeTuM, 9TO ecim K He ABjAeTCA 00/1aCThIO IABHBIX UAEANIOB, TO HOZA(A, ... , 4, ) MOXeT He IIpefi-
CTaBJIAThCA B BU/IE TUHEHHON KOMOUHAIINY 2IEMEHTOB a; ¢ Koaddurmenramu us K. Hanpumep, aie-
MeHTHI X, y paKTopHanIbHOro Kombia® Q[x,y] umeror Hoz(x,y) = 1, Ho HeT Takux f,g € Q[x,y],
4TO fX + gy = 1, ubo noAcTaBAA B 3TO paBeHCTBO X = ¥ = 0, momyyum 0 = 1.

4.5. MHorouwieHbI Haj ¢aKTOpHUAIbHBIM KOabLoM. [Iycth K — ¢akTopuanbHoe Kosblo. O603Ha-
4Y1M yepe3 Q ero nose yacTHbIX. Kombiio K[ x] ABnaerca noakonsiioM B Q[ x]. HazoBéM codepacaruem
MHorodnesa f = a,+a,x+ ...+ anx" € K[x] Haubonpiinii o0IIuii AenuTeb ero KoappuIeHTOB:

cont(f) € Hoa(ay, ay, ..., ay) -

JIEMMA 4.2
cont(fg) = cont(f) - cont(g) ana mobeIx f, g € K[x].

1Cm. mpeayt. 4.2 Ha cTp. 73.

2Cm. mpum. 1.8 Ha cTp. 30.

3B cmbicie 3am. 1.3. Ha CTp. 26, T. €. UKCJI0, KOTOPOE JeJIUT BCe a; U AeNUTCA Ha 0001 UxX 06LHi AeTUTeNb.

*O6paTuTe BHUMaHMe, YTO /151 KAXKOTO a MOKa3aTelb Vp(a) # 0 TOIBKO A1 KOHEYHOTO MHOXKECTBA IIPO-
CTBIX YHCEN P.

>CM. o1 4.6 Ha cTp. 77.
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JIOKA3ATE/IBCTBO. JIOCTAaTOYHO 1A KaXKAOT'0 IIPOCTOro q € K yoeauTheA B TOM, 9TO g EIUT Bee K0ad-
bUIMEHTH TPOU3BEAEHUA [ g, €CJIU U TOIBKO €CJIA ¢ AETUT Bce K03pPULIMEHTH XOTS 6B OZHOTO U3
MHOTOWIEHOB f, g. Jliis atoro nmonoxuM R = K /(q) ¥ mpyUMeHUM K Ipou3BeeHUIO0 f g roMoMopbu3M

Klx] = Rx], ag+a;x+...+a,x" = [agly +[a;lgx + ... +[aylx",

SaMeHF[IOIHI/IfI KOB(I)C]?I/II_II/IGHTI)I KaXX40ro MHOT'OWIE€HA MX BbIY€TAMU 110 MOAYJIIO (.
YIIPAYKHEHUE 4.21. HpOBepre, YTO 3TO M1 B CaAMOM JeJie I‘OMOMOp(l)I/BM KOJIeI.

B cuty poctoTh q KombLo R nenoctHoe. [lostomy R[x] Toxe nenoctHoe, u [fgl, = [flglglg = 0,
€CJIA U TOJILKO eCJIN [f]q =0wm[g], = 0. (|

JIEMMA 4.3 (ITPUBEAEHHOE IPE/ICTABJIEHUE)

Kaxapil f € Qglx] npeacrasngercs B Buge f(x) = (a/b) - frq(x), rae freq € Klxl, a,.b € Ku
cont(f,.q) = Hoa(a,b) = 1, npuuém a, b u f .4 olpeaenAIOTcA Mo f OJHO3HAYHO C TOUHOCTBIO ZI0
YMHOXKeHU:A Ha o6paTHMble 3l1eMeHTH Kobla K.

JIOKA3ATE/ILCTBO. BriHeceM 13 kK03bdUIMEHTOB [ X 00N 3HaMeHAaTe b, TOTOM BBIHECEM U3 BCEX
K03GQUIIMEHTOB MOJYYEHHOTO MHOTOWIEHA UX HAUOOJIbIIN OOIIWI ZeTUTeNb. B pe3yibraTe MBI IO-
JIy94UM MHOTOWIEH coZepKaHuA 1, YMHOXKeHHBIH Ha YHCIIo U3 Qg , KOTOpoe 3anuliieM HeCOKpaTUMON
Ipo6bio a/b. JlokaxeM eJMHCTBEHHOCTH Takoro npezcrasieHus. Ecimu (a/b) - f.q(x) = (c/d) - greq(X)
B Qglx], To ad - f,q(x) = bc - g,.q(x) B K[x]. CpaBHUBAas copepKaHUe 00eUX JacTeH, 3aKIodaeM,
4ro ad = bc, OTKYAA f1eq(X) = Greq(). B BUAY OTCYTCTBHA OOLIMX HENIPUBOAVMBIX MHOXKUTENEH Y 4
ubuycud,paBeHCTBO ad = bc BO3MOXKHO JIUIIb KOT/Ia @ aCCOLMUpOBaH c c,ab —cd. O

CJIEZICTBYE 4.5 (IEMMA 'AyCCA)
MuorouneH f € K[x] comep:xanua 1 HenpuBoAUM B Qg[x], ecu U TOJIBKO €CIM OH HEeIIPUBOAUM
B K[x].

JOKA3ATENBCTBO. IIycTh f(x) = g(x) - h(x) B Qg [x]. 3amucbiBas MHOTOWIEHH! g U h B IpUBEAEHHOM
BU/Ie U3 JieM. 4.3 U cOKpaljasi BO3HUKAIOIIYIO AP00h, TPUXOJUM K PAaBEHCTBY

a
FOO) =7 Grea(®) - Preq (1) (4-5)
B KOTOPOM g4, Nreq € K[x] MMeroT copepxanue 1, u HOA(a, b) = 1.Tlo nem. 4.2

cont(g,eqMreq) = CONL(G,eq) - cONt(hg) =1,

T. e. IpaBas 4acTb B (4-5) sABJsAETCA IPUBEAEHHEBIM IIpe/CTaBlIeHneM MHOrowieHa f. B cwiy eguH-
CTBEHHOCTH IIPUBEAEHHOrO IIpe/ICTaBIeHUs 3IeMeHTs a U b 06paTuMbI B K, a f = g,.qN,eq C TOUHO-
CTBIO ZI0 yMHOXKEHUS Ha OOPaTUMYIO KOHCTaHTY. O

TEOPEMA 4.2
KoJib110 MHOTOWIEHOB Ha/, GaKTOPUATbHBIM KOJIbIIOM (aKTOpUaNIbHO.

JIOKA3ATE/NBCTBO. ByZlydn KO/IBIIOM IVIaBHBIX U/€aJIOB, KOJbLO Q[x] dakTopuampHO, 1 KaXXAbIi MHO-
rowteH f € K[x] C Qg[x] packnaabiBaeTca B Qi [x] B IpousBeseHne HEIIPUBOAUMBIX MHOXHUTeNeN
fv € Qklx]. 3anmuceiBas Ux B IpUBEAEHHOM BU/Je U3 JieM. 4.3 1 coKpalllasd BOSHUKAIOMIYIO IIPX 3TOM
YHCIIOBYIO APOOb, TIOy4aeM PaBEHCTBO [ = % I1 £y red> B KOTOPOM @, b € K umetotr Hoa(a, b) = 1, a
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BCE f), req € K[x] HempuBoanmel B Qi [x] u cont(f,, ,.q) = 1. Toraa cont (H fv,red) = 1l nonem. 4.3, 1
IpaBas 4yacTb PaBeHCTBA ABJIAETCA PUBEJEHHBIM NIpeJCcTaBIeHreM MHorowieHa f = cont(f) - f.q.
B cuily eIMHCTBEHHOCTH TIpUBeAEHHOTO npecTanenua b = 1u f = a[] f, eq C TO4HOCTBIO 710
YMHOXKEHUS Ha oOpaTrMble KOHCTaHThI U3 K. PackiagpiBast a € K B mpousBefieHre HENPUBOJUMBIX
KOHCTAaHT, IToJIydaeM pasjiokeHUe f B IIpoH3BeZieHNe HelpHBOANMBIX MHOXKHUTeIel B Kosblie K[x].
JlokakeM eZIMHCTBEHHOCTh TaKoro pasyioxeHus. [Iycts B K[x]

Qg ...Q "Py...Ps=by...bpy-qq...q,

rae aq,bgp € K — HenpuBOANMbIE KOHCTAHTEL, a Py, q,, € K[X] — HenpuBoauMblE MHOTOWIEHDL.
[ToCKOJIBKY HEMTPUBOJMMbIE MHOTOWIEHBI UMEIOT coZiepKaHue 1, cpaBHUBas cofiepKaHre obenx Ja-
cTeli, IPUXOAUM K PABEHCTBY 4, ... 4y = b, ... b,, B K. Tak xak K gakTopuajsbHO, MBI 3aK/II09aEM,
4YTO kK = m ¥ nocJle Ha/ulexaleld lepeHyMepaluy COMHOXKUTeNnel a; = s;b;, rae Bce s; € K obpa-
TuMbl. ClieJoBaTeNbHO, C TOYHOCTHIO [0 YMHOMKEHHUA Ha 00paTUMyI0 KOHCTaHTY u3 K, B Kosibile K[x]
BBITIOJIHAETCSA PABEHCTBO Py ... Pg = (y ... 4. TaK KaK Bce p; U q; HENPUBOAUMSBI B GaKTOPHUATLHOM
Kosblie Qg[x], MBI 3aKkiIrO4aeM, 4To r = S ¥ HOCJIe HaJJIexallell TlepeHyMepalii COMHOXXUTe el
P; = q; C TOYHOCTBIO /10 IIOCTOSHHBIX MHOXXUTeJIeH U3 Mo Q. V13 e JMHCTBEHHOCTH IPUBEIEHHOTO
Hpe,Z[CTaBJIeHI/Iﬂl BBITEKAET, YTO STU MOCTOSTHHbIE MHOKUTEHU SABIAIOTCI 06paTUMBbIMU KOHCTaHTaMH1

us xospna K. 0

CIEICTBUE 4.6
Kospio MHOrOWIeHOB K|[X,, ... , X, ] HaZ GaKTOpHaIbHBIM KobLOM> K haKTOpHaIbHO. O

4.6. Pa3yioxxeHre MHOTOYWIEHOB C LieIbIMU K03 durnentamu. Pazoxxenre MHorowieHa f € Z[x]
Ha MHOXUTeNU B Q[x] pasyMHO HadaTh C OTBHICKAaHKA ero pallMoOHaJIbHBIX KOpHEH, 4To JlesaeTcs 3a
KOHEYHOe YUCJIO IIP06.

YIIPAXKHEHUE 4.22. [IOKa)KUTe, 4TO HECOKpaTUMas pobb p /q € Q sABIsIeTCs KOPHEM MHOTOWIEHA
ag+a;x + ... + a,x™ € Z[x] Tonsko ecnup | ayuq | a,.
ToyHOE 3HaHWE KOMILUIEKCHBIX KOPHEN MHOTOWIEHA f TOXKe BeChMa MOJIE3HO.
VIIPAKHEHMUE 4.23. Paznoxure x* + 4 B MpoM3BeZileHNE IBYX KBaJPAaTHBIX TPEXWIEHOB U3 Z[x].

IMocie TOTO, KaK 3T IIPOCThIe COOOpaXkeHUs OyAyT UCYEPIIaHBI, CIeAyeT MOAKII0YaTh 6oee TPyA0EM-
KHE CITOCOOHI.

4.6.1. Pegykuusa kodddumnuenrtos Z(x] — Z/(m) [x], f = [f],,, TAe
[l € [aplm + [a1]mX + ... [yl px™ ana f = ag + a;x + ... + ax™, (4-6)

IIPUBOAUT K03bGUIHMEHTH BCceX MHOTOWIEHOB 10 MOAY/II0 M U ABIATCA TOMOMOPGU3MOM KOJIelr:.
[Toatomy paBeHCTBO f = gh B Z[x] Bne4érT 3a coboii paBeHcrsa [f1,,, = [g], - [h],, BO Bcex kombIax
(Z / (m)) [x], ¥ 13 HEIPUBOAUMOCTH MHOTOWIeHa [f ],,, XOTA 6Bl IIPXU OZHOM M BBITEKAET €T0 HelpH-
BOAUMOCTb B Z[x]. Ecyin uicio m = p mpocroe, Komiblo Kodbdunuuentos Z / (m) = F, aBnsercsa
II0JIEM, U KOJIBLIO MHOTOWIEHOB [, [x] B aTOM ciiyuae pakTopuambHO. ITpy MasbIX p pas3ioskeHre MHO-
rowieHa HeGOJIbIION CTETIEHN Ha HETTPUBOANMBIE MHOXHUTENN B [Fp, [x] MOXHO OCYyIIECTBUTH IPOCTHIM
nepeboOpoOM, U aHaJIM3 TaKOT'O PAa3JIOKEHUsI MOXKET JaTh CYIeCTBEHHYI0 NMHGOPMAIIUIO O BO3MOXKHOM
pasioxeHuu B Z[x].

1Cm. nem. 4.3 Ha cTp. 76.
2B yacTHOCTH, HaJ| TIOJIeM WX HaJ 06/IaCThIO IIABHBIX HeasIoB.
SMsr yKe MOJIb30BAINCh OTUM B J0Ka3aTeIbCTBE JIeM. 4.2 Ha CTp. 75, cM. ymp. 4.21.
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[IPUMEP 4.9

TTokaskeM, 9To MHOTOWIeH f(x) = x° 4 x? + 1 HempuBoAUM B Komblie Z[x]. [IOCKOMbKY Y f HeT IeJIbIX
KOpHeli, HeTpUBUAJIbHOE pasjioxeHue f = gh B Z[x] BoaMoxHO Tonbko ¢ deg(g) = 2 u deg(h) = 3.
CraenaeM peAyKuuio o Mozymo 2. Tak kak y [f], = x° + x* + 1 HeT kopHeii u B F,, 06a MHOroOWwIeHa
[gl,, [h], HenpuBoauMEI B [F,[x]. Ho efuHCTBEHHBIN HEIPUBOAUMBII MHOTOWIEH BTOPOIi CTeNeH! B
F,[x] —3T0 x* + x + 1, u x° + x* + 1 Ha Hero He Aenutcs. TeM cambiM, [f], Henpusogum Haz F,, a
3HAYUT, U HaZ Z.

[IPYIMEP 4.10 (KPUTEPUI DM3EHIITENHA)

I[TycThb Bce K03GOUIIMEHTH TPUBEAEHHOIO MHOTOWIEeHA [ € Z[x] aenstcs Ha mpocTtoe yucio p € N,
a MTazuui KoapUITUEHT, Aefach Ha p, He JeIUTCs IPH 3TOM Ha p~. [TokaxeM, UTo f HeIlpUBOAUM
B Z[x]. B cuy cieslaHHBIX 00 f TIpeIoMOKeHUH IPU PEAYKIIMY TI0 MOAYIIO P OT f 0CTaéTcs TONbKO
CTapIIvii MOHOM [ f ()], = x™. Ecmu f(x) = g(x)h(x) B Z[x], TO B CAIy €JMHCTBEHHOCTH PA3JI0KEHHS
Ha IPOCThIE MHOXUTENH B F),[x] 06a COMHOXMTENA g, h TOKE PeAyLUPYIOTCA B HEKOTOPbIE CTENIEHH
nepeMeHHOM: [g], = x* n (hl, = x™. DTO 03HAYaeT, YTO Bce KOPpPUIMEHTH MHOTOWIEHOB g U h
KpOME CTapIIero AeasaTcsa Ha p. Torga miaaamnii KoagppuIeHT MHOTOWIeHa f, OyAydu MpOu3BeAeHH-
eM MJIaZuInX Ko3pPUIMEeHTOB MHOTOWIEHOB g U h, ZIOMKeH eIUThCA Ha P2, 9To He Tak.

TTPUMEP 4.11 (HENPUBOAMMOCTb KPYTOBOT'O MHOTOWIEHA @)
[Tokaxem, 4To Ipy IPOcTOM p € N KpyroBoii MHOTOWIEH P, () =xP 4. +x+1=xP-1)/(x-1)
HEeNpUBOAUM B Z[x]. JIIsi 5TOTO TepemnuiieM ero Kak MHOTOWIEH OT IlepeMeHHoMH t = x — 1:

_ _ P _ _ 4p-1 P\ .p-—2 p
fO=dyt+1)=(t+1P -1/t =t +<1>t +...+<p_1>.

TTOCKOJIBKY TPY MPOCTOM P Bce OMHOMUATBHBIE KOIGOUIIUEHTHI <I€ ) cl <k < p-—1genarca’

p
p p—
diiseHiuTeltHa us npuM. 4.10. [Toatomy u @, (x) = f(x — 1) HenpuUBOAUM.

Ha p, a CBOOOHBIH WieH < 1) = p He leIUTCA HA P2, MHOTOWIeH [ (t) HEIPUBOAMM O KPUTEPHIO

4.6.2. AnroputMm KpoHekepa 103BOJIAET IyTEM JOBOJBHO TPYZOEMKOI'0, HO BIIOJIHE KOHEYHOT'O
BBIYVCIEHUs TU60 SBHO pasjoKUTh MHOTOwIeH f € Z[x] Ha MHOXuTenu B Konblie Z[x], mbo ybe-
IUThCA, uTO f HenpuBoAuM B Z[x]. ITyctb deg f = 2n wiu deg f = 2n + 1. Torza B 11060M HETPUBH-
aTbHOM pa3JIoKeHUU f = gh cTelneHb OZHOrO U3 JeuTesel, IyCcTh 3To OyZeT h, He IIPEeBOCXOJUT N.
YTOO6BI BELICHUTD, JENUTCA U f B Z[x] Ha KaKOU-HUOYAb MHOTOWIEH CTeIIeHU He BBILIE 1, II0ACTaBUM
B f IPOM3BOJIBHEIE N+ 1 PA3IUYHBIX YHCeI Z, ... , Z, € Z Y BHIINIIEM Bce BO3MOXXHbIe HAaOOPHI YuCcesl
dg, ... ,d, € Z,BKOTOPHIX KaX/0€e d; IeTIUT COOTBETCTBYyIoMIee f(Z;). Takux HabopOB UMeeTcs KOHed-
HOe YHUCJIO0, U eCTM UCKOMBIM MHOTOWIeH h CyllecTByeT, ToO Habop ero 3HaueHUi h(z,), ..., h(z,) Ha
YHCax z; ABNIAETCA OJHUM U3 BBITUCAHHBIX HA00OPOB d, ... , d,,. A Kakzoro Takoro Habopa B Q[x]
€CTb POBHO OZINH MHOT'OWIEH h CTelleHH He BhIlIe n ¢ h(Z;) = d; IpY BCEX i — 3TO UHMEPNOAAYUOHHBLL
MHozounen Jlazpanca®

heo = Y di- ] x-z) 4-7)

i=0 V#L (Zi - ZV)

'Cm. c1. 1.1 Ha cTp. 29.
2Cm. mpum. 2.5 Ha cTp. 42.
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Takum o6pa3om, ZieTuTesb h MHOTOWIEHA [, eC/IU OH CYIIECTBYET, COBIIaZIaeT C O/HUM U3 T€X MHOTO-
WIEHOB (4-7), 4YTO UMEIOT Lesble KoadouimeHTr. OCTaéTcs ABHO Pa3AeuTh [ Ha BCE TAKUE MHOTO-
WieHbl ¥ TM60 yOeAUTbCS, YTO OHU He AeAT f, 1160 06HAPYKUTb CPey HUX ATUTEND f.



OTBeThI U YKa3aHUA K HEKOTOPBIM yIIPpaXXHEHUAM

ymp. o.1. OtBet: 2™.

Ymp. 0.2. OTBeT Ha BTOpo# Bonmpoc — HeT. ITycts X = {1,2},Y = {2}. Bce ux napHsle nnepecedeHus u
obpeuHeHHA CYyTb X NY =Y NY =YUY =YuXUY =XUX = X NnX = X, umobas opmyna,
cocraBnenHas u3 X, Y, N, U, gact Ha Beixoge win X = {1,2}, wm Y = {2}, Tormakak X \Y = {1}.

yrr. 0.3. B II€EPpBOM CJIy4da€ MMEETCA 6 HaJIOXKEHUN U HU OAHOTI'0 BJIOXKEHUSA, BO BTOPOM — 6 BIIOXKEHUH
" HY OAHOT'O HAJIOXKEHHUA.

Yp. 0.5. Eciu X KOHEYHO, TO MHBbEKTUBHOE WIU CIOPbEKTUBHOE oToOpaskeHrne X — X aBTOMAaTHYeCKU
6uekTrBHO. Ecii X 6ecKOHEeYHO, TO B X eCTh MOAMHOXecTBO, uzoMopdroe N. Uubeknusas N & N,
n - (n+ 1), u cioppexnusi N » N, n — max(1, (n — 1)), obe He 6UEKTHUBHBI U MPOJOIKAIOTCS 10
TOYHO TaKUX ke oToOpaskeHuit X — X TOXKZeCTBeHHBIM JieiicTBreM Ha X \ N.

Vmp. 0.6. OTBeT: HeT. Bocmonb3yiTech «IMaroHaaIbHbIM TPIOKOM» KaHTopa: mycTsb Bce 6uekiuu N — N
3aHyMepOBaHbl HATYPaJbHBIMU YUCJIAMU; I/ Ha 3TOT CIUCOK, MTOCTPOTE OUEKIIUIO, KOTOPAsi PU
KaxgoM k = 1, 2, 3, ... orobpaxaeT HeKoTOpoe uucio n, € N He Tyza, Kyza ero orobpaxaer k-ras
OMEKIIMA U3 CIIMCKA.

n+m-1 n+m-1 n+m-1)!

Vyip. o0.7. OTBeT: ( ) = ( ) = WMLl v asanme: cTaraeMBIX CTOTBKO ’Ke, CKOJTbKO MMEeTCs
m-—1 n n!(m-1)!

YIIOpAZOYEHHBIX HAO0POB HEOTPUIIATENbHBIX LeabIX yucel (K4, ..., k,,) ¢ cyMMoii Z k; = n. Takoit

Hab0Op MOXKHO 3aKOJJMPOBATh CJIOBOM, COCTaBleHHBIM 13 (m — 1) 6ykB 0 1 n 6ykB 1: cHavyasa nuiem
k, efuHUII, IOTOM HyJb, IIOTOM K, €JWHUI], IIOTOM HYyJb, U T.[. (CJI0BO KOHUUTCA k,,, €AMHULIAMH,
CTOAIIMMMU CJIeZIOM 3a IocjieJHUM, (m — 1)-M HynéM) .

n+k
Kk ) . Kaxcaaﬂ TakKad guarpamMmma IrnpeJaCcraBiIdeT 06010 JIOMaHy10, BEAYIIYIO U3 JIEBOT'O

HIDKHETO yIJIa IPSAMOYTOJbHUKA B IIpaBhIi BepXHUM. B Takoll 1oMaHOM POBHO N FOPHU30OHTATIBHBIX
3BEHbEB U POBHO K BEPTUKAIbHBIX.

yrp. 0.8. OTBeT: (

yme. 0.9. Hycts [x'], = [x],, uly']l, = [v],, T.e.x’ = x + nk,y’ = y + nf c nexoropeimu k, £ € Z.
Tormax' +y' =x+y+nk+£€)ux'y’ =xy+n(fx+ ky + kfn) cpaBHUMEI 10 MOAYIIO N C X + Y U
xy cootBeTcTBeHHO, T. €. [x’ +y'], =[x + yl,, ulx'y'], = [xy],.

Yp. 0.10. [TOJOXKUM X ~ Y, €CIH CYLIECTBYeT KOHEYHAs IOC/IeA0BATENbHOCTh TOYEK
X =2Zy, Zys Zgy oo s Zp =Y

Kak B yCJIOBUU 3aa4u. [IpoBepbTe, YTO 3TO OTHOIIEHHE SKBUBAJIEHTHOCTU M YTO OHO COZEPKUTCA B
060 akBUBaseHTHOCTU S C X X X, comepxkaied R.

Vip. 0.11. PeduieKCMBHOCTb M CHMMETPUYHOCTh OUE€BUIHBI. TPaH3UTUBHOCTL: eciu (p,q) ~ (r,s) u
(r,s) ~(u,w), r.e.ps—rq=0=us—rw, Topsw—rqw = 0 = usq —rwgq, orkyzaa s(pw —uq) = 0,
upw = uq,T.e. (p,q) ~ (U, w).

Ymp. o.12. Ecnu npamere £, u £, nepecekaroTcs B Touke 0 nog ymioM 0 < a < m /2, To oTpaxkeHue
OTHOCHUTEJIBHO £, , 32 KOTOPBIM CJIe/[yeT OTpaskeHUe OTHOCUTENBHO £, , 5TO TIOBOPOT BOKPYT TOUKM O Ha

yTOJN 2 B HAIIpaBJIEHUH OT IIEPBO NPAMOM KO BTOPOH. TakuM 06pa3oM, OTpaskeHUs OTHOCUTENBHO
HepeceKaroIUXCs MPSAMBIX KOMMYTHUPYIOT TOLZIA U TOJIBKO TOTZA, KOTZA IIpsAMEIE ITepIIeHAUKY/IAPHEL.

ymp. 0.14. Tabauua KOMIO3UIUI g f B cUMMeTpHUecKoH rpyIme Sy:

80
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g\f (1,2,3) (1,3,2) (3,2,1) (2,1,3) (2,3,1) (3,1,2)

(1,2,3) | (1,2,3) (1,3,2) (3,2,1) (2,1,3) (2,3,1) (3,1,2)
(1,3,2) | (1,3,2) (1,2,3) (3,1,2) (2,3,1) (2,1,3) (3,2,1)
3.2,1) | G3,2,1) (2,3,1) (1,2,3) (3,1,2) (1,3,2) (2,1,3)
2,1,3) 1 (2,1,3) (3,1,2) (2,3,1) (1,2,3) (3,2,1) (1,3,2)
2,3,1)|(,3,1) (3,2,1) (2,1,3) (1,3,2) (3,1,2) (1,2,3)
(3,1,2) | (3,1,2) (2,1,3) (1,3,2) (3,2,1) (1,2,3) (2,3,1)

Yiip. 0.15. OTHOIIEHME N | M Ha MHOXKECTBE Z He KOCOCUMMETPUYHO: 11 | M UM | n eCciu U TOJIBKO ec-
au m = +n. PakTOp MHOXKECTBA Z 10 3TOMY OTHOLIEHUIO SKBUBAJIEHTHOCTH MOXXHO OTOXAECTBUTD C
MHO€ECTBOM Z;,, HEOTPUILIATEJBHBIX LIEJIbIX YMCEJI, HA KOTOPOM OTHOIIEHUE N | M ABJISAETCSA 4aCTH-
HBIM TOpsiZAKOM (06paThTe BHUMAHUE, YTO HYJIb SBJSIETCS HIKHEH I'DaHbIO 3TOrO MHOXKECTBA, T. €.
JIeJIUT BCe 3JIeMEHTHI. )

Yip. 0.16. ITycTe MHOXecTBO S C W cocTOUT U3 BceX TaKUX 31eMeHTOB z € W, uTo yrBepxkieHue @ (z)
JnoxHO. Ecmu S # @, To B HEM ecTb HadyaJIbHBIN 37IeMeHT S, € S. [IockonbKy yTBep:kzeHue d(w)
HCTUHHO /71 BceX W < S, yTBepxkZAeHue ¥(s,) Toxxe UCTUHHO, T. €. S, € S. [IpoTuBOpeune.

Ymip. 0.17. O603HAaYNM Yepes X; HAaYaIbHBIH 371eMeHT AononHeHusa W\I. HaganpHbIl nHTEpBa [x;) C W
ABIAeTCA 06beANHEHEM HaYaIbHBIX HHTEPBAIoB [y) C W o BceM ¥ < x;. Tak Kak | COAEPXUT Bce
HHTepBasbl [y) ¢y < x;, MBI 3aKiIrodaeM, uyto [ 2 [x;), oTkyzAa I = [x;).

Yop. 0.18. Ilycth cooTHomienue U > W He BrimonHseTcs. [TokaxkeM, 4TO JI000H HavyaabHBIN OTPE30K
[u) C U nsomopdeH HeKOTOpoMy HadaJIbHOMY OTpe3Ky [w) C W, rae w = w(u) ofHO3HA4YHO BOCCTa-
HaBJIMBAETCA 110 U. DTO BEPHO JJIA IIyCTOTr0 HaYaJIbHOT'O OTpe3ka @ = [u,), Iie u, € U — MUHUMAaJIb-
HBIH 271eMeHT. [TyCcTh 3TO BEpHO I BCeX HayaJIbHbIX OTPe3KoB [y) C U cy < u.

EciM B Haua/IbHOM MHTepBase [u) MMeeTcs MaKCUMabHbIH aneMenT u’, To [u) = [u’) U {u’},

u [u’) usomopdpen HekoTOpOMy HadalbHOMY MHTepBany [w') C W, ommmuaHoMy oT W, IOCKOIbKY
pasenctso [w') = W osHauaert, uto U > W. Tem cambiM, unTepsan [u) = [u’) U {u’} usomoppen
BIIOJIHE yTHIOpAZioueHHOMY MHOecTBy [w') LI {w’ }, koTopoe He coBmazaet ¢ W Io TeM xe IpIIuHaM,
YTO U BHIIIIE, U ABJISETCA HaYaJIbHBIM UHTepBajJoM Buza [w) C W, rae w = w(u) — HauMeHbIIUH
3J7IEMEHT B JIOTIOJTHeHUH K ITOAMHOXKeCTBY wHu {W' }BW.

Eciu B HavyaspHOM WHTEpPBAJe [1) HET MaKCUMAalIbHOTO 3JIeMeHTa, TO [U) = Uy <yuly) usomop-
¢deH 00beIMHEHUIO BJIOXKEHHBIX HAa4aJIbHBIX MHTEPBAJIOB Uy «[W()) C W. 310 o6beauHeHNE He
HCYEPIIBIBAET BCE MHOXKeCTBO W, mocKoibKy B mpoTuBHOM ciaydae W =~ [y) u W < U. [onoxum
w(u) € W paBHBIM MUHUMaJIbHOMY 2JIEMEHTY, He cozepamemycs B | J y <«u[W()). IIpoBepsbTe, uTO
Uy <«uW®)) = [w(u)) u uro orobpaskenue u — w(u) ycraHaBIMBaeT u30Mopdu3M MHOXecTBa U ¢
HEKOTOPBIM Ha4YaJbHBIM OTPE3KOM MHOXKecTBa W.

Yop. 0.19. IlycTh pekypcuBHBIE TogMHOXecTBa W, W, C P uMeroT o0Imuii Ha4aIbHbIHA 3/eMeHT. Pac-
CMOTPHUM ITOAMHOXeCTBO Z C W, cocTosee U3 BceX TaKUX Z € W), 4To Ha4a/JIbHEIM MHTEPBA [2), B
MHOXecTBe W, coBnazaeT ¢ HauyaJabHBIM UHTEPBAJIOM [Z), B MHOXecTBe W, . MHOXXeCTBO Z He IIyCTO,
MIOCKOJIBKY COZepKUT oOIIuit HaualbHBIN a7ieMeHT MHOxecTB W, u W,. B cuny pexypcusHocTu W,
u W, MHOXecTBO Z cogepxutcsa B W, N W,, apnsasace, no ymup. 0.17 Ha cTp. 17, HaYaIbHBIM HHTEPBA-
noMm kak B W, takuB W,. Ecru Z # W, u Z # W,, To TouHble BepxHue rpaHu Z B W, u W,, c ogHou
CTOPOHBI, He JIeXKaT B Z U II03TOMY Pas/IMYHBL, a C IPYyroii CTOPOHEI 06e paBHEI 0(Z) B CHILy PEeKypPCUB-
Hoctu W, ulW,. Tem cambim, Z = W, wmi Z = W,.
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Ymp. 0.20. Kaxgoe mogMHokecTBO S C U MeeT HETYCTOE IepecedeHre ¢ KAKUM-HUOYIb PEKYPCHUBHBIM
BIIOJTHE YIIOPSZI0YeHHBIM MMOAMHOXecTBOM W C P ¢ HavambHBIM 31eMeHTOM (). [To ymip. 0.19 moa-
MHOXecTBO W dABjiAeTcsa HauaabHBIM MHTEepPBaJIOM BceX cofep:Kaliux W peKypcUBHBIX BIIOJIHE YIIO-
PAMOYEHHBIX TIOMHOKECTB C HaYaJbHBIM 3jieMeHTOM 0(Q). [ToaToMy HavaabHBIA 3JIeMEeHT Iepece-
yeHus S N W He 3aBUCHUT OT BeIGOpa Takoro W, uto W N S # @, U ABIAETCA HayaabHBIM 3JIEMEHTOM
mogMHOXKecTBa S. KaxZpIi HavaabHbIN nHTEpBaJ [u) C U ABiseTcs HadaJlbHBIM UHTEPBAJIOM JIF060T0
coziep:kalero u MHoXectBa W u3 nienu. B cuty pekypcuBHOcTH W anmeMeHT g[u) = u.

Yyip. 0.21. Tlonb3ysich akCHOMOI BeIGOpa, 3adukcupyeM Aasd kKaxzaoro W € W(P) kakyto-HUGyab BEPX-
Hioto rpaub b(W) € P.Eciu f(x) > x ansaiBcex x € P, To otrobpaxkenue ff : W(P) — P,W +— f(b(W))
nporuBopeyut jeM. 0.2 Ha cTp. 18.

Vymp. 0.22. O603HayuM 4Yepe3 §(X) MHOXXECTBO BCEX HEIYCTHIX MOAMHOXKECTB AaHHOTO MHOXeCTBa X,
BKJTIOUast caMo X . [Ipu moMo1y akCMOMBI BEIG0Opa IOCTPoiiTe Takoe oTobpaxkeHue U : S(X) — X, 9to
u(Z) € Z pnsaBcex Z € §(X). O6o3naunm vepe3 W(X) muoxectBo Bcex W € §(X), KOTOpble MOXKHO
BIIOJIHE YTIOPAZOYUTH TaK, 4To U(X \ [w)) = w ana Bcex w € W. BroxHosinaack sem. 0.2 Ha cTp. 18
nmokaxkute, uro W(X) # @, 1 ybeaurtech, uto X € W(X).

Vp. 0.23. YoeauTech, YTO MHOXKECTBO BCEX IEIe, CoAepKaIINX JaHHYIO 1Iellb, ABISETCS IOTHBIM YYMOM
OTHOCUTETFHO OTHOIIEHUS BKIIOUEHN, ¥ IPUMeHUTe jeMMy LlopHa.

ymp. 1.2. OTBeTh: 1 +x U XY + X + ).

Yip. 1.3. EC/IM yMHOXUTH YUCTUTENH ¥ 3HAMEHATEb JTI060# Ipo6u B JieBoit uacTu paBeHcTB (1-11) Ha c,
YUCIUTENb U 3HaMEeHAaTe b TPAaBOM YacTH TaKKe YMHOXUTCA Ha ¢. OTCIofia cieflyeT KOPPEKTHOCTb.
[TpoBepKa aKCMOM H6eCXUTPOCTHA.

ymp. 1.5. IlycTts ax, + by, = k. Torza a(x, +nf) + b(y, — na) = ax, + by, + n(af — ba) = k npu Bcex

n € Z. Ecmm ax + by = k, 10 a(x — x,) = —b(y — y,) Aemtca Ha HOk(ab) = afid. Tem caMbIM, 9HCIIO
n=x-x))/B=—-0—-y))/a €L ux=xy+nf,ay =y, —na.
yip. 1.6. I[TycTh yuciia TaGauIb! (r: }t}> VOBJIETBOPSIOT paBeHCTBaM m = xa+by,n = as+btu
ml x/ yl
xt —ys = 1. [Ipubapnasa k 1-i1 cTpoke 2-10, YMHOKEHHYIO Ha Kk, TIOJTydaeM TaGIuIry < W st >,

BkoTopoiim’ = m+nk,x’ = x +ks,y’ =t + kt. Toraa

m’ = ax + by + k(as + bt) = ax’ + by’
x't—y's=xt—ys+kst—kst=1.

Ymp. 1.7. TloacTaBbTe B 3TO paBeHCTBO X =y = 0.

Yp. 1.8. CyliecTBOBaHUE Pa3IoKeHHUA. ECJIM YHUCIIO n TPOCTOE, TO OHO CaMo U OyZeT CBOMM pasJioKe-
HueM. Ecii n cocTaBHOe, IPeACTaBUM ero B BHZle IPOU3BEAEHUA CTPOr0 MEHBIINX 110 aOCOMIOTHOMH
BEJIMYMHE YUCEJT, KaXX/J0€e M3 KOTOPHIX B CBOIO OYepesb WU MPOCTO WIU SABJISAETCSA IPOU3BeJeHUEM
CTPOr0 MEHBIIUX MO a6COMIOTHOM BEIMUMHE YUCeN U T. . [I0CKONbKY MOZY/Ib 1I€JIOTO YUCiIa Heb3s
6EeCKOHEYHO JI0JIr0 YMEHBINATh, MBI B KOHIIE KOHIIOB IIOIyYUM TpebyeMoe pa3ioKeHue.

EAVHCTBEHHOCTD pasiioykeHus. i moboro IpoCToro YKCIa p U I060ro LeIoro Z UMeeTcs ajlb-
TepHaATUBA: MO0 HOA(Z,p) = |p|, u Torza z Aenutcsa Ha p, 1bo HOA(Z, p) = 1, ¥ TOrAA Z B3AUMHO
npocr ¢ p. [TycTb B PABEHCTBE P, ... Py = {; ... G,y BCe cOMHOXUTENN npocThl. Tak Kak [ | q; Aenutes
Ha p,, YUCJIO P, He MOXeT OBITh B3AUMHO IIPOCTO C KAXKABIM ; B culy jeM. 1.3 Ha cTp. 26. Comac-
HO YIIOMSHYTOH aJIbTepPHATHBe, XOTA 6Bl OAVH U3 MHOXUTeNeH q; (OyAeM cauTaTh, 9TO q,) AENUTCA
Ha p, . [lockonbKy q, TIpocT, q,; = +p,. Cokpaljaem nepBble MHOKUTEIH U IIOBTOPSIEM pacCyKAeHue.
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vrip. 1.9. Tlpu mo6om k € N ymHOxeHue Ha kaace [x]*[y] mepesoauT Kiacc [akx] B KJIacc [aky], a
yMHOXeHue Ha Kiacc [x][y]” ! nepeBoauT xnacc [aky] Hasaj B [akx].

n n
Yop. 1.11. Kitacc (";’1’1 ) (mod p) paBen koadpdunmeHTy 1pu xP | BOZHUKAIOIIEMY IIOC/IE PACKPBITHSA CKO-

60K U TIPUBEAEHUS TTOZIOOHBIX claraeMbix B 6unome (1 + x)™P" Hag monem F,,. [TocnesoBaTenbHO
npumMensasa dpopmyny opm. (1-24) Ha cTp. 28, mosydaem

TL*Zm

A+0P ™M= (A+20P)" "= (1+22)7 "= (A+2PP)7 "= (1+x7)°

=(1+ xpn)m =1+mxP" + crapume crenenn

Yop. 1.13. Ecmi uncro a € k aBisieTcss kopHeM MHorowreHa f (x), To f(x) genutcs Ha (x — ) (pas3zgenu-
Te f(x) Ha (x — @) C OCTaTKOM U TIOZICTABbTE X = ).

yrip. 1.14. ITo Masoii Teopeme Pepmal Kasx/bIil 3/I€MeHT X € im 1) yZOBIeTBOpPAET ypaBHeHMIo x2 = 1.

ymp. 1.16. HeHyneBoii romoMopdu3M 1oJieii MHbeKTUBEH, TIEPEBOAUT eIUHUITY B €IMHUILY U ITePeCTaHo-
BOYEH CO CIOXKEHMeM, BEUTAHUEM, YMHOKeHHeM U JeeHneM>. IIpocToe IOAIIoNe COCTOUT U3 dTe-
menToB BuAa +(1 + - + 1) /(1 + -+ + 1), KaxKABI U3 KOTOPBIX OCTaéTcst Ha MecTe. Eciu umeeTcs
HeHyseBoi romomopdusMm k — [F, To paBeHCTBO WIM HEPABEHCTBO HY/IIO CyMMBI HEKOTOPOTO KO-
JIMYECTBA eUHMUI] B TTosie [k BIeYET TOUHO TaKOe XKe PaBEeHCTBO WIM HepaBeHCTBO B nose FF, oTKyza
chark = charF.

Ymp. 1.17. Bocmonb3yiiTech TeM, 94TO R ABISETCS MHOXKXECTBOM JIeZIEKMH/IOBBIX CEYeHUH IMHEWHO YIIOPS-
ZIo4eHHOr'o MHO>KecTBa Q.

vmp. 2.3. OtBeT: (V" —x™) /(y —x) =y 1+ y" Zx 4+ y"3x? + 4 yx 2 a7

v, 2.5 (@g + ayx + ayx? +...)° = af +alxP + alx? + ... = ay + a,xP + a,x?P + ... (nepBoe
PaBEHCTBO CIIPaBeZJINBO, IIOCKOIBKY BO3BEJEHHE B P-TYIO CTeNleHb IePeCTaHOBOYHO CO CIOXKEHHEM,
BTOpOe — 110 Masioi TeopeMme Pepma).

vip. 2.6. Eemu f(x) = Y ax*, 10 f(x + t) = Z ax <k> cxkveY = Z tV - f,(x), re

kv v

k 1 d*
o= X, "() A= DT X et

k>v k>0

Yrip. 2.7. TogATcs ZOCIOBHO Te Xe apryMeHThI, YTO U B y1ip. 1.8.

CymectBoBaHue. Ecyiu f HEMPUBOAWUM, TO CaM OH U SBJISIETCS CBOUM pasyiokeHueM. Eciu f npu-
BOJIIM, TO OH PAaCKJIaIbIBAETCSA B IIPOU3BeIeHE MHOTOWIEHOB CTPOT'O MEHbIIIEH CTETIEHU, KOTOPBIE B
CBOIO OUYepe/ib WM HEMPUBOAVMEBI WIN SBJSIOTCSA MIPOU3BEAIEHUSIMU MHOTOWIEHOB CTPOTO MEHbIIeH
CTeIeHU U T. 1. [IOCKO/IbKY CTelleHb He MOXKET OECKOHEYHO YMEHBIIIaThCs, B KOHIIE KOHIIOB TOJTYYUTCS
TpebyeMoe pas3ioKeHUeE.

ExuHacTBeHHOCTD. 11 HempuBoguMoro p € k[x] u mroboro g € k[x] umeercs ciexnyrommas anb-
TepHaTuBa: 6o HoA(p, g) = Ap, rae A € K — HeHy/nIeBas KOHCTaHTa, ¥ B 3TOM CJIydae g AeIUT-
¢ Ha p, bo HoA(p, g) = 1, ¥ TorAa g B3aUMHO MPOCT C p. [IycTh Bce COMHOXKUTEN B PABEHCTBE
Py ---Px = 41 --- Gy HempuBoauMsL. [Tockonbky [] g; Aenutes Ha p,, MHOTOWIEH P, , HE MOXKET GBITH

1Cm. e 1.1 Ha cTp. 29.
2Cm. n° 1.5.4 Ha cTp. 31.
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B3aMMHO IIPOCT C K&XKABIM g; B city 1eM. 1.3 Ha cTp. 26. [loaToMy HalinéTes q;, Aenamuiics Ha p, . [To-
cIle HaJuleXxanell iepeHyMepanuy MOXKHO CUUTATh, 9TO 3TO ¢, . Tak Kak q, HENIPUBOAUM, ¢, = Ap,,
rzie A — HeHyseBasA KoHcTaHTa. CoKpallaeM IIepBbIii MHOXKUTENb U IOBTOPSAEM paccyXJeHue.

" r s
Ymp. 2.8. [Ipy1 yMHOXXEHHUH 10601 U3 CTPOK TaBIUIIEI (p Ha HeHYJIeByI0 KOHCTaHTY paBeHCTBa
q u w

p =71f+5g9,q = uf + wg coxpaHAIOTCA, a MHOTOWIEH r'W — US YMHO)XaeTcs Ha 3Ty KOHCTAHTY.
Eciu 3aMeHUTD JIO6YIO CTPOKY TabJIUIBl Ha €€ CyMMY C APYTOi CTPOKOM, YMHOKEHHOM Ha JIt060%H
MHOTOYIEH, paBeHCTBa p = rf + Sg, ¢ = uf + wg COXpaHATCA, a MHOTOWIEH I'w — US BOOOIIE He
moMmeHsieTcs (cp. ¢ ymp. 1.6 Ha cTp. 25). [IycTh B UTOrOBOI Tabuile

d hy h,

0 m m,
h,m, —h,m; = § € k™. YMHOXas 5T0 paBeHCTBO Ha f ¥ Ha g ¥ NIOb3ysAch TeM, uto d’ = fh, + gh,,
afm,; = —gm,, noay4yaem

8f = fhymy — fhymy = fhym, + ghym, = d'm,
89 = ghym, — ghymy = —fhym; — gh,m; = —d'm, .

Toatomy f =d'm,6 ' ug = —d'm, 8" genarcanad’. Jina moboro q = fs = gt u3 paBeHCTBa
8q = ghym, — qh,m, = gth,m, — fsh,m, = —c’(thy + sh,),

rne ¢’ = fm, = —gm,, 3akmodaem, uto q = —c’(th, + sh,)6 ™" nemurcanac’.
Vrp. 2.9. Ecu MHOrOWIEH cTeneHy < 3 IPUBOAKM, TO Y HETO €CTb AEIUTENb [IEPBOi CTENIEHH, KOPEHb
KOTOPOTO GyZieT KOpHEM MCXOAHOTO MHOTOWIEHa.

Ymp. 2.11. Cm. ymip. 0.9 Ha cTp. 10.

Ymip. 2.12. Bioxenne ¢ : k < k[x]/(x — ) B kauecTBe KOHCTaHT CIOPbEKTUBHO, ITIOCKOJIBKY UUCIO @ € Kk

MepPEXOUT B Kiacc[x], u 3Ha4yuT, 115 mroboro g € k[x] yucio g(a) nepexoaur B kiacc [g].

Yp. 2.13. O6GpaTHBIM 3JIEMEHTOM K IIPOU3BOJIBHOMY HEHYJIEBOMY 4 + b \/E € Q[\/E] ABJIAETCA az—;‘[zbz —
b

m\/i. KonbIio B (a) coaep:KUT AenuTenu Hynd: [t + 1] - [t? — t + 1] = [0] u, TeM caMbIM, He
sBysieTcs nmosieM. Kosbiio B (6) ABIsSeTCA TOJeM: MHOTOWIEH p = 93 + 2 He umeer KOpHeli B Q, u
3HAYUT, He AenuTcs B Q[x] H1 Ha Kakoi MHOTOWIEH NTePBOY WJIK BTOPOU CTeIleH!; CJIeZI0BAaTENbHO, P
B3aMMHO TIPOCT €O BceMu g € Q[x], He AenAnuMucs Ha p, T. e. s aoboro [g] # [0] cymecTByroT
h,,h, € Q[x], Takue 4TO h, g + h,p = 1; Tem caMbIM, [h,] = [g]t.

ymp. 2.14. OtBeT: (1 4+9)71 = —9.

Vmp. 2.15. PellleHue 3TOU 3alayy omypaeTrcsa Ha Teop. 2.3 Ha cTp. 50 u Teop. 2.4 Ha cTp. 51. O603Ha-
4uM depes [F, KoHedHOe 107Ie U3 ¢ anemenTos’. [TycTs f € F,[x] nenpuBoaum. 13 nokasarenbCTBa
Teop. 2.1 Ha CTp. 44 BEITEKAET, YTO CYLIECTByeT Takoe KoHeyHoe none F,. O F,, 4ro f monHocTbi0
packyazbiBaeTcs Ha TiHelHble MHOuTenu B [F,.[x]. Tak kak none F,. cocTouT 13 kopHell MHOroue-
Ha g = x” — X, 3TOT MHOTOYIEH UMeeT 061IMe KOpHH ¢ f, oTkyAa HOA(f, g) # 1 B F,[x]. Tak xak f
HenpuBoanM, g | f B Fy[x]. A mockonbky g cernapabeeH, f Toxe cemapabeseH.

LCornacuo Teop. 2.3 1 Teop. 2.4 Takoe MoJe eJUHCTBEHHO C TOYHOCTHIO /10 U30MOPPU3MA U COCTOUT U3 KOp-
Hell MmHorowieHa X9 — X B TaKOM pacUIMPEHHH IPOCTOTO MOAIIO/A IO F,, HaZi KOTOPBIM STOT MHOTOUIEH
MTOJTHOCTBIO PACKJIAIBIBAETCS HaA TMHEWHBIE MHOKUTEHU.
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ymp. 2.17. Yucio { = cos(2m/5) + i - sin(2m / 5) ABIsieTCss KOpHEM MHOTOWIEHA
25 —1=-1D)E*+23+22+2z+1).

Vpasuenue z* + z3 + z2 + z 4+ 1 = 0 MOXHO pelIUThb B pajuKaax, eis o6e 4acTu Ha z° ¥ BBOAA
HOBYIO IIepeMeHHyI0 t = Z + Z °.

ymie. 2.18. Ilycth { = cos(2m/n) + i sin(2m/n) — nepBoobpasHbIii KOPEHb C HANMEHBIIIUM MTOJIOXKUTETb-
HBIM apryMeHTOM, 1 § = {X. Tak kak paBencTBO (" = §* 03HauaeT, 4To m = kx +nYy A/ HEKOTOPOrO
y € Z, cpeau UebIX CTeleHel KOpHA ¢ BCTPEYAIOTCS T€ M TOJIBKO T€ CTENEHU EPBOOOPA3HOTO KOP-

Hs {, KoTopble Aenarcs Ha HoA(k, n).
1
ymp. 2.19. CM. JIMCTOK 25.

Yip. 2.22. KoneuHoe nosie [F xapaKTepHUCTHUKU p ABJAETCA BeKTOPHEIM IPOCTPAHCTBOM HaJl CBOMM IIpO-
CTBIM MOZII0JEM le C F, u B HéM UMeIOTCA TaKHe BEKTOPHL Vg, ... , Uy, 9T0 000 BekTrop w € F
JIMHENHO BBIDAKAETCS Yepe3 HUX B BUAE W = X;V; + ... + Xp VU, TAe Bee x; € F,. Ynanas us
Habopa vy, ..., V,, BCe BEKTOPHI, KOTOPHIE JIMHEHHO BBEIPa)KAIOTCA Yepe3 OCTaBIIMecs, Mbl ITOTyIHM
Takoit Habop BEeKTOpOB {e,,...,e,} C {v,,..., v, }, Uepe3 KOTOpLI Kax/blii BekTop W € [ BHI-
pakaeTcs eJMHCTBEHHBEIM CIIOCOOOM, TaK KakK PaBeHCTBO X e, + ... + xp,e, = y;e; + ... + ye,,
B KOTOPOM X; # Y; VI KaKOro-HUOYZb i, TO3BOJIAET BHIPA3UTh €; Yepe3 OCTaJbHble BEKTOPHI KaK
e=, 21 €/ — %)/ (x; — ¥;), 9TO HEBO3MOXKHO. KOJb CKOPO KaXKAbIH 271eMeHT 1o [F oAHO3HAYHO
3aluceIBaeTCA B BUZE X e, + ... + X €,, I1e Kaxabplil kooddUIeHT x; He3aBUCUMO IIPUHUMAET P
3HAYEHW, MHI 3aK/II09aeM, uto |F| = p™.

Yymp. 2.23. CM. JoKa3aTeIbCTBO TeOpeMbl Jiiepa 13 npumM. 1.6 Ha cTp. 28.

ymp. 2.24. OTtobpakeHue evg: Fplx] — F, f — f({), sBnaerca romomopduaMoM Koser. [ToCKOIbKy
nose [F KoHeYHO, a Ko/bLio MHOrowieHoB [F,, [x] GeckoHe4Ho, y 9T0Oro romomopdusma HeHyIeBOe si-
po. MHOrowIeH g — 9TO NPUBEAEHHBI MHOTOWIEH MUHMMAJIBHOM CTeNeHu B ker evy. Ecu g(x) =
h,(x) hy(x), T0 hy({) = 0 unu h,({) = 0, uTo o BEIGOPY g HeBO3MOXKHO Iipu deg h,,degh, < degg.
Iycts f({) =0 f = gh+r,raedegr < deg g winr = 0. Ilogcrapnsasn x = {, momydaem r({) = 0,
otkyzar = 0.

Ve, 3.1. Bocnosnb3aytitech gem. 3.1.

Ymp. 3.2. Ilo Teop. 3.1 Ha cTp. 54 snumopdusm w : K = Z/(30) » Z/(15), [nlz, — [nl;s, packnazs-
BaeTca B KOMIIO3UIIMIO roMoMopdusma tg : K — KS™! u romomopdusma

mg: KS™t» Z/(15), [mly/[2K150 = [mlys[2X172,
CIOPBEKTUBHOI'O B CHJIy CIOPBeKTHBHOCTH 7. Ecu [m]5, / [Zk] 30 € kermg, To [m],s = 0, a 3HaUMT,
[Mmlso/[2%150 = [2ml5, /125415, = 0B KS™1. Tem campim, ker g = 0 U 7T HE'bEKTHBEH.
yp. 3.4. o npaBuny auddepeHIIMPOBaHUSI KOMIO3UIUN ( f m), =mf™1f’ orxyma
m
dqg_pym=2L (—1 ) = m(1 — %)~ M+
dx dx \1—x

HyxHasa popmysa nmoxydaeTcs OTCI0/a 110 HHAYKIUU.

Vmp. 3.5. IlepBoe PaBeHCTBO BHITEKAeT M MpaBuIa AUddepeHITMPOBaHNSA CIIOXKHON GYHKIMH', BTOpoe
JoKa3biBaeTcs AubdepeHIIpoBaHEeM 06€eHX YacTe.

1Cm. popmyny (2-8) Ha cTp. 38.
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ymp. 3.9. OTBeTHL: a; = %, a, = %, a; =0,a, = —%, as =0,a, = = 0,ag = —%, ag =0,
5 691
(10 = gg» A11 = 0,a,, = ~ %730’
S,(m)=n(n+1)2n+1)3n*+3n-1)/30
Ssm)=n*(n+1)*’Q2n+1)(2n* +2n-1)/12

S510(1000) = 91409924 241 424 243 424 241 924 242 500.

ymp. 3.10. Tlogcrasete t = 1B (m + 1) S, (t) = (a* + )™ —a,.,,.

yp. 4.1. Ummukaiuu (a)= (6)=(B) oueBuzHbI. Ectu [ coZiepXUT 0OpaTUMBbIH 3JIEMEHT, TO CPEU €T0
KpaTHBIX €CTh €IMHUIIA, KPATHBIE KOTOPOH MCUYEPITBIBAIOT BCE KOJIBIIO.

ymp. 4.2. TlepBoe o4eBUJHO, BTOPOe BBITEKAET U3 TOTO, YTO CyMMBI b, a, + ... + b,a,,, Tae a; € M,
b; € K, nexat BO Bcex uzieanax, Coaepxamux M.

yp. 4.3. Eciu a v b SBasioTCA cTapiiuMu KoabpuIiieHTaMyu MHOTOWIEHOB f U g u3 ugeanal,udeg f =
m,adegg = n,raem > n, To a + b 1160 HyNb, T. €. ABJAETCA CTAPUINM K03DOUIINIEHTOM HYJIEBOTO
MHOTOUIEHa, TM6O0 ABISETCA cTapiuM KosdduipenToMm MHorowiena f + x™ 'g € [ crenenu m.
AnanoruuHo, 111 moboro @ € K npousBeZieHNe aa ABISETCA CTAPUIMM K03OUINIEHTOM MHOTOUIe-
Ha af(x) € I crenenu m.

Vmp. 4.4. TloBTOpUTE JOKa3aTeIbCTBO Teop. 4.1, ciaeasa 3a wiaAumMu koadpuiimeHTaMu BMECTO CTap-
IINX.

Ymp. 4.6. O603HauuM uepes I, uzean, o6pa3oBaHHBINA BCEMU aHATUTUYECKUMU CIDYHKHI/IHMI/II, obparra-
IOIMMUCA B Hy/Ib Ha MHOXecTBe Z C C, a 9epe3 [;, — uzieas Bcex GyHKINH, 06paIlaoNiXcsa B Hy/Ib

k
Ha MHOXecTBe Z\ {1, 2, ... , k}. Y6egurecs, uro sin(2nz)/ [[ (z— a) € [ NI_y, otkyzma I, G Iiy4.
a=1

yrip. 4.7. VI3 Toro, uto | ApnseTcs abeneBoii moArpynnoil B K HeMe/JIeHHO BEITEKAET, YTO OTHOIMIEHHe
a, = a, (mod I) pedneKCUBHO, TPAH3UTUBHO U CAMMETPUYHO. KOPPEKTHOCTH OTlepaliuii mpoBepseT-
caTak ke, Kak B ynp. 0.9: ecmu [a’], = [a], u [b’]; = [b];, T.e.a’ = a+x,b’ = b +y c HeKOTOpBIMH
x,y€l,toa’ +b' =a+b+(x+y)ua’b’ =ab+ (ay + bx + xy) cpaBuuMBI 10 Mozy1t0 [ c a + b
1 ab COOTBETCTBEHHO, TOCKONBKY CYMMEI B CKOOKaX jiexaT B | (MMEHHO B 3TOT MOMEHT MBI HIOJIb3Y-
eMcs TeM, 4TO H/eal BMEeCTe C KaXIbIM 3JIeMEHTOM COIEPXKUT U BCe €T0 KpaTHEIE); TAKUM 006pa3oM,
[’ +b')l =[a+blula’b’]; = [ab],.

Ymp. 4.8. BosbMuTe B KauecTBe | * 06beJUHEHNE BCEX UeaIoB U3 M.

yip. 4.9. B (a) Beakuii ugean B C[x] aBnserca maBHeIM. Eciu dakTopkosbio Clx]/(f) He umeeT aenvte-
JIel HyJIs1, TO MHOTOWIeH f HenmpuBoauM. Haz mosiem C HEMPHUBOAMMBIE MHOTOWIEHBI HCYEPITBIBAIOTCS
JUHERHBIMY, TO3TOMY f(X) = x — p A HekoToporop € Cu (f) = (x — p) = ker ev,.B (6) c mo-
MOIIIBIO JIEMMbI O KOHEYHOM TTIOKPBITUU JOKAXKUTE, YTO 151 JII0OO0TO0 nzieasna | B KOJIbIle HETPEPBIBHBIX
¢yukuwii [0, 1] — R Hatizércs Touka p € [0, 1], B koTopoit Bce dyHKunM U3 [ ob6painarTcs B HyJIb,
YTO JacT BKJIodeHue I C ker evy. B (B) mozoiiAéT miaBHbl uxean m = (x2 + 1).

ynp. 4.11. Eciu B KoM Heaine [, eCTb 3JIEMEHT X, € I \ p, TO IIpou3BeJieHHe 3TUX 1eMEHTOB
Xq ... X € [ C P, 9TO MPOTHUBOPEYNT IIPOCTOTE P.

!®yaxmma C — C HasbBaeTCA AHAIUMUYECKOTl, eCTH OHA 3aJaéTcA CXOAAIMMCA BCIOAY B C CTeHeHHBIM
psamom u3 C[|z]).
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Vrip. 4.12. Pacemorpum anuMopdusm daxropusanuu 7 . K - K /1. TlonHeri mpoo6pas 7~ *(J) mo6oro
uzpeana | C K /I sensaercs upeanom B K. Kiaccel 27ieMEHTOB, IOPOXKAAOIINX 3TOT Hzeat B K TIOpoK-
patoT ugean B K /1.

ymp. 4.13. B (B) u (1) A1 mto6oro z € C B paccMaTpUBaEMOM KOJIbIIE CYIIIECTBYET TaKOM 3/IEMEHT W, UTO
|z —w| < 1. B3sB Takoit w my1s1 z = a / b, 3axitouaeM, 910 |a — bw| < |b|.

yip. 4.14. Ecmr 3 b~ to v(ab) < v(abb™') = v(a). Hao6opor, ecmu v(ab) = v(a), To end a Ha ab
C OCTaTKOM, TojydyaeM a = abq + r, rae mbo v(r) < v(ab) = v(a), mubo r = 0. V3 paBeHCTBa
r = a(1l — bq) BeITEKAET, yTO MO0 V(1) = Vv(a), 6o 1 — bq = 0. C y4ETOM NPEABIAYINETO, TAKOE
BO3MOXKHO TOJIBKO Ipu 1 — bq = 0 wm r = 0. Bo Bropom cirydae a(l — bq) = 0, 94TO TOXKe BIEUYET
1 — bq = 0. CnegoBaTenbHo bq = 1 u b obparum.

yop. 4.15. Ecm b = axua = by = axy,toa(l —xy) =0, otkyzaxy = 1.

Yiip. 4.16. MHOTOWIEHHI X U Y He UMeIoT B Q[x, y] HUKaKuXx obIIux JenuTeneii, KpoMme KoHcTaHT. O6-
IIUMU JeJTUTEIIMY 3JIEMEHTOB 2 U X B Z[x] ABAAIOTCA TOJIBKO +1.

Yop. 4.17. Tlo aHaJIOTUM ¢ KOMIUIEKCHBIMU YUCIaMU, Ha30BEM CONpAXCEHHbIM K uucay 9 = a + b\/g
qneno 9 = a—by/5, a Lenoe 9UCI0 9] €9 -9 = a? — 5b? Ha30BEM Hopmoli yucia 9. JIeTKo BUZIETh,
a10 9,0, = U, - 5, oTKyAa ||9,9, || = 9,9,9,9, = ||9, | - ||, ]]. HosTomy 9 € Z[\/E] obparum Torga
U TONIbKO TorAa, Korza ||9]| = +1, u B aToMm cydae 9~ = +9. [Mockombky ||12|| = 4,a |1+ \/EII = —4,
pasyioKeHHe STUX DJIEMEHTOB B MPOU3BeAeHNE XY ¢ HeOOPaTUMBIMU X U Y BO3MOXKHO TOJIBKO TIPU

[lx|| = ||lyl| = £2. Ho a5eMeHTOB HOPMBI +2 B Z[\/g] HeT, TaK KaK paBeHCcTBo a’ — 5b? = +2 mpu
PeayKIUH TI0 MOZY/IIO 5 peBpaliaeTcs B paBeHCTBO a = +2 B IIofle F¢, rae uncna +2 He ABIAIOTCA

KBagpaTaMu.

Vmp. 4.18. U3 paBeHCTBa z,7, = 1 BbITEKaeT PaBEHCTBO |z, | - |z,| = 1. Tak kak |z|* € N ana Bcex

z € Z[i], rayccoBO YHCJIO Z MOXET OBITh 0OPaTUMO TOJNBKO ey |z| = 1.

T qf *, TAe p;, q; € N — nonapHo pasHble IIPOCTbIE YKCIA, IPU-

yrp. 4.19. Ilyctb n = pfl pgqu1
4€M p; IPEACTABIAITCSA B BUAE CyMMbI BYX KBaAparoB, a ¢; — HeT, T.e. Bce ¢; = 3(mod 4), a

Bce p; — HeT. Tor/ia pasioxeHue n Ha IIPOCTble MHOXKUTEMU B o6acTu Z[i] uMeeT BUZ,

. . . . Bj
n= Hi(xi +iy)%i(x; — iy)™ Hj q;’, rae q; EN.
Ecnn Bee B uérnbie, Ton = (a+ib)(a—ib) = a?+b? mma+ib = [[;(x;+iy)® [1; qf’/ . Hao6opor,
nyctb n = a® + b? = (a + ib)(a — ib), u pas3noKeHMe rayccoBa YKcia a + ib Ha IIpOCThIe MHOXUTEIH
BZ[i]umeer Bup a + bi =[] k {’),:". Torza pasioxeHUe Yyrcia n Ha IPOCThle MHOXKUTENN B Z[i] umeet

—Yk ..
Buz [ [, f’,:" €} , U BCe BellleCTBeHHEbIe IIPOCThIe MHOXXUTEIN BXOAAT B HErO B YETHBIX CTEIIEHAX.
n n-1 n-1 n _
Ymp. 4.22. 3TO claeAyeT U3 paBeHCTBa a,q  + a,q P+ ... +ap_1qp +a,p =0

yrp. 4.23. OtBeT: (x% — 2x + 2)(x% 4 2x + 2).
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