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Elcaywyn

H alyeBpikn yeoperpia exivnoe and ) pedétn v alyeBpikov ouvodev, Sndadn tou yew-
HEIPIKOU TOIMOU TRV ONHEI®V TTOU 1KAVOITO0UV £va OUCTHA TIOAUGVURIKOV E§1000E®V. APKETA
VOPIG £Y1ve OAPEG OTL 01 YE@HETPIKEG 1810T1TEG TETOI®V OUVOA®V BploKovVial KOUPHEVEG PEoA OTIg
ouUVapTroelg Iou opidoviatl pe PuUOloAOYIKO TPOIT0 MAve ota aviikeipeva auvtda. H mpooéyyilon
autn 0dnynoe pe ) og1pd g Kat oty avtiotpodn dradikaoia: Av pag 606¢t évag avuipetabett-
KOG BAKTUA10G, TTO10 £1val T0 YEOHETPIKO AVTIIKEIIEVO TO 011010 O PITOPOVCAIE VA TOU AVTIOTOLYi-
ooupe; H anavinon oto gpotnpa autod divetat ano i) Bempia 1oV OXNRATOV ONOG avartuxonke
aro tov A. Grothendieck.

Autn n 16¢a anodeixdnke 161aitepa yovipn oe toAdoug KAAdoug tov padnpatkev kat 1d1ai-
Tepa otn Bewpia apOpav Kat ota drodpavikd rpoBAnpata, dSnUoupy®vag £va GUVOAO TEXVIK®OV
Kat epyaleiov 1o oroio givatl yvooto ofpepa og «AptOuntikn AAyeBpikr) leopetpiar, [8].

H aAyeBpikr) yeoperpia, onwg £xel avartuxbel onpepa, €xel ) ¢pnun evog SUOKOAOU Kat
ATIATTTIKOU AVIIKEIEVOU, TO OIT0i0 IIPOUITOOETEL TTOAAEG TEXVIKEG ATTO H1aPOPETIKOUG KAASOoUg
IOV Hadnpatkev, oneg avipetadetkr alyeBpa, opodoyikn ddyeBpa, Bempia KAtnyoplwv, Ve
1] YEQUETPIKY) EMTOITIEIA oUXVA XAvetatl. ATiotedel Aroyn TV ouyypapeémv ot 1 Bewpia tov oxn-
patev eivat anapaitnin yveor yla oxedov kabe padbnpatiko mou BéAet va aoxoAnbel yevika pe
v nieploxn. ‘Etot, oto 1pito kepdAaio o avayvootng eodyetatl ot Bempia oxnpatov, eve oto
TETAPTO KEPAAA10 PEAETANE TA OXNHATA KATNYOPIKA KAl EI0AYOUHE TNV £€vvold TOU OUVAPTTH
onpeiov. Me 1) 6or|0s1a TG KATNYOPIKLG OITTIKLG PEAETATAL O EGATTIOPEVOG XDPOG, AaAAd Kat ta
YlVOpEVa KAl 1] ONPAvIiKL 1810tnta tou dtaxwplopou. Q¢ epappoyr) avartuoostal Kat 1) évvola
TOU OXPATOG OPAdag. 10 £KTO KEPAAAL0 EMIYXEIPOUHE Hild OUVIONN E10AY®YT] OtV OUvopoAoyia
1@V sheaves kavoviag xpnon g Bewpiag tou Chech xwpig tn xprjon nmapayopeveov ouvaptniov,
akoAouBaviag 11§ onpelwoelg tou Gathman [1].

Zinv neployr) TV adyeBpikev KAPmuA®v Priopoupe va d®ooUPe Pla KAAUTEPT YE@HETPIKT)
EMOITTIEIA TOV KATAOKEUGV. MAA10TA TNV MEPLOXT) AUTY] PUITOPOUHE VA TV IPOCEYYIOOUE HE TTOA-
Aoug dlapopetikoug 10oduvapoug tporoug. Eivatl yveoto, kat 6a 1o anodeioupe, ot 1 Oewpia
TOV aAyeBplKOV MPOBOAIKOV KAPMUA®V MAVe drd toug piyadikoug apibpoug eivat 1coduvapn
pe aut) v oupnayov srmdpavelwv Riemann. L Beopia tov empaveidv Riemann priopoupe
va €X0UE P1a KAAUTEPT) VEDPETPIKT EMOITIELd, EV® PITOpel va yivel oapng n aAAnAenidpaon Kat
pe Vv alyeBpikn tortodoyia. 'Etot, oto mépmto kepdadalo avantuoocoupe oxedov aro v apxn
1 Oswpia v nMpetapX1Kng opddag, ONwg Kat 1| Oempid TOV KAAUTTIKOV ATTEIKOVIOE®V.

Zto é86op0 RePAAalo avantuoooupe 1) Bewpia TV ouprnayev emgaveldv Riemann kupiong
pe xpron epyaldeiov pyadikng avaduong. Ano i) Oswpia teov StakAadifopeveov KaAuppdieov
petadu emgaveldv Riemann mpoxkurtietl e oapr] IpOro 1 oxEon HeE 1) Oewpia EMEKTACERDV TOV
OOUATOV PEPOPOPP®V OUVAPTNOE®V. AUTr) 11 OxEon £8woe 10 Eévauopa oe pia eviedwg drapope-
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TIKI] TIPOOEYY10T] T®V AAYEBPIK®V KAPMTUA®V, AUTI) TOV OOUAT®OV OUVAPTIOE®V.

H tedeutaia pdAiota Bswpia propet va pedenBel Sexwplotd katr avadelkvuel ) oX€on Kat
TNV OPO10TNTA TRV AAYEBPIKOV KAPITUAGOV HE 1 Bempia TV adyeBplk®v OOPATOV OUVAPTIOEDV.
O H. Hasse pdlAiota ftav i00g 0 Ip®TOg Mmou aveéruse kat tg duo Bswpieg mapdadinia, [3].
[Ma pia ouyxpovn Kat evoroinpévn HeA€Tn g aAyeBplkng YEOHUEIPIAS T®V KAPITUADV KAl TV
aAyeBpkeVv copdtav aplfpov rnaparepnovpe oto Bi8Aio tou D. Lorenzini [4].

Zto 8o kepdldailo avarrtuoostat 1 Benpia 1OV aAyeBplke®v OOUAT®OV OUVAPTHOEDV TTAVR Ao
orto10dr)Iote oOUA Katl PdAlota anodeikvutal 1) wooduvapia pe 1g adyeBpikég Kapnuleg NEo®
g Oewpiag @V MPOBOAKGOV EPPUTEVOERDV.

Z1o évato kedpdAato yiveral pla sioaywyr) ot Bewpia twv moduli spaces, xprnotpornotoviag
IV €vvold NG avarnapactacipotntag. Avantuooestal emiong n Hempia 1OV MAPAPOPPROOERDV, 1
ortoia arnoteAei £va EUKOAOTEPO KAl TOTUKO IpoBAnpa g Oewpiag twv moduli spaces. Eivat adio-
MIPOCEKTO OTL 1] KATNYOP1KIY MPOCEYY10T £lvatl avaropeuKtn akopa Kat av KArolog eviiapepetat
ATTIOKRAEI0TIKA Y1d KAAO1KI] AAyeBpiKI) YEOHETIPIA MAVE A0 T0 OOPA TRV HIyASIKOV aplOpav.

Yriapyouv apketd e§aipetikd (§evoydwooa) B18Aia adyeBpikng YE®HUETPIAg AUty ) ouypn ta
oroia UIopet OP®S va TPORASoUV TOV avayvaotn He 10 Heyebog toug. [Mépa arod ta KAaokda
Kat kadoypappéva Bi8Aia tou Grothendieck, aAAd kat ta kKAaowkd 618Aia twv Mumford, [5] kat
Hartshorne [2], untapxouv kat apketd véa B18Aia, ontwg to urepoxo B1BAio tou R. Vakil [7]. H
OUOTNHATIKY HEALT TOV IAPATAVE ATALIEl Pla ONPAviKn enévdéuon oe Xpovo. Altadégape va
akodouBrjooupe pia ouviopn mopesia mpog ) Bewpia twv oxnuatwv akoloubBoviag to BiBAio
tou Ueno [6] touldyiotov ota téooepa mpwta kKedpdadata tou BiBAiou ta oroia rapouoiadouv
Bewpla 1OV oxnuAtVv.

Efaptiosig tov kepadainv, IIpotdaosig S18aokaliiag

To 818Ai0 Ba prtopovoe va xpnotpornonBet yia pa ypnyopn e10aynyn ot Oewpia tov oxnpa-
TV KaAuroviag ta Kepdldaia 1,2,3,4,6,9, OIIOG KAl O Pld £10AY®YT] 0TS AAYEBPIKESG KANITUAEG
akodouBaviag ta kepdadawa 1,2,5,7 Kat 8.

Ked. 1 Apivikd AAveBoikd 21UvoAa

Ked. 2 TIpoBoA1kES TTIOAAQTTIAOTNTEG Ked. 5 Xtoiyeia AAveBpikng TommoAoviag

/

Keg. 6 Ztoiyeia Zuvopoloyiag
Sheaves

Keg. 2 2xnuata

Ked. 4 Katnvopieg ka1 Zynuarta Ked. 7 Yunnaveic emdaveieg Riemann

= =

Kep. a Moduli spaces Ked. 8 AAveBpikd omuata ouvaptnoemy
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A@vika AAYeBpikd cuvoAia

I.1 AAyeBpikra ZUuvolda Kat 18e®dn

'Eote copa k, avadntoupe AUOES TOU OUCTHIATOS
fa(X1,...yxn) =0,a=1,...,{,fq € k[x1,...,Xnl.

Av 10 oopa k dev eivatl alyeBpikd KAe10TO, T0TE T0 OUVOAO AUOe®V PItopel va eivatl to kevo, yla
napadetypa n e§iowon

X +y? =1
Oev £xel kapia Avon (x,y) € R. Zwv kKAaokn aAyeBpikr) yeoperpia to oopa eivat to C 1) o R,
€V Y1la PEAET MPOBANPAT®OV OXETK®OV e ) Oewpia ApiOpwv 1o k propet va eivat o Q 1 pia
aAyeBpiKr) TOU EMEKTAOT).

Opiopog I.1.1. Oa oupboiloune pue Al ) Aeydusvn oponapaiiniucny n agpwikn todfarnjiomra
(affine variety) n omola anotefeitar amo

k =1{lar,...,an), pea; €k}

Ag Bewpriooupe pia cuddoyn moAuveviupev (fi)icr, fi € klxq,...,xnl, T10TE Opietal 1o adye-
6p1k0 ovvoslo

V((fi)ie1) ={(a1,...,an) € kK"[fi(ar,...,an) =0 yia kabe i € I}.
Ag Bewpriocoupe tpa 10 0ewdeg A < k[xq,. .., Xn] TO oroio mapayetat ano ta (fi)ier. 'Eva tuxaio
otoixeio 1ou 18ewdoug A ypadetal oG £Eng:
g= Z gi(xla v ,Xn)fi(X:[, e )XTL)7
iel
OTIoU gi(X1,-..,Xn) € kX1, ...,Xn], 0Aa Nndév eKTOG A6 METIEPATHEVA.
Afppa Li.2. AvIcC]J, ©dte V(I) D V(]).
Amnobeiln. Av éva onpeio P € V(J), tote f(P) =0 yia k&Be f € | apa f(P) =0 ya kabe f € L. O]
[Tapatnpoupe ot
V((fi)ier) = V(A),

6nAadn 1o adyeBpikd ouvoAo mou opidetatl amno 1o 18ewdeg ou apdyouv ta f; tautidetatl pe 1o
aAyeBpiko ouvolo 1ou opidetat amno ta fj.
Fevika yia éva 16ewdeg | < kxy, ..., xn] optoupe 10 avtiotoixo adyeBpikd cuvoAlo

V() ={(ai,...,an) €k™:glai,...,an) =0 ya xabe g € J}.
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Mapadewypa I.1.3. Yrmojoyilouue ot
1. V(0) = A}
2. V(k[Xl, .. ,Xn]) =10

Ocwpnpa I.1.4 (Baong tou Hilbert). Kade 16ewdeg I < klx1,...,xn] eivar tenepaouéva tapayo-
uevo, 6ndadn vrapyovv moAvwvvua fi, ..., fs wote = (f1,...,fs).

Anddeiln. Enayeyikr anodedn Baoiopévn oto ot av o R eivat daktuAiog g Noether, tote kat
o R[x] etvat daxktuAiog tng Noether. [Tpaypartt, av unobéooupe o1t 0 SaktuAiog R eivat SaktuAiog
g Noether kat éote éva 16ewdeg a < R[x]. Ag urtoBéooupe ot Sev eival menepaopéva apayo-
HEVO, OUVEN®OG UTIAPXEL akoAoubia otoixeinv

{anfla"'vfm---}v

orou by, = (fg,...,frn_1) Kat f, € a\by, TNV oroia propovjie va Vv erMAEEOUNE e TETOL0 TPOTIO
wote 1o otoikeio f,, va eivatl eddyiotou Babpou oto cuvoldo a\b,. Eivat cagpég ot yia kdBe n € N

degfn, < degfnii.

®cwpoupe toug leading terms a,, = Lead(f,,) tov moAvevupev f, € R[x], kat oxnuatioupe v
akoAouBia 18ewdwv Tou daktuiiou R

(ag) C (ag,a1) C --- C {(ap,as,...,as) C
n ortoia etvat teAdkda otabepr|, SnAadn
(ag,...,an—1) ={ag,...,an) =(Qg,...,aN, AN4+1) = "

apou o R eivatr daktuvAiog tg Noether. Oswpoupe 10 otabepod 18ewdeg g axkoloubiag b =
(ap,as,...,an—1) Kat €xoupe ot ay € b, dnAadn

aN = Z uiai, uy € R
i<N

®e®POUE TO OTOIXEID
g — Z uixdeg fN —deg fifia

i<N
10 ortoio €xet leading term ioo pe autod tou fy. [Ipopaveg g € by, fn € by ouvenog fy —g € b
‘Opwg deg(fn — g) < deg fn, AToro Ao tov TPOITo ermAoyng tou fy. O

Opiopog I.1.5. ‘Eotw (In)aen Hia otkoysveia 16ewbamv. Oa oupBoAifoupe pe ) s p In 10 16ewbdeg
TTOU Ttapayetat ano v okoyevela 10ewdav (1,).

Op1opog 1.1.6. 'Eotw 16e06s¢ I < R 8a ovuboilouue ue V1 10 18ed8eg
VI={feR: cote undpystm € N ue f™ e I},
Kat da 1o ovoualouue 1o pLiKo 6ewdeg tou 1.

Aoknon L.1.7. Asifte 61 10 V1 givar 16ed8ec tou R.

IIpotaon I.1.8. 'Eoww I,],Jx, A € A 16eddn 10U kX1, ...,xn]. TOTE
1. V(DUV(]) =Vv(In])
2. Mea VIR =V (Xaen )

3. AvV/1c /], wte V(1) D V(]).
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Anddeiln. To Anppa éxelt wg ovvenela V(INJ) D V(I) xat V(IN]) D V(]) omote V(1)U V(]) C
V(IN]). Avuiotpoédpwg, av P € V(INJ) kat P € V(I), tote untapxet f € [ pe f(P) # 0. Av Bewprjcoupie
éva tuxaio g € J, tote h = f- g € I NJ xat ovvenwg h(P) = f(P)g(P) = 0 kat apou f(P) # 0
avaykaoukd ¢g(P) =0 ywa kdBe g € ], onote P € V(J]). Zuveniwg, V(IN]) € V(I) U V(]).

I'a 1o (2): Apou I, C ) o a I éxoupe 611

V(I,) >V (Z 1A>

AEA

KAl OUVETTNG

() v, oV (Z 1A> .

peA AEA
AvVUOTPO9KG, Yia Kabe A € A exgppaloupe to I = (ha1,..., hat,). 'Eva otoikeio P € [, c 4 V(IL)
Hndevidel 6Aoug Toug mapandve yevvhtopeg, dHndadr)

has(P) =0 vyiakaBe A € A, 1 <s <ty

Ao v aAAn mAeupd, ta otoixeia hy s mapdyouv to 16ewdeg V(er A 17\) Kal ouvenwg P €
\4 (Z?\E/\ 17\)'

T'a 1o (3): Apkel va deifoupe 6t V(I) = V(J). Eivat cagég ot I € /1, ouveniidg V(vI) ¢ V(I).
AvToTPoPrg, av f € V1, tote f™ € I yia karmowo m € N. Av P € V(I), téte f(P)™ = 0 xat katd
ouvénewa f(P) =0, 6nAadn P € V(V/1). O

Iopiopa I.1.9. Ag 8ewpPOOUUE TO TEMELAOUEVO OUVOAO 10ewdwv 11, . . ., I5. Ioyvet

V() =V |

S S
=1l j=1

)

[Tapatnpoupe 6t av 10 napandave minbog eivat damnelpo, 1o nopopa dev oyvet. I[Ipaypat av
Cly...,Cn,... aplOunon aneipn ouAdoyn otoixeiov, S1dPpopwv avd dUo, evog ATTEIPOU OWILATOG
kkat [j = (x —¢;), wote i, N--- NI, = [T{_; (x — ¢j,). And v aAdn N2, Ij = (0) xat éxoupe

U V) ={ci, e, ) © VML T) = V((0)) = A
j=1

®a axkoloubrjcoupe twpa Vv avtiotpodn dadikaocia: Eekivoupe pe éva unioocuvolo V C Al
Opidoupe 10 16ewdeg TV MOAUVUP®V TToU Pndevidovial os auto:

(V) ={f € k[x1,...,xn]: f(P) =0 yia xabe P € V}.
[Mapatnpoupe ot av V = V(]) yla karnoto 18ewdeg | tou klxy,...,Xn], TOTE
J C I(V(])).

[Tpaypattav f € ], tote 10 V(]) anoteldeitat ano 6Aa ta onpeia P € AP ta onoia pndevidoviat oto
] xat €§ opiopovu 10 f € | pnbevidetal oe kaAOe onueio tou V(J), dpa aviret oto I(V(])).
'Onwg V(f?) = V(f), dpa dev priopoupe va éxoupe 10otnta yia | = (f2), apou I1(V(f?)) = (f).
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I.1.1 To 6sdpnpa priov tou Hilbert (Nullstellensatz)

Ocapnpa L.1.10. 'Eotw k afdyebpikd kAetoto ooua. Av 1 16ewdec ue 1 ¢ 1, tote V(1) # ().

Amnodeiln. To 16ewbdeg I etvat éva yvrioto 18emdeg tou daktuldiou K[xq, . . ., Xn] KAl oUVEN®OG UTIAPXEL
éva péyioto 18emdeg m wote I C m, onwg propouviie va arodeifoupe eite pe 1o Anppa tou Zorn
[1, cor. 1.4] eite xpnowomnoidviag ott 0 MOAUGVUNIKOG daktuAiog eivatl daktuAiog tng Noether
[, chap. 6]. Tote V(I) D V(m). Apkei va artodei§oupe ot V(m) # (.

Pvepidoupe ot 10 kixg, - -+, xn]/m eivat oopa, mou neptéxet 1o k. Apou 1o k eivat adyeBpika
KA£1010, 10 Anppa rou Oa arodeifoupe mapakdatm Ba pag Swoet ot

klx1,...,xn)/m=Kk.
Apa x; mod m = a; € k. ZUven®g x{ — ai € m Kat €101 10 16e0deG (X1 — a1,...,Xn — An) C m.
To mnAiko k[x1,...,xnl/(X1 —ai,...,xn —an) =k, dnAadr] 1o 16ewdeg (x; — ai,...,xn — an) €ivat

péyloto kat ico pe to m. 'Etot
V(m) ={(a,...,an)}

O]

IIopropa I.1.11 (AcBevég Nullstellensatz). ‘Eotw k afdys6puca kieioto ooua. Ta puéyiota 1deadén
tou daktuiou kxy, ..., xn] EYoUv T HOPPT (X1 — A1, ..., Xn — Qn).

Afppa L1.12. 'Eotw R aképaia nepioxn nenepaousva napayouevn ungp owuarog K (Ot kat’ avad-
ykn ailye6puca kiswotov). Av n R eivat ooua, tote kade ororyeio g R eivar adye6piko utép 1o
K.

Anddeiln. YnoBétoupe ot R = Klzy,...,zm]. ®a anodei§oupe ot 1a z4,...,z;,m eival alyeBpika
uriep 1o K. Av m = 1 kat av 1o z; dev eivat adyeBpiko, tote eival uniepbatiko kat to R dev eivat
ooua.

Avm > 2, z; € R, 161€ 10 K(21) €ival urtoocepa tou R kat paAota R = K(zy)(za, . .., zm]. H ena-
YOYIKN untoBeon &ivel 0T za, . . ., ziy €ivat adyeBpika unép 1o K(z1). Andadn yia kabe z; uniapxet
f; € K(z1)[x] pe ouviedeotég oto ocopa K(z;) mou va €xet 10 z; oG pida. INoAdamdaciadoviag pe
otoxeio tou K(z;) priopoupe va urtoBécoupe ot yia 2 <j < m

£5(x) = Aj(z0)x™ + B (z0)x™ 4 - B (1) e A1), BLY € Klzyl. (L.1)

®¢toupe
m

Alz1) = HAj(Zl)
j—2

Kkat optoupe S C R kat S = Kz, ﬁ]. To R eivatl oopa, kat to A(lzl) € R kat to S eivatl vroda-

KTUA10G T0U R. 'Exoupie 611 R = Slzs, . . ., zim]. TToAAamAactadounie v e€iowon (L) pe A(z;) /Aj(z1)
Kat Staipoupe e A(zy). Tote

gj(x) = x" +b{ x4y b

elval poviké moAumvupo pe ouvieAeotég otov S Kat 1o zj eivat aképato unép to S. Ta aképaia
otoixeta amotedouv urtodaktuAio [, cor. 5.3], dpa kabBe otoixeio tou R eivatl S-aképato.

Ba deioupe 611 adou 1o R eivatl oopa kat 1o S eivat copa. IMpdaypaty, €ote a € S pn pundeviko,
ouvenidg a~ ! € R kat ouvenodg a~! eivat pida povikoy MoAuevUpou pe ouviedeotés and 1o S,
dnAadn

a'+bia M a4+ by =0ne by €8,
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KataAnyoupe oto ot
1+bra+bea®+---+beat =0,
OUVETIOG
a'=—(by+bya+---+beat") €S,
6nAadn to S eivat eriong oopa.
Av 10 z; frav unepBatiko vrep o K, tote 1o Klz;] elval moAvwvupikog Saktudiog vrep o K
kat kabe a € Kz, 1/A(z1)] ypagpetal og

__Fz)
Alz)™

ue F(z1) € Klzq].

Av 10 a SraAeytel pe poro wote ta F(z;) kat A(z;) eivat mpota petady toug, dev priopovpe va

exppdooupe 10 a ! = A(z1)™/F(z1) wg
G(z1)
Alz1)s’

ne G(z1) € Klzq].

[Mpaypatt, n 10otta

G(z1)
A(z1)s

agou 0 8aKTUAl0§ MOAUMVUNGV MAve and oopa eivat povoorjpaving avaluong odnyet oto
F(z1) = A(z1)¢, atomo.

Ze auty) v niepimoon o S = Klzy, 1/A(z;1)] dev propet va eivat oopa. Agou Aourtov 1o S givat
owpa, Oa mpérmnet 1o z; vat eivat kat autod alyeBpiko urep to K.

A(z1)™/F(z1) = & Alz))™ = G(z1) - F(z),

O]

Ocwpnpa L.1.13 (Hilbert’s Nullstellensatz). AvJ < k[xy,...,xn] xat 1o ooua k givar afys6puca
Kieoro, e [(V(])) =] D J.

Anobeiln. Tpopavag +/J C I(V(])) ard tov opiopd, apou av f € v/, tote f™ € | kat f™(P) = 0
yla kaBe P € V(]), ouvenwg f(P) = 0 yia kabe P € V(]).

Avtiotpoprg, ote f € I(V(])), Oa dei§oupe 6l f € /], 6nAadn 6t f™ € | yia karowo m € N.
BemPOUpE T0 X9 @G H1a veéa petabAnt) kat tov 6axtuAio klxg, X1, ..., Xnl, ONMOG Kat 10 16e0deg
J < klxg, ..., xn] TO omoio mapayetat and ta 1 — xf kat J.

Av 10 V(T) # (), tote untdpyet (ag, ..., an) € V(T) C AEH Kat eivat oagég ot (ay, ..., an) € V(J)
agpou | C T Apa f(ay,...,an) = 0. Zuvenag, apou 1 — xof(x1,...,xn) € T gxoupe om1 0 = 1 —

aof(ay,...,an) = 1, atoro. Tuvernwg V(J) = 0. e aut) v nepinwon ard to Nullstellensatz

gxoupe ot 1 € J. 'Exoupe
¢
1=go(x0, .-, %n) - (1= x0f(x1,.. ., xn)) + Y gi(x0, -, xn)fj (X1, ..., Xn),
j=1
onou fj € ] kat gj € klxp,...,xnl. Z&e kAOe xy avuikabiotovpe pe 1/f ya va nmapouvye:

¢
1=go 1...xn . 1—M —l—Zg' 1...xn fi(X1,. .y Xn)-
f7 I f j:1 ) f’ ) ) ) )

MropoUjie Topa va ToAAarmdactdooupe te KatdAAnAn duvapn tou fN dote va gpuyouv 6Aot ot
ITAPOVOUAOTEG Yia va £XOURE OTL

14
fN - Zg]/ (Xl"'"Xn)fj(xl7"'axn)a
j=1

6nAadn to {ntovpevo. O
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Opiopdg I.1.14. 'Eva 16ewbeg | da Acyetar reduced 1 p1licd av /] = J.

Eilvatl cagég ot priopoupe va rapdyoupe kabe alyeBpikod ouvoldo pe reduced 16emdn. ‘Opwg,
onwg Oa eEnyrnooupe ot ouvexela, 1o va ocupneptdaBoupe kat non-reduced 18embn eival ana-
paitnto o€ mpoBANpATa TOPRV, d1atapayx®Vv KIA.

I.1.2 TomoAoyia Zariski

Ed¢appoyn L.1.15. Eotw V,W vnoovvoda tou A} ue VO W. Na amoberydei ot I(V) C [(W) kat
éuav V(i) =V 2 W= V(Js). w0 Vi S V]a

Amnddeiln. Av f € I1(V), tote €§ oplopou f(P) =0 yua kabe P € V O W, ouveniag f(P) = 0 yia kabe
P € W, onote f € [(W).
YroBétoupe topa ot V(J1) =V 2 W = V(]z2). 'Exoupe

VI =1(V(1) € I(V(J2) = V]

Av sixape J1 = /J2, 10te Ba eixape V = W, dtoro. O

IIpotaon 1.1.16. Av V(1) bev givat ovte ) oute AT, 10te 10 ouumAnpwua V(1)¢ dev eivat afye6oixo
ovvojlo.

Amnobeiln. 'Eotww ot vninpxe | < kixq,...,xn] dote V(I)¢ = V(]). ®a eixape
VI UV(]) = A kat V(IN]) = V() UV(]) = A}.
Zuvenwg vIN] = (0) = I(AY). Tote IN] = (0) apou INJ C VINJ. Av I # (0) xat | # (0), 16t

unidpxet f € I,ge J,pe f,g #0wat f-g € INJ = (0), dnAadn f- g = 0, aroro. Apa I = (0) 1)
J =(0). O

Ipotaon I.1.17. Oswpouvue 10 GUVOAO TOV CUUTANPOUATOV OAGV TV adye6poik@v ouvoAov
T={V(D:T<k[x1,...,xnl}
To ovvofo T givar pia torofoyia oto AT, dniadn exetl tig 1010TNTEG:
1. 0,A €T
2. Av 01,05 €T, 101e O1 N Oy € T.

3. UncaOp € T, avofa ta Oy € T yia kade A € A.

Anodeiln. Tlapatnpoupe ot V(0) = AL, V(k[xq,...,xn]) = 0. Emutdéov av O = V(J1), 02 = V(J2),
101E
01N 02 =(V(J1)UV(J2))  =V(Jin]) €T

TéAog av O, = V(JA)€, tote

Uoa= <U VUA))CZ <ﬂ V(]?\)>C=V<Z])\>CE‘T.

AEA AEA AENA AEN
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, . , , . n . , =1 :
®¢Moupe va opiocoupe pia tornodoyia ota cuvoda Ap. TMapatnpoupe 6t V(f) = f~7(0), ouvenwg
av urtofeooupe Ot ta onpeia eivat KAE10Td Kat 0Tt 01 ITOAUGVUHIIKEG OUVAPTHOE1G eival OUVEYELS,
tote 10 V(f) elvatl kAerwoto. Ermurdéov av I = (fy,. .., fs), 1dte Kat 1o

eivatl KAe10to.

Opopog I.1.18. H tonojoyia Zariski oto A}l ivar avtn ot onola ta ajlye6pika ovvofa siva
Kiewota. H tonofoyia Zariski oto V(I) C A} eivar n emaydusvn ano tov nepibajovia xepo.

Hapadewypa I.1.19. Ta kjewta oy tonofoyia Zariski ou Al eivar ta nengpaopéva onusia.
H tonofloyia Zariski oto Al x Al = A? 6ev eivar n tonofoyia ytwdugvo, apov yia mapddetyua
TEPLEXEL TTEPLOOOTEPA KAELOTA Amo Ta MEMELACUEVA YIWWOUEVA ONUELDV, OTWS Yla Tapddelyua 1o
V(x2+y2—1).

Erniong n torodoyia Zariski &ev eivat Hausdorff, 6riog eUkoda rapatnpoupe ard o Al étav
10 k eivatl areipo ouvolo.

Opiopog I.1.20. 'Eva afys6pro ovvofo V C A} da Aéyetar un-avaywyo (reducible) av rkair povo
avV =V, UV, ue Vi #V,Vy # V. Av bev givar un-avaywyo, da fcystar avaywyo (irreducible).

Eote V = V(J) = V(J1) U V(Js), pe V(J) # V(1), V() # V(J2). Apot V(J) 2 V(Ji) éxoupe
VI =T(V(]) C1I(V(J1) = V]i yia i = 1,2. Zuveniog untdpyouv f1 € /Ji,f2 € V]2 ne 1,2 & V/J.
'Oneg 1o f1f pndevidetat oto V(J), dpa fifs € /J. Apa to /] dev eival mpoto 18emdeg.

YrnievOupidoupe ot éva 18ewdeg [ etvarmpotoava-b e, oteaelnb e L.

IIpotaon L.1.21. 'Eva afye6puxd ovvoAoV eivat avaywyo av kat uovo av (V) eivat mooto 16w deg.

Amniddeiln. Anodei§ape n6n ot to [(V) Sev eivat mp®to yia pn-avayoya cuvolda. Zuvenog av (V)
PWTOo, Tote V avaywyo.

Avuotpodwg, €¢ote V avaywnyo kat [(V) oxt mpoto, ouvenog uniapyouv fi, fo pe f1, fo & (V)
kat fify € [(V). 'Eotw J; 10 18eddeg rmou napdyetat ano to [(V) kat to fi. Apou f; € [(V) éxoupe
ott V(J1) € V kat V(J2) € V. Opwg fify € I(V), ouveniag yia kabe P € V éxoupe f1(P) = 0 1
fo(P) =0, apa P € V(J1) UV(J2), 6nAadn V = V(J1) U V(J2), atoro. O

[Mapatnpoupe 61t 10 Pndevikd 18ewdeg (0) elval mpwto, ouvenag to AP eivat avaywyo. Auto
Sivel kat pia evaddakuky anodeiln tng rpotaong

Mapadewypa I.1.22. Ag dcwprjooupe 10 KUpto 16ewdeg I = (f) < k[xq,...,xnl, T0 OMOl0 €lval MpaTO
av kat povo av 1o mofvwvuuo f givar avaywyo.

Opiopog L.1.23. [a éva afys6puco ovvoio V o darxtujiog

k[Xl, e ,XTJ

V="

da Agyetal o 6arKTuiog OUVTETAYUEVD.

Iopiopa I.1.24. To V eivar avaywyo av kat uovo av klV] eivat akepaia mepioxm.

Eivat ¢uolodoyiko va Bewpriooupe g ouvaptioelg AN — Al tov 8axtUA0 TOV TTOAUGVUNGV
k[x1,...,xn]. 211 OUVEXELQ, OGS OUVAPTHOEIG OTO UTIOOUVOAO V C Al Bewpoupe ToV MeP1optopo TV

roAuevupev oto V. Eivatl cagég 6t 6Uo nmoduwvupa f, g € kxy,...,xn] ENAyoUVv e ieploplopd
Vv 181a ouvaptnon oto V av kat poévo av f —g € I(V).
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Opiopog L.1.25. Ozwpovus ta aflyebpika ovvoda V. C A kar W C A}. Mia ovvdptnon ¢ :
V — W 8a jéyetar pop@iouog ajye6pikwv ovvofev av urdpyouvv nodvovuua fj € klxi, ..., xml,
j=1,...n, dote kade P = (ay,...,am) € V va ancwwoviferatl oto

$(P) = (by,...,bn) = (filar,...,am),..., fnlai, ..., am)).

ZT0V Mapardve Oplopo IApATtneoUlE OTl Ta rmoAuwvuua fi, ..., T, dev eival povoorpavia
optlopéva. ®a enaveABoupe ouviopa pe €vav oplopo Bactopévo otoug SaKTUAIOUG OUVIETayHE-
VQV.

Hapadswypa 1.1.26. Ocwpovue 1o C = V(y? —x3) C A2. Opilouue 10V pop@Louod
A — CC A}
a— (a?,a?).

IMapatnpovue ou kade onusio (b1, by) = (a2, a?) kavonoiei v e€iowon opiouov g C, niadn n
guova onwg opiotnke avrket oto C.
Erniong mapatpouvue ot 0 pop@iopds ¢ : Ai. — C opilet évav opouop@iopd daxtufiov

7 : k[C] = kIx,yl/(y? — x®) — k[AL] = K[t]
fx,y) = f(x,y) + (y> —x?) = f(t3,t%)

o omoiog¢ ekppalel ta mofvavuua f(x,y) wg ovvaptyoeig Tou t.
Emnigov opiletat o poppiopog

OFKIAL] = klx,y] — KIAL] = Klt]

f(x,y) — f(t3,t%)

O nupnvag tou OF elvar axpi6a¢ 10 16ewbec mou mapdyetail ano y? —x3. 'E1ot £xouue 10 TapaKdie
ueradeuko diaypauua:

Klx, yl —= Klx, yl/(y? — x) AR

o
Mapadewypa 1.1.27. Oswpouvue ta afys6puca ovvoia
Vi :V(y2 —x*+1)C Ai Kat Vo :V(X% —xi{’ +1,x3 —x%) C Ai.
Oswpovue ) ouvapnon

C[) : V1 — VQ
(a,b) — (a,b,a?)

Opiletai €101 €vag UOPPIOUOGC:

Kk[Va] = klx1,xa,%3]/(x3 — %3 + 1,x3 —x}) — k[V1] = kIx,yl/(y® —x* + 1)
g(x1,x2,%3) + (x5 —x3 + 1,x3 —x3) = g(x,y,x>) + (y> —x3 + 1)

1 omola unopel va enekradel otnv

&7 K[AY] = Klx1, X2, %3] — k[AZ] = Kx,y]

g(Xl,Xg,Xg) — 9(X793X2)



L.1. AATEBPIKA YYNOAA KAI IAEQAH 9

[Tapatnpoupe ot €va otoixeio tou daxktudiou ouvietaypévav k[V] propet va Bewpnbel wg
ouvapton V — Al. 'Etot 6a opicoupe popgiopd pe 8aorn ta diaypappata

vt ow KIW] K[V]
NG
Al fr——sfod = o7 (f)

Mropoupe Aortov va 8mooupie tov €N 0plopo (rou eivat 1006Uvapog Pe 1oV Ip®To):

Opiopog 1.1.28. H ovvdptnon ¢ : V — W givat pop@iopudg av n enayouevn ovvaptnon (pull-back)
&7 1 k[W] — k[V] eivar opopop@ioudc darxtuiicon.

[Mapatnpoupe OT1 0 IAPATIAV® 0P100G Hev e€aptdtal Ao TtV UAOIIOINoT) 10U PE0® U1 pova-
81KdA 0P1OPEVEOV TIOAURVUP®V. TNV NMTPAYHATIKOTTA, Pia UAoroinon péon MoAU®VUP®V ITpoU-
noBetel 6t o V C A (kat pe auto tov tporo 1o [(V) <klxy, ..., xn]), dnAadn) eivar epBantiopévo
péoa oe éva peyalutepo nepiBdAAov. ‘Onwg otn Bewpia tov drapopioipev moAdardottev opi-
Joupie MOAAATIAOTHTEG (KA1 OUVET®MS OUVAPTIOELG PETASU TOUG) avegaptnta Ao KAold ePBATTTIoT)
TOUG 0¢ KATo10V X®wpo R™ €101 Ba KAvoupe Kal otV MEPUTIOOn TV aAyeBpiKOV OUVOAGV.

IMa va arodeifoupe v 10oduvapia tov U0 0pPIoPAV, YPAPOUHE TG TIEMEPACHUEVA TTAPAYO-
peveg k-aAyeBpeg k[V], k[W] og nAika

7y kX1, ..o xn) = KIVI =KX, ..o xnl/T kat klyg, ..., ym) — KIW] =kly1, ..., yml/]

10 oroio rpoUroBetet ot V C k[V] kat W C k[WI]. Av ¢ : k[W] — k[V] eivat opopoppiopog, tote
priopoupe va Bewpriooupe ta ¢(m)(yi) € k[V], apa
(P om)(yi) = filxr, ..., xn) +1

1a moAuwvupa fi(xi,...,xn), ..., fm(Xx1,...,xn) €lvat autd ta omnoia opi¢ouv cuvdaptnon

nov 2 weam
(alv sy an) — (fl((ll,. ) aTL)7 .. ‘7fm(a1) .. '70‘1’1))
[Tapatnprote 0 1) €MAOYT] TOV AVIUTIPOORONIOV i oty KAdon fi + [ Sev ennpeddet tov do.
Avtiotpodag, £xoupe f1dn Seifel Ot évag popPlopds dnwg opiotnke oto L1.25 opidet péow
tou pull-back évav poppiopé ¢# avapeoa otoug SakTUAlOUG cuvietaypévey. Ilpdypatt av ¢

HOpPPLONOG dote
¢)(a17 A '7an) = (fl(al’ AR an), A 7fm(a1’ MR an))?

10te opietat o &7 : k[yi,...,yml/I — klx1,...,xnl/] ne
9(917-- . 7gn) = g(fl(xla" . aXTl)v"‘7fm(X17"‘)Xn)) +]

Opwopog L.1.29. Av o puopgiouog b : V. — W givar ovvdptnon 1-1 Kat eni Kat 1 enaywueun
ouvdptnon otoug Saktufioug ouvietayuévov ¢ @ k[W] — k[V] eivar ioouoppiouds Saxtufiov,
10te ta afye6puca ovvoila V, W 8a ovoualoviat 1oopoppa.

I1.1.3 ZInpeia kat péylota 18N tou SakTudiou oUVIETAYHEVQOV

‘Exoupe 1nén 6e1 611 oe kabe onpeio P = (ay,...,an) 10U V (Oplopévou nave anod £va alye-
Bpkd KA£10T6 owpa k) avtiototyel €éva pEyioto 18embeg TOU (X1 —aq, ..., Xn — An) TOU K[X1, ..., Xn].
Ag oupBoAidoupie pe X TV KAAOH TOU X CUPP®VA HUE TOV ETTPOPPIONO

kX, ..., Xn] — ————— =Kk[V].
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Tote 1o (X1—ay, ..., Xn—0an) €lvat éva peytoto 18ewdeg tou k[V]. Aviiotpddpmg, av m péyioto 1demdeg
tou k[V], téte Ba bei§oue oe Alyo 6t 1o w1 (m) eival éva péyioto 186ewdeg tou klxy, ..., xn]. 'Etot
-l (m) = (x;—b1,...,Xn—by). Oa &eifoupe ét1 10 (by,...,by) € V. ' autod apkei va &ei§oupe ot

(x1—b1,...,xn—bn) 2 I(V), dpa kabe f € (V) pundevidetat ota (by,...,by), apa (by,...,bn) € V.
[paypatt 0 +m € m xat i~ 10 +m) = [(V), orote w1 (m) D i~ H0) = I(V).

Afppa L.1.30. Eotw ¢ : R — S ououoppioudg daxtuiiov kat P mpwto 16ewdeg tou S, 101e 10
16e6)6e¢ O 1(P) eivar mow1o 16e6)6¢ TOU R.

Arnodeiln. Tapatnpoupe 6t opiletat n ouvdapnon:
R/G™H(P) — S/P

n oroia eivat kat povopop@lopdg. Tuvenwg 1o R/¢—1(P) eivatl 106popdo pe urmodaxkTuAio aké-
palag rePloXnNg Kat CUVENROG €ivat MmPpwTo. O

Hapatipnon 1.1.31. Afilel va mapanprnoovue 0Tl av EXOUUE EVAV OUOUOPPLOUO SaKkTUuAiwL ¢ :
R — R’ kar m eivar éva uéyioto 16ewdeg tou R, t0te 10 ¢~ 1(m) bev elvar kat’ avdykn uéyioto
16ewdeg ou R. Na mapadeyua, ag dewproovpe v eykAsouo i : Z — Q. To 16ewdeg (0) < Q givar
uéyioto kat o i~ ((0)) = (0) bev eivar uéyioro.

Tevikd 1o Afppa [L1.3d e€aopadilel 611 ta péylota 16ek8n avuorpépovial os TpoTa 18600,
apou rAbe péyioto 18emdeg etval kat paTo.

Zinv nepinmtoon Opeg rmou ot Saktuliot pag eivat k-adyeBpeg yla kamoto oopa k, £Xoupe ot
ol avtiotpodeg e1kOveS peyiotev 10emdmv etvat péyiota 185emo).

Afppa L.1.32. 1. Av A elvat aképaia mepioxn wote Kade a € A va eivatl ajfye6piko UTEp Tou
oouatog k, 10te 10 A givat ooua.

2. Av éva ooua nniikov Quot(A) wag akepaiag mepoxng A mepiexetal o affine k-afyebpa,
0t Kade a € A eivar ajlye6piko utép 10 K.

Anodeiln. 'Eotw a € A. Apou 10 a eival aAyeBpiko urepdve tou k, 10 18ehdeg 1OV MOAU®VUP®V
tou k[x] mou pndevidovtat oto a eivatl pn kevo. 'Eote f 0 yevvtopag autou Tou KUp1ou 18emdoug.
Agou k[x]/(f) = k[a] C A, 10 f eival avaymyo Kat 1o avtiototXo 18embeg MP®TO KAl PEYIOTO. X1
vAoooa g adyeBpikng yeopetpiag (f) = [({a}) pe {a} C AL.

Av 10 f gival 8aBpou 1, tote 10 a € k Kal OUVENOG avilotpEéPetal. AlapopeTikd Bempoue 10
oopa kla] = k[x]/(f) kat ouven®g untapxet moAumvupo g € kix] pe g-x =1 mod (f). To g(a) eivat
10 avtiotpodo Tou a.

To SeUTEPO PEPOS TOU AUHATOS TIPOKUITIEL artd 1o Afppa L4,

[

IIpotaon 1.1.33. Ozwpouvpe 1oV opuopuopPlouod daxtudiov : k[V] — k(W] avdueoa o daxtufioug
ovvtetayueveL Kat urtodetovue ot to kK[V] givar akegpaia mepioxm.
'Eoteo m uéyloto 16eabeg tou k[W]. Tote 1o~ (m) elvat mpato 16ewbde¢ tou k[V].

Anobeln. 'Exoupe 6t k[V]/p ! (m) — k[W]/m, ouvenog kabs ototxeio tou R = k[V] /AP~ (m) eivat
alyeBpiko urép 1o k kat erurtAéov 1o R elvatl aképata meployrn mou nepiExetat oto oopa k[W]/m.
Apa 1o R gival copa xkat to P! (m) eivatl péyioro. O

IIpotaon 1.1.34. 'Eotw k afys6pika kieiotd ooua. I'a éva ajye6pud ovvodo V umdpyet pia 1-1
avuotoyia avapeoa ota onueia ou V kat to ovvojlo Spm(k[V]), énAdadn to ovvojlo tov peyiotov
16ewbwv tou K[V].

Vo(ay,...,an) & (x—ag,...,x —an).
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‘Eote mq 10 péyioto 18e0deg tou k[V] Tou opiletat and ta (x; — ai,...,xn — an). To (7)1 (mg)
etvat péyioro 16ewdeg tou k[W] nmou napayetat ano ta (Y;—by, ..., ym—bm), peb; = fj(ai, ..., an).
YrievOupioupe ot av

d(ay,...,an) =(f1(ar,...,an), ... fm(ay, ..., an),
101E
d)#(yl, . ,ym) = g(fl(xl, e Xy ey Tm(x, .. ,xm)).
[Tapatnpoupe ot
yj — by =fj(x1,...,xn) — fjlai,...,an)
pndevidetat oto (ay, ..., an), ouvenwg y;(x) —bj € [(V(my)) = mq. Zuvenwg y; —bj € (67) " (my).

AnAadr) 1o péyioto 18emdeg (Y; — by, ..., Ym — bm) Mepéxetal oto péyioto 18ekdeg (¢p7) !

apa

(ma)’

<yl —bi,. ., Yym — bm> = (‘b#)il(ma)

Opiopog 1.1.35. Eotw V gva aflye6pikd ovvofo ue daxtuiio ovvietayusvov k[V]. To leuydapt
(V,k[V]) 8a A¢ystar apkn afys6pucn nojdaniotnta.
Mia ovvaptnon
(&, &%) : (V, kIV]) — (W, k[W])

uetalv apuwikov adys6pucov noAdarjot)iov arotefsitat and pia ansucovion ¢ : V — W uetalu
TV ajlye6ptkov ouvoiwv uadl pe Evav opouop@iouo k-ajye6pwv

¢7 : kW] — Kk[V]

wote (7)1 (my) = mp, Omou b = d(a) kat mq, my, givar péyora 16ewdn v k[V], k[W] avtiotowya.
Av o ¢ givar 1-1 kat eni kKat o 7 100u0pP1oUcS, T0Te 8a Adue 6t ta (V, k[V) kat (W, k[W]) eivar
1oouopga.
O mapamnavw oplopog EXEL TO TAEOVEKTNUA OTL €V TPOUTIOOETEL EUPUTEUOT O KATOLOV APLUIKO
X@po. Apkei va opioouue éva ovvojlo onueiov V uadl pe pia k-adyebpa Kavovtkov ouvaptioe®v
owoV.

[Tapatnpoupe 6Tt 01 SBAKTUAIO1 KAVOVIK®V ouvaptioe®v dev £xouv pundevoduvapa otoixeia,
apou propouv va ypapouv g kixi,...,xql/I(V) kat to /1(V) = [(V). Ag npoortaBrjcoupe va
YEVIKEUOOUHE TV €vvold tng aAdyeBpikng moAAAmASTNTaAg topd.

Opopog 1.1.36. [a kdde avtuetadetiko daxtuio R, da ouuboAifoupe pe SpmR 10 0UVOAO TRV
UEYLOTOV 16@OWV TOU.

Oplopog 1.1.37. Oswpouue pia mengpaousva napayouevn k-afye6pa R, xwpic va anairtovue ot
6ev €xer unbevobuvaua otoyceia. To {euyapt (Spm(R), R) da Acystat pua yevikevpuévn aguikn mojl-
Aamjomza.

'Evag opopuop@lopog uetalt yeVIKEUUEVOV aPiuikav tofAandomniov eivat éva {evyaot (V1))
TOU amotefleital and vav OUOUOPPLoU0 darKtudiov

P:S—R
Katl pila emaywusvn ovvaptnon

P : Spm(R) — Spm(S)

m— P ‘mg.

O 6axtujiog R givat o 6aktuiiog TV Kavovlkov ouvaptiocwv oto Spm(R).
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Mapatipnon 1.1.38. O dpog kavovikeg ovvaptroeig eival StkatoAoyniueévog, agou Kade ooy eio
T € R opiler ouvaptnon:

Spm(R) — k
m+— R/m =k.

Iapawmpnote yia tapadetyua ot yia pia ouvaptnon wou opidetat ano 1o ToAUOVUUO f(X1, ..., Xn) €
k[x1,...,xn] 0 mpoobiopiouog g tung oto (ai,...,an) dlvetar ano mv avaywyn oto m = (x; —
A, ..., Xn — Qn), OnAadn

flay,...,an) = f(x1,...,%Xn) mod m.

O yeVIKOTEPOG AUTOG OPLOHOG EMTITPETTEL T MEALT APIVIKGOV MTOAAATTAOTA TRV OTI®G TO
(Spm(k[x]/(x™)), kIx]/{x™)).

[Tapatnpoupe ot
Spm(k[x]/(x™)) = Spm(k[x]/(x)) = {(x)/{x™)}.

[Mpaypat ta 18ewdn tou daxtuAiou k(x]/(x™) elval oe €va 1pog €va avtiototyia pe ta 16emdn tou
daxktudiou k[x] ta oroia mepiéxouv to (x™). Andadr) o daktuAiog klx]/(x™) €xetl ta €§ng 16emdn:

(x)/(x™) D )/ (XM D () /(KT

and 1a oroia MMPOKUITTEL 0Tt T PEYLoTo eivat to (x)/(x™).

AnAadn ta ocuvolda peyiotov 186e@dOV TV MApArave §akTtuAi®v, ave§aptnteg T0U pUOIKOU
apOpou n, arotedovviat ano £va povo onpeto. Iapoda avtd, eivatl S1aPopeTiKES YEVIKEUPEVES
aAyeBpikég TIOAAATIAOTNTEG, APOU £XOUV H1APOPETIKOUG HAKTUAIOUG KAVOVIKWV CUVAPTI|CEDV.

H duvatotnta va £xoupe pndevoduvapia otoiXeia pag EMIPENEL va PEAETNOOUHE ATIEIPOOTES
ePLoXEG aAyeBpirav moAAanAottev, eve ot daktuAiot k[x]/(x™) elvat yveoototl otr BiBAoypadia
®G 6AKTUA101 N-TAENG ATIEPOOTOV TTAPAPOPPROCERDV.

I.1.4 TomoAoyia Ot YEVIKREUPEVEG APIVIKEG adyeBpirég mMoOAAanAdotnteg

Oe®pPOUPE Pla VEVIKEUPEVT] adiviky adyeBpikr) rmoAdardotnta (Spm(R),R) yia kaBe f € R
optloupe 10 ouvoAo
D(f) ={m € Spm(R) : f & m}.
H tortodoyia Zariski oto Spm(R) €xel og 8don avoixtwv ta D(f). Andadr eéva ouvodo U eivat
avolyto av kat povo av U = UgeaD(fq). Eniong opioupe 11g unepermpaveleg

V(f) = D(f)¢ ={m € Spm(R) wote f € m}.

[Mapatnpoupe 6l éva onpeio P eivatl otoixeio evog adyeBpikou Guvvou V(I), av {P} c V(I),
dnAadr av m D VI =1(V(I)). Apa P € V(f) av kat pévo av m O /(f ), 6nAadr) f € m.
Ermiong, av I eivat 16ecddeg tou R £xoupe

=JDH v =V
fel fel

KdBe avorxté U € Spm(R) ypdoetat wg D(J) yia karoio 16emdeg | tou R kat kabe kAe10to ypadetat
®g V(]) yua karoto 16emdeg | tou R.

Mapadewypa 1.1.39. 'Eotw éva otoryeio f € R 10 omoio ev glvar undevodvvauo. Ocwpovpe 0
Wewdeg (1 — ft) C R[t] kat dewpovue tov bartujio

= R[1/f] =



L.1. AATEBPIKA YYNOAA KAI IAEQAH 13

Av R =K[x1,...,xnl/], &nAdadn o R givar wa nenepaousva napayousvn k-adyebpa, 10te UApx el
Kavovikog OUOUOp PLouog k-aiys6paov

klx1,...,%n,t
cklx1, .y x,t]l > S = —————2——
Yiklxg, . xn, t] = =y
‘Eva uéyioto 16ewbde¢ m tou S Sivetat anod 1o (ay, ..., an,b) € k™1,
P m) = (x;1 —ay,...,Xn — an,t—b) (I.2)
Ioxver oum = (Y~ (m)) (yevuca eivar unoovvolo, aifa éxouue uéyiota ibewom).
®c¢touue
m' = (x—ay,...,xXn — an).
'Exouue ot
1=f(a,...,an)b mod m’, (1.3)

ovvenedg 10 f ¢ m’. Agpov R/m’ =k, f € m’ undpyel povadikd b € k wote va wyver n (LJ). Anadn
n ewova touv (x| — ay,...,Xn — an) UTO TV P glvat ueyloto dewdeg tou S. Anfdadn
Spm(S) <—=D(f) = {m’ € Spm(R) : f ¢ m'}.

ETL
AnAadn o0 (D(f), S) glvat pia yevikevupuevn apkn ajye6pikn nojiamniomzta.

Mapadewypa I.1.40. H yevikn yoauukn opada GLy (k) givat agwikn ailye6pikn moddaniomta
pe daxtulio ovvtetayucvov klx; j, det(xy j )~ 1.

Av ¢xoupe U0 torodoyikoug xmpoug X, Y Kat évav opotopopdpopo ¢ 1 X O Ux — Uy C Y
avapeoa oe 6Uo avoixta urtoouvoda Ux kat Uy teov xeopov X, Y, 10Te KataoKeUuAdoupe Evav VEO
TOTTOAOY1KO X®OPO OTOV 01T0i0 «kOAAGpe» Toug X, Y katd prjkog tov Uy, Uy. O xopog autog opidetat
®S 0 XOPOG TnAiko

(XHY) / ~ Omou x ~y av Kat povo av y = f(x).

Hapadewypa L.1.41. Oswpovue Uy = (AL, k[x]) kat Uy = (AL, klyl). Zm ovvéyeia, dewpovue ta
avoita ovvoda Ug, = (D(x), klx, 1/x]) kat Uy = (D(y), kly, 1/yl). Oewpovue tdpa tov ioopoppt-
ouo

¥ kly, 1/y] — klx, 1/y]

fly,1/y) = f(1/x,y)

Kat «koflfape kata punkog tou wouop@iopotr (Y, P) : Ugr — Uyg. AnAadn €xouvpe tov oxnuatiopuo
¢ mpoBofikrg evdeiag P koAdwvtag taD(x) = Al —{0} kar D(y) = AL —{0}, b € D(x) — $°(b) =
1/b € D(y).

Ze emopevo kepajlaio da aoyojindoue TEPLOOOTEPO UE TPOBGOAKOUS XWPOUS Kal AVOLYTEG Ka-
Avyeg avtov.

Mpéraon I.1.42. [a kade Y C Al wyvet V(I(Y)) =Y, onov Y givat n kietotomia wou Y.

Anobeiln. Tapatpoupe 6t Y C V(I(Y)) 1o oroio eivat éva kAe10t6 oUvodo, ouveriog Y C V(I(Y)).
AT Vv dAAn, ¢otw W = V(J) éva kAe10t6 ouvolo 1ou mepiExel 1o Y. Agpou Y C V(]) éxoupe

J VI =1(V() C I(Y),

OUVETI®OG
W =V(]) D V(I(Y)), dpa Y = NW D V(I(Y)).
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Opopog 1.1.43. 'Evag tomofoyukdg xawpog X 8a Agyetar Noether av wkavomnoiel ) «pdivovoa
ovvdnkn ajvoibag yia kiswota ovvofa, dndadn yia kade akojovdia Kiglotwv UTooUvOAmv

YIDOY9D DYy D
Umapy et kamwolog Oeiktng T wote Yy = Yo = - -.

Mapadewypa I.1.44. Ot xopot R™ ue m ovvndiouévn torofoyia dev eivat Noetherian, yia mapd-
beryua Yo = [—1/n,1/n] C R.

HMapadewypa I.1.45. O ywpog A"k eivat Noether. Ilpayuat, av
YID2Y2 D - DYy Do
elvar yia pdivovoa arkofovdia KAsotwv oUVOA®Y, TOTE 1

(Y1) CI(Yo) C - 1(Yn) C -

glvat pia av§ovoa arojlovdia 1bewbwv otov bartufwo kixy, . . ., xn] 0 onoiog eivar Noehter. Zuvenag
yia kamowo puowko v € N €xovue [(Yy) = 1(Yeq1) = - -+ . Ouwg woyver ot V(I(Y)) = Y kat Exoupe 10
{nrovuevo.

IIpotaon 1.1.46. Ze évav onofoyuco ywpo ¢ Noether X kdde un kevo kiewoto ovvoio Y yod-
petar wg nenepaousvn evwon Y =Y, U - -- U Y, avdyeyov KAt ouvoAov. Av anaitjoouus ot
Y; 2Y; yiai#j, 101e 1a ovvofa Y; givail povoonuavia opiopusva. Oa ta OVOUd{OUUE TIC AVAYDYES
OUVIOTWOEG TOU Y.

Amnidbeiln. v apxr Oa dei§oupe o pia tétowa daoraon undpyet. Ag Be@prjocoupie T0 GUVOAO
A TV HI] KEVOV KAEI0TOV UTIOOUVOA®V ToU X ta ortoia v prmopouv va ypapouv ©G TIETIEPACHEV
EVROT avayeywv. Av 1o A # (), 1ote Ba 1pénet va neplEXetl €va eAdayioto otoixeio Y, cuppova
pe ) ouvOnkn Noether. To Y dev eivat avaywyo, adou eivat otoixeio tou A. Zuvenwg propet
va ypagei oG évaon §Uo yvrjola KAe10t@v urtoouvodev tou Y = Y/ U Y”. Ta ouvoda YY" & A,
OUVETIOG YPAPOVIAL WG TETEPAOHEVT] EVROT AVAYRYRDV KAE10TOV 0UVOA®V. To 1610 katto Y, dtoro.
Av nietd§oupe €§m pepikd rou dev xpeidoviatl, priopouvpe va e§aoparioovpe 6t Yy C Yj yia i #j.

Ag unoB¢ooupe wpa ot Y = Y{ U --- U Y, elvat pia adAn avanapaoctaon. Tote Y| C Y =
YiU---UY;y, ouvenag Y] = U(Y{ NY;i). Apou dpwg to Y] eivat avaywyo, Ba mpémet Y{ C Y; yua
KAIO0 1 Kat X®pig IMeploplopd g YEVIKOTAG PItopoupe va urobeécoupe Y{ C Y;. Me opoto
tporo Yq C Y] yia kamoto j addd wéte Y| C Y] 1o oroio 1o £xoupe arorAeioel. Apa Y; = Y{. Av
B¢ooupe W =Y — Y, éxoupe W =Yy U---UY, =YjU---Y{. Zuveyidoupe enaynykda. O

IIopropa 1.1.47. Kdde ajlye6pitko unoouvofo tou A™ umopel va ypagel povoonuavia og £vaon
afye6pikov oUVOfev XwPIg T0 £va va meplExel To ajlflo.

Opiopog 1.1.48. Ze évav tonoAoyko xwpo opilouue ) diaotaon tou X, v onoia da 1 CUUE0o-
Ailoupe pe dim X w¢ 10 supremum oAov TV akepai®v N yla Toug omoioug Urtdpx et pia ajuvoiba

Ly C Ly C--1Ln

diagopetik@v avdywywv KAglotov unoouvoAwv tou X. H dtaoctaon evog afys6pikou agivikou
ouvoflou opiletar g N dtaotaor) Tou oav ToToA0YIKOg XWPOoS Ue TNV tonofloyia Zariski.

Hapadswypa I.1.49. H 6idotaon tou Al eivai 1. Mpdyuan ta povadikd avdywya KAe0Td UTOOU-
vofa tou Al eivai 6/lo¢ 0 xwpog¢ kai ta onueia.



L.1. AATEBPIKA YYNOAA KAI IAEQAH 15

Oplopog L.1.50. Ze svav dakxtuaio 1o vwog (height) evo¢ mpwtou 16ewddoug eivat T0 supremum
0A®OV TV akepaim®v N WoTe va uttdpx el pia afduvoida

P()CPlC"'CPn:P

ano dragopetikd npwta bewdn. H diaotaon Krull tou daxtujliou A opiletat g 1o supremum oAov
IOV VYOV TPOTOV 10e0d@V ToU A.

IIpotaon I.1.51. Av 10 Y givatl éva agiko afye6puco ouvoo, n didaotaon tou Y givat ion Ue v
Krull éiaotaon tou dakxtuiiov ovvictayuévav k(Y].

Amobein. Av 1o Y C A} elvatl éva apiviko alyeBpiko oUvoAo, TOTe Ta KAEIOTA avAy®ya UIoou-
VOAQ TOU aVTIOTO1X0UV Otd IP®Td 18exdn tou k[x1, ..., Xn] TTOU mepiExouv 1o I(Y). Auta avtiotor-
XOUV 0g Tipata 186081 tou kY], oupgeva pe tyv doknon B. Zuvenog 1o dim Y eival 1o prKog g
peyaAutepng aAuoidag nmpatev 16ewdwv oto k[Y] to oroio eivat ) 6iaotaon tou. O

Ocwpnpa I.1.52. 'Eotw k éva owua kat B aképaia mepioyn n onoia givar memepaopusva tapayo-
uevn k-ajys6pa. Tote

1. H éwaotaon tou B givat ion pue tov 6adud vrnepbatikomiag tov ooparog ntnAikov Quot(B) tou
B umép 1o k.

2. I'ia kade mpw1to 1bewbdeg P < B toxvet

height(P) 4+ dim B/P = dim B.

Amobeiln. Av 1o k eivat adyeBpikd kAeloto [, ke@. 11] eve otn yevikn nepintoon [4, ked. 5, tap
14]. O

Mapadewypa I.1.53. H dwdotaon tov A} sivain. Ipayuatt o 6aduog umep6atikotniag 1ov OOUa-
t0¢ k(x1,...,Xn) gvatn.

Ipotaon I.1.54. 'Eva avaywyo afys6puco ouvofdo Y C A} éxel draotaon n — 1 av kat puovo av
Y = V(f), ormou f € k[x1,...,xn] glval éva un-otadepo avaywyo ToAVOVULO.

Anoddeiln. 'Eotw f avdywyo moAduovupo, tote 1o klxi,...,xn]/(f) elvat aképaia meploxr) Kat to
V(f) avayoyo aldyeBpiko ouvolo. To mpato 16embeg (f) €xel Uwog 1 kat ouvenog to V(f) €xet
didotaon n.

AvT10TPOP®G, £va avaywyo alyeBpikd ouvolo Sidotaong n— 1 aviiototxel os €va rmpwto 18em-
6eg Uyoug 1. Autd, oupgwva pe 1o Hauptidealsatz tou Krull 1o omoio 1oxupidetat ot oe Saktu-
Atoug g Noether ta minimal npwta 16eddn rmou repiExouv eva otorxeio f rmou dev eivat pndevo-
dlaipéing oute povada, £xouv uyog 1, [1] oe ouvduaopo 1E To YEYOVOG OTL 01 AKREPALEG TIEPLOXES
g Noether eivat ieployEg povoorpaving avaluong av Kat povo av Kabe npmto 18endeg Uyoug
éva eivatl kupto, [4, ogd. 141], [2, re@. 7]. To {nrovpevo mpokurttel, adpou 1o K[xq,...,Xxn] €lvat
TIEP10XT] PIOVOOT|IAVING avAaAuong. O
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Aoxknoeig

(@) @ewpoupe v eminedn kapmudn Y = V(y —x?) C AZ. Na arodeiyBei ot o SaxtuAiog
ouvtetaypevev k[Y] etvat 100p10ppog pe TOAUOVUNIKO SAKTUAL0 piag petaBAnnig.

(6) ®ewpoupe Vv eminedn kapmudn Z = V(xy — 1) € AZ. Na anodeixBei ot 0 SaxtuAiog
ouvtetaypevev k[Z] dev etval 100p0pPpog pe TOAUOVUHIKO daKTUAlo piag petaBAntng.

@swpoupe 1o ouvodo Y = {(t,t%,t3) : t € k} C Ai. Na arodeiyBel ot eival alyeBpikd rat
va BpebBouv yevvritopeg ToU 18eddoUg Tou. It ouvéxeld, va aroderxBet 0t o dartuAiog
OUVIETAYHEVOV £ival 10010pPOG e TOV TIOAUGVUIIKO SAKTUAL0 piag petaBAntng.

Na arnodeyBet 611 pa k-adyeBpa B eivatl 106p0pepn pe 1ov SAKTUALO CUVIETAYHEVOV adl-
VIKOU aldyeBp1lkou GUvOAOU av Kat povo av B eivatl nenepaocpéva napayopevn k-adyeBpa
X®pig pndevoduvapa otoyeia.

Av 10 Y eivatl avayeyo ouvolo oto Y, va anodeixBet dt1 kat n kAsiotétnta tou Y etvat eriong
avayoyn.

. 'Eote R évag avtipetabetikog 6aktuAiog pe povada.

(a) Av I 16exddeg tou R, va arnodeiyxBel 011 untapxetl pla apdipovoorpavy aviotoyia ava-
peoa ota 18emdn tou R/I kat ta 15ecdn 1ou R mou nepiexouv o 1.

(8) 'Eva ouvolo S Ba Aéyetat moAdarmdactaotiko av 1 € S kat yia kabe a,b € S éxoupe
ab € S. Na aroderxBei ott av P pwoto 16eddeg, tote S = R\P eivat moAAanmdaotaotiko.
Av f € R va anobdeiyBet 611 10 0UVoAOo S = {f"};>( eival moAdarmiactaotko. Bewpoupe
10 ouvodo SR = {r/f}, 6mou r/f elvar n kAdon 1cobuvapiag and Leuydpla (a,s),
a € R;s € S 6rou (a,s) = (b, t) av kat povo av (at — bs)u = 0 ywa karowo u € S. Me
ToV 1610 TPOIT0 TTOU KATAOKEUACAPE TO OOPA KAAOUAT®V P1ag aKEpaAlag IEPOXNS va
arobe1xOei 611 T0 oUvodo SR £xel Soury Saxtudiou.

(y) Na amodesixBei 611 ta npota 18e06n tou S™IR eival oe apgraovoorjpavin avrotolyia
e ta pwta 16ewdn Tou R ToU £X0UV Kevr) Tourn e 1o S. Zinv nepintoorn mou S = R\P
10 tedeutaio ouvoldo tautiletal pe 1a npwta 18emdn tou R mou nepiéxoviat oto P.

. . . 3 . ' . . 2
. ®spoupe 10 aAyeBpiko oUuvoAdo Y C A3 1o oroio opidetatl ano ta rnmoAvwvupa x° — yz Kat

xz — z. Na 8e1xBel 6011 10 Y eival éveorn Ipov avayeyev adyeBpikov cUVOA®V yia Ta oroia
va BpeBouv ta npota 18ewmdn ToUg.

. Na arodeixBei 011 kdBe avoiyté oUvoAo o €vav avay®yo TOTTOAOYIKO X®MPO ival ITUKVO Kat

avayeyo. Na de1xbet 6tt av Y C X eivat avayeyo otnv torodoyia rou enayetat ano o X,
1oTe Kat 1o Y givat avaywyo.

. 'Eotw éva Y C A} aAyeBpiko ouvoro didotaong r. Av n H eivat unieperugaveia oto Ayl pe

Y ¢ H, tote va 6e1xBel 611 kKABe avaywyn ouviot®oa tou Y N H éxel diaotaon v — 1.

. 'Eote [ 186emdeg tou kixi, ..., xn] 18ewbeg T0 omoio nmapayetat ano r to mAr0og otorxeia. Na

de1xBet 011 kKAOe avaywyn ouvictwoa tou V(I) €xel draotaon > n —r.
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KEDPAANAIO 1. APINIKA AATTEBPIKA YYNOAA



MPOPOALKEG TTOAAATTASTNTES

®ewpouiie 10 adyeBpikd KAeloto owpa k. O mpoBoAikog xwpog P eivat 1o cuvolo nnAiko

KM IN(0,...,0)}/ ~

OTT0U (X0, ---,%Xn) ~ (Yo,--.,Yn) Av Kat povo av umapxet A € k* oote (xo, ..., xXn) = AYo,---,Yn).
®a cupBoAidoupe v KAdon ooduvapiag Tou (xp,...,Xn) BE [Xo : -« Xnl.
®a opicoupe unoouvoda U; j =0,1,...,n tou P pe
U)- :{[ao:alz---:an} EPE]JE aj 750}
Av [ag:ay:---:an] € Uj 1018 éX0UpE
aj_ a;
[ao:al:...:an]: @:E:...:)ilzl:il:...:ain
4 4j qj aj

ZUVEN®OS ®G OUVOAA 1 CUVAPTNON

bj - Ay — U

(ar,...,an) = fag:---raj:1:a540: Q542 Al

elvat 1-1 kat ermi. Méow tng ¢; Bswpoupe 10 Uj wg évav n-6idotato apiviko xopo Ay. Otav
U; N Uy # 0, Bewpovipe ) ouvdptnor

bjx = Cb;l o dr s Uy NUy) — q;;l(uj N Uy).
Ag untoB¢ooupe ot j < k, 1ot

(I)El(u] ﬂuk) :{(ala R a‘rl) € AE HE aj41 75 0}
b; (W N Uk) = {(b1,...,bn) € A} pie by # 0}

H ouvaptnon ¢jix ypadetat og:

$x . . .1 . .
(a,...,an)—la; - takx:l:agsr:---:anl =
—1
ap aj a2 Ay 1 Ax41 a b3
[ s B, [ : gl LA
aj+1 aj+1 aj+1 aj+1 G411 Q41 aj+1
o7 [ ag a;  aj a 1 a a
j j+2 k k+1 n
— Yy , ey , , ey
aj+1 Qj+1 Q41 aj+1 Gj+1 Aj4+1 aj+1

19
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‘Eote 611 0 6aktuAiog ouvietaypevey tou Al ou avuotoixei oto Uj eivat o k[xgl), e ,xg)] ne
j =0,...,n. Tote 0 ¢jx eival pia ouvapInon aro 1o avolXto CUVOAO D(xj( +)1) C A} oto avoiyto

ouUvoAo D(XE)) C A} rat ¢jy diveral péow tou 1wopopPplopou:

j j j 3 Kk Kk
o kb, x D 10 S L x 1x)
9 (k) (k) (k)
! f(X(])77X1(’l].))'_>< (k)>ef Xl 7..-,Xk ) ! 7Xk+1"”7xn
DR j+1 (k) ) (9 (k) 3
() X X X N
(Xk ) j+1 j+1 M1 M+l j41

AnAadn) 1o PP eivar pia adyeBpikr) moAdanddtnta 1 ornoia MmPoKUIIel and KoAAnpata n + 1
aPVIK®OV Xopwv U;.

Oe@poupe TOV opoyevr] SakTuAlo ouvietaypévav klxo, ..., xn] yia tov poBoAiko xwpo Pp.
Tote 0 BAKTUA10G OUVIETAYHEVOV YPAPETAL

G) 4) Xo X1 Xj-1 Xj41 Xn
KUyl =k (x| = | 22 2 B B
Xj X XX Xj

Tote 0 MapPANAave 100UOPPIOROG TIPOKUITIEL AVIIKAD10TOVTIAG TO Xi/Xj UE TO Xj/Xi.

II.1 Opoyevi] TOAUGVUHA

'Eva moAuavupo

_ ko k
f(xgy...,Xn) = E Ko, knXp " - X"
Ko+ +kn=m

Ba Aéyetat opoyeveg moAumvupo 8adbpou m. I'a autd 1o MOAU®VUNO0 1KAVOIIoleital 1| oxEon:
f(Ax) = A™f(x)

Kat ouvenwg av A # 0 €xoupe ot f(x) # 0 av kat povo av f(Ax) # 0, dndadr n 1OOTTA TOU

va pndevidetat r) 6x1 n KAdon [ag : - -+ : an) OT0 opoyevég moAumvupo f(x) eivat aveEdptntn tou
AVITIPOO®TIOU (ag, ..., A ).
®ewpoUpe tTa opoyevr) moAvwvupa fy, ..., f,. Mrmopoupe va opicoupie 1o guvolo
K D V(f1,....,fr) ={lap: - :an] € Py pef(lag:---:an]) =0}
Ag Bswpriooupe 10 16ewdeg I 10 omoio mapdyestatl anod ta opoyevr) oAuvovupa fi, ..., fr. 'Eva

roAvavupo f € I daondrat og
f=fg+fap1+ - +fm

6nAadr) g abpotopa opoyevev IOAUGVUNGV P 0Aa ta fq € 1. Ilpaypatt, av
f=gify+--+ gkfr
KA1 TO gi = ) gi,x, OTIOU ta gj ) eivat povovuua, tote
T
f=2 2 gufi
i=1 A
OJ10YEVEG

Apxkel Aoutdv oto napandve adBpotopa va CUYKevipwooupe padi ta opoyevi) moAuovupa 1d1ou
B8abuouv, 1a omnoia Oa eivatl oroixeia tou 1.

Opiopog IL.1.1. 'Eva 16ewdeg mou mapdyetal and opuoyevy toAvwvupua da AEyeral OUOYEVEG.
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IIpotaon II.1.2. 'Eva 16ewbeg | eivar opoysveég av kat uovo av kade f € 1 draonarar wg adpoloua
OUOYEVOV TOAUDVUUDV, WOTE TO Kadeva ano avid va givat otoryeio tou 1.

Amniddeiln. Anodei§ape 1dn ot av 1o 16ewdeg I mapdyetatl ard opoyevr) oAuovupa, tote Kabe f
€Xel I {ntoupevn Siaoraon. Avtlotpodng, €0t £va 16emdeg I: Apou o SaktuAiog kixg, . .., Xn] €l-
vat daxktuAiog Noether, £€xoupe ot eivat menepaocpéva mapayopevog arno ta moAvovupa fi, . .., .
To xrabe éva and avtda ypagpetat wg aBpotopa

s
fi = Z fia
A=1

pe fix € I opoyevr) moAucdvupa. Etvat oapég ot I D (fin) D (fi,...,fr) =L O

Ipotaon IL.1.3. Av 101 sivar opoyevéc 16e0beg, 101e kKat 10 \/1 gival opoysvég 16ebeC.

Anodeln. 'Eowo f € /1 kal ag unoBécoupe ot 10 f = Y fq pe ta fq opoyevr) Badpou d. Oa
deifoupe ot ta fq € V1. Tvopiloupe 6t f™ € 1 ouvendg

m m vV Vo
f _Z <\/1,...,\/T>fdi.”fd7.

Ag Bewprjooupe Tov peyadutepou Babpou fgq opoyevr) napayovia tou f. Etvat cagég ou f7+ € I,
ouvenig fq € VI Topa 1o f — g € VI xat éxel xapndotepou Babpol 1ey1oto8Adpo opoyevn)
opo. O

Ta éva opoyevég 18emdeg I < k[xg, . .., xn] opidoupe 1o V(I). ErmmAéov, éxoupe V(I) = V(VI).
AvoTpOd®G, yia éva rPoBoAko GUVoAo opidoupe 1o

(V) ={f € k[xo,...,x¢]: f(ag,...,an) =0, yia kaBe [ap:...:a;] € V}

To I(V) eivat opoyeveg 18ewbeg. IIpdypatt 1o ot 10 V eival poBoAikd cuvolo onuaivel ot
(ag,...,an) € V, 10t AlQy,...,an) € V. Zuvenwg av f € I(V), éxoupe

f="fq+- - +fx
KAl yla KaBe A # 0 €xoupe
0 =f(Aa) =A%y (a) + - + ARfy ().

Agou 10 k eival éva drelpo owpa 1 nmapanave s§iowon diver ou fi(a) = 0, dndadn 6Aa ta
fi € I(V).
Mia onpavukn dtapopd ard ta rmpoBoAikd Kat apivikd ouvolda eival n mapakdte: To péyioto

16edeg (X0, ..., Xn) < k[xp,...,xn] 06nyet oto kKevd ouvodo agou to (0,...,0) Sev eival otoikeio
tou P

Erun¢ov, 1o onpeio [ag : - -+ : an] xapakipidetal amd 10 OpoyevES 186emdeG TTOU TTapAyeTatl
ano ta

(ajxi —aix; 10 <i<j<n.

To Nullstellensatz tou Hilbert 1oxUet kat yia v ripoBoAikn nepirmiwon apkei o V(J) # 0. H
avayeynopotnta opidetal mapopola kat €va avayoyo 1rpoBoAiko oUvolo Agyetat mpo6oAikn
noffdanAomta. Mia avaykaia kat ikav) ouvONKn yla va givat éva poBoAiko adyeBpiko ouvolo
pia mpoBoAikn rmoAAardotnta eivatl to 16ewdeg (V) va eivatl mpoto. I'a éva rmpoBoAiko ouvoldo
o SaktuAlog klx, ..., xnl/I(V) eivat o opoyevng daktuAiog cuvietaypévev tou V. Eniong, pmo-
poupe va opigoupe v tonodoyia Zariski oto P}} pe mapoépolo tpoérno 6nwg Kat oty apivikn
nepintoon, omou ta KAslotd Oa eivat ta adyeBpikd rpoBoAikd oUvoAda.
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O npoBoA1kog xwpog P} mpoxkurttel KoAAwvtag n + 1 ouvoAa oopopga pe 1o Al Ba doupe
TOpa OTl pia nPoBoAIKY] TTOAAATTAGTNTA TIPOKUITIEL KOAA®WVTAS N + 1 apivikég alyeBpikeg TOA-
Aardonteg. ‘Eote fi, - -+, fp yevvntopeg tou opoyevoug 18emdoug I = [(V) C klxg, ..., xn]. KaBe
yevvritopag givat opoyeveg oAuovupo 6abpou m; = deg fj. @<toupe

i 1
f](l) = Tlf] (X(]a s >Xm)
i
Opidoupe véeg petaBAntég
(i) _ X0 (i) _ Xi—1 X-(i) _ Xi+1 i) _ Xn
1 le- s A xi » M1 xi ) s A xi
Kal Oe@poupe 10 10ewdeg
(0, 0 <l )
To V(f;i), ... ,féi))) elvat éva aAdyeBpikd ouvodo oto U; = Ay EmumAéoy,

Vi=vnu =V b)),
kat V eivat n1 adyeBpikn) TOAAATAGTNTA TTOU ITPOKUITIEL «KOAA®VTAG» TA Vi.

Mapadewypa II.1.4. Ag¢ dewprjoouue 10 opoyeveg modvwvupo f = x{t + x{* + x3 = 0 yia kamowo
n > 1, n € N. Opiler éva mpo6oikd aflye6pikd ovvoo ato Pi. Exouus Tig pnieg ouvaptioeg:

n n n n n n n
o) XA <X1> N <X2) =1 ()" ()

X0 X0 X0
xp+ x4+ xD xo\ " xo\ ™ n n
fO =0T 71 772 (0> +14+ <2) _ (xi”) 1 (Xél))
X1 X1 X1
xp+ x4+ xD xo\ " x1\ " n n
o) S I <x0> +<X1> P () () 1
2 2 2

Mapadewypa II.1.5 (Emninedeg alyeBpikég kaprmudeg). Oswpovue tig kaunvieg £ : V(ax + by +c)
kat ' : V(ax + by + ¢’). Eivar cagég ot av ¢ # ¢/, ot mapandave kaunvieg Sev teuvovtat. Av
T0PAa EWPNOOUUE TIC TPOGOIKEG CUVTIETAYUEVES X, X1, X2 Kal SOUUE TI¢ TAPATAVE KAUTUAES B¢
T0 a@IVIKO KOUUATL TV TPo60A1K@v Kauruidov

L:V(axi + bxo —cxg) L": V(ax; + bxa —c¢'xg),

éniaén x = x1/x0,y = x2/x0, 101 Eyoupe ou ot L, L’ téuvovtar oto onueio [0 : b : —al € P2.
Iapatnpovue ot 10 onueio xo = 0 bev givar éva onueio 1ou A2 Kkal avtiotol el 0T0 0o O TPOG
auto 1o agikd kopudt. Ta onueia [0 : a,b] € P2 ovopadoviar n eudeia oto co Kkat anotelovv éva
avtiypago tou PL. Majwota P2 = A2 NP = A2 U A U{ool.

T'evica n emAoyn g evdeiag 0To 0o OGS Eyve Tapanave vat avdaipetn. 'Evag mpo6oAikog
uetaoxnuatiouog, dndadn pia ovvaptnon

$o:P2 — P2 (IL.1)
2 2 2
lag : aj : ag] — Zocojaj : Zoq,-aj : ZO(gj(lj
i=0 j=0 j=0

omov det () # 0, otéflver pua evdeia os pa onotadnmote ajijin evdeia. Me mapouolo POmo opido-
vIai ot autouopPIopoL v xwpwv P
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Hapadeypa I1.1.6. Ozwpovue 10V autouop@ioud ¢# tou daxtufiou R = klxg, x1,X2] TOU glvai o
opoyevng baxtuiliog ouvtetayusvov tou P2 kar avtiotoyei otov ¢ oneg opiletar ot eiowon (L)
Iapawmpovue 6t av 10 1 <I R givar éva opoysvég 16ewbeg, 10t kar 1o ¢ (1) sivar éva ouoyevég
16ebeg TouU R. To opoyeveg 16ewdeg m <1 R mou avtiotolyel 0to onuelo [ag @ aj : az] ExEL YEVVNTOPES

aixj — ajxq 0<1i,j<2.
To opoysvéc 16eddec ¢~ (m) yevvdrar ano ta
aid® T (x5) — ;0™ (x1), 0<ij<2
To cl)#*l(xj) glvatl pia opoyevng ypappuikn e§lowon ota xg, X1, x2. O mMPo60uL0¢ UeTaoy NUATIOUOS
Kadopifetar anod muv m — ¢# 1 (m) omov o 7! Siverar ano mu eicwon:

Cb# 1 Zﬁl)x]a 1:07172

gvw o mivakag (Bij) elvat o avtiorpogog tou (aij)

To mpoBoAiko ouvoAo V(F) mou opidetatl arnd to opoyeveg moAumvupo F(xg, x1,x2) 8aBpou m
Aéyetat erinedn kapruln 8abpou m.

Av £xoupe g entinedeg kaprudeg C; = V(F) kat Co = V(G) BaBpwv m,n, tote opidoupe tmv
OAAATAGTNTA TOUNS

A
Co = Z Ip, (Cy, Co)
im1

ortou P; eivat ta onpeia topng tov 6Uo kapnuAov, eve to Ip, (Cy, C2) etval n moAAanAdtnta topng
n oroia opidetal oe pia aPvikn neploxn mou rneptExet 1o Pi. Ioyxuet 1o

Ocwpnpa II.1.7. Av ot kaunvieg C1 kat Cy Onwg opiotnkav mapandvw eV EXOUV KOWO Tapd-
yovta, 10t
C1 . C2 =mn

II.2 Topég AAyeBpirkav KapnuAov

Ospoupe 10 owpa K kat K v alysBpikr) tou kAsiototnta. ‘Eva moAumvupo f(x) pe ouvie-
Aeotég oto K pmnopel va mapayoviornoinOet wg

m
Hx—oc] ) ag # 0.

H noAdarAotnta g pidag o tou f eivat to ny. Mropoupe va 6iaBacoupe myv tagn mg rnodia-
mAotntag oe erinedo Saktudiev og €§ng: T'a éva oroikeio € K Bewpouie 10 UTIOCUVOAO

_J9lx)
Ra—{f(x).f(x) g(x) € K[x] #0}

T0U oopatog mmAikeov K(x) tou moduevupikoy daxtudiou R = K[x]. O R, sival avupetabetikog
daxtudiog R C Ry C k(x). Tautidetatl pe tov evtoropd (localization) tou R oto mipmto 18e06eg
(x—a). Ta B € Kpe p # aéxoupe ou (x—P) ! € Rq. Zuvenog yia pia pita o5 wou f(x) to 16embeg
(f(x)) < Ry, Bivetar ano

(f(x)) = ((x = o)™),
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Kat
Ro /(f(x)) = Reyy /{(x — o5)™).
TLUVENGG 10 raparndave nniiko og K diavuopatikog xwpog éxet ta ototxeia 1, x—aj, (x—; )2, (x—
;)™ ! wg Baorn). 'Etot
dimg Ry, /(f(x)) = 1.
AnAadr) ot TOAAATIAGTNTEG TRV POV PITOPOUV vd EKPPACTOUV e 0poug Bewpiag daktudimv.

IMapatnpnon I1.2.1. Ztov 6aKktvAio tumiK@v SUVAUOCEIDWV

x—ocJ E ai(x — o)t

Exouue Ot
(f(x)) = ((x = 5)™)
Kat
dimyg K[[x — o]/ (f(x)) = n;.

Topa Ba yeviKEUOOUE TNV KATAOKEUT] AUty o€ éva cuotnua e§lowoenv. Ag Bewprjooupe éva
ovuotnpa aro HU0 RKAPTTUAEG

f(xvy) =0

g(x,y) =0
Kal ag urnoBéooupe ermutAéov Ol Ta napdrnave SUo moAumvupa 6ev £€X0UV KOO mapdyovia
KATT010 Y1) TETPIPpévo oAumvupo. To nmapandve cuotnpa eivatl ta onpeia topng twv duvo ali-

YeBpikev ouvoAev TIou opidet kabe noAumvuno §exepiotd. T'a xabe onpeio P = (a, b) Bewpoune
TOV £VIOIouo tou daktudiou moAuewvupey R = K[x,y] Kix, yl:

G
Rp = { F((::yy)) :F(X7U)7 G(X,y) € R,F(a,b) 75 0} .

O 6aktuAlog Rp eivat tormkog pe mp = (x — a,y — b) 10 Péyloto 18embeg Tou.
Opopog II.2.2. Opilouue v oMKy ToAAaniotnta ourng oto P wg
Ip(V(f),V(g)) = dimg Rp/(f, g).

Mapadewypa I1.2.3. Av unod<ooupe Ot f, g givat kat ta dUo ypauuka, 10te

f=ax+by=0

g=cx+dy=0
ue ad — be # 0 kat ta V(f),V(g) €xouvv novaduko onueio toung o P = (0,0). Oa bcifouue ot

Ip(V(f), V(g)) = 1.
Exouue 6t oto Ry (f, g) = (x,y) ovvenag Rp/(x,y) = K mov gxet 6idotaon 1.
Mapadewypa I1.2.4. 'Ecton > 2, n € N. Oswpovue 10 ovotqua
f=y=0
gn=y—x"=0

ITapawpovue ot avn = 2 10 V(f) kat V(g) &ovv ounan toun oo P = (0,0), eved avn = 3 n toun
slvar touAn. T'evikd,
RP/<y’Xn> = <17X’ v 7Xn71>f‘
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Mapadewypa I1.2.5. Ocwpouvue g e§l0OOEG

f=y—x+e=0
g=y2—x*(x+1)=0
Ave € K, tote V(f), V(g) €pouv 3 onueia tourig. ‘Ooo 1o € minoiader o100, ta tpia onusia tinowalovv
oto 0. Zmv optaxn kataotaon € = 0 ta pia onueia tavtifovtar oto P = (0,0). Zrov daxtuAwo Rp
Exouue
<f7 g> = (y _X792 _X2(X+ 1)> = <y _X7X3>‘

ZUVETOC UTOPOUUE Va 8emprioouus Tic KAAoeic 1, x, x? w¢ 6don tou ypauukou xapou Rp /(f, g) kat
Ip(V(f), V(g)) = 3.

1.0 1

0.5 A

0.0 A

—0.5 A

_1'0-I""I""I'"'I'"'I""I""I""I""I
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

II.3 ISiopopoicg

Ta pn 6opopda alyeBpikd ouvvolda eivat autd ta oroia avilotolouv otnv evvola tng «dia-
popioung rmoAAandotntag» otn dapopikn yeoperpia. H évvola g 16opopdiag oe éva onpeio
etvat tormkn, ondte Oa Vv opiocoupe MPWIA yid aPpivika aAyeBpikd oUuvoAa.

Opiopog I1.3.1. 'Eotw Y C A™ gva agwiko ovvofo ue 16ewdeg mapayousvo amno ta oroyyeia
f1,fo,...,fr € klx1,...,xnl. To Y 8a Aé¢ystar un-16iopopgo (non-singular) oo onueio P € Y av
Kat uovo av n tagn v lakw6iavov nivaka (0f;/0x;)1;(P) elvain —r, omouv r eivar n draotaon tou
Y. ToY da fgyetar un 1610poppo av sivatr un 161opuop o os kade onucio P € Y.

Ztov naparndve oplopo 1n £€vvold tng Mapaynyou S0UAeUel yida TOAUGOVUPA OPlopEvd AV
anod Kabe oopa Xwpig va xpeladetal va mepacoupe Ao «Oplar, ArAd XP1OlHoIolvVIaAS TOUG
Kavoveg g rnapaywyong. AnAadn opidoupe

0xi/0xj = dyj,0¢c/0xy =0, yra kabe ¢ € k
Kat urtodoyidoupe ) PePIKN MAPAYOYO KAOE MTOAU®VUPIOU PE TOUG KAVOVEG
o(f + g)/ oxi = 0(f)/0xi +d(g)/0x4,

o(fg)/0x; = fog/0xq + 0f/0xig

Mapadewypa II.3.2. Mia vnepsmpaveia V(f) C A} sivar idiopopgn oto P, av yia kade 1 <i<n
&xouue ot 0f/dxi(P) = 0. 'Etot ta aflys6pucd ovvoia y? = x?(x + 1) kary? = x3 &youvv 161000 Pieg
oto onueio (0,0).
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Opiopog I1.3.3. 'Eotw R £vag tonikdg Saxtuaiog ue UEYLOTo 10emdeg m Kat 0OUa UTOAOIT®OU R/m =
k. O R 8a Aéyetar tomikdg kavovikdg Saktufiog (regular local ring) av kat uoévo av dimm/m? =
dim R.

Oczwpnpa Il.3.4. 'EowwY C A} pia agwucn nofjanfomra kaiP € Y. OY da givat un 1510uoppog
oto P av kat uovo av o tonwkog dakxtujiog k[Y]p eivat tomikog kavovikog 6aktuiiog.

Anodeiln. Ag Bewprjooupe 1o onpeto (ai,...,an) € A} kat mp = (X1 — ay,...,Xn — An) TO AVIi-
OTo1X0 PEYI0TOo 18e®beg Tou kX1, . .., Xn]. Opiloupe ) ypappiky ouvAaptnon
O(f) : k[x1,...,xn] — k™
of of
f—(=—(P),....,—(P)
0x1 0xXn

Eivat oagég ot 0(x; — ai) arotedouv pia 8aon tou k™ kat 0(m3) = 0. Zuvenog endayetat €vag
10010PP1OOG
0’ :mp/md — k™.

'Eotw I(Y) < k[x1,...,xn] 10 16eddeg tOoU Y kat €otw fq,...,fy €va ouvoAdo yevvniopwv tou. H
tadn tou Iakwbiavou mivaka (9f;0x)i;(P) etvat n 6idotaon tou O(I(Y)) wg untdéxwpo tou k™.
Xpnotponoloviag tov 1.opopdiopd 0’ BAéroune 61t autd eivat oo pe tov urtoxwpo (I(Y)+mp)/m?
T0U mp/m%. Ao v dAAn reupd. o torkog SaktuAiog k[Y]p tou P eival ioog pe tov SaktuAio
klx1,...,xnl/I(Y) evioriiopévo oto peyiloto 16emdeg mp. Apou 10 P onueio tou Y, €xoupe mp D
[(Y). 'Eto1 10 péyioto 16emddeg tou m tormkou daktudiou k[Y]p eivat 1o %k[Y]P. Av Bewpriooupe
TOV OPOPOoPP1o106 aBeAdlavev opdadev

mp m
mp—>I(Y) [ ]p m—>m2

BAéroupe Ot o ruprvag eivat to 1(Y) + m? ouverog

m/m? = mp/(L(Y) + m%).
ATo Vv dAAn €xoupe T PKpr akpBr] akoAoubia
I(Y) +mp mp mp

2

0— _—
m3 m? I[(Y) +mp

—0

YrioAdoyidoviag Siaotdoelg S1avuopatikov X®pev €XOUHE 0T
dimm/m? + dim] = n.

'Eote r n ddotaon tou Y. Tote k[Y]p eival torukog daktuAilog Siaotaong r, ortdte o k[Y]p eivat
TOTTKOG KAVOVIKOG SAKTUA10G av Kat povo av dimy m/m? = r 1o onoio eivat 10o06Uvapo pe 1o 61
rank(]J) =n —r, dndadr) 1o P eival pn 1610poppo onpueio tou Y. O

Hapatnpnon II.3.5. To dewpnua avid puag 6ivel OTL 0 OPIOUOG TOU av €va onuelo eivar un-
1610puop@o 1 ot bev e§aptatar ano mv eupuievon Y C A}
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II1.3.1 E¢antopevol KOvot

‘Eva moAuwvupo F(xp,...,xn) propet va ypagei pe povadikod 1pono og €va Ienepacpévo
abpotlopa

F=F+F + - +Fn

ortou ta F; eivat opoyevr) moAuwvupa 6aBpou i. Mropel KAolot ano toug apyXlkoug 0poug va
pndevidovtat. Tov mpwto pn pndeviko 6po Ba tov ovopaloupe apy1ko 0po kat Ba tov oupBoAi-
doupe pe F..
Mapadewypa I1.3.6. Ag Scwprjoovue pia eminedn aidys6pucy kKaumuAin Tave ano éva afye6pikad
KAeoto owvua k, n onola mepvast ano 1o (0,0) kat opiletat and 1o nojvavuuo F(x,y) to omoio 10
unodetouue Ot 6ev draipeitar ano tetpaywvo. ITpapouue 10 F o¢

F(x,y) = Z Fy
vZ=2vo
ue Fy, (x,y) = Fu(x,y) # 0. To opoyeveg moAu®@UVUHO TTapayovtonoicital wg
Fo(x,y) =cx™ | |(y — ax)™.
i
O 6aduog deg F.. = vy da Agyetat moAfdanotta g ibopucp@iag. To aiys6puco ovvodo V(F,) da
Agyetar o yeouerpuog kwvog g F oto (0,0)

. Fooy) = x3+x2 —y2. O Epantousvog kovog Sivetar ano mu efiowon
" y? —x? kat elvat éva {euydpt yoaupov y = £x.

F(x,y) = x> —y2. O Epantdusvog kovog Sivetar and mv e€iowon
y? = 0 ka1 elvar pa Surin opilovua evdeia

F(x,y) = (x> +y?)? + 3x%y — y>. O Epamntduevog kevog Sivetar and |,
mu efiowon 3x*y — Y3 kat eivar rpei¢ evdeiegy = 0,y = +/3x.

-05

3 F(x,y) = 2x* = 3x%y + y? — 2y® + y*. O Epantdusvog kovog Siverar M
" and mu efiowon y? = 0 kai elvar wa Surin opilovua evdeia w

Opiopog I1.3.7. O epantoucvog kavog evog aidye6pucou ouvofou V givat 1o guydpt
(V(I(V)*,k[X1, s 7XTJ/I(V)*)7

omou [(V)* givat 10 16ewbeg mou mapayetat ano toug apxkoug opoug f,. yia kade f € I(V).
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(apiotepa) kar n vrepempaveia V(x3 + x% +y? — z2) ue tov epantousvo kovo mg V(x? +y? — z2)

Hapadewypa I1.3.8. H vnepempaveia V(x® +y2 —2z2) uadi pe tov epantopevo kovo mg V(y? = z%)
(6eéia).

O
LA
‘ »‘00\’0\0&
BN

~N
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II.4 Aoxrnoeig

1.

Na aroderyBei to «opoyeveg Nullstellensatz»: Avto I C S = k[xp, .. ., xn] elvat éva opoyeveg
18ecddeg, kat f etvat éva opoyeveg 18embeg kat f € S elvat éva opoyeveg moAuovupo Babpiou
degf > 0 wote f(P) = 0 yua kdBe P € V(I) C P™, t6te f* € I yia kdnow k > 0. Yriodei&n:
petdBaon otov apviko Xopo A™T! o onoiog éxel wg SaxktuAlo cuvistaypévay Tov S.

. T'a éva opoyevég 16eddeg I C S = Kk[xg, - .., xnl, 01 Mapardt® ouvOrkeg eival 10oduvapeg:

@) V() =9

B) VI=SNHVI=S, =®4-0S4a

(y) I D S4 ywa xarotwo d > 0.

(a) Yrapxet pua 1 — 1 avruiotorxia (rou avtlotpeédel ToUG EYKAEIOP0UG) avApleoa ota alA-
yeBpikd ouvola tou P™ kat ta opoyevny pidika 16eddn tou S = k[xg,...,xn] TIOU Bev
tavutidovial Pe 10 Sy = $4-0Sq mou divovtatl aro o Y — I(Y) xkat I — V(I).

(8) Aei§te 61 10 adyeBpikd ouvodo Y C P™ eivatr avaywyo av kat povo av to I(Y) eivat
POTOo 16edeg

(y) Arodei€te 6t to P™ eivat avaywyo.

I'a n,d > 0 Bswpnjote ta poveovupa Babpou d otig n + 1 petabAntég xo, X1, - . ., Xn, TA Oroia

Kat ovopagoupe Mo, My, ..., M. Arodeigte 6t to mAnfog toug etvat N + 1 = ("19)

ouveExela BempPr)oTe T OUVAPTNON)

. 21N

rq: PV — PN
P=lapg:ai: - :an] — [Mo(P):---: Mn(P)]

1 Oroia IPOKUITIEL AVTIKADI0TOVIAG TIS CUVIETAYHEVES a; ota M. Amodeifte ot ) ekodva
r4(P™) etvatl éva mipoBoAikd urtocuvodo tou PN kat dti 0 14 eival opolopopplopdg tou Pn
otV €1KOVA TOU T4.

@swprjote ) ouvdptnon P : PT x PS — PN, N = rs + r + s n oroia &ivetat otédvoviag
[ap:---a;] x[bg:---:bg] = [agbg:---:aibj:---:arbg], 6TIOU 01 MPOBOAIKEG OUVIETAYIEVEG
aibj eivatl Ae§ikoypadikd Satetaypéves. AeiSte ot 1 P eivat kada oplopévn kat 1-1. Aeifte
Ot 1) £1K6vVa etvat éva mpoBoAikd adyeBpikd unocuvodo tou PN,
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IxAuata

III.1 To ¢paopa £vog Saxktuldiou

'Eote R avtipetaBetikog Saktudiog pe povadiaio.

Opiopog IIL.1.1. Opiloupe SpecR va givat 10 oUvoAo TV MPOTIWV 16ewd®V ToU daktuAdiou R, 10
omoio epodialstatl pe v tomojloyia Zariski otnv onola ta Kkjsota ovvofa sivatr ta

V(I) ={P € SpecR t€101a wote I C P}.

O 6axtuAiog R propei va BempnBel wg 0 HBAKTUA10G KAVOVIKGV OUVAPTHOE®V OTO SpecR, orou
KabOe otoikeio r € R opidel ouvaptnon:

T:SpecR — R/P
P~ 1 mod P

[Tpoocoyn)! O1 napandve cuvaptroelg dev aipvouv Tpég oto 1610 ooppa onwg eixape ouvnOioet
otV KAAOKY niepirmtwon. [Haipvouv tiég otig akeépatleg meployeg R/P.

IIpotaon Il.1.2. Eotw [, ], [\, A € A 16ewdn tou baxtudiou R. Ioxyvouv ta tapakdie:
1. V((0)) = SpecR, V(R) =0
2. V(DuV()=Vv(InNn])

3. MeaV(IA) = V(X rca In).

Amnobeiln. Tlapatnpoupe ot 6Aa ta npwta 18eddn rneptEXouv 1o 0, CUVENHOG
V(0) ={P € SpecR : 0 C P} = SpecR.

Ermiong,
V(R) ={P € SpecR:RC P} =0

IMa 1o (2) mapatnpovupe 6w av P € V(I), tote €§ optopou I C P ouveniwg av P O 1N J, t0te
P € V(IN]). Eivat capég ot

V(I) c V(IN]) ouveniwg V(I) U V(]) Cc V(IN]).

Avuotpopwg, yia P € V(INJ) éxoupe ano tov optopo INJ C P. Av to [ dev mepiéxetat oto P, tote
unapxeta € T pe a € P. Avr € J tuxaio, tote a-r € INJ C P, ouvenag r € P, apou 10 P eivat
TP®TO.

31
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INa 1o (3) unobétoupe o1t P € MaeaV(IA), ot P O I ouvenwg P O 3 oA In dpa P €

V(2 xea In)-
Avtotpodng, av P € V(3 5 ca In), t0te e§ optopot 3 5o I C P, dpayiakaBe A € Ato Iy CP
ouveniig P € V(1)) yia kabe A € A dpa P € NyeaV(In). O

'Onwg mapatnproape n6n, ta V(I), I<iR opidouv tortodoyia oto SpecR rou €xel autd g KAglotd
ouvoAa. Ta avoiyta eivat tng popedng

D(I) ={P € SpecR: I ¢ P} = V(I)€.
To ouvodo O ={D(I), I<R} arotelei pia tortoAoyia oto SpecR, dnAadr) ikavortotouvtat ot 1610t teg
e () €O, SpecR € O.
* AvlU;, U, € O, 0te U1 NU, € O

* AvU), € Oyuaodata A e A, tote Upcaly € O

IIpotaon II1.1.3. Ia f € R, opilouue D(f) ={P € SpecR|f &€ P}. Tote yia I <R

D(D) = D

fel

Avl=(f,...,fm) 101

D(D) = | J D(f;).
j=1

Anodeiln. 'Eoww f € I, av f € P, tote €xoupe ot I ¢ P ouveng D(f) C D(I). Apa Use1D(f) € D(I).
Avuotpogpwg, av P € D(I), tote I ¢ P. Zuvenag untdpyet f € 1 wote f € P kat ouveniwg P € D(f).
Apa D(I) C UgeD(f). O

AnAadr) ta {D(f)|f € R} arnotedouv Bdon avoixt®v yia to ouvodo SpecR. Av o R givat SaktuAiog
g Noether, tote kKGO avoiytd kKadurtetal amno rnenepacyéva to mAnbog D(f).

IIpotaon IIl.1.4. I'ia f € R éyoupe D(f) = () av kat uovo av 1o f eivar undevodbvvauo.

Anodeién. To va éxoupe D(f) = ) onpaivetr ot to f € P yua 6Aa ta nipeota 16emdn P. ®a arodei-
Soupe o1
Vioy= () P
Pe&SpecR

Mpaypatt éote h € 1/(0). Zuvenodg h™ = 0 € P yia kdOe P € SpecR xat apou 1o P eivat nporo,
éxoupe h € P. AviOTPOP®G, av X € NpcgpeckP Kat €0t x™ ¢ (0) yia kaBe m € N. Ag Bewpriooupe
TO OUVOAO

S={ala <R, odote x" €a Vne N}

To ouvodo S eivatl pn kevo, ouvenwg adpou o daktuAiog eivat Noether, £xel éva péyioto otoikeio
q. To g etvat mpwto, adou av

abeqpeadéq,b¢q,0te (q,a) €S,(q,b) €S apou S péyioro.

AnAadr) untapxouv ni,ny € N pe x™ € (q,a) kat x™2 € (q,b). AnAadr) ya kdamowa cj,c2 € R
gxoupe x™ = acy + q; KAt x"2 = bes + g2, q1, g2 € . KataAnyoupe oty

x™M*M2 = (acy + q1)(bea + q2) = abeica + aciqa + beaqr + 142 € q.

Zuvenwg x™1 M2 € ¢, dtoro agou g € S. O
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Mapadewypa III.1.5.
SpecZ = {<0>7 <2>7 <3>7 SRR <p>7 o}

‘Eva tuyaio kieioto ovuvoso
V(I) = V(nZ) = V(p{* - pyt) ={P € SpecZ : 1 C P} ={P € SpecZ: p | n} ={p1,...,pe}

D(I) = SpecZ —{p1,- .., pe}-

EmnAéov, V(P) = {P}, bniadn ta onueia sivar kiswota. Ano tv aiin V(0) = SpecZ, givat, bnAadn
T0 WKPOTEPO Ki€10T0 oU Ttepiexet 1o 0.

YrievOupidoupe ot yia éva ouvolo I evog ToroAoyikou xopou X Oa oupBoAiloupe pe T v
KA£10TOTNTa T0U X, dnAadr) 10 PiKpOTEPO KAEIOTO UTIOOUVOAO X TIOU TIEPIEXEL TO L.

Opiopog III.1.6. Av a € SpecR ue @ = X, 101¢ 10 a Ag¢yetar generic point.
Mapadewypa Il.1.7. 'Eotw k afye6pucad rkisioto ooua. Tote

Speck[x] = (0) U{(x — a)|a € k}.
éniabn eivai 1o A, pe éva emmpdodeto generic point.

Mapadewypa IIL.1.8. Ag decwprjooupe 10 owua Qp 10V p-adikov apdu®v Kai Z, ag eivat oL aké-
pawor p-aduxol. 'Exouue SpecQp = {(0)}, SpecZy, = {(p),0}. Ta 16ewdn oto Zy ivar ta p™. Ta 0, (p)
eivar ta povadika kieswota. To (0) eivar avoyto ajiia kat generic point.

Mapadewypa III.1.9. [lpota 16ewdn tou Z[x].
62 63 &G 6N e e

generic point

(x2+1)

ze

‘Eotw P € SpecZ[x]. Eotw p NZ # {0}. ToPNZ = (p) agpou n toun givar mpato 18emdeg. X
OUVEXELa DEDPOUUE TOV PUOLKO OUOUOL PLOUO

¢ : Zlx] — Fplx],
f(x) — f(x) mod p

Bewpoupe 10 16ewbdeg P tou Fy, [X] 10 omoio napayetat and to $(P), niadn ¢(P) = P. Yrdpxet évag
LOOUOP PLOUOC

ZIX]/P — Fp[x]/P. (II.1)
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Apou P elvat mpato, 1o Z[x]/P eivar axépaia meptoxn. Zuvenag 1o Fp[x]/P eivar axépaia mepioxr]
emiong, éndabdn 1o P slvai moo1o 16e0be¢ kKat yodpetat ot uop@n P = (g(x)), omou 1o g(x) elvai éva
avaywyo mojluevuuo tou Fy [xX]. Aafeyouue éva f(x) € Zlx] pe f(x) mod p = g(x). O 100u0pP10UOC
mc e€iowong ([IL1) Siver ou

P = (p, f(x)). (III.2)

Iapawmpovue ou av f(x) = fi(x) mod p, tote (f(x),p) = (f1(x),p). [lapammpovue emiong ot av
P mepigyel évav mpodTo apdud p, te sivar m¢ poperic (L3). EmmAdov, o avty my mepintwon
EXOUUE TNV TAPaKAT® 100TNTa ¢ ouvoia

V((p)) = SpecFp [x].

AvPNZ ={0}, 0Aa ta un unbevika otoryeia tou P anoteflovvtat and mojuavuua pue un undevikoug
ovvtefleotég. Av P # {0} ag givat dg o utkpotepog 6aduog mojvwvupou oto P. I'ia d > dy opilouue

Pqa ={h(x) € P:degh(x) = d}.

Av h(x) € P4 &ouue nh(x) € P4, omou 10 n givar tuyaiog akcpaiog. Eibucotepa h(x) € Py bivet
—h(x) € P4. Ag eivai f(x) éva otoiyeio 1ou Py, wote o ovvtefeotig tou x4 va eivar o pikodtEpog
buvatdg detkog aképaiog. Ipagpouue

f(x) = ax90 + a;xd 4. 4 ay,

Tote ta oroyeia wou Py, eivat aképaia nojfdarniaoia tou f(x). Auto oupbaiverl yiati av o ovvtele-
otc b tou g(x) € Pg,,
g(x) = bxd 4 byxdt 4 ... by, b>0

6¢ev eivar moAAamnjlaoto ou a, 10Te yla Tov UeYloto kKowo diawétn ¢ = (a,b) undpyovv myn € Z
pe ma+nb = ¢, 6nov 1 < ¢ < a. 'Exoupe mf(x) + ng(x) € Pq,. Zuvenwg o ovvtefeotric tou x40
da eivai ¢, 10 omoio bev umopet va oupbetl ano v eniioyn tou f(x). EmmAéov, o uyiotog Kowog
O1alpENg TV oUVTEAEOTOV a, a1, . . ., aq, ToU f(x) elvar 1. Ze drapopetikn mepintwon av l > 2 sivat
0 UEYIOTOG KOWOG S1apETNG, TOTE UTIOPOUUE VA YO AWOUUE

f(x) = 0(a/x% + ajx%~ ... 4 ag,); a’,aj € Z.

Ao mu unodeon { € P kar a’x% + ajxdo—! ... 4 ‘1:10 ¢ P. Apa f(x) € P agouv P, mpwro, aromo.

Emiong, to f(x) elvat avaywyo apou av ypagorav &g ywousvo 6U0 ToAU@UVUUGV TO £va ano avtd

da émpeme va avnket oto P. To f(x) eivat éva avaywyo moAduwvuuo oto Z[x] adda kat oto Q[x].
Oa 6¢cifovue ou P = (f(x)). Eotw

g(x) =cox® + x4+ +cq €P,
Kat €0t by = (a, ¢p). Av by # a, 10Te UTAPYOUV akEpaiot my, g UE Moa + Nocy = by. Tote
h(x) = mox4~9f(x) + npg(x) € Pq
TOU OTOI0U 0 UEYIOTO6AdUIOC Opo¢ etvat h(x) = box?d + - --. Av éoouue a = a’’by Exouus
a’h(x) — x4 9f(x) € Py yia kamow d, d’ < d. (I11.3)

Oa amodeiouue ot
(f(x)) "Pq =Pq (I 4)

ue emaywyn oto d. Eyouus anobeifer v mepintwon d = dy. A¢ umodéoouue ot n (IL4) 1oy vet puéxor
0 d — 1. TOte ano v m) &xouue
a”h(x) € (f(x)).
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Av unmodéoouue OtL 0 peyltoto6aduiog opog by tou h(x) dev eivar moAAanaocio tou a, T0te ONWS
nmponyouucvwg h(x) ¢ (f(x)) kat ovvenwg a” & (f(x)), agpou 10 16ewdeg eival MPWTO. ZUVETWC
o ovvtefeotic tou x4 yia éva moAudvupo oto Py mpémel va eivar moAfanidoio ou a. Ano 1a
napanave gxovue ot g(x) € Pq aidid ¢y = c¢’a. Tote

g(x) —c/x4790f(x) € Pgv ue d” < d.
ATO ™MV emay@yikn urtodeon 6piokoue OtTL
g(x) — c'x479f(x) € (f(x)),
, onAadn g(x) € (f(x)). Zvvenawg (f(x)) N Pgq = P4 yta kade d > dy. Zuvenag
(f(x)) = P.

Ao v mapanave oultnon Exouus ot éva mpato bewdeg (f(x)) tou Zlx] elvat éva mpwto 16ewbdeg
toUu Q[x]. AvtioTPd@wg, cva mpwto 1ewbeg tou Q[x] ueta ue mojfaniaoctaouo pe vav axépaio Exet
m uop@ry (g(x)) omou

g(x) = apx™ +a;x™ 1+ +an,, omovay > 1,(ag,...,am) = 1.

INa éva mpw10 16edeC £va T€To10 g(X) glval uovoonuavta OpLoUELO.
H guowioykn eugutevon
b Z — Z[x],
me— m
EMAYEL OUVAPTNON OTa paouata
d)# : SpecZ[x] — SpecZ
p—od Y(P)=PNZ.
'Exoupe ot
(™)™ ((p)) = SpecFy [x]
Kat
(6™)7((0)) = SpecQIx]
Anjladn 1o SpecZlx] umopei va dewpndel we N Evwon twv Speck, [x] kar Q[x].

Ipoétaon Il.1.10. 'Evag opopop@ioude ¢ : R — S emdyer 7 : SpecS — SpecR, otéAvoviac 1o
P — ¢~ 1(P). EmmAéov, n &7 eivar ouveyric yra v tonoAoyia Zariski.

Anobeln. 'Exoupe 16n 6ei€et 611 av 1o P eival mpoto 18emdeg tou S, tdte 10 ¢ P sival mpoto
16emdeg tou R.

ErumAéov, éxoupe (¢#)~1(V(I)) = V(]), o6mou | eivat 1o 16ed8eg rou napayetat ard 1o ¢(1).
[Tpaypatt

(™)1 (V(1) ={Q € SpecS : $*(Q)} € V(1)
={Q € 8SpecS : ¢~ (Q)} C V(1)
={Q € 8SpecS: 1C ¢~ (Q))

={Q € SpecS : ¢(I) C Q}
= V(¢(1)) = V(])
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III.2 A¢ivira Zxnpata

Ze kabe avorxto ouvolo U tou SpecR opiloupe évav daxktudio ouvaptrioemv rmou opidetat erti
Tou avorxtou autou U. I'a f € R opioape wg D(F) to avorxtd ouvodo

D(f) ={P € SpecR : f & P}.

To ouvoldo autd Ba 1o oupBoAioupe kat pe Xs.

IIpotaon IIl.2.1. Ta pia owkoyevela {fqlqaca OTOL(EIOV TOU R 71 100TNTQ

SpecR = Uqgea (SpecR)¢,,

oxUel av Kat uovo av 10 106 (fq)ac A TOU Mapayetat ano ta fq glvar o daxtuiog R.

Amobeiln. Av 10xUel 1 100tTa, T0TE yia €va tuxaio mpoto 1demdeg P tou R €xoupe ou P €
(SpecR)¢, yia kamotwo fq, ovvenwg fq ¢ P. AnAadr) kavéva npoto 16emdeg dev pnopet va 1ie-
piExet 10 18ewdeg mou mmapdayouv ta fq. Me 6edopévo o1t kKaBe yvriolo 16emdeg Tou R mepiExetat
0€ €va PEY10TO,0UVETIRNG TTIPOTO 18e®OeG £XOUNE OTL Jir) KeVO 18e0deg (fq) qeca OV elval yvriolo kat
OUVETI®OG €ivatl 0o pe 1o R.

AvioTpodwg, av (fq)aea = R, 10Te yia kaBe mpwto 16emdeg P undpyetl éva f, pe fq € P,
6nAadn P € (SpecR)¢,. KataAnyoupe Aowudv oto

SpecR C U (SpecR)+, .
acA
O

[Mapawmpovpe o6t kK&Oe avorxtd uroouvoAlo tou X = SpecR elval évoorn avolXtov ouvoA®v tng
popdng X pe f € R. Av (fq)qaea = R, 101 propouie va dadé§oupie nerepacpéva 1o mAf0og anod

autd ®ote
n
z gajfaj = 17
j=1
KA1 va 1Kavoroouv ot (fg)aea = (fays-- -, fa, ). Me auto dei§ape ot

IMoépiopa IIl.2.2. O tomoAoyukog xwpeog X = SpecR eivar nuiouurayng. Andadn yia kade avoryto
rkdAvppa X = Jyca Un undpxet Eva nemepaopévo mindog anod avid o

n
X=J Uy,
j=1

HMapatnpnon IIl.2.3. Akodovdwvtag  Iadducny oyoin, évag xwpog lvat ouurayng av givat
Hausdorff kai emimjléov kade avoyt kajuyn €xel memepaouévn vnokaduvyn. Zmv tonofoyia
Zariski 6ev 10 vel n ovvdnkn Hausdorff, Ouven@g 0t Tapamave xwpeot ivatl MUIoUUTIAYELS.
Anppa III.2.4. 'Eoto X = SpecR, 101¢ y1a f, g € R éyouvue ou

1. XN Xg = ng

2. X D Xg av kair uovo av g € +/(f).
Amnobdeidn. T'a 1o (1) mapatnpovpe ot av P € X NXg, t0te f € P xat g € P. Apou 1o P eivatl mpoto

16ewbdeg, £xoupe ot fg € P kat pe autd tov 1poro Sei§ape ot X¢ N Xy C Xig.
AvTioTpo9g, yia P € Xrg, €xoune fg € P, ouvenog f € P xat g € P, ouvenwg Xrg C X¢ N Xg.
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I'a 1o (2) napainpoupe ot

Vo= (] P

feP&SpecR

Tnv maparndave oxéon v exoupe arodeifel 11dn oy nepimwon f = 0. 'Eoww h € (/(f). E§
oplopou ya karoto m € N éxoupe ot h™ € (f). I'a oroodrnote rpoto 185ekdeg P 1o f € P Hivet
(f) C P, ouveriog h™ € P kat h € P. Me auto tov tporo eifape ot v/ (f) C repespecr P-

AvVT0TPOP®G, £0T®
he () P

feP&SpecR

Ag urntoB¢ooupe 61t h™ ¢ (f) yia kdBe m € N. Tdte undpxet €va péyioto otorxeio Q pe ) didradn
TOU EYKAEIOPOU OTO Y1) KEVO OUVOAO

S={a:a<Rawote fea,h™¢<a, ylakabe m € N}.
To Q eivat éva npoto 185ewdeg.

[Mpaypatt, av uvnipxav otorxeia a,b wote ab € Q ue a € Q, b ¢ Q, wte ta (Q,a), (Q,b)
dev avrikouv oto S, adou 1o Q eivatl péyloto. Zuvenog vrtapyxouv ny,ny € N pe h™t € (Q, a) xkat
h™2 € (Q,b). Mropoupe Aoutov va ypdyoupe yla KArola ¢, cs € R

h™ = acy + g1 Kat h™2 =bcy + gd2 BE (g1,q2 € Q.
KataAnyoupe otn oxéon
h™*M2 = (ac; + q1)(bea + q2) = abeics + aciqa + beaqr + q1q2 € Q,
10 oroio épyetal oe aviipaon pe 1o ott Q € S. Zuvenwg Q eival pwto. Tote opwg f € Q rat
h ¢ Q. Apa untapxet m wote h™ € (f).
AnAadn g € /(f) av kat povo av vnapyet npwto demdeg P pe f € P kat g ¢ P. AnAadr)
P & X¢ xat P € Xg,

, 6nAadn Xy dev mepiéxet 1o Xg. O

III.3 Evtomopog

Opiopog III.3.1. Av gva urmoouvoo S evdg avtiustadetikov dakxtuiou R dev mepigyet 1o 0 kat
* abeSyiaa,bes
*1eS,
, 10te 10 S fgyetar mofAAanaociaotiko ovvodo. EE opiopouv ab # 0 yia a,b € S.
Av 10 f € R 6ev eivatl undevoduvapo, 10te 10 GUVOAO
(F,£2, 63, f™ ™ )

etvat moAAarmiaoctaotiko. Emiong, av P eivat mpwto 16ewdeg tou R, 161€ 10 0UVvoAo R — P eivat
TOAAATTAQO1A0TIKO.
Av 10 S givatl MoAAATIAAC1A0TIKO UTTOGUVOAO ToU R, 101e Bewpoulie T0 0UVOAO

Rsz{I:TER,SGS}
s
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10 oroio ouyvd 10 ypddoune wg SR, Opidoune 611

T

T2 . . / . /
= — av Kat povo av uridpyet s’ € R oote s'(rysg — s112) = 0.
S1 So
ZInV IMEPITTOOT) TTOU TO R £ivatl aképala meploxr], TOTE 1] MAPATIAVE OXEOT £1val 1] T1S2 = $1T9 Kal
o€ autr) v mepimeon 10 Rg ival £éva urmoouvoAo Tou oopatog NAikev Quot(R).
To Rg prmopet va epodiaotel pe mpageig

r " ors'+1's

s s’ ss’

/ /
T T T
S

/ SS/

w

Kat BgAet apketr] ouldeld va anodeifel kaveig ot ot rpdagelg eival kadd oplopéveg, dnAadr) ave-
EAPNTEG TOV AVIUTPOOMIIOV OIS KAl T0 0Tl T0 Rg pe 1g npddelg autég epodiddetat pe ) Sopn
avupetabetikou daktudiou.

IMa kaBe otabepod otorkeio s € S £xoupe Tov PUOIKO OPOPOPPLIOHO

d)g:R—)Rs

TS
T —
s

[Tapatnpoupe 0Tt 0 APATTAVE OPOROPPIoONOG ivat aveaptntog tou s. O rupnvag

kerps = {r € R:rs =0 yla karoto s € S}

@copnpa III.3.2 (KabBoAikn) 1616tta evioropov). ‘Eote S moAdaniaociactind kieoto ovvoio
otov 6axtuiio R. 'Evag daxtuaiog R uadi ue €vav ouopoppioud ¢ : R — R mouv ucavomolel 1ug
Tapakdi® ovvdnkeg da Agyetatl evtomiouog tou R oto S

1. a kade s € S 10 d(s) eivar avtiorPEWiuo oto R.

2. I'ia évav opopop@iopo darxtufdiov P : R — T av 10 P(s) givat avtiopsyyo oo T yra kade
s € S, 10te undpyet povadikog opouopPopog v : R — T wote P = v o .

O baxtujlog (Rs, ds) tkavomnoiet 1ig 6U0 mapanave ovvdnkes Kat eivat povadikog Joye g kado-
Aueng bomag.

MropoUie 0to avoiXtd oUvoAo Xy va aviloToliooupe Tov SAKTUAI0 KAVOVIK®V OUVAPTI|OE®V
R¢. paypat, ta pndevoduvapa otoixeia avirouv oe kKAOe rpoto 16emdeg kat (SpecR)s = 0.
Ermiong, mooodtnteg g popong r/f eivatr kadd opilopéveg kat dev €xouv rodo oto (SpecR)¢.

III.3.1 Sheaves

Ag Bswprjcoupe ta avoiytd ouvola X¢ O Xg. 'Exoupe 6eifet oto Anppa OL2.4 ot g € /{f) 1
ooduvapa g™ = af yla KAmnoto puoiko n kat karoto a € R. Opidoupe ) ouvdaptinon neploplopov

pxﬁxg : Rf — Rg
r/f™ — a™r/gt™

‘Orou Ry xat Ry eivat ot evtoriiopoi ota moAdarndactaotikd ouvoda {f¥ : v € N} kat {g¥ : v € N}

’ ’ ’ ’ ’ ’ ’ /
avtiotorya. O opopopPlopdg autog opidetat pe povadiko tporo amnd ta Re kat Rg. Av g™ = a'f,
TOTE 1) IIAPATIAV® OUVAPTNOT opidetal &g

T/fm _ (a/)mr/gn/m _ amr/gnm‘

H ouvaptnon px, x, 6a Aéyetat ouvaptnon neploptopou.
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Anppa II1.3.3. [a 6iadoyikoug eyKAglopoug
Xt D Xg D Xn

Exouue
PXn,Xg © PXg,X¢ = PXp,Xs-

Anddaifn. Kat At amnd to Afppa [L2.4 Bpiokoune ny,ny € N xat a,b € R dote
g™ = af kat h"™? = bg
YroAdoyidoupe ott h™™2 = ab™ f. Zuvenog yua v/f™ € Ry €xoupe
Py x, (/™) = Q™™ /R
AT Vv AAAn €xoupe

(PXn,Xq © XX ) (T/TT) = pxy, x, (@ T/gM™) = a™b™M /RN,

OemPOUNE TWPA T CUAAOYT] AVOLXTOV OUVOA®V Xy ITOU MEPEXOUV 1O P € SpecR,
Up :{Xf:PEXf}:{Xf:fgp}.

Zto ouvodo Up opidoupe diataln pe ) BorBeia tou eykAeiopov kat ypapoupe Xf < Xg av xat
povo av X¢ D Xg. Avo tuxaia otorxeia X, Xg £X0Uv Koo meptoptopo Xg N Xy = Xgr KAt £Xoupe
ot

X¢ < Xgg Xg < Xgg-

MrtopoUjie Aordv va opicoutie to euby dpto (Seg K.1.1) lim R¢ to oroio eivat o aktuAiog tev
Xg€Up
¢Utprv (germs) oto P. Ioyxuetl o1

IIpotaon II1.3.4.

lim R¢ = Rp.
XfGU.p

Arnobdein. 'Eva otoixeio tou Rp ypagetat g g/f pe f,g € Rkat f € P, dpa P € X¢. Zto Rp av
g/f=g’'/f pe f’ ¢ P, 16te unapyet s € R — P e s(f'g — fg’) = 0. AnAadn
/

9’ _fg' _f'g

9_9 _
ff

Agpou P € X¢ kat P € Xypr, €xoupe o1l (Ba oupBoAidoupe pe [] tnv KAdon oto eubu 6p10)

(3] = [(fxe)] = ()]

AnAadr) opiletal pla Kadd oplopévr) ouvAapTNon

¢:Rp — lig)n R¢
XgeUp

adou 6o Sradpopetikég ekPPAcelg oto Rp divouv 1o 1610 puTpo. Ba deifoupe tOpa 611 1 oUVAp-
TNON AUty €ivat opopopdlopog. Ag urtoBécoupie ot oto Rp €xoupe:

_ gh+fr

r
h fh

9
=+
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Tote

apa €xoupe

0(9/0) + o/ = | (82 xm )] + | (frxm )| = [ (P xm )| = wlorr-4v/m

®a opicoupe TOPA [la CUVAPTNON

VP lign Ry — Rp
Xg€Up

pe
(5] o

Ba 6eioupe mpata ot pa t€tola ouvdaptnor eivat Kald opilopévr). Ag urtoBéocoupie Ot

()] =[G
(o)) =[S

mny, (m—1)n
o) = [ (X))

Tote apou

£X0oUpne Ot oto Rep

fm(n—l)hnm fmnh(m—l)n
(fh)mn = (fh)mn
Amo v dAAn otov daktuAlo Rp €xoupe
g fm(nfl)hnm fmnh(mfl)n T
fm (fh)mn (fh)mn hn’

ortote 1 P eival Kadd oplopévn Kal OM®G TPV UIMopouUpe va §oupe 0Tl ival opopopPplopog.
Emiong,

bodlo/f) = |(L.X¢)] = o/t
Opoing

o ow(g/N) =W [(F.Xr)| = blo/f™) = v o dl9/0) = [ (5 Xem ) | = o blo/f) =¥ | (75 Xr)] -
O

Hapadewypa III.3.5. 'Eotw P € SpecZ kat f € Z. 'Exouue ot (p) = P € SpecZs av kat uovo av
f € P, bndadn av kat povo av p 1 f. Aniadn

uP = {Xf) wote (fvp) = ]-}

Eotw f = £pi"---p,* ue a; > 1 n mapayovronoinon tou f oe mpwrovg. Tote \/(f) = (p1---pe).
Exgppalovue

T r!

R



II.3. ENTOIIIXMOX 41

Kaipj { v’. OTOUE t TO YIWOUEVO TOV TPOTOV Ue eKDETES peyautepoug g povadag, onoter/f™ =

v/t kat otov lim_, Z¢ €xouue
/
(5x)] = ()]

AnAadn va ototyeio tou lim_, Zs Umopel va ypagel wg avaywyo kiaoua '/t uep 1 t. Avtiotpogag,
av (t,p) = 1, t0te y1a 10 avaywyo kiaoua s/t €xovpue 10

()] i 2
t Xg€Up
‘Etot

Z(py ={s/t: s/t avayoyo kjaoua kat (t,p) = 1}

Me autov tov 1pomo Exoupue
Z( = lim Zf
—
X¢€Up

p)
Kat

Q: IILD Zf:Z(O).

Xpelq

II1.3.2 To Sheaf Soprng tou paocpatog

®a opiocoupe twpa to sheaf doprg tou X = SpecR.
Afppa II1.3.6. Av Xy = Jqca Xr, KAt yia a € Ry éxoupe
pra,Xf(a) = 07
0t a = 0.

Amnobeiln. AguroBéooupe ot a = g/f™ otorxeio tou Ry, 1ot a = 0 av kat povo av urapxetn € N
pe fg = 0 otov daxtuAio R. Ag Bewpricoupie 10 18ewdeg

[={heR:hg=0}

To I etvat éva 16eddeg tou R. Zuvenwg a = 0 oto R¢ av kat povo av pia duvapn tou f avrket oto
I, 8ndadn f € V1. 'Exoupe ot
Vi= (] P

ICP&SpecR

AnAadn n ouvlnkn f € /1 etvatl 10o0duvaun ot yia ta mnpota 18ekddn tou P tou R ta oroia
mepiExouv 1o I €xoupe ot f € P.
Ag untoB¢éooupe ot a # 0 otov Ry. Tote untapyxet éva rpwto 18eddeg P pe P D I kat f ¢ P.

Agou px;_x;(a) =01 ewova tou a oto Rp givat 0. Zuvenog 1 eikova tou g = f™a oto Rp givai 0.
AnAadr) uvntapxet b € R—P pe bg = 0. Zuvenwg b € [. Anto tv aAAn agou P D I €xoupe 6ti b € P
10 ortoio etvatl oe aviipaon pe 1o b € R — P. Zuvenog 1o a eivat 0 oto R¢. O
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Anfppa II1.3.7. Ag unodéooupe Ot X = |J e p Xr, Kal €0T@ OTL UTAPXEL gq € Ry, @OTE y1a KAde
a,b € A va gyoupe OTL Ol TEPIOPIOUOL TV g, b 010 X¢, N X¢, = X¢ .1, va Tavtifovtal, 6niadn
prafb,Xfa (9(1) = prafb7be (gb)7
10Te UTtdp el g € Ry wote
da = Px;, . X(9) yia kade a € A.
Amnodein. Oewpoupe OV PUOIKO OPOPOPPIOHO
d)f :R— Rf

r— rf/f

®a oupBoAidoupe 10 d¢(r) =T. Otav X O Xg, £xoupe 6t g € /(f). @a Sei§oupe ot1 01 SaktuAiot
Ry xat (Rf)g eivat io6poppot. Agou g € /(f) priopouvpe va Bpoupe n € Nxat a € R oote g™ = af.
H ouvdapinon
d) : Rg — (Rf)g
r/g" — 7/g"
pe r € R, eivat opopopPlopog daktuAdiov. AviiotpoPrg, UTIAPXEL KAAA OplopPévr) GUVAPTNON 1
ortoia gival o010 0PPIooG:
1]) : (Rf)g — Rg

r/fk T ak
g gk

e v/f< € Ry xkatr € R.
OcrPOUPE TOV KAVOVIKO OPOPOPP1o0

g R — (Re)g
v

— —.
fTL le . g

H ocuvaptnon 1 o 531 Rf — Ry tauti¢etat pe my px, x;:
T g T-g ¢ T-af
™ g — gnk

ATT6 0V 0p1opo TV ¢, P £xoune ot Yo ¢ = Idg, kat o = Id(R)g- AnAadn ot ¢ kat P eivat
oopopPlopot.
®¢toupe R = R kat X = SpecR ka1 ¢0te fq éva otoixeio tou R mou kabopiletat and to f,.
Tote
X¢ =X rat Xg, = Xg_.
ZUVETIOG XWPIG TIEPIOPIONO TNG YVEVIKOTNTAG HUITOPOoUNE va uroféooupe ot f = 1. Ze aut v

nepintoon n uvnobeor| pag yivetat:
X= [ X,

acA

Mrmopoupe amo 1o moplopa va Sradégoupe nerepaocpéva 1o AR 0og f1, .. ., fy avapeoa ota
{fa}aGA Wote

¢
xz.Uxfj.

j=1
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Erniong, priopovpe va exkppacoupe ta gj € Ry, og

aj
9 = fm
)

€Rf, viaj=1,....¢

pe v 1d1a duvapn otov rapovopaocty], apou eivat rnenepacpéveg to mANO0g IT0oOTTES.
H unoBeon tou icou reploplopoy divel
f}n ai

(fify)™

m .
i a;

(fyfy)m’

Pxfifj,xﬁ(gi) = = PXpyr; Xy, (g5) =

ZUVENIOG PITOPOUHE va dradédoupe ny € N dote
(fify) ™ (fai — fi"a;) =0yua 1 <i<j <L

Z1n ouvéxela emdéyoupe N > m +nyj yia 6da ta 1 < i < j < 1. T'a éva wxaio 1 < k < ¢
UIopoUpE va ypdwoupe gy = ai./fR kat va katadrnioupe ot oxgon
afff —afff =0y 1<i<j<t (Il 5)

Ao mv GAAn Xy, = Xen omote £xoupe
)

14
x=J X
j=1

Mropouye va Stadé§oune ano v npdtaon ML2.1 otoxeia b; € R ta omoia va kavorolouv
¢
D b =1 (II1.6)
j=1

®¢toupe
¢
g= Z bjaj € R.
j=1
Tote and ug e§lomoelg (m) Kat (@] £xoupne ot
¢
fNg=) bjfilaj=) bjfia/=aqf,
j=1 j=1
Kat auto Oivel ot
Pxr, x(9) = = 9i-
TéAog yia éva tuxaio a € A B¢toupe
ha = Ja — pra,X(g)
Kat £€xoupe ot yla Kabe 1 <i< ¢
prl._fa,Xfa (h(l) = prifa,Xfa (9(1) - prif(NX(g)
= pri’fa,Xfi (91) - prifa,X(g)
= prifa,X(g) - prifa,X(g) =0
Suvenog and to Afppa [L3.6 éxoupe 6t hy = 0 kat

da = Px,,,x(9), yia kabe a € A.
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II1.3.3 Oplopog Sheaf

Opiopog II1.3.8. Eotw X €vag tomojoyikdg xywpog. Ia kade avoryto U C X opilouue o F(U) va
elvat pia mpoodetikn ouada (1 Evag avtiuetadetikog daxtuaiog, module KtA. ). Oa Ague Ot Exyouue
gva presheaf av yia kade (evyapt avoytwv ovvoiwv U D V urndpxel Evag OUOUOp PLOUOS

pv,u : F(U) — F(V)
wote
1. pu,u = ldgu)

2. Iia wia 6waboywka avoryta ocvvoia W C V C U tou X €youue
Pw,u = Pw,v o Ppv.u

O opopoppouog py u Acyerar n ovvdptnon neplopiopov. Emmigov, av ot tapakdie 6U0 ouvdnkeg
ueavornoovvtal, 10te 10 presheaf da Aéyetar sheaf.
‘Eotw U va avoiyto ovvofo oto X wote 1o U va givar évwon avoytov ouvoAov, dndadn U =

Uje] ui‘
1. Av a € J(U) wcavoroei ot py, u(a) =0 yra kade j € J, tote a = 0.

2. Av q; € F(U;) yra kade j € | uicavomouel

Pu;nu;,u; (@) = puynug,ug (aid,
wte unapyet a € F(U) pe a5 = puy;,ula)

Zuyxva ot 6uo 1610tn1eg toUu sheaf ypagovral og pia akpBrig akodoubia
FUW) —[Tie; F(Uy) == TTi ¢, F(Ui N Yy)

Emniiong, oto avoixté ouvoldo ) avuiotoixoupe 10 F(@) = 0 oty mepintwon rou €xoupe sheaves
arno npooBetikég opadeg, eve av €xoupe sheaves and avupetabetikoug SaktuAiloug, to 0 oup-
BoAilel Tov pndevikd daktuAlo. Zin BiBAloypadia ouyxva ypadoupe I'(U, F) avti yua F(U).

Mapadewypa III.3.9. 'Eotw U éva avowto ovvoo oe évav tomofoyud ywpo X kat éotw Cx(U)
0Aeg ot ovvexeic ovvaptnosig U — R, ot omoieg epodiralovtal ue @puolojloyiko 1pomo pe m doun
gvog baxtufiov. I'a avoryta ovvojla’V C U n ouvaotnon meplopiopou py u Elvat n ouvaptnon me-
popopov f — fly. Ze avtn v nepintwon 1o Cx sivar éva sheaf ano avtustadeticovg daktuAioug
UTLEQ TOU TOTtOj10Y1tk0oU X WpouU X.

Mapadewypa II1.3.10. ' Eotw X = R™ kat yia kade avoryto U da cupbodilouue ue Dx (U) to ovvoio
v C* ovvaptnoewv f : U — R. Axpi6o¢ ontwg mow, 1o Dx eivar éva sheaf avtiuetadstikov da-
KtuAdiov. Eniong, to R™ umopei va avtikatraotadel ano pia dtagopiowun mojfarniomrta diaoctaong
n.

Mapadewypa II1.3.11. [a éva avoyto ovvoio U tou xwpou X = C™ da ouvubodilouue pue Ox(U)
0V 6aKtuAo TV 0J0U0P POV ouvaptnocwv entl Tou U. Me mapopolo tpono onwg motw, to Ox givat
gva sheaf avtiuetadeticwv darxtuiiov eni tou X. To X unopet va aviikaraotadei ano pia ptyadikn
noffdaniomta 6iaotaongn

®a opiooupe twpa to sheaf Ox v ouvaptoe®v unEp tov Xpo X = SpecR pe v toroAoyia
Zariski. I'ia éva avoixté ouvodo Xy opidoupe

Ox(Xf) = R¢.
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Av X = Uqea Xy, €xoupe 16 deiget 6t 10 Ox 1kavormotel g HUo ouvOnkeg tou optopou tou sheaf.
®a opidoupe wpa 10 Ox(U) yia éva tuxaio avoixto U tou X g éva uroouvodo tou [ [pcqy Rp

av yla éva avoiyto kdAvppa {X tou U, untapxouv sp € R
Ox(U) = {{sp} € H Rp v X ppa {X, boes oX b € Ry, } |

oy ®ote ya P € X¢, 10 ¢pUTpO T0U sy oto P va tautidetatl pe 1o sp
€

Andadr) ot ermAoyég sp oe kABe onueio P € U dev eivat doyeteg, addd arnattoupe autég va
TIPOEPYOVIAL ATTO EVIOITIOHOUS OTOIXEI®V P1ag avolXtig KAAuyng.
Ze auTr) Vv NMePinorn o1 MEPIOPIoHOL TRV sS4 KAl s, tautidoviat oto X¢, NX¢, = X¢, £, , ONAAON

prafb7Xfa (S(l) = prafb,be (Sb)'

[Ipaypartt, 1o pUTPO TOU s, Ot0 P € X¢ ¢, 100UTAL PE TO PUIPO TOU S, OT0 P oupdpweva pe tov
0p1op0 Tou eubtog opiou, dnAadr) unapxet éva Xn, C X f, TOU va MePIEXEL TO P Kat

PXpp Xrq (Sa) = PXy, X1, (SB)- (IIL.7)

Tote yia k4Oe P € X¢ ¢, 61adéyoupe éva Xy, IOU va tkavornotei v (L. 'Exoupe

Xeato = [J  Xns-
PGXfafb

Téte ané v [{IL7) yia xabe P € X¢ 5, éxoupe

thP,Xfufb (prafb,Xfa (S(l)) = thP’Xfafb (prafb,be (Sb))'

Amo g 1810tnteg tou sheaf éxoupe

PXtqtyXtq (sa) = PX¢ary Xy (sp).

ZUVENIOG €va OTOXEl0 Sp €XEl KATaoKeuaotel g 1o otoxeio s € Ox(U) amod ta otoixeia sy €
Ox(Xf,) = Ry,.
H 6oun daktudiou oto Ox(U) diveratr amod ta

{sp}+{tp} ={sp +tp} xat {sp} - {tp} = {sptp}

pe pndeviko otoxeio Oy = {0p} kat 1y = {1p}. Ilapatnpoupe o1l 10 sp + tp €lval 1o PpUTIPO TOU
prgyxf(s) + prg,xg(t) € R¢g Y1a ta puUTpa sp kat tp 10U s € Ry kat t € Ry, P € Xy N Xy €xoupe 6Tt
{sp + tp}, {sptp} elvatl otoixeia tou Ox(U). Asi§ape, 6nAadr) o6t 1o Ox(U) eivatr avupetabetkog
daxtuAlog pe povada.
Ermiong, yia U = Xy €xoupe ot
Ox(X¢) = Ry¢.

TéAog ya ta avoixta V C U n ouvaptnon rneploptopou py y diverat ano
pv,u : Ox(U) — Ox(V),
{splpecu — {sQlgev

H ouvdaptnon neplopiopou eivatl Kadd oplopévn Kat emiong eivat opopopdplopog daxktudieov. H
OUVAPTI O TIEPIOPLIOHRO0U £1vaAl O TIEPIOPIOHROG TNG GUOIKAG OUVAPTNONG

p:HRp—>HRQ

Peu QeVv

oto Ox(U). 'Etol kataArjyoupe oto
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Ocapnpa III.3.12. 'Eotw X = SpecR. Tote 10 Ox eivar éva sheaf and avtiueradetikeég alye6oeg
urtép 1o X ggodraousvo pue v tonojloyia tou Zariski kat

I'(X,0x) = 0x(X) =R

evw ya f € R éyouvue

I'(X¢, Ox) = Ox(Xf) = Ry.

Amnobdeién. Ano tov oplopd tou Ox propoupe va deioupe apeoa v 1610tnta tou prescheme.
®a 6¢ei§oupe tOpa v npwtn 1W610tnta ou scheme. I'a U = UpeaUy av s € Ox(U) wavortotet
pu,,ul(s) =0, tote sp = 0 yra kabe P € U xat ouvenag s = 0.

Topa Ba Sei§oupe ) devtepn 1610tta tou scheme. 'Eoto kat dAt yia U = Upea U, Sivetat
sa € Ox(Uy) pe v erutdéov 1810tnta

PUNNU,, U, (SA) = Pusnu,,u, (Sy)
KaBe popa rou Uy NU,, # 0. B¢toupe
A
SA :{s](D ) e H Rpl.

PeUu

I'a P € U, B6¢toupe sp = sg‘). Tote s € Ox(U) xat py,,u(s) = sa yia kabe A € A. Tédog ya f =1

1o Afppa ML3.7 6ivet 6t Ox(X) = R. O

Opwopog I11.3.13. 'Eva affine scheme sivat éva {evyapt (X, Ox) omou X = SpecR kat 10 Ox eivat
70 sheaf 1wV KavoVIK@V ouvapTnoew, To onoio kat da 1o ovoualouue sheaf dourng.

Zuyxva niapalAeinoupe 1o sheaf dopng kat avti yua (X, Ox) ypagpoupe X = SpecR.

IIpotaon II1.3.14. Ioyvet ot yia P € X

lim (U, Ox) = Rp

Peu

Amnobdeiln. 'Exoupe anodei§et 61

lim (X, Ox) = Rp.

Peg
‘Opwg kabe avorxtd ouvodo U C X tou X mou nepiéxet to P untapyet éva Xy, wote P € Xy C U. To
{NToUPEVO TIPOKUITIEL ATTO TOV OP1OHO TOU €UBE0G opiou. O

Mapadewypa III.3.15. 'Eoww k va owua. To Speck anotefeitar ano éva arxpibag onueio to (0),
Kat 1o sheaf 6oung sivat 1o owpa k akpl6o¢ Tavw ano avio 10 ONUELD.

Hapadswypa II1.3.16. H agwikr yoauur Speck[x] = AL.. To k[x] &xet Vo tomoug mpodtwv 1t6ew@b6v
10 (0) ka1 ta (f(x)) orou f(x) eivar éva avaywyo moAvevuuo. To Speck[x] €xel éva kAswoto onueio
yla kade Hovko avaywyo mojudvuuo kat éva generic onueio (0) tou omoiou n kKAswotomIa sivar
ojlo to Spec(k[x]), apouv

@ ={P e Speckl[x],0 C P}.
Av 10 k givar aflyebpika Kileloto, 10te ta Kisiota onueia sivar g popeng (x — a). O darxtuAiog
@UTP®L o010 onueio (x — ay lvat 0 EVIOTILOUOS

KX (x—a) = {;((;i))lf, g € k[x],g(a) # O} .

O daxtuaiog putpwv oto (0) eivat 1o k(x) To omoio ovoudlouue oOUa oUVapINoE®L Kat 10 oUUGo-
Aidoupe ues k(AL).
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Mapadewypa II1.3.17. To oxnua SpecZ. O daktuaog Z ivat meptoxn Kuplov 10e@dmv Onwg Kat
o k[x]. I'ia kade mpw10 APOUS UTtAPXEL Eva KAELOTO ONUEIO TTOU AVTIOTOLYEL OTO KUPLO 10O PZL.
O baxtujliog putpwv oe KkKade onueio pZ givai 0 Z,) evw oto (0) eivat 1o Q, 1o onoio 1o 6Acmouue
©¢ T0 oWUa ouvaptnoewv oto SpecZ. Ta un keva avoryta givat avid mov TPOKUTTOUV a@aipmviag
ano 1o SpecZ MEMELACUEVOUS TOWOTOUS P1, - - ., Pn. AU Jotmov m = [ ]I, pi, 10t

a
F(Spec(Z) (m), Ospecz) = { ¢ 1 € Z,k >0}

Mapadewypa II1.3.18. 'Eotw R évag dwarpitog darxtuaiog extiunong. 'Evag té€toiog darxtuaiog Exet
gva povadiko ueyloto 1dewdeg m kat 1o SpecR €xet dvo onueia 1o (0) (generic) kat 10 m 10 omoio
glvat keo10.

Hapadewypa II1.3.19. Ozwpolue twpa 10 Ai = Speck[x,yl, Omou 10 k elvar altyebpikd KAoTo.
To ovvojlo tov Pty 1WWewdwv tou darxtuAiou k(x,yl amotedeitar ano ta ugyota 1dewdn (x —
a,y — b), 1a kupa mpwta 6ewdn (f(x,y)), omov 10 f(x,y) € kix,y] elvar éva avaywyo ToAvavULO
Kar ano 1o bewdeg (0). Ta kicwota onueia tavtidovtal pe 10 oUVoAo oL ueyiotov tdewdav. I'a
Kade avaywyo ToAU®VUUO avTioTOLYOUNE Eva generic onueio, OTwg £va generic onueio avtiototyel
Katr oto undeviko 6ewdeg. 'Eva yuvnolo kiewotd vrmoovvofo tou Speck[x,yl amoteAeitar ano €va
TEMELAOTUEVO TLNOOC avaywywv Kaurufiaov, generic points kat KA0Tov onuUeio.

Mapadewypa III.3.20. Oswpouvue 10 GUVOAO

[ fxy) }
o_{g(x,y)'f’gek[X’Y]’g(O’O)#O )

O 6axtuliog O eivar o baktufiog ULowY ToU Ogpeck(x,y] 070 (0,0). O bdaktujiog O gxet o (x,y)
w¢ Ueyloto bewbdeg. Emiong, ta kupla npwta tdewdn (f(x,y)), omou 1o f(x,y) evar avaywyo kat
f(0,0) = 0 xat o (0). AnAadn 10 SpecO Exel €va povadiko KAoTO onueio. Av 10 apaipEoouUe 10
KAeoto onueio kat tov afova 1L Yy, T0Te EXOUUE TO SLaKEKPIUEVO avol 1o ouvoflo x # 0, mou bev
TEPLEXEL Kaveva amno ta apxika Kiswota onueia. Amo v aijin nisvpa, av K = k(x), 10te 10 avto
10 oxnua givar 1o Specklyls yia éva nofdanAaociaotiko ovvojlo S C klyl, dnAadn ivar tunua g
agwikng evdeiag uexpt o K.
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III.4 Ringed spaces rat yevika Ixnpata

III.4.1 Tevikég 1810tnTeg ano sheaves

['a éva dedopévo sheaf F unép tou TomoAoyikou xopou X kat éva avoixto U tou X opioupe
éva sheaf oto avoixto U. Opidoupe, 6nAadn F |y pe F |y (V) = V. YrievOupidoupe ot ta avoryta
Tou U, pe v enaywpevn TormoAoyia, IpoKUIouv oG Topég tou U pe avorxta V tou X.

‘Eotw F xkat § sheaves erti tou xopou X. Av yla kdBe avorxto U C X undpyet £vag opopop-
Plopog (baxktudinv, aBesdtavov opdadev, modules KtA.)

fu s F(U) — §(U)

n oroia srurAéov va eivat oupbatr) pe tov meploplopo, dndadr ya kdbe avoxta V C U va
gxoupe

F(U) 4> g(u)
ipi,u lp(\j/,u
FV) Y- g(V),

161e Oa £xoupe €vav opopopdPlopo anod sheaves. 'Evag opopopdiopog ano sheaves ernayet Evav
OPONOPPIOPNO OTOUG SAKTUAIOUG PUTP®V:

fx € Fx = lim F(U) — Gx = lim §(U)
Usx Usx
Mapadewypa III.4.1. Ocwpovpue éva R-module M. Ia éva mofddaniaoctactukd ovvofo S C R
opioupe Ms = S~'M va sivai 1o
Ms ={m/t:me M,teS}

omouv yta my, my € M kat sy, sy € S

mq mso . .
— = — & unapyets € S @ote s(mysg — mosy) = 0.
S1 S9
Ia éva pun pndevoduvapio ouvodo f € R, 1o ouvodo S = {f, f2,...,} eival moAAamAaciactiko.

Ye autn v nepinteorn ouxva ypapoupe My avti yia to ouvodo M. Tédog yia éva ipato 16emdeg
P, to ouvolo S = R — P eivat moAdarmiaoctaotiko kat ypdgpoupe Mp avil yia Ms.

To ouvodo M; eival Re-module, eve 1o ouvodo Mp eivat Rp-module. ‘Onwg kat otnv mepi-
MI®OT TV sheaves Kavovik®v cuvaptroewv opioupe éva sheaf M oto SpecR pe

M(Xs, M) = M.
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Emiong, s .
MX = hgn F(Xf, M) = Mp.

xeX¢

[Mapawpouvpe ot yia kabe {euyapt avoixtov V C U éxoupe to daypappa
MU, Ox) x MU, M) —= (U, M)
MV, 0x) x T(V,M) —=T(V,M)

To sheaf M sivat éva sheaf ané Ox-modules.
Av tpa €xoupe evav opopopdopo ¢ : M — N kat f € R, €xoupe opopopplopioug
£ Mf — Nf

arté R¢-modules. Ermtiong, yia Xy D X¢ €xoupe 10 avtipetabetiko diaypappa:

b
Mf _— Nf
lp%)(f \prg,xf

¢
Mg —> Ng
Me QUTO TOV TPOTIO £XOUHE £VAV OPOROPPIONO § : M — N and Ox-modules.
Tevikad évag opopopplopog petadu sheaves F kat § Ba Adyetat 1-1 av yia kabe avoiyto U C X
1 oUVAPTNON
F(U) — S(U)

eivat 1-1. 'Evag opopopgiopog ¢ petau sheaves ermdyet évav opopop@iopo avapeod otoug
daxktuAloug PUTPGV

bx 1 Fx — Gx.
Av yla kaBe onpeio x autdg eivat e, tote 0 ¢ Oa eivat empopPplopnog.

HMapatfpnon II1.4.2. I'a 10 eni Sev UTOPOUUE VA ATLAITHOOUUE VA EXOUUE ETLL O KADE AVOLYTO
onw¢ kavaye oto 1-1. To emducvo tapaderyua eivar evdeiktiko. 'Exouue m puukpn axpibn akojovdia

ano sheaves

xp (2
1 z Op —Pm) 0% 1

To Z eivar 1o otadepo sheaf, evw 1o O¢ eivat 10 sheaf twv 0A0U0P POV ocUVaPTNOE®V 01O Utyadiko
eninebo. H emayousvn ovvaptnon

exp(27tz)

Oc(C) 0z (C)

6ev umopet va ivat emni, agpouv o Aoyapiduog 6ev Umopel va oplotel o€ vav touflaxiotov nuiaova
pe apxn 1o 0.

H mapanave napatrjpnon sivat n apxn mg ovvopofoyiag twv sheaves yia v onola taparne-
UTOUUE OT0 [2, Keg. 2].

IIpotaon II1.4.3. Ioyvet 01t M = Ry ®gr M kat Mp = Rp @ M.

Opiopog II1.4.4. 'Eotw T : X — Y pia ovvexrig ouvaptnon uetat tomoAoyikav xopav Kat £0to F
éva sheaf oto X. Iia éva avoyto U C Y opilouue

S(U) =T Hu), 7).

To § givar éva sheaf emi tou Y 10 omoio da 1o Ague evdeia sucova tou f kat da 1o ouubofilouue pe
foF.
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Afppa IIl.4.5. 'Evag ouopopgiopos darxtuiiov ¢ : Ry — Ry emayer ovvexn ovvaptnon ¢ :
SpecRy — SpecRi. Av M eivar 0 sheaf mouv kadopiletar arno 1o Re-module M. Méow tng ovvaptn-
ongcd oM ]utopsz va dewpndel w¢ éva Ri-module. AnAadn, yrar € Ry, a € M opifoupera = d(r)a.
H gixova d)aM Tou enayetat ano v ¢ urEp tou SpecR; givat to sheaf M mou opiletal péow g
Ry Souric tou M.

Anobeiln. O¢toupe X = SpecR; kat Y = SpecRy. 'a f € Ry €xoupe

() (X¢) ={P € SpecRa|p~'P € X¢}
= {P € SpecRolf ¢ $~'(P))
={P € SpecRo|¢(f) & P} =Yo(r)
Zuvenng . .
F(X¢, ®iM) =T(Yg (1), M) = Mg (1)
Ag oupBoAicoupe pe N 1o Ri-module M pe doun péown g ¢. H ouvdpinon

P: Ny — M‘b(f)
a/f™ — a/P(f)™

etvatl kadd oplopévog 1oopopPplopog abedtavev opadev. Apou e
F(Xs, $M) = Ny

10 {nTOUnEVO £retat. O

III.5 Ringed space

‘Eva Zeuyapt (X, Ox) amotedovupevo amno €vav 1ormodoyiko xwpo X kat ano eva sheaf Ox avti-
petaBetikwv daktudiov Oa Aédyetal ringed space. O tortoAoyikog xopog X Ba Aéyetatl o UTtoKei-
pevog xopog. 'Evag popgiopog amno éva ringed space (X, Ox) oe €vav aAdo ringed space (Y, Oy)
etvat éva euyapt (f,0) anotedovpevo ano pia ouvexn ouvaptnon f: X — Y Kat arno €vav opo-
popdopo 0 : Oy — f.Ox ano sheaves avupetafetikiv Saktudiov urep 1o Y. Av kaBe SaktuAlog
putpwv Ox x tou sheaf Ox eival tormkog daxtuAiog, tote 10 (X, Ox) Oa Aéyetar Torukog ringed
space. 'Evag poppiopog aro local ringed spaces sivat évag popdiopog anod ringed spaces pe
MV erumAéov 1810tnta 0Tl 1 ENAYOEVI] OUVAPTNOT)

Gy : oY,f(x) — Ox7x

elvat évag 1ormkog opopopPlopog, 6nAadrn) n ekova tou peyiotou 1demdoug my tou Oy MEPLE-
XETatl oTo PEYIOTO 16ewdeg My tou Ox .

Ia pa avoixty nieploxyy U tou y = f(x) éxoupe ou x € f1(U) xat o popdpiopdg sheaves 0
EMAYEL TOUG OLOPOPP1O0UG SAKTUAIDV

Ou = (U, 0y) — T(U, f.0x) = T(f~}(U), Ox).
Ia kdBe avoixtd ouvodo V pe V C f~1U endyoviatl opopoppiopoi Saxtudiov

Pv,r=1(u)

MU, 0y) —T(fH(U), 0x)

rev,0x),
KAl Pe auto tov Tporo opidetatl o opopopdplopog Saktuliov

11_I>I1 r(u7 OY) = OY,y — hl;n r(v7 OX) = OX,Xa

yeu xeV
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o oroiog etvat o opopopPiopog avapeoa ota putpa: Oy,y — Ox x.

BewpoUpe Evav ToroAoyko xopo X kat £¢ot® F éva sheaf uniép tou X. Tdte yua éva avoryto U
KAOBe avorxtd V C U eivart ertiong avoixtod tou X. Me autd tov 1poro priopoupe va opidoupe éva
sheaf § oto U pe §(V) = F(V), 10 omnoio 1o ovopdoape sheaf meplopiopov kat to cupBoAicapie
ne F| U

Me auto tov 1poro yia eva ringed space (X, Ox) kat éva avoixto U C X propoupe va opicoupe
éva ringed space uniép tou U, tov (U, Ox ).

['a ) ¢uoikr) ouvaptnon i : U — X, Bewpoupe 10 i, (Oxjy). Tote i, (Oxu)U = Oxju. Ta
x ¢ U prnopoupe va Bpoupe avoixtr) reptoxn V tou x oote VN U = (. Apou i~1(V) = () £xoupe
MV, 1 (Oxu)) = 0. Ewdwotepa éxoupe iy (Oxy) (X —U) = 0.

I'a éva avoixto ouvolo W C X, n cuvAaptnorn meplopiopov

rw,0x) - Tr(wnu,O0x)

EMAYEL
iy 1 T(W, 0x) — T(W, 1. (0xju))-

[Tapatmmpoupe ot I'(W,1i.(Oxju)) = MW N U, 0x). H ouvapnon i\#fv enAyet OPOPOPPIOPO ATIO
sheaves:
#: Ox — 1. (0xu),;

Kat 6t yia éva tormko ringed space (X, Ox), 0 i” etval 1omkog opopop@iopdg. SUVENOG O
(1,47 : (W, Oxu) — (X, 0x)

etvat popgpilopog ano ringed spaces.

IIpotaon IIL.5.1. 'Evag opopuop@iopog daxtuiiov ¢ : R — S kadopilet évav popgioud ano ringed
spaces avdpeoa ota ENAayOUsva aPivika oxnuata.

(d)a’ d)#) : (SpecS, OSpecS) — (SpecR, OSpecR)-
H ¢¢ sivar pia ovvexng ovvaptnon 1oV UTOKEIUEVOV X OPOU

¢ : SpecS — SpecR
P— ¢ (P),

Kair 7 eivar opopuoppiouds sheaves:

d)# : OSpecR — d)SOSpeCS

TOU EMAYETAl Ao TOV OUOUOPPIOUO G : Ry — Sy, (r) y1a €va avoryto ovvojlo X tou SpecR, f € R.

Anoden. To ¢ eival pia ouvexig cuvVAPTNOT), EVE TO G EMAYEL opopopPlopd ¢ anod sheaves
nPooBeTtkOV opddav. Eruméov, 1o S pmnopet va Bswpnbel wg pia R-adyeBpa péow tng ¢. An-
Aadr) 1o ¢ eival évag opopopPpiopds ano sheaves aviipetabetikev Saktudiov. To ¢y divel Evav
opopopPlopo

Rq)fl“)) — SP

yla P € SpecS, kat ¢ eivatl 1orkog opopopplopog. O

Opwopog II1.5.2. 'Eotw (X, Ox) évag tonikdg ringed space. Av urtapyet avoryto kaAuvupua (Ux)aea
tou X wote 1a (Uy, Oxu, ) va givat ioopop@ika pe agvika oxnuata &g tonikol ringed spaces, 10te
70 (X, Ox) 8a Agyetat (pre)scheme. O tonofoyucog ywpog X da Ayetal 0 UTOKEIUEVOS X WPOS, EVQ
10 Ox 10 sheaf 6ourg.
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AnAadn éva scheme eivat o torkog ringed X®POG ITOU IMPOKUITIEL A0 TO KOAANPA APIVIK®OV
oxnpatev padi. Kabe avorxto ouvolo propet va ypadel og Evoor avorytdv ouvoAnv arod apivika
avolxtd ouvodd. AnAadn ta agivika avolxtd ouvodla oxnpati¢ouv pia OespeAd®dn owkoyévela
AVO1XT®V CUVOA®YV Y1d TOV UITOKEIHEVO X®MPO £VOG OXIATOG.

I'a éva apviko oxnua (SpecR, Ogpecr) Kat f € R €xoupe 10 apviko oxfjpa X¢ = SpecRy.
Fevikd, éva avoixto ouvodo U tou SpecR propet va kaAugBei anod apivikd avorytd ouvola

U=[)Xs.

i€]

Zuvenag 10 (U, Ogpecrju) ivat €va oxnua. Aev givat 0peg Kabe avolXto eéva apiviko oxnpa Kat
AVAYKI).

Mapadewypa II1.5.3. OcwpOUUE TIG APIVIKES YO AUUES

uO = (SpeCk[X]a OSpeck[x})
U, = (SpeCk[yL oSpeck[g])'

Mrmnopouue va opiooupe 6oun apivikou oxnUarog oto avoryto ouvoAo Xy tou Speck[x] wg¢ e£{ng:
Upr = (Speck[x, I/X], OSpeck[x,l/x])'

Iapatpovue ot

Ospeck(x,1/x] = Oxx, -

Me 6010 1oomo yia 10 avorto ouvoo Yy opifouue a@ikn 60un OXNpUaros wg
Uy = (SpeCkhJ, 1/y]a OSpeCk[y,l/y})-
O 1o0u0pPL1ouUog

¢ : kly, 1/yl — klx, 1/x]
f(y, 1/y) — f(1/x,x)

EMAYEL EVAV LOOUOPPLOUO APIVIKDOV OXNUATOV
(6%, &™) : Ugr — Uyo.
Awaupgoou tou toouop@iopuou aviou, ta ovvoda Uy, Uy uropovv va koAandouvv divoviag to oxnua
Py = (Z,0z),

omov 1o Z ivai 1o oxnua nov naipvouvue tavtifovtag ta ovvofa Xy, Yy péow me ¢°. Andadn
z=x{Jv,
¢)C1

onmov Ozx = Ox kat Oz)y = Oy, 6njadn 1 Oz eivar 1o sheaf oto onoio tavtifovue ta Ox|x, kat
Ovyy, 6tapéoou tng e,
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III.6 IIpoBoA1KOG XWPOG Kal IMPoBoALKO oxnpa

Bewpoupe tov daktudio R = k[xg,...,Xn] TOV MOAUGVUP®V 0t 1 + 1 petaBAntég umnép 1o k.
Optidoupe 10

© = {P | P eivat opoyevég mpadto 16emdeg tou R, P # (xg, ..., Xn)}

'Eot® Ry 10 0UV0A0 0A®V TV OpoYeEVOV ITOAUGVURKV BaBpou d kat [4 1o ouvoAo tev moAunvupev
ot0 R4 kat oto 16ewdeg I, 6nAadn 14 = [N Ry. Av

o0
I=Pla,
d=0

161 €1dape ot 1o [ eivatl €éva opoyeveg 16edeg Tou R. Av 10 mpwto 16emdeg P eivatl opoyeveg, 1ote
Aéyetal opoyeveg rpwto 10ewdeg. IMa éva opoyeveg 16eddeg 1 BEtoupe

V() ={PeP:1cC P}

Optidovtag to V(I) wg £éva rAewotd untoouvoAo tou P, opidoupe pia torodoyia oto P. I'a éva
opoyeveg moAuwvupo f € R opidoupe

D.(f)={PecPl:fgP)

Av agprjooupe 1o f va dratpéxet ta opoyevr) nmoduovupa f € R ta D (f) oxnuatidouv Oepedindn
avoytd yia to PP, T'a éva avoixto D (f) opioupe

MD+(f), Opp) = {f%’ g € R, g opoyeveég degg = mdegf, m > 1}.
Me autd tov 1péro prnopoupe va kataokeuacoupe to sheaf doung Opr tou P kat va katadn-

§oupe otov ringed space (P}, Oprp). O maparave ringed space propet va rapet dopr) oxnpatog
®g £8NG:

®¢toupe Uj; =D (x5) yiaj =0,1,...,n. Tote eivat cagég ot
n
PR ={J U
j=0
[Tpaypatt, €§ opropou tou P kavéva nipoto 18emdeg oto PP Sev eivat to (xg,...,Xn). AdoU 10
(x0,...,xn) etval p€y10to 18e0beg, £X0UNE OTL (X, ..., Xn) ¢ P. Apa TOUAAX10TOV £va X; eV aViKet
oto P. Tote Bétoupe
R :k[XO"lXJlXJHXn} ,
Xj % Xj Xj Xj
dnAadr) o MoAuVUPIKOG dakTUAlog n petaBAntwv urnép to oopa k. ®a Sei§oupe ot Uj eival
Op0100PPIKOG He Tov SpecRj. [Tapatnpoupe 611 KAOe moAuwvupo g € R = k[xo, ..., xn] Sraonatat
g

g=4gq, +---+dg, 0<di<da<---<dy,

010U 10 g; eivatl opoyevég moAuwvupo Babpou d; yia i =1,..., (. Tdote B¢toupe

9d gd 9d
d)j(g):x,idi—i_x.id;—i_'”j’
j j j
kat ¢j(g) € Rj. H ouvapinon
d)j :R— Rj
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eivatl opopopPlopdg Saktudieov Kat ¢;1(P) € Uj ywa P € SpecRj. Ilpaypatt yua P = (hy,..., hy)
pe deghy = e; 1 ouvaptnON
Hi :Xfihi (XO,...,Xn) eR
Xj Xj

etvat opoyevég moAumvupo 8abpou e; kAt 1o
b5 (P) = (M, -, )

etvat opoyevég Kat mpwto.
To x5 & cb]fl(P) agou, tote 1 = xj/%; Ba avrike oto P € SpecR;, atoro. Andadn o 1(P) € Uj.
Apa n ouvaptnon
¢4' : SpecRj — Uj.

Eivat oagég ot n ¢ eivar ouvexrg.
Avtiotpopng, av Q € Uj éxoupe 6t q = (Hy, ..., He) pe Hy, ..., Hy opoyevr). @étoupe
1
hj = FHi S R]‘ He ey = deg H;
j

kat p = (hy,...,he) elval 16eddeg tou R;j. Apou 10 x5 ¢ Q €xoupe 6t 1 ¢ P. Av f-g € P yua
f,g € Rj, w0te yia degf = a xat degg = b Beroupe F = xi'f xa1 G = x}’g. Ta F, G eivat opoyevn
noAuwvupa Babpev a kat b kat €xoupe ot FG € Q. Apou 1o Q eival mpwto 18ewdeg £xoupe Ot
FeQnGeQ.ApafePngeP, 6ndadn kat to P eival éva npwto 18endeg. EE opiopou tou P
etvat capeg ot ¢;1(P) = Q. Zuvenwg Propouvpe va opiooupE TNV aviiotpodpn g d)Jfl,

((1))9)_1 : Uj — SpecR;.
I'a éva opoyevég moduwvupo F € R Bétoupe

1
)

Kal £Xoupne
S (SpecR; )¢ = Do (F) N U

Kdat
($5) (D (F) N'U;) = (SpecR;)s.

Agou ot ¢§! kat (d))fl)*1 elvat ouvexeig o ¢f* etvat opotopoppiopdg. Erurdéov, £xoune

M(Us, Opp) = R
MW ND4 (F),PY) = (Rj)s.

KataAnyoupe oto ot to (U;, Opﬁ‘uj) elvat 10610pPo pe 1o (SpecR;, Ospecr;) ©S TormKoi 6aKTUAL-
Boxepot. Zuveniwg 1o (P, Opp) €xet ) Sour) oxnpatos.

III.7 ProjS

Bewpoupe évav Babpwto daktuAio S, dndadr) évav daxktuAio o oroiog prnopet va draortaotet
®g €va eubu abpotlopa
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OITOU Td oUVOAd S4 1KAVOTIOOUV Tr OXE0N
Sqa-Se C Sd—|—e-

Ta otoikeia tou S4 6a Aéyoviat opoyevr) BaBpou d. I'a mapadetypa, o SaktuAiog R = k[xq, . .., Xn]
etvat BaOpwtog kat 0 Xwpog Ry arotedeitat anod ta opoyevr) noAuevupa 8adpou d.
IMa éva 186ewdeg I evog daxtudiou S Bétoupe I4 = 1N S4. Av

o0
I=Pla,
d=0

16te 10 [ Ba Aéyetat opoyeveg 16ewdeg. 'Eva 16eddeg eivat opoyeveg av to tuxaio otorxeio F € 1
ypdoetat ®g
F=Fq, +---+Fq,

pe Fa; € IN Sq;. Av €va opoyeveg 18endeg eivat ripoto, Ba Agyetat opoyeveg rpoto 18endes. I'a
évav BaBpwto daxktuAio Btoupe
S+ =P Sa.

d>1

To S elvatl éva opoyeveg IPAOTO 16e0deg. ‘Omnwg KAt 0ToV 0p10|o ToU IPoBoAIKOU X®pou, BEtoupie
ProjS = {P|P opoyevég mpwto 16ewdeg tou S, P 5 S}

Kat Ba ovopdadetal 1o opoyeveg paopa IPROTeV tou Babpwtou daxktudiou S. Ia éva opoyeveg
16ewbeg a, Bétoupe

V(a) ={P € ProjS: P D a}.

H tornoldoyia Zariski propet va opiotet oto ProjS Bewpaviag ta ouvoda V(a) og rAsiota. Ta
f € Sq B¢toupe

D. (f) = {P € ProjS|f & P}.

Ta ouvoda D (f) armotedouv pia 8don avolxt®v tng tortodoyiag Zariski. 'Eote S 8abpwtog da-
KTUA106 KAl a opoyeveg 18emdeg tou. To ouprmnpopa

Via)= [(J D+(f

fea
f opoyevég

®a opiooupe 1o sheaf doung Ox nave anod 1o X = ProjS. I'a f € S4 opidoupe
M(D4(f),0x) ={g/f™: g € Sa,m > 1} = 5.

To aplotepd PEPOG NG IAPATIAVR £§10woNG artotedeitatl and ta ototxeia 8abpou 0 oTtov eViormopo
S¢. Me 10V apandve Tporno pnopoupe va opicoupe éva sheaf (emexkteivoviag onwg Kat otnv
MEPIMIOON TOV APVIKOV oXNPAtev tov oplopo tou sheaf oe yevikd avoiytd) kat va ndpoupe
€vav Tormko SakTUAboXwmPo.
[Mapawnpoupe ot
(D4 (), Oxjp, (1)) = (Specsgp), OSpecSECO))

Kat pe autod tov tporo 1o (X, Ox) anokta dopr) oXnpatos.
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III.8 Mop¢giopoi XAtV

II1.8.1 ZTo1Xe1de1g 1810TNTEG OXNPRATROV

'Eotw M évag tormodoylkog Xopog o oroiog ypdgetat ot popdny M = U; U Uy pe Uy, Uy
avoixta xkat Uy NUy = . Av yia kd6e té€tola ypadrn PIropoupe va ouprepdavoupe ot Uy = (0 f
Uy = 0 (kat ouveniwg Uy = M 1) Uy = M), to1e Oa Aépe 611 0 M gival OUveKTIKOG.

Av M = F;UF; pe Fy, Fy 600 pn kevd kAeiotd ouvola, tote Oa Aépe ot o M etvat pn avaywyog.
Zinv avtiBetn nepimwon, o M Ba Aéyetal avay®yog TOTTOAOY1IKOG XWPOS.

Oplopog II1.8.1. 'Eva oyrjua (X, Ox) da Agyetat ouveKTtikod, av 0 UTOKEIUEVOC TOTLOAOYIKOG X WPOC
glvat ovvektikog. Oa fgystal avaywyo, av 0 UTOKEIUEVOS TOTIOAOYIKOG XWPO0¢ glvat avaywyog. Emt-
nAgov, 1o oxnua (X, Ox) da Agyetar avnyuévo (reduced), av yia kade avoryto U C X o daktuAiog
I'(U, Ox) 6ev et undbevodvvaua otoryeia.

Hapatipnon II1.8.2. 'Eva oxynua eivar avnyuevo av kat uovo av kade 6axtuiiog puipwv dev
gxet unbevobuvaua oroyyeia.

Opwopog IIL.8.3. 'Eva oxnua (X, Ox) da Aéystat aképaio av kat uovo av yia kades avoryto U C X
o 6axtuiog I'(U, Ox) elvar aképaia mteploxn.

Mapadewypa II1.8.4. Av o dakxtuiiog A givatl I0OUOPPOS UE TO VAU YIVOUEVO TV UN UNOEVIKDU
daxtufliov Ai, Az, 6nAdadn A = A X Ag, T0te TO SpecA Oev gival OUVEKTIKO. A¢ UTIOOE00UUE OTL
A = A1 X Ay xwplc mepropiopo g yevikomtag. 'Eotw 14,1, ot povadeg tov daktuiov Ay, Ag.
Ocrovue ey = (1a,,0) katey = (0,14,). TOte n povada tov A umopei va ypa@ei ¢

l=e;+e Kale% :el,e% = eg,e1e9 = 0.

INa éva mpwto 16ewbdeg P tou A €xouue ejea = 0 € P, ovvenwg ey € P 11 ex € P, ajldd oxt kat 1a
6vo. 'Eotw ot ey € P. Tote 10 0 x Ay C P. Oewpovue g mpo6oALe p1,p2 © A1 X Ay ota ovvoa
A1, Ag o1 omoieg givat opopop@iopol daxtudiov. Octovue Py = p1(P). I'ta a;, by € A1 unodetouue
ot a1by € Py1. Tote umopouue va 6povue co € As wote (ajby,ce) € P. Octovue a = (ag,ca) Kat
b = (b1,1a,). Exoupe ab € P, ovvenwg a € Pnb € P. Apa a; € Py 11 by € Py. Anfaén 1o Py
elvar mpao 16edeg. Emiong, py (P1) = P. I'ia 1o tefleutaio givar oagés oup; ' (P1) D P. Ouwg av
a; € Py, 101€ (a1, az) € P y1a kamotwo ay € Ay. Emiong, 0 x Ax C P ondte yia tuyaio bs € Az Exouue
(a1,ba) = (aj,az) + (0,ba — az) € P. Apa pl_l(P) C P. Eiwbixotepa 10 €1 & P.

Zmv nepintwon mou ey € P umopouvue va deifoupe o1t Py = pa(P) elvat éva mpwto 16emdeg tou
Ao kat ot P = p;l(Pg). Ze autn v mepintwon e; ¢ P. Apa

SpecA = D(e;) UD(ez), D(e1) N D(es) =0,
6nAabm to SpecA bev eivar ovvektko. Téflog D(e;) = SpecA; kat D(e2) = SpecAs.

Mapadewypa III.8.5. [a ¢va ooua k, 1o X = Speck[x,yl/(xy) eivar éva un-avaywyo agpuod
oxnua. Ipayuat uropovue va yoawouvue X = V(x) U V(y) pue V(x) # X kat V(y) # X. Emutiéov,
V(x) = Speckly] xat V(y) = Speck[x]. To V(x) N V(y) elvat €va onueio mov avtiotoLyel 0o UEYLOTO
16ewbeg (X, y).

Napadewypa II.8.6. 'a éva owua k, 0 utokeiusvog tomofoyukog xwpog Specklx]/(x?) amoteei-
tair ano éva onueio kai elvar avaywyog. ‘Ouwg 1o Specklx]/(x?) ev eivar reduced, apov 1 Kidon
ToU X glval €va undevoduvauo otoryeio otov daKTtuAlo oUvapTHoE®U.
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Afppa II1.8.7. 'Eva agiukd oxnjpua X = SpecA €xel Tig Tapardie 1810TNTeg:

1. To X bev gival OUVEKTIKO av Kat LOvo av 10 A givat IOOUOPPO UE VA YIWOUEVO UN-UNOEVIKOV
daxtufiov A1, Ay kat A = A1 X As.

2. To X givar avaywyo av kat uovo av 1o pit{ko
N(A) = /0 = {f € A : feivar undsvodvvauo 7 0}
glvat mpw1o 16ewdeg ToU A.
3. To X givar reduced av kat uovo av 1o N(A) = 0a
4. To X givar aképaio av kat uovo av 1o A givar aképaia mepioxm.

Amnobdeién. Ta 1o (1): €xoupe arodei§el 0t av A = Aj x As, TOTe 10 SpecA Sev glval OUVEKTIKO.
Avtiotpopwg, ag urtobéooupe ot

X =1U; UlUy, xat Uy NUy = 0.

Amo tov oplopo tou sheaf dourg £xoupe ot (mapatnprote o1l Hev untdpxel ouvONKn cupBato-
TNTAg OtV TOPn IOV £ivatl Kevr))

A =T(X,0x) =T(U; UlUy, Ox) =T'(Uy, Ox) x I'(Uz, Ox),

ortote propoupe va 6éocoupe A = IM'(Uy, Ox), As =T'(Us, Ox).

I'a 1o (2): [Tapatnpoupe ot 10 p1diko N(A) mepiexetat oe kKAOe paTo 18ewdeg ToU A, dnAadr)
V(N(A)) = X. Ag urtoB¢ocoupe 61t X = V(a) U V(b) yia kdarota 18ewdn a, b tou A. Tote X = V(anb)
Kat eriong

vanvb = (Np-aP) N (Np5pP) = NpP = N(A).

Av 10 N(A) eival ipoto 18emdeg, tote /a = N(A) 11 N(A) = v/b Kat ouvendg X = V(a) 1 X = V(b),
6nAabr to X eivat avaywyo.

Ao v dAAn av 1o N(A) dev etvat poto 18ewdeg, t0te propoupe va Bpoupe a,b € A pe
a € N(A), b ¢ N(A) xat ab € N(A). Ag Bewprjooupie ta 185emdn

a=(a,N(A)) kat b = (b, N(A)).

Eivat cagég ot V(a) # X rat V(b) # X. IIpaypatt N(A) C a kat vrtapxet P pe a ¢ P, apou av
0Aa ta P meptieixav 1o a, tote 10 a Ba fjtav urooUvoAo g Toung toug, dnAadn tou N(A). Apou
6e anb =N(A), éxoupe ot

X=V(a)UuV(b),

6nAadn to X eival pn avaywyo.

Ia 1o (3). Apou 10 A = T'(X, Ox) bev £xer pndevobuvapa otoiyeia yla éva avnypévo oxnua
X &xoupe ott N(A) = 0. Avtiotpogpng, av N(A) = 0, tote 1o A dev £xel pndevoduvapa otoryeia.
Ma éva tuxaio f € A o daktuAiog A¢ Sev €xel emiong pndevoduvapa otoxeia. IIpdypatt av
a/fS eivat éva pndevoduvapo otoiyeio, tote a™f! = 0 yia kAo Puokd apOpoé (. Av m < {
noAAdardactaloupe pe a'~™ yia va ndpoupe (af) = 0 1o onoio 0dnyet oe af = 0. Av m > £ oA~
AarmAaoiddoupe pe f™¢ yia va mapoupe (af)™ 1o omoio kat At 0dnyei oe af = 0. KataAfjyoupe

OTOV UTIOAOY10110
a af

fis = fs+1 =0.

E§ opiopot tou sheaf Sopng yia to tuxaio avoiytd U to I'(U, Ox) dev €xet ertiong pndevoduvapa
otoixeia.

Ia 1o (4). Av 10 X eivat aképato, tote 10 A = I'(X, Ox) eivat €§ oplopou axrépata meploxr).
Avuiotpopwg, av to A eival aképata rmeploxr), 0dot ot daxktudiot I'(U, Ox) mepiExovial oto owpa
nnAikev Quot(A) Kat eivat aképaleg meEPLOXES. O



58 KE®PAAAIO 1Il. XXHMATA

Afppa II1.8.8. Av 10 X givar avayayo, 10te KAde Un-Kevo avory 1o utoouvoAo tou X givat Tukvo
Kat avaywyo.

Anobeiln. 'Eote V éva avorxtd pn-kevo uroouvolo tou X. Av V eivatl i kAsiotdtnta tou V oto
X, to1e B
=(X=V)uV.

Ady® avayeylopotntag €xoupe ot V = X. TéAdog, 1o X eivat avaywyo, apou 1 topr] §Uo pun-Kevov
AVOIXTOV UTIOCUVOA®V TOU V gival un Kevr], apou autd €ival mukva oto X. O

IIpotaon III.8.9. 'Eva oxnua X eivar éva axépaio oxnua av kat uovo 1o X givat avnypuevo Kat
avaywyo.

Aniddeiln. E oplopou, éva aképalo oxnua eivat avnypévo. @a deioupie 6t Eva akeépalo oxnua
elvat ertiong avaywoyo. Ag untoBécoupie niwg dev eivat. Tote urtapyouv €§ 0p1ooy KAE10TA oUvoAa
F; xat Fy wote

X=F UFg, pe Ky #X,FQ#X

Tote
Uy =X—F,=F —F Nk, Uy =F—F Nk

eivatl avoiytd ouvoAa oto X ta oroia kavorotouv Uy N Uy = (. ZUven®g yia 1o avoiXtd oUvoAo
U = U; UUs &xoupe
(U, 0x) =T (Uy, 0x) x T'(Usg, Ox),

6nAadn to I'(U, Ox) bev elvat aképata meploxr), ATOIO.
AvTioTpOP®G, ot X £&va avnypévo Kat avayeyo oxfpa. I'a éva avoixtd ouvolo U urobe-
toupe ou fg =0 ya f, g € T'(U, Ox). ®étoupe

Fi={xelU:f(x) =0}kat F; ={x € U: g(x) =0}

Toéte Fi kat Fo etvat kAeiwotd ouvoda tou U. IIpaypartt, ya éva adpivikdo ouvodo V = SpecR mou
nieptexetat oto U ot e1Koveg f xat g € I oUvApPTon MEPLOPIOHROU 1Kavoroouy F1 NV = V(?) Kat
Fo NV =V(g). Entiong, agou fg = 0, £€xoupe 6t U = F; UFy. Apou 1o U eival avaywyo, cuppeva
pe 1o Afupa HL8.8, éxoupe 6t U =F; 1 U =F,.

Ag urobeooupe ot U = Fy. I'a to nmapandave apviko ouvodo V C U gxoupe V = V(f ) Yuve-
WG, AITo To Afjppa 2.4 ( (epappoopévo ya ) = Xy O X¢) ya f #0, 10 f efvat éva undevoduvauo
otorxeio oto R = T'(V,0x). Apou 1o X eivatr avnypévo, £€xoupe ot f=o0. AnAadr to f eivat 0 av
rieploplotel og orolodnote aPiviko kaAuppa tou U kat ano tug 181otteg tou sheaf €xoupe ot
f=0.

Zuvenog 1o MU, Ox) elvat aképata meploxr) Kat 1o X eivat aképalo oxnyd. O

‘Otav éva oxnpa X dExetal pia apivikn KaAuyn
X=|JUW,  U=SpecR; (I11.8)
icl

ortou kAaBe R; eivat daxktuAiog tng Noether, tote 1o X Ba Aéyetat toruka Noether. ‘Eva oxrfjpa rmou
eivat torikd Noether kat nuioupnayég Ba Aéyetat Noether. Ot maparndve oplopoi e§aptoviat
anod v ermAoyn g apvikng kaAuyng. H endpevn npotaor e§aodpalilet ot eivat ave§dptnteg
G MAPAITAV® EIMTAOYTG.

IIpotaon III.8.10. 'Eva oxrjua X givar tomuxa Noether av kat uovo av yia €va tuxaio avoiyto
U = SpecR, o R givat baxtuiiog ¢ Noether. Eibikotepa 10 X = SpecA eivar Noether av kat uovo
av o A elvar baxtuog g Noether.
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Anoddeiln. H pia kateuBuvon eivatl oadrg. I'a v avtiotpodn rapatnpoupe ta e&§ng: Av €xoupe
évav daktudio R g Noether kat f € R, tote kat o Ry eivatr daxtuAiog tng Noether. Ta D(f)
pe f € R arotedouv pia Baon avoit®v yia tov SpecR. Ag Bewpricoupe éva avorytd Kaduppa
énwg oty e€iowon ([IL8) 6mou o1 SaxtvAtot R; etvat daxtuAiot tng Noether. To avoixtd civolo
U = SpecR propei va kaAudBei ano paopata daktudiov tng Noether tng popdpng Spec(Ri)s. Oa
rpérel va deioupe ot o R eivar aktudiog g Noether. Ta

X = SpecR = U SpecA;
€]

orou oAa ta Aj etvat SaxtuAiot g Noether 8a mpénet va 6ei§oupe 611 Kat to R eivat SaxktuAiog
ng Noether.

Apou 10 SpecA;j eivat £va avoixto tou SpecR pnopet va kaAu@Bei and avoixta ouvoda Ing
popeng D(f) pe f € R. I'ia éva D(f) C SpecAj, €¢otw fj n £kova tou f und ) ouvaptnon nePlo-
plopou

R =T(X,0x) — I'(SpecAj, Ox) = Aj.

‘Exoupe R¢ = (Aj)¢;, apou
D(f) = SpecR¢ = Spec(Aj)y;.

Aou o Aj eitval baktuAiog g Noether o Ry eival kat autog 6axtuAiog g Noether. ErmriAfov,
ene1dr) o X eivat nuovpnayng, o X KaAuretal ano €va nernepacpévo minbog D(fy ), fx € R.
Zuvenag yla va arodeifoupe ot o R eivat Noether, propoupe va dadédoupe f1,...,f, € R
oote (fy,...,fn) =R kat R¢ ,k =1,...,n eivat baxktvAiot tng Noether.
®a oupBoAiloupe pe Py TOV KAVOVIKO OpOpopdpopo ¢y : R — R . I'a éva tuxaio 106endeg
a < R Ba deioupe o
a=Up_ 0, (dr(a)Re,). (IIL.9g)

Eivat cagég ot 10 a miepiéyetat oto 6edi pépog g rnapandve e§iowong. Aviotpodng, yia éva
otoixeio a oto 6§l p€pog propovpe va Bpoupe ax € a kat my € N gote

ax

Cbk(a):ka, kzl,...,n.
k
Zuvenng, urapxet akepalog {i = 0 wote
fi(ffa—ag) =0, k=1,...,n.

Me auto tov TpOro £XoUpe
ff;"+mka = ff;" ag € a.

‘Eotw N = maxx_1,_ n(l + my). Tote fila € a yia k = 1,...,n. ApoU £xoupe urobioetl ou
(f1,...,fm) =R, n N-oot] 8Uvapn tou 1 =} b;f; yiverat

n
1= chf}:', pe ck € R,
k=1

arto Orou £XOUHE OTl

n
a= Z ckf}? aca
k=1
8nAadn oy eiowon ([ILg) 1oxvet n w06TNTa.
Ag Beswpriooupe twpa pia akoAoubia 16ewdaiv tou R

aj Cag C---ag Cagyq C -+ (ITI.10)
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A@ou o1 daxktuAiot Ry, eivat baxktuAiot tng Noether yia kabe k = 1,...,n uvntapxet mx > N @ote

¢x(a1)Rs, C dr(a2)Rs, C -+ dr(am IR, = dr(am,,, )Rs =+

Av m givat 1o peyaAutepo amnd autd ta my, ote 1 e§ionon ([ILg) Siver 6t kat n akodouBia ([IL1d)
yivetat otaBepr| petd to m. O

'Evag tortodoyikog xopog Oa Aéyetat tng Noether, av kabs ¢pOivouoa akodoubia rAsiotwv
UTTOOUVOA®V TOU

FiDF D> DF DF1 D

yivetat teAikda otabepny.

O unoKeipEVOG TOTTOAOYIKOG X®OP0g £vog oxnuatog g Noether sivat évag tormoAoyikog xopog
g Noether. ‘Opwg to avtiotpodo dev 10xUeL, SnAadn) av 0 UTTOKEIPEVOG TOTTIOAOY KOG XMPOG £VOG
oxnpatog givat tng Noether, pnopet 1o oxnpa va pnv ivat tng Noether.

IMa napadetypa, otov MOAU®VUPIKO 8AKTUA0 R = Alxq, Xa, ..., ] dnielpev petabBAntov ag Oe-
wprjooupe 10 18e0deg | 10 omoio mapdyetal ano oAa ta povevupa xix; 6adpou 2. O daxtuAiog
R/] 6ev etvat daktuAiog tng Noether, yuati eivat aneipog napayopevog urep tov A. 'Opwg oto
nnAiko ta x; etvat pndevoduvapa kat £xoupe SpecR = SpecA.

IIl.g IS816tnTEG PHOPPLOROV

Opiopog IIl.g.1. * Eoww f: X = Y évag popgiouog oxnuatov kat ot Ui = SpecAi, i € I €éva
agwiko kaduvuua tov Y. Av kade f1(U;) éxet éva apwiko kaAvuua Vij = SpecAyj uej € Ji
WOTe ta Ayj va elval TEMEPATUEVA TAPAYDUEVES Ai-aflyebpeg, 10te 1o f da Afyetar tomika
TLETELAOUEVOU TUTIOU.

e Emmiéov, n f da Aéyetar nemepaouévouv twnou, av 1o f1(U;) kadvunietar anod nenspacusva
10 mindog agivika ovvofa Vi = SpecAy; j € Ji, Omou kade J; elvar memepacusvo ovvoflo kai
n Ayj elvar memgpaouéva tapayousvn Ai-alys6pa.

* 'Evag popgiouog f : X — Y da fcystal memepaopuevog Hop@iopuog av tkavomoleital n .oxupo-
tepn ouvdNKN. Yrdpyet éva avoryto kdaduuua SpecAy, i € 1 tov Y wote kade f~H(U;) va eivar
gva aguwiko ovvofo SpecB; kat kade B va givar nenepaopucva tapayousvo Ai-module. Xe
avtn ™ mepintwon, 1o By gival emiong memepaousva napayousvn Ai-afys6pa. EE opiopou
vag MEMEPAOUEVOG UOPPLOUOC £ival UOPPLOUOG TIEMELACUEVOU TUTIOU, ajlfla &ev 1oxUEL TO
avtiotpogo.

Mapadewypa III.9.2. Ag dewprjioouue éva moAuwvuuo f(x,y) € k(x,yl.
fx,y) =y — (x™+ax™ - am) pe g ekyaj=1,...,m.

O Kavovkog LOVOUOP PLOUOS
k[x] — k[x,yl/{f(x,y)) (ITT.11)

EMAYEL EVAV UOPPILOUO OXNUATOV
¢ : X = Speck[x, yl/{f(x,y)) — Speck|x].

H ovvaptnon ot (IL11) enayer pa nenspaopéva napaydusvn kix]-module Soun oto klx, yl/(f(x,y)).
Ipayuarn, d¢tovtag wgy ™ Kidon tou y otov daktuAw klx,yl/(f(x,y)) g k[x]-module xouue

kb, yl/(f(x,y)) = klx] © kIxly.

Zuvenag o ¢ gival temepaougvog popgiopog. Emmicov, ta X, Y glvat memepaopuévou tUmou UtEP 1o
k.
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Mapadewypa II1.9.3. A¢ dewprjoouue 10 Tapakdi® moAvavuuo g(x,y) € kix,yl:
g, y) =xy®* — (x™ +ax™ + -t am) pegy ek yaj=1,...,m

O Kavovkog LOVOUOP PLOUOS
k[x] — klx,yl/(g(x,y)) =R (III.12)

Kavet tov daktuAo R upia memepaouséva napayousvn kixl-adye6pa. ‘Ouwg o R dev givar tenepa-
ouéva mapaydusvo klx]-module. Iodyuat ta y,y2,§°, ... eival yoauuucd avedomia Tave amo
70 k[x]. Zuvenwg o pop@ioudg mov enayesrar ano v (L 12)

P : Speck[x,yl/{g(x,y)) — Y = Speck|x]
glvatl memepaoueVou TUToU ajiid oyt TEMELATUEVOG.

Mapadewypa II1.g.4. O tomikog Saktufiog Rp oc éva pueyioto 16ewdeg P = (x — a) tou moAvwvu-
uwkou dartuAiou R = k[x] umép tou owparog k umopet va yoagel wg

f(x)
Rp =49 ——= f,g € R,g(a) O}.
P {g(x) pef,g € R, gla) #
O éaxtuiiog Rp bev gival memepaousva tapayousvog og pia k-afys6pa. Zuvenwg o SpecRp Oev
elval TEMEOACUEVOU TUTIOU UTLEQ TO K.

IIl.10 Yrnooyxnpata

IMa éva avoixto ouvolo U tou Urmokeipevou tormoAoyikou Xowpou tou oxrpatog (X, Ox) pro-
poupne va Bewpricoupe 10 oxnua (U, Oxy), To ornoio Aéyetal avoyto umooyrua tou X.

Opiopodg II.10.1. Av yia évav puop@ioud oxnuatov (g,9%) : Z — X n ouvexrc ouvaotnon g :
Z — X IOV UTOKEUEVOV TOTOSIOYIK@OV XWP®V £lval Evag OUOLOUOPPIOUOC ToU Z OE £va avoryto
vmoovvofdo U C X (6niaén g(Z) = U kat n avtiotoogn ovvdptnon g~ ' : U — Z sivar emiong
ouvexrg) kat o epioptouds g7 U : Ox[U — g.0z|U sivar 10ouop@ioucg, tote n ¢ Adystar avoryt)
immersion. Avn ¢ : Z — X givatr pia avoytr) immersion, t0te 10 oxnua Z Umopel va 1avtiotel ue
10 avoiy 1o vrooxnua (U, Oxy)-

Opiopodg II.10.2. Avyia éva oxnrua Y kat évav popgouodi = (i,i%) : Y — X, o umokeiuevog x@pog
Y givat evag KA0T0¢ UTOX ®POGS TOU UTIOKEIUEVOU X Wpou X Kat n ouvaptnon i eivat yuia embedding
Kat emiong i : Ox — 1.0y eivar évag empoppiouds anod sheaves, 1ote 10 euydpt (Y,1) da Adystal
gva Kot umooymnua tou X. Zmu MePInT@on TOU 0 UOPPLoUog i sival oagng, da Aéue ot 10'Y
elvat kKAg1o010 vooxnua. I'evika éva vrooxnua (Y, 1) tou X 6ev umopet va kadoplotel pe povadiko
7POTO amo oV KAEOTO UTOKEIUEVO TOTOAOYIKO X WPO Kal da TPETEL EMIONG VA TPOCOIOPLOTEL O

EMUOPPIOUOC 17

Zinv nepinm®on mou o popPlopog oxnpatev f : W — X prnopet va napayoviorown0et péowm
€VOg 1oopop@lopou 0 : W SY,f=i00, 60 f Aéyetal pia kAsiotr) immersion.

Mapadewypa III.10.3. 'Eva 16ewdeg a < R kadopilet éva kiswotd ovvoio V(a) tou X = SpecR. To
V(a) elvar opuolopop ko Ue tov UTOKEIUEVO TOTO10YkO Xwpo toU SpecR/a. O @puotkog emyuop -
ouog R — R/a emayet évav popgioud oxnuatov f : Y = SpecR/a — X. H ovvaptnon f emayet tov
OUOIOUOPPIOUO ATIO TOV UTOKEIUEVO XapPo Tou Y oto Kiletoto ovvoAo V(a). I'ia eva tuyxaio mpato
16ebeg P € SpecR 1 ovvapton Oxp — (f.Ov)p eivar n ovvapmon Rp — (R/a)p, Oeite Anuua

Zuvenwg n ovvaptnon ustadv twv sheaves Ox — .0y givat eni. 'Etot 1o (Y, f) eivatl éva kAsioto
vnooxnua ouv X karn f: Y — X givat kAswot immersion.
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Av kat V(a) = V(b) tavtifovtar w¢ kAeiotd vmoovvoa, otv mepintoon mou /a = /b, 1a
SpecR/a kat SpecR/b bev givar woopoppa kto¢ av a = b, apou ta dboutka sheaves toug dev givar
1oouopga.

Mrmopei kamoog va opiost moANEg driapopetikes SOUES UTOOYXNUATOG OE £va KAOTO oUuvojlo
V(a). 'Eva twmko mapadeyua givar 10 mapakdie: Ocwpouue 10V pUOIKO ETUOPPIOUO aTo TOv
rmoAveovuuko daxtuiio k[x] umép tou owuartog k

k[x] — k[x]/{(x™), n=12...,
Me auto tov tpomno opidovtat kAsioteg immersions
Speck[x]/(x™) — Speckl[x].

INa kade n o umokeiluevog TomoAoYIKOg X @WPog Tou Speck(x]/(x™) amotefsitar and éva onueio.
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III.11 AORINOEelg

1. 'Eoww I éva 18emdeg tou daktudiou R. Na arodeiytet ot 1o
Ng :={f € R: f™ =0 ywa karoo n € N}
tauti¢etat pe 1o V1 oty nepintoon nou

V(I) = SpecR.

2. 'a pua nenepaopéva napayopevn daiyeBpa R ndve aro éva alyeBpikda KAe10to ocopa Kk,
Bewpoupe 10 péyloto paopa SpmR epodiaopévo pe v toroAoyia Zariski. Qg ouvodo,
10 SpmR eivatl éva urtoouvoAo tou SpecR. Tha éva 16ewbdeg | tou R, yia va drakpivoupe to
KAe10to ouvodo V(J) (avtiotorxa to avoiyxto ouvodo D(]) tou Spec(R) Ba ypapoupe Vi (])
kat avtiotorxa Dy, (J) yia to KAe10to Kat avoiyto Uroouvodo tou SpmR.

Na artodeiytet ot
Vim(J) = V(J) N SpmR kat D (J) = D(]J) N SpmR

Aeite 611 10 sheaf avupetaBetikov Saktudieav Ogpmr MAve anod SpmR propet va opiotet og
F(Dm(l)a OSme) = F(D(I)a OSme)'

3. @ewpoupe tov SaktuAo R = K[xi,...,xn] Kat tov xopo A} = SpecR. Arodei§te o1t yua to
avoixté cuvodo U = A} — {0}, 6rou 1o 0 eivat n apxr) ouvietaypevav tou Ak, £€xoupe

MU, 0ar) =R, yian > 2.
Zuvenog, to U dev eivatl éva adpiviko avoiXtd ouvolo.

4. Tha éva sheaf F ave anod évav tortodoyiko xopo X opiotnke 1o stalk tou F oto x wg
Fx =lim - F(U).

2TO OUVOAO

IF:HSFX

xeX

opiletat pia torodoyia wg e€rg. 'Eva otoixeio sy € Fy eivat €§ opiopou 1o putpo pag section
s € T(V,JF) oto x, orou V eival é&va avoiXto mou meptExetl 1o x. ®Etoupe V(s) va eivat to
Uroouvolo {sy : y € V} C F. Aeifte ot petaBdAdoviag ta x, sy xat s € I'(V, F) naipvoupe
Ha Tomodoyia n oroia yia 8daon avoixtwv ta ouvolda {V(s)}. ®ewpoupe tnv p : F — X
ouUVAPTNOoT oU OtéAvel ta otoixeia tou Fy oto x. Aeifte ot ) p eival ouvexng Kat TOrmKaA
opolopopPlopog, dndadr) opolopopPlopog ano to V(s) oto V.

To F Ba Aéyetat o sheaf xdpog tou F kat 1 p : F — X n ouvaptnorn dour|g tou F. Artodeigte
1a

(a) Av JF eivat éva sheaf mpooBetikov opadwv o1 ouvaptoelg

a+ FxxF={(ax,bx) € Fx x Fx :x € X} — F,
(ax,bx) — ax £ by

etvat ouvexeig. H ouvaptnon

0:X —T,
X — Oy
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etvat ertiong ouvexng, orou 0y eivatl 1o pndeviko otorxeio tng rpoodetikng opdadag Fy.
Av 10 J eivat éva sheaf avupetaBetikov Saktudiev, deifte 611 n ouvaptnon

m:FxxF—TF,
(ax,bx) — axby

etvat ertiong ouvexng.

(8) Ta €va avoiyxto ouvodo U C X, Bétoupe
NUWF)={s:U—F:pos=Idy, omou s ouvexng}.
Aeite o I'(U, F) = U.
5. I'a éva presheaf § unepdve evog tortoAoyikou xwpou X opidoupe to stalk tou § oto x,
Gx = lim §(U).

xeu

@:ng.

Opidoupe pia tortodoyia oto

Opidoupe _ N
G(U)={s:U— G:pos=Idy,s ouvexng}

Aei&te 6t 1o G eivar éva sheaf unepave tou X. Aei€te 611 ) puokr) cuvaptnon

g — G(U),
t—{U>sy =ty

givat opopopPopog rpoobetikwv opadeyv 1 avupetabetukov daktudiov. To g Ba Aéyetat
n sheafification tou §. Aei§te 611 o0 sheaf xdpog § eivat opoopoppiopnog pe o G.



BIBAIOI'PA®PIA 65

BiBAloypadia

(1]

(2]

(3]

(4]

(5]

Eisenbud, D. & Harris, J. Schemes. The Wadsworth & Brooks/Cole Mathematics
Series. The language of modern algebraic geometry. Wadsworth & Brooks/Cole
Advanced Books & Software, Pacific Grove, CA, 1992, pp. xii+157. ISBN: 0-534-
17606-2; 0-534-17604-6.

Hartshorne, R. Algebraic Geometry. Graduate Texts in Mathematics, No. 52. New
York: Springer-Verlag, 1977, pp. xvi+496. ISBN: 0-387-90244-9.

Mumford, D. The red book of varieties and schemes. expanded. Vol. 1358. Lecture
Notes in Mathematics. Includes the Michigan lectures (1974) on curves and their
Jacobians, With contributions by Enrico Arbarello. Springer-Verlag, Berlin, 1999,
Pp. x+306. ISBN: 3-540-63293-X. URL: https://doi.org/10.1007/b62138@.

Ueno, K. Algebraic geometry. 1. Vol. 185. Translations of Mathematical Monographs.
From algebraic varieties to schemes, Translated from the 1997 Japanese original
by Goro Kato, Iwanami Series in Modern Mathematics. American Mathematical
Society, Providence, RI, 1999, pp. xx+154. ISBN: 0-8218-0862-1. URL: https://
doi.org/10.1090/mmono/185.

Vakil, R. The rising sea. 2017, p. 775.


https://doi.org/10.1007/b62130
https://doi.org/10.1090/mmono/185
https://doi.org/10.1090/mmono/185

66

KE®PAAAIO 1Il. XXHMATA



Katnyopleg kat Zxfupata

IV.1 Katnyopieg
Mia katnyopia arotedeital and padbnpatkd avikeipeva Kat Pop@iopous HETasy autav.

Opiopog IV.1.1. Miwa ouiddoyn C da Acystar katnyopia av 1a avtiKeiueva g Kal oL HopPLopoL
NG IKAVOTOIOUV TG TAPAKAT® OUVONKES:

1. 'Ofla ta avukeiucva g kamyopiag Ob(C) eivat kadopiousva.

2. I'ia kade 6vo avukeiueva A, B € Ob(C) 1o ovvojlo Hom(A, B) givat kadopiousvo. 'Eva otoryeio
g € Hom(A, B) da Asyetar uoppiopog amno o A oto B.

3. I'ia kade pwada A, B, C € Ob(C) kat kade uopgpiopovg f € Hom(A, B) xar g € Hom(B, C) opt-
Cetarn ovvdeon gof € Hom(A, C). H ouvdeon sivar mpoostaipiotiky, dndadn yia A,B,C,D €
Ob(C) xat f € Hom(A, B), g € Hom(B, C) xat h € Hom(C, D) &youue

ho(gof)=(hog)of.

4. I'a kade tuyaio A € Ob(C) unapyet o tavtotikog uopgiouog Id4 € Hom(A, A) wote

folda =f waitldg o f =f.

Mapadewypa IV.1.2. H rkamyopia (Set) t@v ouvdAwv €xel wg avtikeiueva ta ovvojla Kat ©g ou-
VapPIOoELS NG CUVAPTNOES TOV OUVOAm.

Mapadewypa IV.1.3. H rkammyopia tov daktuidiov (Ring) teov avtiuctadetikov daktuAiov éxet g
avukeipueva 1oug avtpuetadetikovs daxtudiouvg pue povada, v yia dUo avtuuetadetikoug daktuii-
ouc A, B € Ob(Ring), to ouvojlo Hom(A, B) anotefleitar and ojloug toug opopuoppiopovs daxtuiov
avaueoa ota A, B.

Mapadewypa IV.1.4. a évav daktuio R dewpovue v karmnyopia (R — mod) tov R-modules, n
omnoia &xel w¢ avukeiueva oAda ta R-modules. Me Homg (A, B) da ouuboAiloupe toug opopoppr-
ououg ano R-modules avapeoa ota R-modules A, B.

[ToAAég katnyopieg PIopouv va oplotouV He Iapopo10 TPOITo, OMKG 1) Katnyopia twv opadev,
TOV OXNHPATOV KTA.

[ToAU ouyvd éva avtukeipevo avrketl oe HU0 Katnyopieg, yla rapadetypa €éva R-module avrket
otV katnyopia twv R-modules, aAAd kat otnv Katnyopia tov aBeAtavov opddov addd kat oty

67
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Katnyopia twv ouvodwv. ‘Otav dev eival cadeég oe rmola katnyopia AapBavoupie Toug HopPp1opoug,
Oa v 6nAdavoupe pe evav 6eikn. ‘Etol avapeoa oe 6Uo R-modules €xoupe ta

Hom(RfMod)(Av B) g Hom(GroupS)(Aa B) _,C«_ Hom(Set)(A7 B)
'Evag popgiopog f € Home(A,B) oe pla katnyopia € Ba Aéyetal 100popP1opog av urapxet

gc HOHI@(B,A) Wote gof= Ida xkat fo g= Idg.
Ze pila kamyopia ta nmapakde daypdappata

N

C

Ao

:

Ba Aéyovtat avuipetabetikd, av avtiotolxa vof =gou katgo f =h.

9

_—

IV.2 Zuvaptnteg
Opiopog IV.2.1. Eotw C, D dvo kawnyopieg. Mia ouvaptnon
F:Ob(F) — Ob(D)

Kat
F:Home(A,B) — Homqp (F(A), F(B)) (Iv.1)

da Agystar ovvaiioiwtog (covariant) ouvaptning petalv twv kamyopwv C, D, av woyvouvv ot ta-
PAKAT® OUVINKEG:

1. Ina kade A € Ob(G), F(Ida) = IdF(A).

2. Ia kade f € Home (A, B) kat g € Home(B, C),
F(g o f) = F(g) o F(f).

‘Evav t€tot0 ovvaptnt da tov ovpubofifovue pue F: € — D.
Iapouoia av avti yia mv eiowon (V1) éyouue v

F:Home(A,B) — Homp (F(B), F(A))
Kat avti yia tmv ovvdnkn (2) wyuver n ovvdnkn (2))
F(gof) =F(f) o F(g),
, T0te 0 ovvaptts da Asystar aviajioiwtog (contravariant).
I'a pia kamyopia € opidoune ) duikn kawmyopia C° n onota £xe1t Ob(€) = Ob(CY) kat
Homeo (X,Y) = Home(Y, X).

Emiong, av f € Homeo(X,Y) kat g € Home(Y,Z), tote g o f € Homeo(Z,X) opiletat wg fo g €
Home(Z, X). Me auté tov, tporno 1 €0 eival pia katnyopia. Emiong, évag contravariant cuvap-
g ano v € — D eivat évag covariant cuvaptnig ano my €V — D.

Mrnopoupie va opidoupie Tov tautotiko ouvaptnty Ide : € — €, o omoiog opiletatl wg Ide(X) = X
yla kaBe X € Ob(C€). 'Evag covariant ocuvaptnirg Oa Aéyetat andd ouvaptnng.
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'Eotw évag ocuvapining F: € — D kat évag cuvapinig G : D — €. Tote yia kabe X € Ob(C)
Kat kaBe f € Home (A, B) opietat o

(GoF) &

:C =
X = (GoF)(X)=G(FX))
f = (GoF)(f) =G(F(f))

O G o F etvat ouvapintng € — E. 'Exoupe ot

Folde =Fxkatldp oF=F.

Av F, G elvatl o évag covariant kat o aAdog contravariant, tote n ouvBeon eivatl contravariant,
€V® av kat ot duo eivatl contravariant, tote n ouvOeon eivatl covariant.

'Evag pop@iopog petadu ocuvapntev (natural transformation) amno tov F kat G n 6ivetat aro
Pla O1KOYEVELd OUVAPTOE®V

n(C) : F(C) — G(C) yua C € Ob(C),

Kat yua évav tuyaio popdiopd C — C’ € Home(C, C’) and pia owkoyévela petabetukaov diaypap-
Hnatev
F(f)

F(C) ——F(C’)
n(C)l n(c’)
G(C) —= G(C')
Zinv niepirmiworn) nou o 1(C) etvat woopop@iopog ya kabe C € Ob(C) Ba Aépe ot 0 n eivat 1oo-

popdlopog kat Ba ypagpoupe n : F = G.
Av yia évav cuvaptnt) F: € — D unapxet évag ouvaptig G : D — € wote

GoF=Ide kat Fo G = Idyp,

, T0te o1 katnyopieg € kat D Ba Aéyoviat 10oduvapeg. v rnepintworn rov o F eivat contravariant,
o1 akoAouBieg Oa Aéyovtal ouvicoduvapeg.

Ocwpnpa IV.2.2. Oswpovue tov contravariant cuvapn F and v kamyopia tov avtyuetade-
KoV 6aKtuAdiov otnu Kamyopia tov apuikov oxNUATtv Tou Olvetal ue

F(R) = (SpeCRa oSpecR)

Kai
F($) = ¢ : SpecR — SpecS

yia éva R € Ob(Ring) kat évav opouopgiopo daxtuiiov ¢ : R — S. Tote o F opilet pia wodvvauia
Katyoplwv avauesoa otig kawyopieg (Ring) xat (Aff.Sch).

Amnobeiln. ®a opiooupe évav contravariant cuvaptnt) G ano v Katnyopia 1oV aPivikev oxn-
HAT®V otV Katmyopia tov Saktudiov wg e&ng:

G((X,0x)) =T(X, 0x)
Kat ya évav popdiopo (f,0) : (X, 0x) — (Y, Oy)

G(f,0) =T(Y,0y) = T(Y,f.0x) =T(X, 0x).
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AT16 TOUG 0P10I0UG TV APIVIKGOV OXNHATOV KAl TOV POPPIoP®V HETASU TOUG £XOUNE OTL:
G(F(R)) =T'(SpecR, Ogpecr) = R,
Kat ya évav popdopo ¢ : R — S
G(F(¢)) : T(SpecR, Ogpecr) = R — § =T'(SpecS, Ogpecs )
Tautidetatl pe 1o ¢ ano tov oplopo ToU d)#OSpeCR — O Ogpecs. ZUVENOG
G o F = Id(Ring)-

X1 ouvéxewa Ba anodeifoupe ot Fo G = Id as.gcn). Oewpoupe évav poppiopd (f,0) : (Z,0z7) —
(SpecR, Ogpecr). O popdropog petadu sheaves

0 : Ogpecr — 40z
enayet Evav popPpopo Sartudiov
¢ : R =T(SpecR, Ogpecr) — T'(SpecR, f.0z) =T(Z,0z). (IV.2)
IMa éva tuxaio onpeio z € Z €xoupe v KAVOVIKL OUVAPTION
v, :T(Z,0z) = Oz,.

H napaxdate npotaot e§aopadidet ot Fo G = Id(agrsch)- O

IIpotaon IV.2.3. I'a évav puopgiouo (f,0) : (Z,0z) — (SpecR, Ogpecr), Exouue f(z) = o, H(m,),
z € Z, omou 10 m, givat 10 ueyoto 1dewdeg tou Oz ., ucavonotel ¢, =v, o . Emiong,

Hom (g (Z, SpecR) = Hom (ging) (R, T(Z,0z2)). (Iv.3)

Amnobeiln. 'Eoww f(z) = P € SpecR. Tote 0 opopopd1opog 1mou endyetat arnod tov Opopopdlopo
v sheaves 0
Op :=Rp = Ogpecr,p = Oz2

eivat torukog, 8niadny Op(PRp) C m,. Suvenog 05 '(m,) = PRp. Av Be@prjooupie TV KAVOVIKY]|
EPPUTEUOT] EVIOTTIOPOU
1P : R — Rp,

10Te 0 OpOPoPPIOoPOG dakturiev Op o : R — Oz, tautiletatl pe tov ¢,. Apou Y 1(PRp) = P,
éxoupe ot ¢, !(m) = P, 10 omoio amodeikvuet 10 MPGHTO KOPPATL TG MPOTaong.
I'a (f,0) € Hom(g.,)(Z, SpecR), 0 opopop@piopdg twv sheaves 6 endyet opopoppiopod Saxtu-
Alav
b:R—=T(Z,0z).

AvoTpOP®G, Yia évav opopopdPlopo Saktuliov
P:R— r(z7 OZ))

¢otw P, 1 ouvbeon v, o, OmoU ya z € Z, pe v, oupBoAiouE TOV KAVOVIKA EMTAY®HEVO OO-
popdiopo SaxktuAiav:
V. F(Z, Oz) — OZ,Z'

I'a to péyioto 16eddeg m, <Oz, 10 P~ (m,) eival éva mpoto 16ewdeg tou R. Me autd tov 1pdro,
opiletal pia ouvaptnon

f:Z — SpecR

zZ = w;l(mz)
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®a deifoupe o1 1) f eival pia ouvexng ouvaptnor. 'Eote X = SpecR. Apket va deioupe ou yua
g € R, o f1(Xg) etvat éva avoixtd ouvodo oto Z. E§ opiopou tou f €xoupe

fﬁl(Xg) ={zeZ:v.(P(g)) € m;}
={z € Z:v,(P(g) etvat avuorpéypo oo Oz .}

={z € Z:P(g)(z) #0}

Kat ) tedevtaia wootnta diver ot 1 (Xg) eivat avoixtd. O poppiopdg Saxtudiev rou divetat ard
1oV 0plopo tou sheaf

Nz,0z) — T 1(Xg),0z2)

rapayovrornoteital p€o® tou

rz,0z) F(f~(Xq), 0z)

T~ 3

F(Z,0z)yp(g)

ano v universal property tou eviortiopou. O opopopdlopog P : R — Rp endyet

Pg:Rg = T(Z,07)y(g)-
X1 ouvéxela Bewpouie ) ouvOeon
0g =Pgog:Rg = T(f(Xg),02).
Eméyovtag Siadopetikd g € Rp Priopoupie va KATtaOKEUACOUNE £vav oplopopdplopo ano sheaves
Og : Ospeck — Oz
amno tov 0y. Zuykekpipéva EXoupe Evav popPopo
(f,0) : (Z,0z) — (SpecR, Ogpecr)-

Av 0 opopop@iopog daktudiev P : R — I'(Z,0z) xataokeudetat anod eva popPpiopod oxnpatev
(f,0) : (Z,0z) — (SpecR, Ogpecr ), Kataokeuagoupe tov (f, 0) 6NMKOG MNapanave. Xt ouvéxela rid-

xvoupe ov ¢ : R — I'(Z,0z) ané tov (f,0) péon v efiowong (V.9). KataAfyoupe oty ¢ =
KAl OUVETI®OG OTNV [v.3). O

Mapadewypa IV.2.4. a évav onodoyuko xwpo X opilouue v kammyopia Top(X) wg efng. Ta
Ob(Top(X)) eivar ta avoryta vroovvoja tou X. I'ia U,V € Ob(Top(X)) opilovue

i U=V ucv
Hom(U,V) = VWUim =¥ av=e v
U blapopetikd
'Eva presheaf a6efliavov opuadwv eivar évag contravariant cvvapmg G : Top(X) — (Mod). I'a
Kkade avoryto U € Ob(Top(X)) avuotoyyei pia mpoodetikn ouada G(U) wote yta U C V va enayetar
£Vag OUOUOP PLOUOG
pv,u = Glivu) : G(V) — G(U).

'Evag uop@iouog uetalv sheaves, dev eivar tinote affo mapa évag poppiouog (natural transformation)
uetalv ovvapniov.
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IV.3 ZInpeia pe TIpEG O oXnpata
®a opidoupe v £vvola Tou onpeiou pe S1aPopeTKO TPOTIO.

Opwopog IV.3.1. Ta gva oxnua X, évag uopgiopuog S — X da Agyetar eva onueio Ue TUES OTO
S (S-valued point). Zmnv nepintwon mou 10 S = SpecR €vag 1€1010¢ UopPlopog da fcystar onueio
ue tueg otov darxtuAo R. Av 6e o R givar éva afyebpika kAoto ooua, 1o onueio Speck — X da
Agyetal yewpuetpko onueio, avti yia onueio Ue TUES OTO K.

Mapadewypa IV.3.2. Agdswpnoouvue ta moAdvovupafi(xi,. .., xn), ..., fe(X1,...,xXn) € Zlx1,...,xnl,
oV baKtuiio
A=7Zx1,....,xn)/{(f1(X1,. ;%0 )y oo, fo(X1, ..oy Xn))

Kat 10 a@uiko oxnua SpecA. I'a éva owpa k éva k-valued point
1 : Speck — SpecA
glvat 1wvobvvauo pe v vnap§n evog OUOUOPPLOoUOU daKtuAiov
d:A—k
mou va wkavornoel Pp = $¢. 'Evag 1€1010¢ OUOUOPpPLOUOg 00nyel o éva UEYLOTO 10O TOU A,

onAabn os onueio ou SpecA. Av 6eXy, . .., Xn €vat ot Kidoeig tov x; modulo tou 16ewboug 0ptopoU
tou A kat a; = $(X;j), 101e 10 yeyovog Ot § elvai OUoUopPLopos dbarktufiov odnysi oto ot

filay,...,an) =---=fe(ay,...,an) =0. (IV.4)
Avtotpogwg, kade Juon ai, ..., dn TOU OUCTHUATOS 4 06nyel OTOV OPIOUO EVOG OUOUOP PLOUOU
¢ A — k ue d(X;) = q; kat ue avto tov 1pono opi¢etal éva scheme valued point ¢¢ : Speck —
SpecA.

To eruxeipnpa tou napadeiypatog [V.3.9 pmopet va epapiootei otnv mepirnteoon mou 1o oopa
ouvtedeot®v dev eivatl 1o k, addd éva unooopa tou L C k. Me autd tov tporo, Pmopoupg va
¢xoupe L-valued points oto agpiviko oxfjpa

SpecA, A = L[xq,...,xnl/{(f1,..., o).

H epgutevon tou ocopatog L — k dev eivat povadikr). Apa av Bédoupe va pidnnooupe yua k-
valued points Ba mnpémnet va dadéoupe pia gpgutevon L — k tou L oto k. 'Onwg kat mpwv,
€va YEQUETPIKO onpeio meprypdgetal aro Evav opopopdPlopo daxktudiov ¢ : A — Kk, o oroiog
avtopdteg divel kat v epputevon.

Mapadewypa IV.3.3. 'Eotw f(x,y) éva moAvavupo §U0 uetabANTov pe oUVTEAEOTES O £va owua
k. Gswpovue tov baxtuaio
A = klx, yl/{f(x,y)).

Emniong, dewpovue tov dbaktuao twv n-talng ansypootov
Rinlt] = k[t]/({t™ ).

'Evag uop@iopuog oxnuartov
®n : SpecRyy — SpecA,

onAadn éva Ry, -valued point tou SpecA, kadopiletal TANPwS and évav oUoUopPLouo dartuAiov

PYn: A — Rny.
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A¢ dewpnoouvue ¢ KAAOEIS X, Y TV X,y 0T0 A. 'Eot® gn (t), hn(t) € k[t] oploucva and

Yn(X) = gn(t) mod t™*!
Yn(7) =hn(t) mod t™*

O pnopgioudg Vb, kadopiletar povaduca anod mv entiloyn 1L gn (t) kKat hn(t), duwg yia va sivar
ououop@Pouog dbaxtuAdiov, da mpenet ta gn (t) kat hy (t) va vcavoroovv v

f(gn(t),hn(t)) =0 mod t""!, (IV.5)

Avtiotpdpag, av 1a g (t), hn (t) ucavomoovv mu efiowon ([V.5), tote 0\ yiverar ououopiouos
baxtufiov. Mropouue e va umodEoouue OTL Ta gn (t) kat hy (t) eivat mtoAvovuua pue ouvteAeoTES
oto k 6aduov < n. Anfadn vnapxet pia éva mpog éva avtotoyia avaueoa ota Ry -valued points
bn : SpecRy,, — SpecA kat ota (evyadpia (gn(t), hn(t)) ToAvoVUHOL 6aduoU puiKpOTEPOU TOoU N, TTOU
avomnoovv v e€iowon [V.5).

H rkavovikn ovvaptnon

1l)'rL,n—l—l :Rnt1 = Rn

EMAYEL EVAV UOPPILOUO OXNUATOV
Gnn+1: SpecRy — SpecRp 1.

INa kade Ry 41 -valued point ¢ 41 : SpecRn4+1 — SpecA, Exouue éva Ry, -valued point ¢r, = Gn ny10
bn
SpecRn+1

¢n,n+1T w

SpecRn Sryae SpecA

Ia ¢ : SpecRn — SpecA, gvag HOPPIOUOS Gny1 TOU VA eMAYEL TOV ry UEO® TNG B nt1 OIS
TPONYOUUEV®G, da Agyetal Ry y1-valued point tave ano 1o Ry -valued point ¢. Av avtny n 6wabr-
Kaoia umopei va sravajin@dei yia kade Rn, n € N, 10t umopouvue va mapouvue eva onueio Tave
ano v 6aKtuA TOV WUNIKOV SUVAUOCEID®U

¢ A — K[[t]]

n omoia bivel éva onueio
f(g(t),h(t)) =0,

orou ¢(t) = $(x), h(t) = ¢(y) rar g(t), h(t) € k[t]].

Ag Bswprjooupe éva onpeio oto oxfpa (X, Ox), dnAadn éva onpeio otov urokeipievo tortoAo-
Y1KO x0po X. ®a cupboliloupe pe my 10 PEYI0TO 106ebeG TOU TOMKOU SakTuAiou puUIPwV Ox .
To oopa mnAiko Ox x/myx = k(x), 6a Aéyetal 10 oopa UIMOAOINAV OTO ONPELO X.

'Evag popgiopog and to (Speck(x), k(x)) oto (X, Ox) kaBopiletatl and évav opopoppiopod da-
KTUAl®V

F(X, Ox) — OX,X — k(X).

210 emninedo 10V UTIOKETPEVAOV TOTTOAOYIKOV XWP®V, To Speck(x) etvatl éva arAé onpeio rmou anet-
kovi¢etat oto x € X. AnAadn éva amdo onpueio eivat éva k(x)-valued point. I'a éva ocopa K, éva
onpeio x Tou oroiou 10 oOPaA urodoinwv eivat to oopa K, Ba Aéyetat éva K-pnto onpeio oto X.

Mapadewypa IV.3.4. H kamyopia C/Z. I'a éva avukeiuevo Z o pia karnyopia C opifouue v
rkatyopia C/Z w¢ £{ng: 'Eva avukeiuevo omu C/Z sivar éva (euyapt (X, p) omou X € Ob(C) rkat
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p € Hom(X, Z). To ovuvoslo Hom@/z((X,p), (Y, q)) anotefleitat ano 0Aoug Toug Hop@ilopous h mou
KAVOUV 10 Tapakdie Oiaypappa UeTadeTico

X— "M v
N
Z

To C/Z yivetar katnyopia. IToAv ouxva ypagouue X avti yia to (euyapt (X,p), otav dev urnapyet
Kivdéuvog ovyyxuvong. O uop@iouog p : X — Z Agystar o popgpiouog doung. Emiong, yoagouue

(Iv.e)

Homgz (X,Y) = Home, 7z ((X,p), (Y, q)).
Zmv nepintwon nou € = (Sch) ypagouue (Sch/Z) yia thv katnyopia tov oxnuatwv vreép L.
Opopog IV.3.5. 'Eva avtikeiuevo e o€ pia karnyopia C da Asyeral teucd avtuceiusvo, av Home (X, e)

anotefeitat akpibw¢ ano eva otoryeio. 'Eva avtikeiysvo da Agyetal apx ko aviikeiucvo, av Home (e, X)
givat povoouvojlo.

IIpotaon IV.3.6. X kamyopia v daxtuidiov (Ring) 10 Z givat éva apy ikl avtikeluevo, v
omv kamyoplia (Sch) twv oxnuatwv, to SpecZ givar va teAKO avTIKEUEVO.

Amniddeiln. EE oplopou, ot Saxktuliol pag eival avupetadetikoi pe povada. Yriapyetr povadikog
opopopdlopog daxktudiov f @ Z — R oote f(lz) = 1g. Zuvenog urndpyel povadiko ototyeio
Hom ring)(Z,R). Andabn) 1o Z eivat apxiko otoixeio onv (Ring).

"Exoupe 6ei§et o1t £vag popdropog and o oxnpa (X, Ox) oto (SpecZ, Ogpecz) Kabopiletat po-
vadikd and tov opopopdlopd daktudiev Z — T'(X, Ox) KAl OUVENOG UTIAPYXEL POVO £vag TETO10G.
'Etot 10 (SpecZ, Ogpecz) €ival 1eAdiko avtikeipevo oto (Sch). O

Ma éva teAdko avuxeipevo € = C/e. Ilpaypatt oe kabe X € Ob(C) avuotoiyel axkpBwg €va
(X,p) € Ob(C), eved kaBe h € Home (X, Y) eivat oupBatdg pe 1o daypappa tng e§iowong (v.6).

‘Etol n1 katyopia (Sch) tov oxnpdtev kat n kamyopia (Sch)/SpecZ tautidovrat. I'a évav
avtpetafetiko daktuAlo Oa cuvtopevoupe ) ypadr ypadovrag (Sch)/R, avti yua (Sch)/SpecR
Kat Ba pAdpe ya v Katnyopia t@v oxnpdatev umep evog daktudiou R. Av 1o R eival éva oopa
k, Oa pldape yla mv katyopia v oxnpdtev (Sch)/k mou opidovrat urnép to k. Ztnv katnyopia
(Sch)/R yua kaBe avukeipevo X kabopietat évag poppiopog f : X — SpecR.

IV.3.1 E¢antopevog xopog Zariski

Ta éva onueio x € (X, Ox) 1o my/m2 Ba Aéyetat o Zariski cuvedarnopevog X0pog, Orou my
elvat 1o péyioto 16ewdeg tou daxtudiou putpwv Ox x 0to x. O ePpartopevog Xwpog eivat puotodo-
yia éva k(x) = Ox x/my-module. ®a cupBolidoupe Tov cuveparntopevo xwpo pe T, X*. O duikog
X®pog T X = Homy () (TxX*, k(x)) Ba Aéyetat o eparntopevog Xwpog Zariski tou X oto x.

IIpotaon IV.3.7. Yrdpyetl pia éva mpog éva avtiotolyia avaueoa otoug Hop PLOUOUS
D= (¢, ) : (Speck[t]/<t2>, ospeck[t]/<tz>) — (X, 0x)

o katnyopia (Sch)/k 1oV oxnudtov tdave ard 1o k (ndadn v kltl/(t2))-valued points) kat
IOV epantousvev dtavvoudtov 0 € T, X.
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Amnobeiln. To napakdate Sidypappa sivat avipetabetiko

Speckl[t]/(t?

[t]/(£2) — X
\ /
Speck

O urnokeipevog xopog tou Speck(t]/(t?) amoteleital ano éva onueio. 'Eot® x 1 e1kdva autoy tou
onpeiou. 'Exoupe 10 mapakdtem dSidypappa avitpetafetkov Saktudiov:

#
K[t/ (1) <25 0y
\ %;
k

ouvenadg Ox x/mx = k, dnAadn 1o x eivatr éva pnto onpeio tou X. IIpaypat n cuvaptnon p¥
epodiader 1o Ox x pe ) dopn k-adyebpag, omnote 1o owpa K = Ox /my yivetatl eméxktaon tou K.
Ao tnv aAAn mieupd, 1 ekova 1ou Ox x/my HEO® TOU cl)f elvat oto oopa klt]/(t) = k. To péyloto
18emdeg Tou k[t]/(t2) eival to (t) kat &7 (my) C (t). AnAadn €xoupe 1o petabetikd Siaypappa

Av 10 K ntav pa adyeBpikn enéktaon Kat Urpxe eva « € K—Xk, tote yia 10 éAdx10T0 ITOAU®©VUI0
wou f(x) =Y ', aix' Ba gixape 6u

0=F(fle) = ) aidp¥ ()’
i=0

6nAadn 1o o7 () Ba ftav pida tou f oto k, atroro.
Agou 1o ¢ (m?2) yiverat 0 oto k[t]/(t2?), yia éva otorxeio a mod m2 ot0 my/m2 propovpe va
opiooupe 10 O(a) wg

A¢ou o d)f givat k-opopopplopog, o 0 sivat évag ypappikog PETaoXatiopog ard to my /m2 — k
kat 0 € T, X. Andadn o popPionodg oxnuatev ® = (¢, d#) kabopilet pe povadiké 1pémo 1o (X, 0).

Avtiotpodwg, Bewpoupe éva k-pnto onpeio x € X, kat éva 0 € Ty X. O popdilopog dopng,
(p,p™) : (X,0x) — (Speck, k) emdyet évav opopoppiopod

p¥ ik — Oxx.

H ouvbeon qx o pf HE TOV KAVOVIKO eIHopPopod qx : Ox x — k = Ox x/my eival n tautoukr)
ouvaptnon.
‘Eote a n ewkova oto Ox x /m2 gvog ototyeiou a € Ox x. ®¢toupe
ap=p¥(ax(a)), ar=a—ao
[Mapatnpoupe 611 10 ap 8ev eival KAt avaykrn ototxeio Tou my, a; € my KAl qx(a) = gx(aog)-
Opidoupe ) ouvdaptnon
Py : OX,x/mi — k[t]/<t2>
ar— Ux(@) = qx(ag) +0(ar)t mod (t?),
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omou a; sival n kKAdon oto my/m2 tou a;. Oa deifoupe ot 10 Py ivat évag k-opopopdiopdg. Ta
a,b € Ox x €xoupe
(a+b)g=ap+bgkrat (a+b); =a; +b;y

Agou 0 € Homy (my/m?2 k) éxoupe
be(a+6) = Il)x(a) =+ 1PX(E)

ErmunAov
(Clb)[) = agbo Kat (Clb)l = (1()b1 + b0a1 + Cllbl.

AQoU 61w ajb; € m2 oto my/m2 €xoupe

(ab)1 = agby + bga;.
Zuvenng

P (@ x(b) = (qx(ao) + 0(@1)t)(qx(bo) +B8(bit) mod (t?)
= qx(a0)qx(bo) + (dx(bo)B(a1) + qx(ag)0(b1)t) mod (t*)
= qx(agbp) + 0(boas + agb1)t mod (t?)
= qx((ab)o +0(ab)it mod (t?)
= (ab))

Erurméov, yia A € k, éxoupe Ad = p¥ (A)a. Suverog

Uy (A@) = ¥y (p¥ (A)a)
= Uy (pf (M)« (a)
= g (p¥ (M) Wx (@) = Ay (@),

6nAadn o Py eivarl évag k-opopopdPlopog. ZuvOEToupe 10 Py HE TOV KAVOVIKO OUOPOPPIOHO
Ox.x — Ox.x/m2 Kat ovopagoupe ) ouvOeon

WF : Ox — KIH/(E).
Me auto tov 1poro, opidetatl évag PopPplopog oxNpatev
(b, &%) : (Specklt]/(t?), Ogpeckitr (12)) — (X, 0x)

og £€ng: H e1xkéva g ouvaptnong ¢ Tou UMOKEIPEVOU XOPOU X Kat 0 OPoHopdopds ¢ : Ox —
$(Ogpeck i)/ (12)) €lval ¢¥ 010 GUTPO UIEP TOU X Katl N pNdeviky ouvaptnon ota GuUIpa MAve arod
dAAa onpeia. Téte n (¢, d7) etvat évag popPpiopdg urnép 1o k €€ oplopou. O
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IV.4 Avanapactdoipot Zuvaptnitég Kal Yivopeva

IV.4.1 Avanapactaoipol Zuvaptnteg

®a opilooupe TV £vvola £€vog oUVAPTITY] TTOU MTPOKUITIEL ATTO £vd AVIIKEIPEVO O pia Katnyo-
pia. 'Eotw W € Ob(C€), opiloupe

hw(X) = Home (X, W), o6rou X € Ob(C).
IMa évav popgpropod f € Home(X,Y) kat a € hy (Y) = Home (Y, W) opidoupe

hw(f)(a) = aof € Home (X, W)

X aofW

i/

hw (f) € Homgey) (hw (Y), hw(X))

AnAadn

Kkat o hyy etvat évag contravariant ouvaptnmg anod myv kawnyopia € oto (Set).
Me mtapopolo poro o
h)(X) = Home (W, X)

kat yia a € Home (W, X), f € Home(X,Y)
h(f)(a) = fo a € Homsey) (hiy (X), hiY (V)

etvat évag covariant ouvaptnrg anod to € oto (Set).
To napakdtem poBAnpa epgavidetat oe ogpd poBAnpdtev twv Mabnpatkov: I1ote yla évav
b6edopévo contravariant cuvapint)

F:C — (Set)
undpyetl éva avukeipevo W € Ob(C) dote o hy va eivat 106popdog pe tov F og ouvaptnteg;

AnAadr) yla éva tuxaio avukeipevo X € Ob(C), untdpyxet €éva avukeipevo W oote

dx 1 F(X) — hw(X)

va givat 100popP1opog ouvodemv kat yla kabe f € Hom(Xp, X2) 10 mapaxkdte diaypappa va eivat
petabstuko
bx
F(X2) —= hw(Xa)
F(f )J/ J{hw(f )

F(X1) th(xﬂ

Av urtapyet éva 1€to1o avukeipevo W, 10te 0 1copopdiopog dyw : F(W) — hy (W), divet éva
povadiko avukeipevo P € F(W) 1o oroio 1kavortoiei tnv

dw () = Idw € hw(W).

®a 6eioupe ot 10 (W, ) kabopiletl 1o F kat to hyy otav to F kat 1o hy, givat 100p10p@eg.
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I'a éva tuxaio otokeio X € Ob(C), draAdéyoupe éva otorxeio h € hy (X) = Home (X, W). Tote
F(h) () € F(X). AnAadr) €xoupe 1o avripetabetiko Siaypappa:

dw

VP € F(W) hw (W) = Home (W, W)
F(h)i lhw(h)
F(h) (W) € FX) —2X hyy(X) = Home (X, W)

[Mapatnpoupe ott h = hy (h)(Idy,) agou

w1 w

hT /
hw(h)=h

X
Apou ¢x eival ouvodoBe®pPNTIKOG 100PN0PP1oOG Kat dx (F(h) (11))) = h, pag diver ot
F(X) = {F(h)() omou 10 h Satpéxet to hyw (X))

Afppa IV.4.1. Av évag contravariant ovvaptng F : € — (Set) eivar avarnapaotdaoyiog, 10te 10
(evyapt (W, ) eivat povoonuavia kKadoploUevo UEXOL LOOUOP PLOUOU.

Anobeln. Ag umobooupe 6T Kat 1o (VNV,1~|)) ertiong avarnapiotd tov F. Yriapyouv 10opoppiopoi
¢ : F = hw xat ¢ : F — hyj mou wavortoouv dw () = Idw xat ¢y (W) = Idy. Tote o
oUVoA0Be@PNTIKOL 1001 10pP1ou01

by FIW) — hw (W) = Home (W, W), xat dw : F(W) — hz(W) = Home (W, W)

kaBopilouv v o N N
n=bp):W=W,  fi=dw):W-W.
®a 6eioupe dtunon = Idy katnon = Idy; kat eriong ou F(n) (W) = {lV) xat F(0) (LI)) =1. 'Exoupe
10 avtupetadfetko Sidypappa:
¢

P € FW) — hw (W) 3 Idw = dw ()

F(n)l ihw(n)

b € FW) ——=hw(W) 21 = by ()

orou F(M)(Y) = fp O wopoppiopog F = hip enayet ou F(n) (1T)) = 1. Zuvenng
F(n o)) = F(h)(Fm) (1)) =1

Kat

Fmon)(W) =Fm)(FR)(W)) = .

'Exoupe 10 apakdte diaypappa

P € FIW) 2% hy (W) 5 Tdy = dw (1)

F(mﬁ)i lhw(mﬁ)
b € FW) ——hw(W) 5 ldw = dw (9)
IOV 1KAVOTITOlel 0Tt
hw(non)(Idw) = Idw,
6nAadn non = Idw. Me axpiBog apopoto pdmo xoupe o6t 1 on = Idg. Andadr (W, P) xat
(W,II)) eival 1ocopop@ot. O
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IV.5 Twvopeva

®a opiooupe 10 yivopevo X x Y duo avukeipévov X, Y oe pia katnyopia € xpnotponoioviag
€vav avanapactactygo ouvaptntn. @ewpoupe tov contravariant ouvaptnm

F:C — (Set)
g €&ng: I'a Z € Ob(C) opidoune
F(Z) = Home(Z,X) x Home(Z,Y),

orou 1o 6e8i pépog eivat éva ouvoloBewpnuikd yivopevo. I'a kabe f € Home(Z1, Z), a € Home(Zs, X)
Kat b € Home(Z2,Y) opidoupe

F(f)(a,b) = (foa,fob) € F(Z;)

OM®G OTO TAPAKAT® OXNHa:

Tote o F(f) € Hom(gey)(F(Z2), F(Z1)). Andadr) o F eivat évag contravariant ouvaptnmg. ‘Otav o
ouvaptnig avtdg eivat representable, 6nAadn F = hy yia karnoto W € Ob(C), téte 1o W Ba
Aéyetat 1o yvopevo tov X, Y kat 6a 1o oupBoAiloupe pe X x Y.

Hapatipnon IV.5.1. Zv kamyopia (Set) 1o ytwoueo X X Y umdpyet kat ivat 1o yv@woto Kapte-
otavo ywouevo v X, Y. Ipayuati, 10 oUvof0 Tov HopPLOU®OV OUVOA®U

Homge (Z, X) x Homget(Z,Y)

anotefeitar ano popgopouvg (f,g), f: Z — X, g : Z — Y Ag dewpnoouvue 10 KapTeolavo ywoOUEVO
X XY egpobiaoucvo pe tg puotkeg mpo6oAsg pr i X X Y — X, p2 : X X Y = Y, 10t¢ yia kade Z kat
(f,g) € Homge(Z, X) x Homget(Z,Y) €xouue 10 Staypoapua

P1

Y

Aniaén kade otoyyeio (f,g) € F(Z) mapayovtonoieitat péow tov opopiouov (f,g): Z — X x Y.
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IIpotaon IV.5.2. I'svikdiepa o pa karnyopia C av urapyet to ywouevo X X Y, 10te tkavonoleitat
n mapakaie 1omia:

I': Yrapyouvv popgiopot
p1 € Home (X x Y, X) katpz € Home (X x Y,Y)
WOTE yla TUXaioug UOop PLOUOUS
f € Home(Z, X) kat g € Home(Z,Y)
urapyet évag povadikog uop@iopuog h € Home(Z, X x Y) wote
f=piohkxatg=p20oh

Kat 1o dwaypaupa

z av.7)
lh
T/ XxY \9
X Y

va givat avtuetad etko.

Avtiotpopwg, av 1o (X, Y) ucavornoiei tnu ntaparnave 6wotta T, 0te 1o (X X Y, (p1,p2)) va sivat
70 ywopevo tov X kat Y.

Amnobeiln. Yrnobetoupe 61l 0 ouvaptntg F eivatl ioopopgpog pe tov ouvaptnt] hxxy Orou
F(X x Y) = Home(X x Y, X x Y)

Kai
hxxy(X X Y) = HOHI@(X XY, X x Y)

Zuvenog unapxet eva geuyapt (pi,p2) € F(X x Y) to omoio avriotoixei oto otoixeio idxy €
hxx v (X < Y).

‘Eoww éva Z € Ob(€) kat f € Home(Z,X), g € Home(Z,Y) onote (f,g) € F(Z). Apou €xoupe
urtoBéoet 011 F(Z) = hxxv(Z), untapxet éva povadiko h € hxxy(Z) = Home(Z, X xY) 10 ortoio avti-
otoixei ota (f, g). Epappoloupe tov ouvaptnn F kat €xoupe F(h) € Homge (hxxy (XX Y), hxxy(Z))
10 011010 avilototXel oto hxxy(h) € Homget (hxxy (X X Y), hxxv(Z)).

EZ opiopou, oto otoixeio F(h) ((pl,pz) aviiototXel 10 hxxy(h)(idxxy). Ao tnv aAAn mAgupaq,
Exoupe

F(R) ((p1.p2)) = (p1oh,p2oh)
hxxy(h)(idxxy) = h.

Agou (f,g) avuotoixet oto h € hxxy(Z) €xoupe (f,g) = (p1 o h,p2 o h) kat to daypappa otnv
(V.7) eivar avipetaBetixo.

Avtiotpodwg, urtobétoupe ot 1o (X X Y, (p1, p2)) wavortotovuv v dotta . T'a éva avukei-
pevo Z € Ob(C) Bswpoupe ) ouvdaptnon

bz i hxxy(Z) =Home(Z,X xY) — F(Z) = Home(Z, X) x Home(Z,Y) %
h+— (p1oh,p20oh)
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Ia (f, g) € F(Z) and v i6otta I €xoupe o6t untdpyet povadikn hHome(Z, X X Y) wote f = pioh
Kat g = pe2 o h. Zuvenog 1 ¢z eivat eri. Antd tv aAAn n povadikotnta ing h anod v doma T
e€aoPalilel 1o ot n bz eivat 1-1.

Eruréov, yua a € Home(Z;, Z2) €xoupe 1o avuipetafetiko Siaypappa

hxxv(Z2) b F(Z3)
h (p1oh,p2oh)
hxxv(a) F(a)
hoa (piohoa,pzohoa)
Ry (Z1) ta F(Z))
Zuvenog ot ouvaptnég hx «y kai F eitvat iwoopopgot kat o F eivat avanapaotdoiog. O

IV.5.1 Iv&dn ywopeva

®a Xpelaotoupe ToV MAPAKAT® 0plopo: Awvoviat popdopot q; : X — Z, q2 : Y — Z oe pua
katnyopia C. Opidoupe 1oV ouvaptnty:

G(T) ={(f, g) :€ Home (T, X) x Home(T,Y):qrof =q209, T € Ob(C)}.
Andadr), yia T € Ob(€), to G(T) amotedeitat ano oAa ta {euydapla (f, g) wote 1o Siaypappa

X/T‘Y
N

va etvat avupetabetiko. I'a pa ouvapnon h € Home(Ty, To) kat a,b € G(Ty) opidoupe G(h) €
Homge (G(T2), G(T1)) pe

G(h)(f,g) =(foh,goh).
Tote o G(h)(f, g) € G(T;) kat to

G(h) € Hom(se)(G(T2), G(T1)).

Me tov tpo1to auto opiletat évag contravariant ouvaptnmg G : € — (Set). To otokeio (W, (p1,p2))
TO OITO10 AvVaAIaP1oTd TOV oUVAPTNTL], 010U (p1, p2) € G(W), tote 10 W Ba Aéyetar o fibre product
TV X KAt Y uniepdve tou Z kat Oa to oupBodidoupe pe X xz Y. Ot popdpopoi p; : X xz Y — X
Katps : XXz Y — Y Oa ovopdalovtat o1 Kavovikeg rpoBoAég i tou X kat Y avtiotoya. ‘Onwg kat
nponyoupevag, ta (W, (p1, p2)) eivat povadikd kabopiopéva peéxpt 1copopdiopou.



82 KEPANAIO IV. KATHI'OPIEY KAI 2XHMATA

IIpotaon IV.5.3. Ocwpovue 10Ug uoppiouovs q; : X — Z kat qq : Y — Z ot kawmnyopia C. To
 fibre product X xz Y umdpyetl av kat uovo av urapxet eva aviikeipevo W € Ob(C) kat popgiouotl
p1: W = X katpe : W = X @ote va woxvel n napakdio 16i0tia:

IT: To 6waypauua
w
N
X Y

Z

va eivat avtiuetadetiko Kat yia Kade aviiuetadetiko O1aypapuua

T

unapyet povadikog uopgiouog h : T — W o omolog va kavet 1o mapakdi® Sidypapja aviyuetads-
TKO:

/
\

Amode&n. H anodei€n eivat akpBog 1) ibia pe auty) ing nipodtaong IV.5.9. Av n xatnyopia € eivat
autr) TOV oXNPAtev, Ha prnopoucdaple va XPnolHono)00UHE KAl TNV Ipotacn avukadi-
OT®VTAG TNV KATNyopia 1@V OXNHPATOV PE AUt ToV Z-OXNHATOV. O

Ocwpnpa IV.5.4. Ztv kamyopia 1oV OxXNUATOU UTAPXOUD WadN Ylvoueva.

IMa mv anodeidn tou napandave 6a XPelaotoue 1o

Afppa IV.5.5. [a agwika oxnuata X = SpecA, Y = SpecB kat Z = SpecC kat yia uop@iouovg
qi: X —>Zratqs:Y — Z, 10 wabeg ywouevo (X Xz Y, (p1,p2) UTdpxeL Katl lOXUEL

X xzY = Spec(A ®c B).

Ot ovvaptnoslg TPo6oAMY gival oL oUVAPTNOEIS TTOU EMAYOVIAl OTa a@lVIKd OXHUAIa amno Toug
(PUOLKOUG OUOUOPPLopUoUS baKtudiov

d1:A— AR®c B, $2:B—A®cB
a—a®l1 b—1®Db

Amnobeiln. Ot popoopoi f: T — X kat g : T — Y rkaBopidovtal minpwg and popgiopoug da-
Kdlov ¢ : A — T'(T,01) .= R katry : B — I'(T,07) = R. Eniong, ot ouvaptioeg q; : X — Z
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Kat qq : Y — Z raBopidovral povoonjpavia amno toug popdpiopoug daktudiov v ¢ C — A Kat
vy : C — B. Méow 1oV ouvaptroenv vi, vo ot daktudiot A, B yivoviatr C-aAyeBpeg. EruumAéov, n
oxéon g1 o f1 = qg o g pag 6ivel 6t o1 popdpopoi ¢ o vy =P o vy : C — R. Zuvenwg o ouvaptnig
G propet va ypagptel og

G(T) ={(f,g) € Hom(T, X) x Hom(T,Y) :q; o f =q20 g}
{((I)alb) € HOHI(A, R) X HOIH(B, R) : d) oVvy = 11) o V2}7

Bewpoviag ta A, B wg C-dAyeBpeg NE€owm TV Vi, vo BAETOUNE OTL 1] 0X€on ¢ o vi =P o vy Exoupe
ot d(c-1a) =P(c-1p) yia kabe ¢ € C, érou 14, 1 eivat o1 povadeg towv daktudieov A, B. Kat to
R €xe1 Sopr) C-dAyeBpag peow g ¢ o vi =P o vo. Tote yia a € A, b € B €éxoupe

$(c-a) =cd(a) xatp(c-b) = cp(b).
Optidoupe ) ouvaptnon @ wg

O:AxB—R,
(a,b) — ¢(a)p(b).

[Mapawmpouvpe 6t n @ eivarl drypappikn ouvaptnon Kat yia kabe a € A, b € B kat ¢ € C oyvet
®O(c-a,b)=d(a,c-b) =cD(a,b) (Iv.8)
Kat yla kaBe aj, as € A kat by, by € B,
®(araz, bibs) = @(ar, b1)P@(az, bs). (IV.9)

Avtiotpopwg, av divetatr pia C-dtypappikn ouvaptnon @ n oroia va 1KAvorotel TG e§1000E1g

(IV.8) xat ([V.g), to1e 0opidoupe

$(a) = ®(a,1p) xatPp(b) = O(1a,b)
ot ortoiot eivat opopopdpiopoi ¢ : A — Rratp: B — R, eved yia a € A xat b € B éxoupe
®(a,b) = ®(a,1g)@(1a,b) = d(a)p(b).
EmunA¢ov, yla tig ouvaptioeig ¢, mmou Kataokeudaoape aro v @ éxoupe ot
dlc-1a) =D(c-1a,18) = DP(1a,c- 1) =(c- 1),
ya kabe a € A, b € B xat ¢ € C. AnAadr) woxvel 61t ¢ o vi =1 o vo. AnAadn €xoupe ot
G(T) = {®:A x B— R: ® givat Siypappuky kat ikavorotel g (IV.8), ([V.d).

E€ op1op0U tou tavuotikoU yivopévou A @c B amtd C-dAyeBpeg A, B 10 6ei 1€pog tng napanave
e€lowong eivat 1oopopo pe 1o Hom(A ®c B, R). Andadn éxoupe évav 100p0pP10d OUVOAGV

G(T) — Hom(A ®c B,R)
0 ort0i0g £TAYEL £vav 100P0PPLOPO CUVOA®V
o7 = Hom(Z, Spec(A ®c B)).
'Evag popgiopog oxnudatev j : T; — Te endayet évav opopopdlopo daktudiov

j : r(Tla OTl) — F(TQ’ OTQ)’
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®¢toupe Ry =T (T, O1,) Kat Ry =T'(Ty, O, ). Tote 0 j enayet pia ouvaptnon:

Hom(A ®¢ B,R;) — Hom(A ®¢ B,Rs),
n—jon

1 ortoia P& T ogPd TG EMAyel HopP1opo
Hom(Ts, Spec(A ®@c B)) — Hom(Ty, Spec(A ®c B)).

®¢toupe W = Spec(A ®c B) rat £€xoupe 10 mapakdt® avitpetafetko daypappa:

o
G(Ty) —2 Hom(Tz, W)

G(i)l ihw(i)

G(Ty) ? Hom (T, W)

T

To otoxeio (p1,p2) € Hom(W, X) x Hom(W,Y), avtiotoikei oto Idyw € Hom(W, W) kat arnoteeitat
arnod oug ¢; : A - A®c B rat fy : B - A ®c B ou 860nkav otnv eKPpovnon tou Anppatos.
KataAnyoupe ot to (W, (p1,p2)) avarapiotd tov ouvaptt G. O

®a anodeifoupe tHpa 1o Bempnpa V.54,
Brjpa 1. 'a popdiopoug oxnuatev q; : X — Z kat gz : Y — Z, av Undapyet 10 vadeg yivopevo
(X xzY,(p1,p2)) untepdve tou Z, 101e yia KABe avoiyto ouvodo U C X 1o (pgu), (P1,p2)) etvat 1o
wwbdeg yvopevo tou U pe 1o Y urtepdve tou Z, 61tou 1) pi €ivat o mePLopiopog g p1 0to P1_1 (u).

[paypart, yia ) ¢puoikr) open immersion i : U — X, O¢toupe q; = qi0i: U — Z. YnoBetoupe
0Tl UTAPX0oUV POoPP1Io0l OXNUATOV f:7 - Uxat g: T — Y ot oroiot ikavoroouv v q o f =
g2 0 g. ®étoupe f =1io f:7T — X kat g€xoupe Ot q; o f = @2 0 g. ATO v UNOOeOoT] Pag Urapyet
povadikn ouvdptnon h: T — X xz Y n oroia wavorotet f = p; oh kat g = p2oh. Agou f(T) C U
gxoupe h(T) C pfl(U) To p~!(U) eivat éva avoixtd unocuvoAo tou X x z Y, OUVEN®G TO pfl(U)
elvat éva avoiyto oxnpa xat o h propei va Bewpndet wg popdiopog qr[o 10 T oto p~1(U). Tote
f= P1oh kat g = py o h. H povadikétnra tou h pag diver ot (p~HW (P, p2)) eivat 1o vedeg
ywopevo U x 7 Y.
Brjpa 2. ®copoupe toug popqnopoug oxnpatev q; : X — Zrat gz : Y — Z vat €o0tw {Xj,1 € [} éva
avoiktd kaAuppa tou X. Av yia q;" 1) _ = q1 Ix,: Xi = Z elvat ot mepropiopoi tou popPiopov q; oto
Xi KAt gz : Y — Z unidpyouv 1a vodn ywopeva (Xi xz Y, (qgl), g2)), TOTE KAl TO WVAOOEG YIVOHEVO
(X xz Y, (g1, qz2)) urapxet eriong.

[Mpaypat, 6&toupe Xy = X; N Xj. Av X ﬁ X # 0 O¢toupe Uy = (p1 )7 1(Xi5) C Xi xz Y. Tote
Ui; = Xi5 xz Y. Agou X5 = Xj; kat Uj; = (p1 ) 1(X;1) C Xj xz Y eivat eriong 1o vadeg yIvopevo
Xji xz Y, éxoupe €vav 100popP1ouo

by Uy — Uy

®ote . . .
P uy= (01 ) © gy xarpy” fuy= (097 1 Us) 0 s, (IV.10)
omou ¢j; = d)i_jl. Av X; N X; N Xy # 0, éxoupe
¢ (U N U5 ) = Uji N Uy,

kat oto Uj; N U, €xoupe

bix = dij o djk.
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Mriopoupe va koAAniooupe ta Xi X z Y 1€0w 1oV {Pi;} yia va mapoune 1o oxnua X x z Y. Emméov
n (V.1d) pag Siver poppiopovs oxnuatev py : X xz Y — X kat ps : X xz Y — Y, 61ou 1 pi, p2
nieplopidovrat ota pgi) , péi) oto Xj xz Y.

®a arodeioupe 6t 10 (X X7 Y, (p1,p2)) €ival 1o wwdeg yivopevo. I'a popdiopoug oxnpatev
f:T— Xxatg: T — Y nou Kavonowouv q; o f = gg o g, O¢toupe T; = f1(X;) yia xdBe i € 1
fi = fl1,, gi = gl1,. Tote €xoupe ol qgl) ofy = qé” 0 gi. ZUVETNKG UITAPXEL LOvadIKOG NOopPLopog
h; : T; — X; xz Y rtou wkavorotet f; = pgi) Kat gi = péi) o hi. Kat taAt ot popgiopoi hy koAAdave
petady toug ot pia povadikr) ouvaptnon h: T — X Xz Y pe v iddtua f =pyoh, g=paoh.
Brjpa 3. Ze autod 1o Brpa Ba oAokAnpwooupe v anodeln. OcwpoUe TOUg POPPIOPOUG OX1)-
pawev q;: X - Z xat gz : Y — Z. YrioBetoupe ot ta Y kat Z eivat apvikd. KaAvumtoupe to X pe
£€va avolyto KaAuppa ano apvika {Xj, 1 € I}. @ctoupe qgl) = (1x,. A0 T0 TIPONYOUHEVO Anjppa
T0 ywvopevo (Xi xz Y, (pgi) ; péi))) untdpxet. To Brpa 2 eSaopadiletl tnv vrapdn ou (Xxz, (p1,p2))-

Y ouvéxela unoBEToupe Ot 10 Z gival apiviko, eve ta X, Y eival tuxaia oxfpata. Kaiu-
ITTOUPE TO Y PE €va avoiyto adPpiviko kaAuppa Yj,j € J. ATo v ponyoupevn Iapaypado £xoupe
o1t 6Aa ta ywopeva (X x Yj, (pi”,péﬂ)) urnidpxouv. Kat ridt to Brjpa 2 e§aopadilet tv unapin
ou (X xz Y, (p1,p2)).

TéAdog uroBetoupe ot ta X,Y,Z eivatl tuxaia oxnpata. Atadéyoupe €éva avoilyto kKaluppa
{Zy,k € K} tou Z anotedovpevo anod apvikd oxnpata. @ctoupe Xy = qfl(Zk), Y = q;l(ZK),
qgk) = q1lx, qék) = qalv, . ®ewpoupe 10 yvopevo (Xy xz Yy, (pgk),pék))) TV Xy, Yi ITAve arod to

Z. To ywopevo auto eivat 1o 1610 pe 1o ywvopevo Xy xz Y. Ilpaypat, yia T — Xy kat g: T — Y

)

. k .
TIOU 1KAVOITOl0UV qg of = (g 0g €xoupe

q2(9(T) = ¥ (£(T) c ¢¥ (Xp) € Z.

AnAadn ¢(T) C Y. Zuvenag undpxetl €évag povadrog poppiopog h @ T — Xy Xz Yy mou va
wavorotet f = pgk) ohkat g = pék) o h. 'Etot 10 Xi Xz Yi €ivat 1o ywopevo Xy xz Y. Apou ta
{Xx : k € K} eivat éva avoixtd kaduppa tou X kat rmdAt to BhApa 2 e§aodaridet ot 1o yvopevo
(X xz Y) untapyet.

Hapatnpnon IV.5.6. To ywousvo X Xgpecz, Y €ivar 1o i610 pe 10 X x Y.

Mapadewypa IV.5.7. Ioxvet ot A xy AlY = AYT™. Tpayuatt A} = Speck(xi,...,xm], A" =
Specklyy, . .., yml. To ywouevo 1oV apikov oxnuatov divetat amo

AR xyx ATY = Spec(k[xq, . .., xn] @k kly1,...,yml) = Spec(klx1,...,Xn,Y1,---,Yml).)
Opiopog IV.5.8. 'Eoww f : X — Y évag poppioudg oxnudiov. I'a éva onueioy € Y 8a ovoualovue
Xy = X xy Speck(y)

mv va v f utgpdve touy onou k(y) = Oy y/my, Kai my givat 10 UEYIOTO 16ewbES TOU Y.
Mapadewypa IV.5.9. O @UOUKOg OUOUOPPLOUOS
k[t] — k[x,y,tl/{(xy — t)
EMAYEL EVAV UOPPLOUO ATO APIVIKA OXNUATa
f : X = Speck[x,y, tl/{(xt — t) — Y = Speck[t].

To onueio ou Y 10 omoio kadopiletal ano éva mpto 10ewdeg (x — a), a € k da ovuboiletar yia
anfomzta pe a. H iva ungpave tou a da bivetat ano 10

Xa = Speck[x,yl/(xy — a).
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Avuto oupbaiver yrati 10 owpua vnofoin®v tou a gival wwouop@o ue 1o k(tl/(t — a) kar emmicov
Exouue
klx,y, tl/(xy — t) @y kltl/(t — a) = klx, yl/(xy — a).

Av 10 a # 0, 1018 0 X4 €lVAL AVAYWYO. ZTNV TEPIMTOON TOU To a = 0, T0TE EYOUUE

Xo = Speck[x, yl/(xy).

Emiong, 10 ooua vmofoinev tou yevikou onueiou tou Specklt] eivat 1o k(t) kat, 10te Exoupne
klx,y, t]/(xy — t) @y k(t) = k(t)[x,yl/(xy —t).

AnAabn n tva tou f Tave amo 1o yevko onueio givat 1o

Speck(t)bx, yl/(xy — t).
Mapadewypa IV.5.10. OcwpoUue TOV LOPPLOUO APIVIKOV OXNUATOV

f: X = Speckl[x, y, t]/(x™y™ — t) — Speck|t]
n omoia kadopilerat anod 1oV GUOIKO OUOUOPPLOUO UTELAV® TOU OWUATOS k
k[t] — kb, y,yl/(x™y™ —t).

Bewpoupe 1o onueio a ou Y 10 onolo kadopiletal anod 10 mPw1o W0ewdeg (t — a), a € k. Tote n iva
mg¢ f mave ano 1o a divetar ano 1o

Xa = Speck[x,yl/(x™y™ — a).

Otav 10 a = 0 10 Xg 6¢ev glvar avnyuévo (reduced). Av 1o k sivar aflys6pika KAsoto ooua, tote yia
m kain nov bev drtaipovvtar ano ) yapaktnpiotikn char(k) tou k, 1o X4 glvat avnyuévo yia a # 0.
I'a mn > 2, 10 X4 givat un avaywyo. H iva tave ano 1o generic point divetat ano 1o

Speck(t)x, yl/{(x™y™ — 1),
Kat elvat avaywyo.
Mapadewypa IV.5.11. OcwpoUlE TOV ETAYOUEVO UOPPIOUO OXNUATDD:
f : X = Speck[u,v] — Y = Speck[x, y]
amo 10V OUOUOPPLoU0 SaKTuAiw:

kx,yl — klu,v]
f(x,y) — f(u,uv)

'Eotw (a,b) 10 onueio tou Y 10 omoio kadopiletar ano 10 1dewdeg (x — a,y — b), a,b € k. To ooua
umojloinwv ToU (a,b) sivat wwouopgo ue 1o kix,yl/(x — a,y — b) rar icavonoiei

KD, V] @ipey KB Y1/ (x — @,y — b) = K, vl/(u— a,uv — b).
Etrot yta a # 0 n iva tave ano 1o (a,b) eivat woopopgn ue 1o
Speck[u,Vv]/{(u—a,v—Db/a).

Na a = 0,b # 0 éyoupe (W — a,uv — b) = (1). Zvvenawg, klu,vl/(w — a,uv —b) = 0, éndadn 1
X0.p) = 0. I'ta (a,b) = (0,0), éovpe (L — a,uv —b) = (u). Zvvenwg n iva X o) = Speck[v].
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Opiopdg IV.5.12. a éva oxrjua X — Speck, omou 10 k givat éva ooua av 1o X xy k, onouv k eiva
n afye6pukn Kisiotomia tou k, ivar avaywyo, 10te da Aue O0tL 10 X €lvatl YEOUETPIKA avdywyo.
Av 10 X X} k glvar reduced, 10te da Aéue ot 1o X eivar yewuetpikd reduced. Av 10 X xy k elvai
akgpaio, da Aue 0t 10 X €lval YEQUETPIKA aKEQAlO.

TéAog av 1o X®y k etvat avayeyo (1) reduced 1) aképato), tote to X eivat avayeyo (avt. reduced
1) arépato). To aviiotpogo bev eivatl mavia aAnbeég.

Mapadewypa IV.5.13. Oswpovue 10V N-6140TaTo MPOGOAIKO XWEO TAV® AT T0 7 VA EXOUUE
P7 = ProjZlxo, ..., xnl.
O @uokog ouopuopPiouog 7. — Zlxo, . . . , xnl kadopifel tq ovvaptnon doung:
m: Py — SpecZ.

TI'a évav tuyaio avuuctadetiko dbaxtuiio R, umdpxet evag uOIKOG OUOUOPPIOUOC Z — R, n +—
n - 1r, 0 omoiog Kadopilel Evav HOPPIOUO amo aPvikd oxXNUaTa

SpecR — SpecZ.
Tote €xouue
P7Z X specz SpPecR = ProjR[xg, ..., xn] = P§.
TINa vav mpa™o apduo p, N iva t1ou T Tave amno 1o onueio (p) € SpecZ bdiverar amod 1o
ProjFy[xo,...,xn] = IP’ITF‘p.
Ipayuan, apkei va mapatnEroovus 10 owpua vrooinwv tou (p) eivar 1o Z/(p) = Fp.

'‘Eote X kat Y oxfjpata nave arno 1o S, kat £ote f : X — Y évag popPplopog oxXnNPatov urnepdve
tou S. Tdte, yia évav 6edopévo poppopd g: T — S, €xoupe ta ywvopeva

(X xs T, (p,q)) kat (Y xs T, (p’,q")).

Tote fop: X xsT—=Yxratq:Xxs T — T eivat poppiopol urepdve tou S. Zuvenwg, 1 KABoAK)
1&10tta tou fiber product pag 6ivel évav povadikod popplopd

fT:XXST—>Y><5T
ITOU KAVEL TO MAPAKAT® draypappa avipetabetiko:

XxsT

B

fop YXST 9
Y T

O f1 etvat évag popp1opog rmave ano 1o T. Me auto tov Tporo £Xe1 KataoKeuaotet €vag covariant
ouvaptng (Sch)/S mdve arno 1o S oy katyopia (Sch)/T v oxnpdtev ave ano t T, orou
10

X— XxgT

EV® O

f € Homg(X,Y) — f1 € Hom7(X x5 T,Y xg T).
Edwkotepa, av f: X — S, tote ya évav popdpopo g : T — S, €xoupe f1: X xs T — S xs T =T.
O popolopog fr Aéyetat ot eivat np addayr 8aong ting f: X — S yua g : T — S. Zuvenwg, pe 1
Bor)Bs1a TOU Y1IVOPEVOU €XOUPE €va OXN A IIAVE arto 1o T.
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IV.6 Auwaxwpliopévolr Mop¢piopoi

H toroloyia Zariski €xe1 Atya avoiyxta kat dev €xet tnv 1610tnta Hausdorfl. H évvola tou
dlaxwplopévou popPlopou avtiotoixel oty 1610tnta Hausdorff evog tormodoyikou xopou.

IMa évav popdlopo oxnpatey f: X — Y Bewpoupe to ywopevo (X xy X, (p1,p2)). Amo tov opt-
OH0 TOU YIVOUEVOU UTTAPXEL £vag povadikog popdionog Ay y : X — X xy X, o ornoiog ikavortotet
P1oAx/y = p20Ax,y = ldx. O pop@iopog autog Adyetat o 61aymviog pop@piopog kat ouxva,
otav to X,Y eival otabepd, ypagpoupe A avti yia Ay, y. ‘Exoupe 10 mapaxkdte aviipetadetiko
didypappa:

X

/
RN
Idx // \\ Idx

A
S

Oplopog IV.6.1. O uoppioudg oxnuatov f : X — Y da Aéystar daywpilougvog (separated), av
0 61aywuiog HoP@PLouos Ax v X — X xy X glvar pia kieiotn immersion. Zmnv mepiniwon mwou
Y = SpecZ wkat o povaducog uopgiouog f : X — SpecZ sivar diaywpiopugvog, 10te 10 oxnpua X da
Aeyetar dSiaywplopugvo oxnua.

Mapatipnon IV.6.2. 'Evag tonofoyucog yapog M givat Hausdorff éniadn yia kade dvo onueia
X,y ME X £y undpyouv avorta ovvoda U,V uex € U katy € V wote UNV = (), av kat uovo av
n édtaywviog

A={(a,a) e M x M,ae M}

glvat kKAe1ot0 ovvojlo otov tomoAoyko ywpo X x X. Ipayuatt av umapxouv tetoia ouvoAa, T0te 10
U x V givar pia avoytn meproxmn kade onueiov (x,y) eKTOg ¢ iay®viov Kat avtiorpopeg, av 10
A givar Ki€1010, 101 10 (X, Y) € X X X — A €xer avoytn neproxn W nou bev téuvet m Swayovio. Ot
mpob6oféc e U = pi1 (W) kar V = po(W) givar ot Eveg avolyteg meploxes TV X, YTov anattel n
1610tnta Hausdorff.

Iapatpnote ot yia éva oxnua X n tonofoyia Tou ylWwouEVOU givat 10X UPOTEPN amo TNV TOTO-
Aoyia ywouevo.

HMapatipnon IV.6.3. Z 616 10ypagia avto Tou 0ploape w¢ «OxXNU@» OUX VA AVAPEPETAL WG «TPO-
OXNUQ, EV® O OPLOUOG TOU OXNUATOg anattel Kat i d1ax@plouotnia Onws Oplotnke Tapandv.

IIpotaon IV.6.4. Kdde agwiko oxnua givat Siaxwplouevo.

Anobeiln. Oswpoupe 10 aPviko oxnpa (SpecR, Ogpecr) TO OMOIO AVIIOTOLXEL OTOV AVIIHETAOETIKO
6aktuAio R. 'Exoupe ot
X x X = Spec(R ®z R).

O dlaywviog popPplopog kabopiletatl and tov opopopPpiopo

nN:R®zR—R
a®br— ab

Apou o popplopog 1 etvat erti, o dHraywviog popdpiopog A : X — Xx X etvat piia kAeiotr) immersion,
Kat 1o X eivatl Staxwpiopévo. O



IV.6. AIAXQPIXMENOI MOPPIEMOI 89

IIpotaon IV.6.5. 'Evag apwikdg popgioudg f : X = SpecA — Y = SpecB eivatr diaxywplopévog.

Amnobeiln. Bswpoupie tov opopopPlopd daktudiov ¢ : B — A o omoiog entdyet tov f. Oswpmviag
T0v A @G B-aAyeBpa péow tou ¢, oxnuatidoupe to

X xy X = Spec(A @5 A).

O diaywviog popPlopog
Ax/y X —X Xy X

AVTIOTOIXEL OTOV OPOPOPP1o10 TTAVE ATto 1o B:

P:AQRA — A
a®a — aa’.

Agou 10 P eivat erti, 0 Ay /y elval kAeiotr) immersion. O

Ipotaon IV.6.6. 'Evag popgioudg oxnudtov f : X — Y givat dtayoplopévog av kat uovo av n
eucova Ay vy (X) tov umokeiugvov xwpou X Kdtw amnod tov 61aywvio uop@iopud Ax y : X — X xy X
glvat KAEL0T0 UTTOOUVOAO TOU UTIOKEIUEVOU TOTTOAOYIKOU X @PoU Tou X Xy X.

Amnobeiln. Av o popdlopog eivatl dStaxmplopévog eival cadeg Ot n ekova g draywviou eivai
KAE10TO UTIOOUVOAO TOU Y1VOHEVOU. AvToTpOPrG, UTOOETOUNE 0Tl 1] e1KOva tng daywviou eivat
KAE10TO UITOoUVOAO ToU yivopévou. E§ oplopou yia v mmpoBoAr] p; : X xy X — X €xoupe p; o
Ax/y = Idx

ZUVEN®G, 1] CUVAPTION TRV UMOKEINEVOV TOMTOAOYIK@V XwpwVv X oto Ax v (X) eival torodoyt-
KOG opolopopdlopog. ®a Seifoupe 611 0 opolopopPlopodg ano sheaves

Aﬁ/Y F Oxxyx — A yOx

etvat eri. Ta éva tuxaio onpeio x € X, dadéyoupe pia avor ) neploxr U tou x, wote to f(U)
va TEPIEXETAL 08 €va avolyXto apviko V tou Y. Tote otnv meploxr) Tou x 0 H1aynviog PopPlopog
Axx,x etvai

Au U —u Xv u,

kat adou U,V eivat adpivika kat ta duo €xoupe ot 1 Ay eivat kAeiotr) immersion. ZUVENag 1
. *
A* Oy u — AL OU

eivat erti, kat agou 1o U xy U eivatl avoixtd urtocuvodo tou X Xy X Kdl 1) Aﬁxyx eivat emi Kat
tedikd 1 Ax y eivatl pa xkAeiotr) immersion, onote 1) f eivat Siaxwpiopévn. O

Zto napandve Bedpnpa anodeifape ot 1 ewkéva Ay v(X) tou daywviou popdpiopou eivat
Tormka KAeiotr), dnAadn vnapxet éva avoixto ouvodo U D Ay, y(X) eote 10 Ax, v(X) va eivat
KAg10t6 oto U.

Mapadewypa IV.6.7. Ocwpovue g apivikeg yoauues X = Speck[x] rwar Y = Speckly] vnepave tou
owuarog k. Oswpouvue ta avoryta ocvvoja:

U = X\{0} = Specklx, 1/x],

V = Y\{0} = Speckly, 1/y].

'Eotw Z 10 oxnpua mov mpoKUTel ue Kojinua péow tou wouop@iopov ¢ : U — V mou bivetat amo
muv

k[x, 1/x] — kly, 1/yl,

f(x, 1/x) — f(y, 1/y).
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Tavrtidovtag pe avto Tov TPOTO TPOKUTIEL pia apiuiky eudeia Z, n ornola oto 0 ouurAnpovetal ue
6vo onueia. To oxnua Z bev givat S1ax@wPIOUEVO UTLELAV® TOU K.
Ipayuat 1o oxnua Z xspeck Z 6lverar koAjwviag téoogpa agivika eninedba
X1 = Speck[x] @1 k[x] X = Speckly] @y k[x]
X3 = Speck[x] @y k[y] X4 = Speckly] @y kly]

Ta omoia KoAAAVE UEO® TOV EMAYOUEVOV UopPplopwv: ¢ : U — V:

dxIdy:Uu X Speck u—v X Speck A%
Idu X d) :u X Speck u—u X Speck Vv
d) X (I) u X Speck u—yv X Speck V.
To oxnua mov mMPokKUTIEL and 1a teoogpa apivika enineda ta onoia tavti{foviat Taviov eKT0¢ amo
1a 1éooepa onueia sivat éva eninedo pe teoospa onueia ot 8¢on twou (0,0). O diaydviog LoPpPLouUog
A:Z — 7 Xgpeck £ Olvetal pe kofjinua tov 61ayoviov HopPLopwv
A X — Xy :XXSpeckX
Ay:Y — Xy =Y X Speck Y.
H gixova tou A(Z) 10U untokeipusvou xwpou anotefleital ano m Siaywuvio ektog ano ta onueia (0, 0)
uadi pe v iba emifoyn onueiov TAve ano 10 undeviko onueio v X; kat X4. H Kisiotomnta oto

Z Xgpeck Z NG d1aywviou 1ou a@ivikov emmedou TePIEXEL Kal Ta TE00Epa onueia onote, 10 A(Z) bev
elvat kKeloto ovvoso.

Oepnpa IV.6.8. 1. Avf: X > Ykatg:Y — Z eivar brtaywpiousvotl, 1ote kato f: X — Z givat
Ol1ax wPLoUEVOG.

2. Av évag popgioudg j : Z — X givar Kjlelotn immersion 1 avoyytr) immersion, t0te 10 j givat
Sdlaywpilopgvn.

3. I'a évav diaywprousvo poppouo f : X — S, o pop@louog
fr: X x S T—T
nou enayetar ano mv afdfayn 6aong T — S eival Staywplopevn.

4. I'ia popgopovg oxnuatov f : X - Ykarg: Y — Z av n ovvdeon toug go f : X — Z givat
Slaywprouévn, 10te kar n f elvat Sraywplopevn.

Amnobdeiln. 1. Otpopgiopoi Ax vy : X — XxyXKatAy,z : Y — YxzY eivar kKAelotég immersions.
Bewpoupe 1o X oav éva oXNHa nmave amno 1o Z Péow® tng ouvleong g o f, kat opioupe tov
HOPPLOpO

(f,f)z:X XzX—=>YxzY,

n ortoia opidetat amod to draypappa

XXZX
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Tote n aAAayn Bdong g Ay, z ue tov (f, f),
h:Ay/z XYxzY (f,f)z 'Y xYXZyX sz — X sz
n ortoia divetat amnd to draypappa:

YxYXZyXxZX

Y XxzX

YXZY

eivatr kAeiotr) immersion. ‘Opwg yla éva oxnua W €xoupe ott hy (W) = hxy,x(W), orou
H =Y xyy,vy X xz X. [Ipaypatu pa ouvaptnon ¢ : W — X xy X endiyet poppoppoug W — Y
kat W — X x z X kat ano myv KaboAikr) 1610tnta tou yivopévou €xoupe ouvaptnon W — H.

Avuotpopwg, évag popplopog W — H endyet popdpiopoug oto Y Kat oto X Kdl OUVETNT®OG
ano v KaboAkn 1610tnta tou yivopévou X xy X enayet popplopd W — X xy X.

ZUven®g undpxel £vag Kavovikog 1000pP1o10g
H:YXYXZYxeX—>X><yX.

O Sdlaywviog popPlopog

Ax,z : X — X xz X,
propet va Bewpnbeil wg n ouvbeon tou Ax vy pe tov h = Ay, 7 Xy, v (f,f)z. Apou ta Ax /vy
kat h eivatl kAelotég immersions kat n oUvOeon toug eival KAelotr] immersion, Kat Kata-
Afjyoupe oto ot 1) g o f eivat Staxwplopévn.

2. Bewpoupe v nepinmmwon mou 1 j : Z — X eivat pia kAetotr) immersion. T'a pa avoiytr
nieproxr) U = SpecA tou X, av V = j 1 (U) # 0, tote V = j~1(U) eivar éva apviké oxrjpa
SpecB. Tote n SpecA — SpecB eivat pia kAeiotr) immersion. O avtiotolKog opopopPLoog
daktuAdiov A — B eival erupopgiopog. Tote to B = A /I, orou 1o 1 eivat éva 18emdeg tou A.
Zuvenog B ®A B = B kat 1 mpoBoAn

p1:V xuV =Spec(B®a B) = V = SpecB

elvat 100popP1opog. Zuvenwg 1 p1 : Z xx Z — Z eivat woopopdpiopog. Emiong, p1oAz/x =
Idx pag biver o1 Az /x eival woopopdionog. Ot wwopopdiopot eivar kKAelotég immersions.
Zuvenog 1 j etvat S axwplopévn.

Znv nepimeorn 1ovu 1) j etvat avoiytr) immersion, ermAéyoupe U = SpecA C j(Z). Mriopoupe
va deioupe ot n p1 1 Z Xx Z — Z gival 100popPlopog Kat pe tov 610 akp1Bwg Tporo 1 j
etvat draxwplopévn.
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3. ®¢toupe X' = X xg T. Tote éxoupe
X' x1X' =XxsT)xt (X xsT)= (X x5 X).
Zuvenog Ax = Axys xs T xat n Ax/ 7 eivat kAeot] immersion, énAadn n fr eivat
draxwplopévn.

4. Méow g g o f, Bewpoupe 10 X ®g €éva oxnpa Urepdve Tou Z Kal PEom g g Oewpoupe 1o
Y @g éva oxnpua vniepdve tou Z. Tote o f eivatl évag popdplopog unepdve tou Z. Oswpoupe

TOV POPPIONO Ypapnpatog g f &g
Ie = (Idx,f)z: X — X xz Y.
IMa v kavovikn ipoBoAn p2 : X Xz Y — Y, €xoupe f = py o Ir. Apou
X Xxx,vy X=X,

0 Ax/yx,y lvat ioopopdionog kat 1 Iy eival Sraxepiopévn. Emméov agou Y =Z xz Y,
P2 €ival n addayn Baong ting gof: X — Z péow tng Y — Z. Apou 1 go f eival Staxwpilopévn
arno 1o (3) £Xoupe OTL 1] P2 €ival dSraxwpPlopévn €101 amo 1o (1) €xoupe ot 1o f = ps o Iy elvat

dlaxwplopévn.
O

Iopiopa IV.6.9. I'a évav Sraywptopsvo pop@ouo f : X — Y, kade iva X, unepdve £vog onueiou
y €Y givar dtaywpilopévo mave ano 1o owpua vroAoinev k(y) tou y.

IV.7 Zxnpata Opadag rai ouvaptntég opadag

Bewpoupe pa katyopia € otnv oroia umapxouv yvopeva Kat €va TeAKO avukeipevo S,
6nAadn éva avukeipevo S wote yla kabe X € Ob(C) va untdpyetl povadikog poppiopog X — S. Av
G elvat éva avukeipevo g € epodraopévo pe évav moAdardaoctaopo m: G x G — G. I'a kaBe
T € Ob(C) opiletatl évag moAAarmAaotaopog oto

G(T) = Home(T, G),
81011 €€ oplopoU tou yivopévou G x G €xoupe
(G x G)(T) =Home(T,G x G) = G(T) x G(T)

OM®G Paiveral Kat 0to MAPAKATO OXHd

/

g1 / (91792) gJ2

/ GxG
N

L7

S

T

o=
m&d

AnAadr), ypdgpoviag tov emayopevo OAAAITAAO1IA0TIKA £XOUHE OTL

g1g2 = mo (g1, g2),
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orou (gi1,9g2) : T — G x G elvat n povadikn ouvaptnon Oote 7 o (g1, g2) = gi, i = 1,2. 'Evag
popglopdg f: T/ — T enayet pia ouvaptnon *: G(T) — G(T’) pe f*(g) = g o f. H ouvaptnorn f*
dlatnpel t1ov kavova nmoAAanAaoclacpou apou

(g1,92)of =(g1of,gaof).

Me dAda Aoywa, n T — G(T) eivat évag contravariant functor ané to € oy Kamyopia v
OUVOAGV 1€ £évav VOU0 TIOAAATTAAC1ao0U.

O ouvaptng G(T) eivatl mpooetalplotkog ya kabe T av kat povo av (m7e)ms = 71y (719713)
toxuet oto G(G x G x G), dnAadr) av kat povo av 10 MapaKATe dlaypappa eivat avipetafetko:

GxGxG=Gx(GxG)—X™ _Gg«xaG (IV.11)
(GxG)xG m
mxldi
G xG m G

To G(T) €xel 6irmAeupo povadiaio et av Kat povo av utnapxet € € G(S) oote n wotnta
m*(e)-Id =1d =1d - t*(€)

oxuel oo G(G), orou m = mg etvat o povadikog popdplopog G — S. Andadr) anattoupe 10
MapaKAt® daypappa va eivat avipetafetko:

G=GxS—% _G5xaG (IV.12)
SxG m

exldi

GxG m G

Ze autn v nepintwor, et = 7y (e) elval n povada oro G(T) yia xabe T.

Me v nipoUnoBeon ot ta G(T) €xouv dirmdeupeg povadeg pia avaykaia Kat ikavy) ouvonkn
wote kAabe g € G(T) va £xel aptotepd aviiotpodo yia kabe T eivat to ororkeio Id = Idg € G(G) va
€Xel aplotepo avtiotpodo oto G(G), dnAadn va untapyet éva otorkeio inv € G(G) dote invldg = eg
WOTE TO MAPAKAT® draypappa va eivatl avipetafetko:

invxId

GXG————=GxG (Iv.13)

Ai (i;m

€OTT

Tote (invog)-g= et yla kanotwo g € G(T) kat k&Oe T.
TéAog, Ba Aépe 1o G(T) eivat avupetabetikd av kat pévo av 1oxUel mme = 7oy oto G(G x G),
6nAadn to draypappa:

(7t2,771)

GxG— 2" _GxG (IV.14)

BNt

G

va eivat avupetabetuko. H ouvapinon (me, 711) aviipetabétet toug mapayovieg tou G x G.
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Opwopog IV.7.1. 'Eva otoiyeio ouadag omv katnyopia C eivar éva avukeiuevo G g C e évav
uopgopo m : G x G — G, wote o emayousvog toAfarniaociaoucg G(T) x G(T) — G(T) kaver to
G(T) pia ouada yia kade T € C. 'Eva 1€1010 avtikeiusvo da Aystal avtiuetadetiko, av ot Ouddeg
G(T) elvar avtiueradetikeg yia kade T € Ob(C).

'Evag opouop@iouog ano C-oudadeg G — G’ eivar évag popgiouos G — G’ o kammyopia C
wote yia kade avukeipcvo T g € mou bivetar ano 1o g — ¢ o g givat Evag OUOUOP PLOUOG OUAODV.

[Tapatnpoupe ot 1o {euyapt (G, m) eivat avuikeipevo opdadag, av kat povo av to didypappa
g e€iowong ([V.11) eival aviipetabetikéd xat undpyouv popdiopoi € : S — G Kat inv : G — Gote
ta Saypappata v e€lodoeov (V.12) xkat (V.13) va sivat aviipetadetikd. Tédog, 1o (G, m) sivat
avuipetaBeniko avukeijpevo opadag, av to Stdypappa g e€iooong ([V.14) sivat avipetabetixo.

Ikavr) kat avaykaia cuvlfkn yia va givat évag popdpiopdg ¢ : G — G’ petadu dvo avuxket-
Bévev opddag (G, m) kat (G’, m’) eivat va 1oxvet i 106tnta

$(mim2) = o (11) b (72)
oto G'(G x G), 6nAadn 1o Siaypappa:

GxG—* _ g xa

L

G G’

va eivatl avipetabeuko.

YroBétoupe ot yia €va avukeipevo G € € kat avil yia évav moAdariactaopo m: G x G — G
OIS TIPONYOUHEV®G, £Xoupe pia dour opadag oto G(T) yia kaBe avukeipevo T tng katnyopiag
C, wote yua f: T’ — T n enayopevn ouvdapton * : G(T) — G(T’) va eivat évag opopopplopog
opdadwv. Tote untapyet €vag povadikog MoAAAAactaoog

m:GxG — G,

0 011010G e1tayet ) dopr) opadag ota G(T) yia kabe T, orwg riponyoupévag. Ipdypartt, n vrapdn
Katn povadikotnta evog t€totou m Baoidetal oto 6Tl 1 CUVAPTION M PIToPEl va avaktnOei ano tov
noAAarnAactacpo tev U0 1poBoAdv 7T, Ty ®G otorxeia g opadag G(G x G), 6nAadn m = m; - 7a.
Andadr) n évvola evog ototxeiou opdadog eivat n idia pe v €vvola evog ouvaptnt] opadev

¢ — Gr
T+— G(T)

WOTE 0 UTTOKEIPEVOG OUVAPTNTHG ATIO TV Katnyopia € oty Katnyopia tov cuvodev va ivat ava-
napaotdopog, dnAadn 1oopopPog pe ouvaptnty) g popdpng T — G(T) yla karoo avukeipevo
G g C.

Ye auto 1o mAaiolo av G,G’ eival avukeipeva opdadag 1o va dwooupe évav popPiopod ¢ :
G — G’ eivat 1o 1610 pe 10 va dwooupe évav opopoPPIoRo TOV CUVAPTHTOV MTOU Avaraplotouy,
6nAadn ya kabe T € € va ddooupe Evav opopopPlopd opadwev:

o1 : G(T) — G'(T)

wote f* o Pt = P/ o * yia k&Oe popPopd f: T/ — T avuxkepévev g €. Mropouie va rapoupe
mv ¢ € Home(G,G’) = G'(G) wg tnv eikova tng tauvtottag oto Home (G, G) = G(G) péow tng
ouvaptnong ¢g : G(G) — G'(G).

‘Eote ¢ : G — G’ évag opopopdiopog anod avukeipeva opddag oty €. Opidoupe tov mupnva
g ¢ va eivatl évag opopopPplopog amno avukeipeva opadag o : H — G, wote yia kabe avukeipevo
T tng € n akoAoubia

0 — H(T) =5 G(T) 25 6/(M)
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va eivat akpiBrg. 'Eva t€to1o otoixeio urdpyet av 1o mapakdat® YIVOREVO UTtapXet oty C:

H:GXG/SM—>S

Mll l

/
G 7 G

[Mapatnpoupe 0Tt 0 KABeT0og popPlopog & = 7 tautidet to H(T) pe tov uprva tou G(T) — G(T').
[Mpdaypatt to S(T) = {71} elvat éva povoouvolo yia kabe T kat €’ o mp = e7 glvat n povdda oto
G/(T). H tavuon auty) kavet 1o H(T) opdda xkat 7y : H — G givat évag riuprjvag yua v ¢.
AnAabdr av n katmyopia € €xetl ywvopeva, t0te Unapxel o nuprvag mg ¢ yia kdbe ¢. O
mupnvag sivat povadikog péxpt povadiko woopopPplopo kat av H' eivat éva avuxkeipevo opadag
omv €, 10te 10 va dwooupe évav opopopdiopd H' — H eivat 1o 1610 pe 10 va dwooupe évav
opopopdiopd H — G o oroiog dtav ouviebei pe tov ¢ ivel Tov TETPIPPEVO OPOPOPPIONO,

H — s <L G/,
6nAabr) n akodoubia
0 — Hom(H’,H) — Hom(H’, G) — Hom(H’, G)

etvat akpBng.

IV.7.1 ZIUupnuprnveg

H peAén tov cupruprjvev £ivatl onuaviika SUOKOAOTEPT Ao autn tev muphvev. O cuvap-
g
T — Coker(d1) = G'(T)/dG(T)

onavieg eivatl avarnapaoctdopog. H kataotaon eivat avadoyn pe auvtr) tov sheaves aBeAiaveov
oladwv, OIIoU av opiooUE TOV CUUITUPNVA 1€ TOV adeAT] TPOTIO0, dev raipvoulie sheaves. Zinv
MEPIMI®ON TIOU TA AVIIKEIPEVA opadag eival avupetabetikd, opi{oupe Tov oupmupnva ©g £va
avtikeipevo opddag H epodiacpévo pe évav opopopdiopd G/ — H oote yia kabe avukeipevo
opadag H’ n akodoubia

0 — Hom(H,H’) — Hom(G’,H’) — Hom(G, H’)

va eivat akpBrg. H anédedn g uvnaping evog tétolou avukeipévou H dev eivatl eukoAn. Ta
Vv nepirnteon rou € eivat n Katnyopia twv oXNpdtev nave arno 1o S 1o poBAnpa Aubnke arno
tov Grothendieck.

IV.7.2 ZIxnpata Opadag

Ze auty) v ntapaypao nieplopt{opaocte otnv katnyopia Sch/S tov oxnudrev nave and eva
oxfjpa Baong S.

Opwopog IV.7.2. 'Eva oxnua ouadag (group scheme) sivar éva avtkeipsvo ouadag otnv Sch/S.
Ba ouvpboAilouue TV kKatyopia v S-oxnuareov ouadag ue (Gr/S).
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AAyeBpeg Hopf

Ag unobéooupe 6tt S = Spec(R) kat Ba ypagpoupe oe autr) v nepimwon Sch/R avti va
ypagoupe Sch/Spec(R). 'Eote G = SpecA éva apiviko R-oxnpa. Zupeeva pe tyv iooduvapia rmmou
avtotpePetl ta BEAN avapeoa otig Katnyopieg tov avitpetabetikov R-adyeBpwv kat v katnyopia
IOV APVIKOV R-oxnpdtev, yla va kavoupe 1o G éva R-oxnpa opddag, Ba mpénet va dowooupe
opopopdlopoug R-aAyeBpmv

m:A—A®rA, €:A—R inv:A-—A,

01 OI0101 VA AVIIOTOLXOUV OTOUS POPPLOH0US M, €, inv, ot oroiot kavouv ta Staypdppata ([(V.11),
([V.12), ((V.13) aviipetabetikd, aviiotpédoviag Gueg T Gpopd amo ta BEAn.

ARrARRA=AQg(ARRA) —— AQRA (IV.15)
o
(A®RA)®RA m
T?ﬁ@kld
AQrA — A
m
A=AQrR~———ARRA (IV.106)
Id®R€
R®r A ™
TE@RId
A ®rA — A
m
ARrRA~<~— ARrA (IV.17)
inv®rld
B g
A €oTr A

210 apandave Siaypappa n D:A xg A — A sivat 1l OUVAPTNOT TTIOU €MAYETAL A0 TOV ITOAAA-
nAaotaopo otov daktuAio R. H ouvaptnon m Aéyetat ouvtoAdardaoctaopog (comultiplication),
1 € Aéyetat augmentation 1) ouvpovada (counit), evé 1) inv Aéyetat avtinodag.

Mia avupetabetukn R-ddyeBpa A pe povada epodlaopévn pe ToUG TAPATIAVE OPOPoPPLl-
opoug m, e, inv rou kavorwtei ta napandave avupetadeuka diaypappata Adyetatl aviipetade-
Tkr) Hopf dAyeBpa. H katnyopia tov avipetabetik®v R-oxnuatev opddag eivatl avtitcoduvapn
pe v katnyopia tev avupetabeukov Hopf aAdyeBpov ndve amd tov R.

To augmentation 16e0deg

'‘Eotw G = Spec(A) éva apviko R-oxnpa opddag. O rmupnvag g augmentation ouvdptnong
€ elval éva 16emdeg Ig oto A 10 oroio ovopddetatr augmentation 18embeg. Qg R-module 10Ut
ott
agou 1 Kavovikn ouvdaptnon R — A dtaxwpidet tnv akpiBr) akodoubia

0=-I—-A—=R—=0

Zuvenng
APA=Re(Iel)o(1el)e (IxI).
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Ioxuetr o
mf) —fel—-1fel®l, yuafel,

onwg BAémel kaveig epappooviag g ouvaptroeig € ® Id kat Id ® € 1wv oroimv ot muprveg [ ® A
kat A ® [ éxouv topn [ ® 1.

IV.7.3 Kataoreun apivikav oxXnpatov opadag

‘Eot® G = SpecA éva apiviko oxnua nave anod tov daktvAo R. I'a va dwooupe oto G 1
dopnr) evog R-oxrpatog opadag apket va ddooupe dopr) opddag otov ouvaptnn

T+ G(T) = Homg, /& (T, G)

aro ta R-oxnuata T ota ouvola. Oa mpErnel va KAtaokeuaotel o m, va arodeixBei n vrapdn
OV € Kal inv Kat va anodetytel 6t ta draypdppata (V.11), ((V.12), (V.13) sival aviipetabetikd.

Tn ouvdpinon m v Kataokeua{oupe g ouvbeorn eV 1poBoA®v pi, p2 otnv opada G(G x
G) kat mapopola Vv € Kat inv. Apou 10 G elval apvikd PIopovUpe va MEPLOPIOTOUE OtV
nepirmwon mou to T eivat eriong adpiviko. Av T = SpecB, tdte ypdgpoupe

G(B) = G(T) = Homg_gayepeg(A, B).
Omnodte yla va kavoupe 1o G éva R-oxnpa opadag apkel va KAVOUHE TOV OUVAPTITL)
B — Homg _aayespeg(A; B)
évav ouvaptnt ano tg R-aAyeBpeg otig opdadeg. Tote o ouvrioAdardaoctaopog
m:A—AQRRA
MPOKUTTTEL amo TN ouvOeon otnv opada Hompg _gayeppeg(A; A ®r A) TOV OUVAPTHOE@V

m:a—a®lraim:a— 1®a.

HMapadewypa IV.7.3. To oxnua Go. Oswpovue 10 G, = SpecR[ul. I'ia kade avtuetadetkn R-
afye6pa n ovvaptnon f — f(u) tavtifet

HomR—dﬁVSSpsg(R[u]7 B) =B
H 6oun mpoodetuknic ouadag tou B, yia dtapopetikeg ayebpeg B kavet 1o G4 éva R-oxnua ouadag
omou o ovvnoffanjaoiaocudg divetar ano ta

mu =ux1+1xu,

€ =0,

inv(u) =—u

Hapadswypa IV.7.4. To oxriua G,. Gewpovue 10 G, = SpecRlu, u™t]. Ia kade R-dfye6oa B n
ovvaptnon f — f(u) tavtifer 1o Homg_gayespec(RIU, u~1],B) ue mv noddanfaciactikr oudda B*
TOV avtiotpoPav otolyeiowv tou B. Me auto tov tpomo, 10 Gy, yivetar éva R-oxnua ouadag pe

mu)=(ux1)(Ixu)=uxu

E=1,

inv(u) =u"'.
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Mapadewypa IV.7.5. H yevikn yoaupukn opdada GLy,. 'Eoton € N kat éoto U = (uy5) karV = (vj;)
Tivakeg ue otoryeia avelapnies uetabintéc. Ztov moAvavuukd daxtufo s 2n? uetabintée

Rlu,v] = Rluig, wio, ..., nnl,
dewpouue 10 16ewbeg | 10 omoio mapdyetar and ta n? oroyeia tou mivaxa UV — I, kat détouue
A = R[u,v]/].
Tote 1o f — f(U) bivel pa 1-1 kat eni avuotoyyia avausoa ota Homg_gayespec(A, B) kat g opadag

GLn (B) v avtopcyuov mvakov pe otoyeia ano 1o B. To Spec(A) eivat éva R-oxnua opadag
70 omoio da 1o ouvubofilovue pe GL,,. Nan =1 éyovue GL; = Gyy,.
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IV.8 Aoknocsig

1. 2wV Katnyopia t@v ouvoAwev (Sets), yla oroteodnmote ouvaptoelg q; : X — Z, q2: Y — Z,
6ei€te o1 10 vmbeg yvopevo (X xz Y, (p1, p2)) undpxet kat ot

XxzY={(xy) e XxY:qi(x) =qz2(y)}

2. Ze pia xamnyopia € xat yua évav poppopo p : X — Z Kat yld ToV TaUTtoTiKO HopPlopo
idz : Z — Z anodeite 611 10 vadeg yivopevo X x 7 Z unapxet kat ot X xz Z = X.

3. I'a éva avuxkeipevo X oe pa katnyopia € opidoupe tov ouvaptntr) hx (W) = Home (W, X).
Tote yia X, Y € Ob(C) opidoupe ) ouvdaptnon

¢ : Hom(hx, hy) — Home(X,Y)
ne
d(m) =n(X)(Idx) € hy(X) = Home(X,Y)
Aei&te 6t ) ¢ elvar 1-1 kat er.

4. 'Eowe L pmia nenepaopévn diaxwpiotpn enekraon evog oopatog K kat K 1 aAyeBpikn) KAet-
ototnta tou K. Tote X = SpecL kat Y = SpecK eivat oxfjpata nmave aro to Z = SpecK.
AH058i§IE ot 10 X Xz Y givat 106pop¢o pe 1o eubu abpotopa [L : K] 1o mAnOog aviypadpov
tou SpecK (6nAadr) §Evn évwon oxnpdtev).

5. 'Eotw

Xo = SpeR[x,yl/(x* +y?).
(@) Aei&te ot 10 X)) €ivat aképaio oxnua.
(8) Aei&te o1 10 X xg C eivat avnypévo addd ox1 avaymyo.
(y) Aei€te 61 undpyxet povo éva R-valued point oto X, eve urnapyouv dnepa R-valued

points ato Xj.

6. Acite ot undpyxetl pa 1-1 avuotolkia avapeoa ota R-valued points oto X (6nAadn f :
SpecR — X) kat ota {euydpia (x, g) onpeiov x € X Kat TOMK®V OHO0popPopey g : Ox x —
R.

7. Amodeifte ot unapxet pla 1-1 avuotolyia avapeoa ota k-pntd onpeia tou rpoBoAikou
x®pou P = Projklxg, X1, ...,Xn] KAl ota onueia [ag: aj @ - - - : an] TOU TIPOBOAIKOU X®OPOU.
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V.1 IIpotapXikn opada

>touxela AAyeBpikng TortoAoylag

Op1opog V.1.1. 'Eva povondt os vav tonofoyiko xwpo X givat pia ovvexng ovvapton f : [0, 1] —
X. Avo povoraua fg, f1 : [0,1] — X eivat opotontuka av vrdpyet pia otkoysveia povorauwv fy :

0,1] — X, 0<t< 1 wote

1. f(0) =xq, ft(1) =% yrta kade 0 < t < 1.

2. H ovvapmon H: [0,1] x [0,1] — X, ue H(t, s) = ft(s) va eivar ovvexng.

Ba ovuboAifouue dvo ouotoruca povoraua fi, fo pe f1 = fa.

[0,1] x [0,1]

X0
f1(t)
H(t,s)
_— fo(t)
X1

IIpotaon V.1.2. H oyéon ouotoriag sivat oxéon toodvvauiag

Anodein. Oa npénet va deifoupe ot

1. KdBe povordatt eivat opotorko HPe tov EauUTo ToU, auTo ival OGS EUKOAO ApKEl va £Xoupe

fe(s) = f(s) yra kabe t € [0, 1].

2. Av 1 fp eivat opotorukr) pe v f, tote Kat n) i eivat opotorukr) pe v fo. Ipaypat apket
va dlatpéfoupe v owkoyévela avanoda Bewpmviag tnyv opotortia H(1 —t, s).

3. Av 1 fy elvatl opotorukr) pe myv f; Kat n f; €ivat opotorukn pe v fao, mpénet va 6ei§oupe
otu n fo eivat opotormikr) pe v fo. Mpdaypatt €oto Hy, Hy : (0,112 — X, e Hy(0,s) = fo(s),

101
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Hl(]-u S) = fl(s) = HQ(O) S), H2(17 S) = fQ(S)' EXI]P(H@OUPS ) UUVdPU]OI]

H:[0,1] x [0,1] — X

(t, s) Hq(2t,s) av 0 <t<1/2
,8) —>
Ho(2t—1,s) avl/2<t<1

H ouvdptinon H eivatl ouvexng kat arnotedel pia opotortia avapeoa otg fo Kat fo.

O]

Opiopog V.1.3. H mpwtapyucn opada m (X, xg) yia éva onueio xg € X givat 1o ovvofo v kAd-
oewv opotortiag vy : [0,1] — X @ote y(0) = y(1) = xo. H mpaén ouadag divetar ye m ovvdeon U0
avumpooOTeL v kKiacswv ouotoriag. Anfdaébn av f : [0,1] — X kat g : [0,1] — X dvo ovvexn
UOVOTLATIa TOU avtioToLouv otig Kidoeig ouotoriag [f] kat [g], t0te opiloupue to povorarn [fllg] w¢
v Kjlaon opotorniag tov povonatiov

o f(2s) av0<s<1/2
Clg2s—1) avl/2<t<1

Arnobeikvuetatl ot ) pdén ivat kadd optopévn, 6nAadr) av f eivat opotoruko pe f/ kat g opo-
TormKo pe g’ tote kat 1o f - g eivat opororuxo pe 1o f/ - g’. (Aoknon)

'Onwg avagépel Kat 0 0plopog, 1o ouvolro 7 (X, xg) yivetat opada pe mpadn tn ouvOeon po-
VOIatiVv:

71 (X, x0) x 71(X, x0) — 71(X,%0)
([f1, [g]) = [f] - [g].

To oubétepo otorkeio eival n KAAON 1OV POVOIIATIOV TIOU £ival opotorukda pe 1w e : [0,1] — X,
e(t) =0 yua xabe t € [0, 1]. Tédog, to avtiotpodo tou f(t) eivat to f(1 —t).
Eniong, Ba npéret va anodeifoupe 6t yia f, g, h povortdtia 10XUel 1) POoeTalplotiky 1810t ta

I autd mapatnpovpe 0Tl Pla avanapapérpnorn evog povoratiou, dnAadn pia ouvvleon fo ¢ :
[0,1] — X, omou ¢ : [0,1] — [0, 1] ouvexng pe $(0) = 0 kat ¢(1) = 1. Ta povortata [f] kat [f o ¢]
£lvatl opoTOITIKA Kadtl [id opotortia ivat n

H(t,S) =fo (I)t7 (I)t(S) = (1 —t)d)(S) + ts.

[Mapatnpoupe ot 1 f - (g - h) eivatr pa avanapapérpnon mg (f - g) - h and v napakdte® Katd
TUNPATA YPAPHIKE OUVEXT) OUVAPTNOoT):
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Mapatipnon V.1.4. H mpwtapyuxn oudda efaptatar amo 1o onpueio 6aong xo. Xe Evav kard Uo-
VOTATia OUVEKTIKO X WPO ot opuadeg i (X, xo) Kkat my (X, x1) givat to0UOpPEG.

Ipayuat av vy givar €va povordtt mou oUVOEEL TO Xy UE T0 Yo Kat (o] € m1(X,xp), T0Te Eyouue
TOV LOOUOP PLOUO

m (X, xo) — (X, x1) o Y &

[od > [yory ™!
X0 X1

H avtiotpodn cuvaptnon (X, x1) — (X, xg) opiletat va sivar n 7 (X, x1) 3 [B] — 1 Byl.

V.1.1 Zuvaptnolwarn Oswpnon

IIpotaon V.1.5. 'Eotw ¢ wa ovveyrg ovvapton (X,xg) — (Y,yo) n omoia otéflvet 10 xy 010 Y.
Tote emaystar €vag oUoUOP PLOUOS OUAODV

¢yt (X, %0) — (Y, y0)
[f] — [¢f]

Amnobeiln. Eivat capég ot n ¢ petapépel KAE10TA POVOITATIa 010 Xg (Bpoyxoug) oe KAglotd povo-
nata oto yo. Emiong, 6Uo opotormikd povorntdtia oto xp péo® g opotortiag H: [0, 1] x [0,1] — X
Ba yivouv opotoruka oto Y péow g opotortiag ¢ o H. H Sopurn opddag pe ) 61adoyikr) ouvOeon
TV povornau®v erniong diatnpeitat. O

Hapatfpnon V.1.6. Av
(X, x0) % (Y, y0) - (Z,20),

ote () = Psds. Emiong (Idx)« = Idq, (x.x,), 6n/ladn o tavtotukdg opoopopgiopog X — X,
EMAYEL TOV TAUTOTIKO OUOUOPPIOUO OTNV TP ®DTApX KN opada.

Oewpnpa V.1.7. Oswpovue v kamyopla tov pointed TOTOAOYIKOU XY@P®V TOU EXEL WG AVTUKEL-
ueva (X, xg) tomofloyikoug xwpoug e eva eTLAEYUEVO ONUEID Kal OUVAPTHOELS TG CUVEXELS oUvap-
oeig mou Statnpouvv ta onueia, ¢ : (X, xo) — (Y,yo), $(x0) = yo-

H mpotapykn opada sivat évag ovvaptnig ano v kammyopia tov pointed tontojoyikov X w-
POV 0NV Kawmyopia 1oV opuadov.

V.1.2 To Bsmpnpa tou Van-Kampen

‘Eote (Gi)ier p11a owkoyévela ano opdadeg kat yia kabe deuyapt (i,j), £oww Fij éva ouvodo
opopopPouav anod 1 Gi oto Gj. Bewpoupe 1o eubU 6p10
G =lim Gj,
%

T0 Oortoio épxetal epodlacpévo pe pia okoyevela opopoppopay fi 1 Gy — G, wote fj o f = f; yua
KaBe f € th .
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A6 ToVv 0p1oJ0 ToU €UB£0G 0piou auTo eivatl universal uno v €vvola ot yia kabs opdada H kat
ouvaptoeig hi : G — H, dote hjof = h; yia kaBe f € Fyj, 10te uniapxet povadikog opopopPlopog
h:G — H pe hy = hofj. O tedeutaiog oplopog pag divel ot

Hom(G,H) = lgn Hom(Gyi, H),

OTTOU TO avTioTPOPo Op10 unodoyidetal wg mpog ta Fij. Me adda Adyla n opada G avanapiotd
TOV OUVAPTNTL):

H+— liinHom(Gi, H).

IIpotaon V.1.8. To euydpt (G, (fi)ic1) Umapxet kKat givatl povadiko UeXOL LOvadko LOOUOP PLOUO.

Amnobeiln. H povadikomta eivat ocapng aro v universal 1810tnta. Mmopoujie va Kataokeud-
coupe pia tétola opdada G g €€ng: Be®pPouiie T0 GUVOAO OA®V TOV YEVWNTOP®V TV Opddnv Gj.
1n ouvéxela Bewpoupie TG oxéoelg xyz !, 6Iou x, Y,z avrjkouv otny i61a opdada G; kai z = xy
omv G; Kat eriong g ox€oetg xy !, 6rou x € G katy € Gj wote y = f(x) ya toudayiotov pia
ouvaptnon f € Fyj. O

Mapadewypa V.1.9. Oswpouvue tig ouddeg A, G1, Go rat 6vo opuopop@iopovs oudadav fi: A — Gy,
fa : A = Gao. H ouabda G ¢ mponyovusvng mpotaong Aéystat 1o auaiyaua g A otug Gy kat G
ueow v f1, fo kat ovpbofiletar ue Gy A Go.

Ocapnpa V.1.10 (Van Kampen). 'Eotw X £vag t1omojoyikog xwpeog o omnoio¢ kaAdumtetal and U0
avoyta ovvofla U; kat Uy. Yrodérovue ot ta Uy, Uy, U 2 = Uy N Us glvar kata toa ovveKktikd,
oniabn bdvo omowabnrote onpueia ToUg evOVoVTal pe KAamrowo povoratt. TOte yia Kamwowo onueio xy €
Uy N'Usy, €xouue

71 (X, %0) = 701 (U1, %0) *7, (Uy0,x0) T2(U2, X0),

omovu 10 auayaiua dewpeitar pue 6aon ToUg OUOUOP PLOUOUG:

(Ug,%0) 7t (Ug, xo)
/ (11)«
(U12,%0) 1 (Uq2,X0)
X (12)*
(U2, x0) 71 (Us, Xo)

Amnobeiln. Oswpoupe ) oUvVAPTNOT)
¢ =7t (U, xp) * 711 (Usz, X0) — 71(X, X0)

n oroia opidetatl va otédvetl pa AEn [f1][fa] - - - [f;] Tou edeuBépou yivopévou, orou ta [fi] eivat
KAAoelg opotortiag €€ 0AokArpou péoa oto U; 1 oto Us otnv avtiototyn KAAon opotoriag Péowm
g (i1)« N (i2)« oo X.

®a mpérnet va 6ei§oupe Ot 1 ¢ eival empopPlopog Katl 0Tl O TUPHVAS TG ArtoteAsitat ano
TG ox€oelg apadydpatog rmou ermBdaAAet i vrtoopdada 7y (Ugg, xo).

Oa apaAelPoupe TV KATIRG TEXVIKI arodei§n v oroia 0 eviiaPpepOPEVOS AvVAYVAOTNG
propet va Bpet og B18Aia adyeBpikng torodoyiag, yia apddeiypa [2, Anppa 1.15, @ewp. 1.20]. [
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V.2 Ocwpild KAAUMTIKOV AMNELKOVICEWV

Opopog V.2.1. Mia deformation retract evog tomofloyukou ywpou X ge évav undxwpo A, givat
ua owoyevela ovvaptnoewv fy : X — X, t € [0,1] wote fyg = Idx, f1(X) = A kat ftJa = Ida. H
ooysvela TPETeL va glvat ovvexng, dndabn n
Xx[0,1] — X
(x, 1) — fie(x)

8&jlovue va givair ouvexTg.

Oplopog V.2.2. Mia ouotomia X — Y eival pia otkoygveia amno ovveyeic ovvaptioeig fy : X — Y,
t € [0, 1] wote n

F:Xx[0,1] —Y
(x,t) — F(x,t) = fe(x)

va givat ovvexng. Avo ovvaptnoegig fo, f1 1 X — Y Agyovtal oUoToTIKES, av UTtApXEL OUOTOTTIA TTOU
va g ouvdEeL.

IMapatnpnon V.2.3. Mia deformation retraction sivai 161k1) TepinT@ON OUOTOTIAS AVAUETA OTNV
tavtotiky) ovvaptnon X — X kat oc pia retractionr: X — X, v(X) = A, r|a = Idx.

O retractions tcavomolovv ) axéon r? = r, n onoia efaopaililel Ot givai TAVTOTNIES Av TEPLO-
PLOTOUV OTNY €1KOva ToUg Kat anoteAouv 1o TomoAoytko avaioyo tov mpo6oAov.

IIpotaon V.2.4. Av undpyet deformation retract amo 1ov xwpo X og évav umoxwpeo A, TOTE O OUO-
UOPPIOUOC iy = T11 (A, Xxo) — 11 (X, X0) TTOU emayetatr ano tov eykisiouoi: A — X givat to0UopPLOUOG.

Amnobeiln. Oswpoupe ) ouvdptnon r : X — A yla v oroia oxvet ri = Ida, omdte r,i, =
Idy, (A xg)» OUVEN®G 1 iy eivar 1 — 1.

Av 1 : X — X eivat deformation retraction tou X oto A, orote 19 = Idx xat r¢|a = Ida,
T(X) C A. T'a kdBe Bpoyxo vy pe apxr) Kat te€Aog 1o Xy otov X 1o 11y Hivel Eévav opotorko Bpoyyo
€€ 0OAOKAINPOU p€oa oto A, OMOTE N i, £lval KAl EMPOPPIo0OG. O

Oplopog V.2.5. 'Evag ywpog smucaduyng Y tou tomofoyicou xwpou X givar €vag tomooyikog
xopog Y padl ue pia ovvexn ovvapmon f : Y — X, oote kade onueio x € X va £xel avo(m
nepoxn U kar emmAgov f~1(U) eivar §Evn évwon ouvdiev Vi, i € 1, dote kade éva and avid va
anewovidetal opoopopika ueow g f oro U.

Napadewypa V.2.6. H ovvdpmon R — S!' = R/Z eivar pia kadunukn aneucovion. To tuyaio
onpueio x mod 7Z €xel MPOEKOVES Ta avorytd (x — €, X+ €) +n, n € Z.

Mapadewypa V.2.7.

H ovvaptnon
cCr —C
z+—z" z—z"

slvar kajvnukn answkovion. Ilapatnpnote ou
Kade «pEtar yoviag 21/n Ue U won otnun aniwo-

vetal kat kajumntet ov winpn bioko.

~

Mapadewypa V.2.8. H ovvdptnon

C—C
z=x+1y — expz = e*(cos(y) + isin(y))

glvat pa kajunukn anskovion.
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Afqppa V.2.9. Avp : X — Y givatl éva kdivuua kai 10 Y eivar ovvektiko kat p~—L(yg) éxetn o
Andog onueia, 1te yla kadep € Y p_t(y) = n.

Anobeln. 'Eowo A :={y € Y : #p~!(y) = n}. [Ipopavag A # . Tlapatnpovupe 61t A N (Y\A) = 0,
AU (Y\A) =Y. Ao tov oplopd g ouvekukotntag Oa éxoupe tedelwoet, av anodei§oupe ot ta
A kat Y\A eivat kat ta 6Uo avoixtd.

[Ipdypatt, ¢otw y € A kat dadéym pa nepoxn U tou y g omoiag n avtiotpodn ekova
va givat §Evn évaon avolktov opolopopdikav pe 1o U. To mAr0og toug eivat ico pe n adpou 1o
P H(y) tépvel kABs éva amod autd ta avorytd akpBmg pia Gopd kKat € optopou #p l(y) = n.
Eow y’ € U, éoupe pi(y’) C p~H(U) = L, Vi kat ply, eival opo1opopPiopog, ouverog
#p~1(y’) =n kairx € A. Apa A sival avoixto.

Me akp18ag tov 1610 Tporto anodeikvuoupe ot Kat 1o Y\A eival avoikto. O

Oplopdg V.2.10. To kowo nindoc twv wov w L(y) y € Y da Aéyetar mindog twv puAdav tou
KaAUuuUatog.

Afppa V.2.11. [a kdde answcovion enucaduyng Y — X woxvouvv 1a e§ng:

1. I'ia kade povorany : [0,1] — X pe apxn 10 xo € X kat kade x|, € f~(xo) vnapyer povaducry
avuywony':[0,1] — Y uey’(0) = x{.

2. Ia kade opotoria f(s) : [0,1] — X povoraunwv t € (0, 1] mov fekwdave ano 10 xy kar KAJe x| €
f~1(xo) umapyxet povabukn ouotoria avvywwong f, : [0,1] — X povonatdv mov va fekwdve

14 /

amo 10 x|).

Amnobeiln. ®a ddooupe pla yevikOteprn Hopd1) ToU ANPpatog:

IMa kdBe ouvexn ouvdpwmon F: Z x [0,1] — x kat F” : Z x {0} — Y n orola avuyovet v
Flzxqo) : Z x {0} = X undpxet povadikr) ouvaptnon F' : Z x [0,1] — Y n onoia emexteivel v F/
Kat avuyaevet tmy F.

To 1. pokuUITtEl apKel va apoupe @G Z €va onpeio Kat 10 2. IIPOKUITIEL AV ITAPOUNE ®S
Z =10,1]. Twa va e§aocpadicoupe tnv vnapén mg F’ epappdloupe to 1.

[Ma va anobdei§oupe ) yevikr] popdr) tou Anppartog topa. a éva onueio (zg,t) € Z x [0, 1]
dladéyoupe pla pikpr) yertovid tou Uy @ote 1) 1KOVa va TMEPLEXETAL O £va PIKPO avolxto V C X
IOV va avUoTpEPETal g &Evr €vwon peo® g f. APou 1o {zp} x [0,1] eivar oupnayég, aprouv
nepacpéva 1o mAn0og tétola oUuvoAd yia va KaAuwouv 1o {yo} x [0, 1]. Mropoupe va Siadé§oupe
éva U ave§aptnto tou t kat pia Stapépion

O=ty<ti <...<tm =1,

wote yla kabe i 1o F(U x [ti, tiy1]) va mepiexetat o pia meploxn Vi g oroiag n avtiotpodn
ewova f1(V;) va eivatl Evn évoon avoitdv opotopopPpikev cUvOAry e 10 V. Av éxoupe 161
KATAOKeUudoel v avuyeon F/ oto U x [0, t;] propovpe va v Kataokeudacoupe kat oto U x
[0, ti41] apou 1o F(U X [ti,ti41]) Bploketal péoa oto V; TO OIOi0 AMEIKOVISETAL OPI010MOPPIKA OF
6Aa ta avoiytd mou divouv og &évn évwon to f1(V;). H vnapén mg F/ oto nmpoto apxikoé Brpa
divetat péow tng F” tnv omoia v €xoupe urnobLoet.

I'a ) povadikotnta Ba anodeifoupe nmpwta v nepintoon nouv Z eivat éva onpeio. Av F, F)
elvat &vo lifts g F : [0,1] — X wote F{(0) = F;(0). Kat aAt dadéyoupe pa Swapépon 0 =
to <t <...<tm=11t0u [0,1] wote kaBe F([ti, ti;1]) va MEPTEL p€oa O APKETA PIKPIL) TEPIOXN
U; g onoiag n f~1(U;) va sivatl &vn éveon opotopopdikov cuvédev pe to Ui, YnoBétoupe
enaywywka ot F| = F) oto [0, ti]. Apou 1o [ti, ti41] eivatl ouvektiko, 1o id1o eivat kat to Fj([ty, ti11])
T0 OToi0 CUVENKG TEPIEXETal o éva amd ta opotopopPikd pe 1o U; avorxtda tg f1(U;). To
1610 kat 1o Fi([ti, ti+1]) kat paiiota Oa nipénet va avrket oto 1610 pe 1o F{, adpou n enaywyikr)
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unoBeon e§aopadidet ot Fi(ty) = Fi(ti). Apou opeg n f eival opolopopPopog MePLoPiOPEVY)
otnv nposkova nou Bpiokoviat ta F{(t;) katn fo F{ = f o F} éxoupe ou F{ = F) kat oto [ti, ti1].

Tédog, mapatnpoupe 6tt av n F/ elval povadikr otav replopiotei oe ouvoda tng HopPng
{z} x [0,1] Ba eivalr povadikr) kat oe Ao 1o z. H ouvéxela tng F' eivat tormkr) 1810t ta kat 1oxvet
arno TtV KATAoKeUT nG. O

IIpotaon V.2.12. Av f:Y — X glvar jua emkaivyn kat f(yp) = xg, T0T€ O ENAYOUEVOS OUOUOPPL-
ouog f. 1 m(Y,yo) — m (X, x) elvar povopopPiopog.

Amobeiln. Av vy etvat évag B8poyxog aro 1o Yo Kat f. [yl = e, 10te undpyetl pa oportortia H amnod to
f oy pe 10 otaBepod povortdtt e(t) = xp yia kabe t € [0, 1]. H opotortia autr) avaonkovetat oe pia
opotortia H aroé to y. H opotortia H : [0, 1] x [0, 1] — X anewkovidet 1ig U0 rmAdyieg mAeupeg Kat
MV KATe mAsupd tou [0, 1] x [0, 1] oto xg. Ao 1 povadikontd IOV AVUPOOE®V 1OVOTIATIOV, 1)
H’ Ba arekovidet T1g Tpelg MAEUPEG TOU TETPAYWVOU OTO ONHEIO Y. ZUVEN®S £1val OHOTOITiA TOU
Y He 1o otabepo povoratt e’ (t) = yo yla kabe t € [0, 1] kat n f, eivat 1-1. O

Mapatnipnon V.2.13. Av 10y givatl évag 6p0yxog o010 xg kary’ elvar n povadukn avuywon mwou
Eexwaer amd 10y € 1 (xg), elvar oagéc ot toy'(1) € £ (xg), adda umopei toy'(1) # v’ (0) = yo.
Ioxvet 6t y’(0) =v'(1) av kat uovo av ly] € f.(m1(Y,yo)).

Hpaypatn av y'(0) = y/'(1), 61 10 V' glvar évag kKAeot0¢ Gpoyyog mou mpobdiistatl oto y
rkat f.([y']) = lyl. Avtiotodpag, av vrdapxet kamowog v" kKieiotog 6poxyos ue f.ly"] = [yl, Wte 10
fy" eivar opotomukd ue 1o fy’ kar n ouororia oug aveBaivel oe opororia v y',y" Kkair ovvenwg
tefleiwvouvv kat ot 6U0 oto 1610 onuelo.

Mapatnpnon V.2.14. Av v,y gival U0 povondtia amno 1o xg 0T0 X1 Kalyj,Ys eival avuydoeg
mou Eekave amno 1 Yo € f1(xg), tefetdvovv oto ibo onueio av kar povo av [y1y, 1 aviker oy
eucova tou f.(m1(Y,yo)).

Ipaypan av tay],ys tefewvovv oto ibo onueio, 1te dewpavtag v v, (v4) L éxouue 1o I
TOUUEVO amo NV MPONYOUUEVT] Tapatrjpnon. Avtiopopeg, Kat tdl amo v mponyoUusevn Tapa-
mjpnon, n povadiky avuywon 10U Y1Yy ! mou Eexvder and va onueio tou ! mpénel va tefsidoel
oto 610 onueio. Zvvenwg n (v])~1v4, Eexwdet ano 10y (1) kat tefleidver oto v4(1), ta onoia mpémner
va tavtifovtat.

Hapatipnon V.2.15. Avyg,y1 € f 1(xg) kat tayo kary; ovvdéovial ue éva povondrit oto 'Y, t0te
ot emkoveg f.om (Y, yi), i = 0,1 givar ouluyeic uroouadeg g m (X, Xp).

Ipayuat av vy givar povomatt mou oUVSEEL TO Yoy UE TO Y1, TOTE auto da mpob6ndei o Kilgloto
povornatt ou X ano 10 Xg. ZUVENWS

fu (71 (Y,y0)) = [foyIfu(mi(Y,y1))[f oyl .

Oplopog V.2.16. Aivetar éva kdadvuua f : Y — X éva otoyceio xg € X. Tote opilerar pa dpaon
ouadag:
1 (x0) x (X, x0) — £ (x0)
(y, [o]) — y * [0]

omou 10 y * [0] elvat to tefuco onueio 10U avopdwusvou povoratiov o’ mwou Eextvaet ano 10 Y.

Mapatipnon V.2.17. H napandve dpdon givar kajd oplopuevn apou opotonkol 6p0yxol o, o1
070 X a avuywdouv o€ OUOTOTIIKOUG 6p0y)oug Kat da Katafryouv oto 1610 onueio.

Emiong, amno tov 1pomo oUvdeong HovoTatidv otnv oudda Kat Tov 0ptouo g 6paong ivat oapeg
ot
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Inpeicon V.2.18. O otadepomomtrc g Spdong tou onusiovyg € 1 (xo) etvain opada f.(mi(Y,yo)).
Emniong ano v kiaowkn dewpia S5pdoemv EYOULUE OTL UTAPXEL Yla VA TPOG £Va KAt ETL avtioToyia
avaueoa ota onueia ou 1 (xg) kat ota mAsupika ovumioka e ouadag 1 (X, xo)/f«(m1(Y,yo)).

Afppa V.2.19. Eoww f : Y — X éva kadvupa kat €0t® Z €vag OUVEKTIKOS TOTIOAOYIKOG X WPOG.
Yrodetouue Ot g1, 9o : Z — Y glvar HU0 oUvEXEIC OUVAPTNOELS Yia TG OTIOLES LY UEL

fog; =fogy,

Kat emmiléov yia éva touAdaytotov z € Z woxvet g1(z) = ga(z). Tote g1 = go.

Amniddeiln. EE oplopou ouvektiko givatl éva oUvoAo 1o oroio dev propet va ypagel og v évaon
U0 1N Kevov avoltwv urtoouvodwv. Ba £xoupe tedeidoet av Hei§oupie 0Tl T0 GUVOAO TIOU 1)
g1, g2 tautidovial eivat avoikto Omwg Kat 0Tt T0 GUVOAO TI0U 1 g1, g2 Hev tautidoviat givat ermiong
AVO1KTO.

'Eote éva w € Z 10 0o1toio avkel oto urtocuvolo A C Z 1ou o1 o cuvaptroelg tautiovtat.
IMa va éeioupe 6t 1o A eivat avoixtod Oa mpémnet va Bpouiie avolktn MmePLoxr] T0U w 1) oroia va
Bpioketal e§oloxrArpou péoa oto A. Atadéyoupe avoikty rieptoxr U tou g (w) = fga(w) apketa
H1Kpn @ote N mpoekdva mg £ H(U) va sivat &Evn évaon avoixtdv opotopop@ikev ouvodev U,
pe o U. Ta §;1(Ua) elvatl avoiytda urnoouvola Tou Z KAl T0 W AVIKEL OTO al—l(ua) N 52_1(11(1)
yla tov 1610 deiktn a. Zuvenwg oto avoiyto V = g‘;l(ua) Ngy L(Uq4) éxoupe 61 o1 cuvaptroeig
g1|V = g2|V tautiovtat.

Av topa 1o w elvat éva onpeio tou urtoouvodou B C Z, érou ot ouvaptroetlg dev tautioviat,
SouAevoupe OIS Kat TPtv, P6vo mou Topa 10w € §; H(Uq) NGy  (Up) = V/ e a # b. To avorto
V' C B. O

IIpotaon V.2.20. Yrodsrovpe onttof: (Y,yo) — (X, xo) elvat éva kdAvupa karg : (Z,z9) — (X, xo)
glvat ovvexn¢ ouvaptnon, Omou 1o Z ival OUVEKTIKO Kat TOTKA Katd GpOUOUS OUVEKTIKO OUVOAO.
Tote unapyet ovvexrg ovvapmnon g: (Z,zy) — (Y,yo) @wote f o g = g av kat uovo av

9« (m(Z,z0)) C fu(m1(Y,y0)). (V.1)

Mia tét01a avuywon otav urtdpxetl elvat povadikn.

Arnodein. 'Exoupe 10 napakdie oxnpa

(Y,y0) (Y, Yo)
g .7 l T
o f fo
(Z,20) —2= (X, %0) m(Z, 2o) —— 11 (X, %0)

Eivatl cagég 6t av urtapyet piia t€tola ouvAaptnor g, ToTe avayKaotika
9«(m1(Z,20)) = f«(gxm1(Z,20)) C fu(m1(Y,yo))-

AvtioTpodag, ¢otm ot 1oxvet i (1), 'Eote éva onueio w € Z, SiaAéyoupe £€va J10vomatt y amd
10 zp OTO W Kdl TO PETAPEPOUPE OTO povortdtt Tou X g oy To o1oio eival éva povordtt ano 1o
g(zo) = xo ot0 g(W). Opioune g(w) =yo * [gov].

®£A0oUiE 1 KATAOKEUT] AUTr) va £ivatl ave§aptntn g rmAoyrg PovVoratiou y aro 10 zg 010 W.
[Ipdypatt avy’ etvat éva dAAo povordtt and 1o zg oto w, 1ote 1o g(y'y ') eivat évag Bpoyxog oto
Xg. AT v unoBeon éxoupe ot [g(y’)g(y) '] elvat onv ewxoéva tou f, (71(Y,yo)) Kal CUVENAOG 1
avuyeon tou g(y’)g(y) ! eivat évag Bpoyxog oto Yo to omoio eival kat to ¢nrovpevo.
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Ia va 6ei§oupie o011 1) g eivat ouvexrg epyadopacte g e€Ng: BemPOUNE H1a avolytr) yettovia V
T0U g(W) apKetd pikpr) wote 1 npoetkdéva g (V) va eivat &évn éveon avoixt@v opotopopgt-
KOV Pe 10 V. Z1r ouvéxela dradéyoupie V/ 10 avolyto mou ivat Opo1opopPiKo Pe T0 V Kat IePLEXEL
10 g(w). AtaAéyoupe topa €va avoryto katd 6popoug ouvektiko U C Z, dote w € U kat g(U) C V.
Eivat cagég ot g(U) C V. Tlpaypau yua kabe w’ € U Bpiokoupe POVOIATL & TTOU va ouvdEet TO
w e 10 W’ Kat, TOTe 10 Y OUVOEEL TO z e To w'. Avuywvoupe 1o go (ya) = (goy)(go o) mpaota
AVUPEVOVTAG TO g oY KAl PETA T0 g o . APoU 1 Seutepn avuypwon rapapével oto V', £xoupe ot

g(u) cVv’.
Y
Yoxlgovl
Rno (gev)
i)
Z o X
Z0 X0 g( g(w’)
g \
Y g goy
u Vv
H povadikotnta mpoKuItel ano to Anupa V.2.1d O

Oplopog V.2.21. Ozwpoupe TV Katyopia 1oV KAJUUUATOU ToU Xapou X 1 omola £Xel WG avtl-
Kelueva toug xwpoug emikaivyne Y — X Kat ouvaptnoeig 1i¢ CUVEXEIS OUVAPTOELS g, Ol OTIOIEG
KAVOUV T0 TapaKdie Olaypauia avtiuetad etKo:

Y, ——>.

\/

Apaoceilg opadov
Oplopog V.2.22. Mia dpaon piag opdadag G o€ évav xywpo X givat pia ouvapinon

GxX—X
(g,x) — gy

1 OToia KAVOTOLEL:
1. g(hx) = (gh)x yia kade g,h € G, x € X.
2. ex = x yla kade x € X Kat e 1o oudberepo otoyyeio g G

3. H ovvaptnon x — gx givat évag opoopop@ioudg touv X yia kade g € G.
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AnAabr) opidetatl pia avanapaotaon g opadag G péoa otnv opada opolopopPpliopev tou X.
Avo otoikeia x,x’ € G avhkouv omv i6wa poxtd mg G av kat povo av urndapyel g € G pe

x’ = gx. To ouvodo twv Tpoxwv Y = X/G eivat o Xxopog rnAiko. Yridpyxet g pia KAVOVIKY)
ouvVAaptnon
w: X — X/G
X — [X]

O xwpog rnAixko yiveratl T1ormoAoyikog X®pog pe v tortodoyia nndiko (6rou U eivatl avoiyto oto
Y av kat povo av p~(U) eivat avoryté oto X).

Mapadewypa V.2.23. H ouada Z dpa oo R wg¢
ZxR—R

(n,x) —x+mn
O xwpog nAiko R/Z eivat opotopop@ukog pe tov kKukAo.

Mapadewypa V.2.24. Av €youvue éva duktvwto (lattice) L wou C, dndadn wa draxpurn vrooudada
tou C woopopgn pe 10 Z x 7, 10te Umopouue va oxnuaticovue m 6paon

LxC—C
l,z)—l+2z

Zto mapakar® oxnua 6Asmovue éva diktuwto péoa oto C

@

/

~

O x@pog TNiKo TPOKUTTEL Ao T0 OCUOTNUA AVTITPO0DTIOV (TO TETPAY®VO ETLONUACTUEVO TETOAYDOVO
010 OIKTUWTO) KoAAWYTag Ti¢ avTiSIaUETPIKES TTAEUPES

Jo==lns

Zto kegajlaio TV eAASITTIKOV KauruAov da aoyo/indoUlE TEPIOOOTEPO UE TN OXEON NG TOTLODE-
tong v lattice puéoa oto C.




V.2. GEQPIA KAAYIITIKQN AIIEIKONIZEQN 111

Mapadswypa V.2.25. Zynuatifoupe 10 4n-ywvo oto onoio kofAdue ¢ TASUPES TNL & UE TNV X, !
mv By pue mu B, L. To xoppdn mov mpokumter and 1c mpateg éoogpic Sivel £vav 160 amd Tov
oToio E£xel apapedel 0 H1aKEKOUUEVOS KIEIOTOG KUKOG.

Enaywyuca 6AEmovpe 0Tt e auto Tov TPOTO X0UNE pia ouutayn dtodiaotarn smgpaveia e n
10 ANndog¢ touneg. Ipayuat koAAapue oto tavtiougvo 4(n — 1)-mofvywvo, Tou givat empavela Ue
(n — 1)-toumeg, OV eMTALOV TOPO KATA UNKOSG TOU KOKKIVOU OlaKEKOUUEVOU KUKOU.

X1
1
X2
B2
X3

Oplopog V.2.26. BOa Asue o1t to G fpa oto X pue kao 1pomo (€vag oUVTOUOS TPOTIOC VA TIOUUE AUTO
nou ot 616 ypagia givat yvwoto wg freely katr properly discontinuously) av kade onpeio x € X
gxet ula avowyt meproxn V wote gV kat hV va sivar {Eva petav toug yia kade g,h € G, g # h.

Inpeioon V.2.27. X1 6pdon Aneipov opddoL UTOpEl va EXOUUE ONUELA CUGOWPEUONG OTNV TPO-
Xxta to onoio 06nyei oe Tadofoylkeg Kataotdoelg.

Afppa V.2.28. Av n oudda G dpa pe kaio tpomno oto X, 10te 10 tnAiko p : X — X/G =Y givar
Kajunukn ansucovion.

Amnobeiln. H ouvdaptnon mpoBoAng p eivat ouvexrg (eK KATAOKEUNG TG ToroAoyiag mnAixo).
Ermiong ywa V avoiyto tou X éxoupe

plp(V)={Jg V.
geqG

Me 11§ nipounobeoelg g Kadng dpdong, propoupe va dadégoupe V OOTe 1 mapandave Evaor)
va eivat &vn.

Apxkel va anodeifoupe ot yia éva 1€to1o V 1 ouvaptnorn p mePoplopévn o Kabe avoixto gV
etvat opolopopdpropog pe t p(V). pdypat p(gx) = p(x) yia kabe x € V. Emtiong av p(gx;) =
p(gx2), o018 UIApXeL h € G wote hgx; = gxg TO OIMOI0 ATIO TV KATAoKeUn tou V Sivel 6t ) h eivat
1] TAUTOTTd. O

Opiopog V.2.29. Oa ovoualovue eva kadvupa p : X — Y éva G-kadvuua av kat pévo av 'Y
mpokuUntel ano uia kain paon g G ot X. 'Evag woouop@iopog ano G-kadvupata sivar €vag
LOOUOP PLOUOC KAAUUUATOV 0 OTolog eival oupubatog ue v G-6paon. Anfdadn svag 100UOpPLOUOS
¢ avaueoa ota G-kadvupuatap : X — Y karp’ : X' — Y givar évag 100uoppiouog

¢ X’
N
Y

yia tov omnoio woyvelp’ o dp kat d(gx) = gd(x) yia kade g € G kat x € X.

X

Opiopog V.2.30. 'Eva terpyupcvo G-kaivuua ivar mg popgric X = Y x G, onou 10 G 6pa ue
aptotepo moAAaniaoiacuo otov SeUTEPO Tapayovia.

Anppa V.2.31. Kade G-rkdivupa p : X — Y glvar omuka tetpyupévo oav G-kadvupa, éniadn
Kade onueioy € Y éxel pia mepoxn V eote 10 G-kdAvupa p~ (V) — V va sivar 100uop@o ue 1o
VxG— V.
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Anodeién. Tlpaypartt, éva V oneg to Stadé€ape oto Anppa V.2.28 divet tov 1ocopoppiono
plV)sgv—pv)xgeVxGaG.

O]

Oplopog V.2.32. I'a kade kdAvuua p : X — Y undpyet pta ouada Aut(X/Y) anotefovuevn anod
toug deck transformations

Aut(X/Y) ={d : X — X : ¢ ouowopopgpiopog karp o ¢ = p}.

H napanave sivat opada pe mpaén t ovvdeon Kat oUGETEPO TNV TAUTOTNTa Kat ovouddetat n ouada
AUTOUOP PLOUGV TOU KA UUUatog.

Av 10 kKdAuppa etvat éva G-kaduppa, tote 1o G yivetat urtoopdda tou X/Y péow g ouvap-
mong
G3gr— (x+— gx) € Aut(X/Y). (V.2)

Mpoétaon V.2.33. Avp : X — Y givar éva G-kdAvuua, 161e 1 ovvdpton me efiowong (V.4) sivar
LOOUOP PLOUOG.

Anddeiln. 'Eoww x € X kat €0t ¢ € Aut(X/Y). E§ opiopou x kat ¢(x) avrrouv otny idia tpoyia
g G, untdapyetl g € G oote gx = x. O1 petaocxnpatiopoi rou opidovrat ano 1o ¢ Kat 1o g otéAvouv
Kat ol U0 10 x 010 $(x) KAl oUVerdg tautidovial Adye tou Afppatog V.2.1d. O

Hapatipnon V.2.34. [a va G-kadvupa p : X — Y woyvet €€ optopov oun G dpa uctabatika
omv tva p(y) yia kadey € Y. Eniong’, n pdon sivar motr, éniadr 1o g € G 10 onoio otéivel
10 x o10 X' eivat povadiuxo.

IIpotaon V.2.35. Eotw p : X — Y éva kadvuua, omov 1o X eivar ouvektiko kat 10 Y tomKd
ovvektkO. Tote n Aut(X/Y) dpa ue kaio goomo oto X. Av n Aut(X/Y) emmicov dpa pustabatika oe
Kade pia iva tou p, 10te 10 kadupua givar eva éva G-kajvupa pe G = Aut(X/Y).

Amnodeiln. Oa beifoupe mpota ot €xoupe pia kadn paon. Ta x € X Bewpoupe pa neploxr V
T0U p(x) apketd pikpr) wote 1o p~ (V) va sivat &Evn éveoon anoé avolytd opolopopPikd pe 1o V.
‘Eote U 1 meploxr) tou x 1 ortoia ivat opolopopdiky pe to V. Av ¢ kat ¢’ eivat dapopstika
ototxeta otnv Aut(X/Y), tote p(U)N’(U) = 0. Alapopetid n ¢~ o Oa eixe éva otabepd onpeio
oto U kat oupgeva e 1o Afppa V.2.1d 6a frav n tavtouks).

‘Eot® G = Aut(X/Y). H ouvaptnon p divetat og ouvOeon

P

x/><7e\p*v

Kat n ouvaptnon 7 eival KaAumuky) aneikovion apou 1 p eivat. Ipaypatt kaBe avolyto ouve-
KTIKO Urtoouvolo W tou Y 10U Ortoiou 1 mposikova eivat v €vmor avolXtwv OP0I0oPPIKOV
pe o W éxet tnv 1d1a 1610tnta kat ya 1o p. Av 10 y € Y onpeio oote n G va dpa petaBatika oto
7 (y), 6t n iva P! (y) Ba eival povoouvodo. SUpgeva pe o Anppa V.2.d, dAeg ot iveg tou
Ba €xouv éva onueio, OUVENIOG 1 P €ival OPO1OPOPPIOHOG. O
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V.2.1 IIpotapyxikég opadsg Kalt kaAvppata

Topa Ba oxeticoupe Vv MPETAPXIKNA opdda tou X pe v opdada autopopdPlo®V TOU KAAU-
patog. ®swpoupe éva kaAuppa p : (X, xg) — (Y, yog), 0mou 1o X €ival Katd 6pO0UG OUVEKTIKO.
®a opicoupe pia aplotepr) 6pdon

ﬂl(Y)HO) X X — US| (Yay())
([o],x) = [o] - x

orou 10 [0] - x opiletal wg £€ng. AtaAéyoupie éva POVOIIdtt y TIoU va OUVSEEL TO X He To x. To otot-
xeto [0] € m1(Y,yo) opilet 10 oro1XEl0 X0 * [0] = X1 € P~} (yo) @G TO TEAIKS ONuEio TOU avuyopEvou
povoratiou o.

®¢loupe va opidoupe wg [o]x to onueio x; * (p o y). AnAadn nnyaivoupe oto onueio [o]x oe
6uo Brpata

Xo——>Xo*x0 =X —> X1 *(poy)=xg*(0-(povy)) = [o]x.

Ia va givat n adikaoia autr) KaAd oplopévr), TIPETEL va ivat
ave§dptntn amno v emMAOyI TOU Y TIOU CUVHEEL TO Xy HE TO X.
'Eotw Aourtdv éva addo vy’ mou ouvbéet 10 X pe 1o x. @gAoupe
AVUYPROOELS TRV 0 - (p oy) Kat o - (oy’) rmou &ekvouv aro 1o x va
Teppatidovral oto 1610 onpeio. I'a va cupBet auto, Ba mpémnet
n KAdon tou [o- (poy’) - (o- (povy))~ ! va eivar otoixeio tou
P (111(X, %0)).

To y'y~! etvat évag Bpodyxog 010 Xy CUVETIOG f/ |

o (poy'):(o-(poy) ) =lo-(poy))-(poy) o] ‘p
=[o]-[po(yy )]-[o]-1
=[o] - p(by" -y~ - [o] 7,

X1 [o] - x

X0 X

10 oroio eivat otoikeio mg [0] - p« (711 (X,x, ))[0] L. Omédte 10 U-
TOUPEVO MPOKUTITIEL apkel 1 opdda p. (71 (X, xp)) va etvat kavo-
vikn] urtoopada g 7 (Y, yo)-

Yo

H an6deidn tou

IIPOKUITIEL ATTO TOV OPlopo g Spaong. Ipdypatt av y eivat éva povordtt amo 10 Xy OT0 X, TOTE
1 AvUP®EOT] ToU T(p oY) MOU EKIVA Ao TO X( £ival éva POVOTTtdtt arto 10 X 010 [T] - X. ZUVEN®G T0
[o] - ([7] - x) elvatl To TeA1KO onpeio TOU povoratioy g avUP®onS TOU POVOIIdTiou o - (T- (p oy))
Mou &eKvA 010 Xg. Ao v dAAn rmAeutd, 10 (0 - 1) - (p oY) eivatl opotoruxkod pe 0 o - (t- (poy)),
OITOTE I AVUYPEOT] TOU ATI0 TO X £XEL 10 1610 ted1ko onpeio, 6nAadn to ([o] - [1]) - x.

To o1t 10 otaBepod povomatt pe 1pn yo diver tpn [e] - [x] = [x] eivat ocagpég amo 1o ot [e] - x =
(xg*e)*y =x%Xg*xY =X

Tédog Oa mpénet va dei§oupe 6t yia otabepod [o] n ouvaptnon x — [o] - [x] eivat ouvexng. ®a
Xpetaotel va urtobéooupe 6t1 0 Y eival Tormkd Katd §pO10Ug OUVEKTIKOG. Ag Oswpriooupe yla éva
onueio x pa avoiytr) Katd 8pOIouUg CUVEKTIKY Meptoxr) Tou p(x) U wote to p~(U) va eivat Eévn
évoon and avoixtd opotopopdikd pe to U. ‘Eote V, V! o1 cuvektikég ouviotoosg tou p— L (U) ot
ortoieg meptéXouv 1o x Kat 1o x’ = [o0] - x. Oa mpénet va dei§oupe ottto [0]V C V' T évav €V,
Be®poupe £va POVOTIATL & ATTO TO X OT0 V. AV Yy €lval POVOTTATL ATTo TO Xg OTO X, TOTE TO Y - & £ivat
HOVOTTATL arto 10 Xy OTO0 V, OUVENQG [0] - v £lvatl T0 TEAIKO ONEI0 TOU p o & TIOU {eKvAet aro 1o x'.
H avUywor| tou niepiéxetat oo V.



114 KEPAAAIO V. XTOIXEIA AATEBPIKHY TOIIOAOI'TAY

Oeapnpa V.2.36. Eotwp : (X,x0) — (Y,yo) €va kadvupa omou 1o X givat ovvektko kat to Y givat
ToTKA SPOUOCUVEKTIKO. AV 10 P (711 (X, Xp)) €lvar kavovuky uvroouada g (Y, yp), T0Te UTAP)XEL
KAvovkog 100UOP PLOUOC

(Y, yo)/ps (111 (X, x0)) — Aut(X/Y).

Anoddeiln. 'Exoupe kataokeudaoet evav opopopdplopéd arno to m (Y, yg) otnv opdada Aut(X/Y). @a
arodeifoupe twpa Ot autog sivat emi. Ipaypat, ot ¢ : X — X éva otoixeio g opadag
Aut(X/Y) kat untoB€toupie ot d(x1) = xo. Apkeil va Bpoupe éva otorxeio [o] € (Y, yo) pe [o]-xg =
X1, APOU O autn TtV MePIm®or), apou 1o X €ival CUVEKTIKO, 01 HU0 ouvaptroelg Ha mpénet va
tautidovtat.

'Eote vy povortatt pe y(0) = x1, y(1) = xo Kat y; Bpoyxog oto xg. ®a arodeioupe ot [o] - xo =
$(x0) pe 0 =poy. 'Exoune

—_——

[0] - xo =%0 * ((poy)(poyi) =xo(poyyl) =po (yyi)(l)

He p o (Yy1)(0) =xo. Opwg pod =p ouvenwg po ¢ oyyr =poyyr Kat (¢ o (yy1))(0) = d(y(0)) =
$(x1) = xo.
ApoU kdBe povordatt £€xe1 povadiky avuywon ®g Ipog v ida apxn exoupe ¢ o (yyi) =
po (vy1) xat
[0] - x0 =po(yy1)(1) = (o (vy1))(1) = d(y1(1) = (x) =0

kat tedwka f([o])(xg) = d(xo),
TéAog, 0 TTUprvVag TOU OHOPoPP1opoU armo 1o 7t (Y, yp) oto Aut(X/Y) etvat 1o py« (71 (X, x¢)). O

IIopiopa V.2.37. Avp: X — Y givar éva kaduuua kat 1o X givat anjd ouvektiko kat 1o Y tomKd
Spouoovvektiko, tote T (Y,yo) = Aut(X/Y).

IIopiopa V.2.38. Av gyouue wa kain dpaon mg ouadag G oe evav anjd ouveKTiko xwpo X Kat
Y = X/G, ote N epueiwodng opada g Y eivarn G.

Opiopog V.2.39. 'Eva kadvuuap : X — Y 8a Agyetal universal covering, av 1o X glvat OUVEKTIKO
Kat anfld CUVEKTIKO. AV UTtdp X EL, £lvatl Lovadiko Kat Hovadiko UEXOL KaVOVIKOU LOOUOO PLOUOU, QU
Kadopilovtar onueia 6aong.

Ocwpnpa V.2.40. 'Evag ovveKtikog Kat tomikd GPOUOCUVEKTIKOS X@pog X €xel éva universal
covering av kat povo av givat nUItoTikd anjd OUVEKTIKOG.

Amnobeiln. H 16¢a eival va otaBeporoirjooupe éva onpeio x € X kat va Bswprjcovpe og X 10
OUVOAO TV KAAOE®V opotortiag [y] povoratiev rmou Sexkvave aro to x. H ripoBoAr) p opiletat

p:>~(—>X
[yl — 1]

®a npénet 1o X va epodiaotel pe toroAoyia, va anoderxBet ot eival armdd ocuvektikd aAld kat
ot n ipoBoAn p Sivel éva kaAuppa. O

Z1n ouvéyela umobEToupe 0Tl 0 Xwpog X €xetl éva universal covering p : X — X.
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IIpotaon V.2.41. 1. I'a xade vnoouada H g ouadag (X, xg) Umdpxel éva OUVEKTIKO Kd-
Avupa py : Yy — X ue évayy € p;[l (x0) @ote n eucova touv 1 (Y, yn) oto mi (X, xg) va sivat
H. Kade ajfo tétoo kadvupa oto omoio Eyovue emiielel kar onueio 6aong eivar kavovika
LOOUOP PO Ue aun.

2. Av K glvar pa aijn vroouada wmg (X, xp) mou mepiexet 1o H, , t0te unapyet povadikn
ovvexng ovvapmon puk : (Yu,yn) = (Yk,yk) n onoia sivar oupbam pe tg mpo6ojeg oto X.
Auvtn n ovvapton eivar kaduntkn kat av H eivat kavovikn ot K, tote eivat éva G-kaAvuua
ue ouadba G/H.

Anobeln. 'Eoteo u: X — X éva universal covering, pe u(X) = xo. Tautidoupe v 711 (X, x0) pe my
Aut(X/X). Kabe uroopada H g 71 (X, xo) dpa pe kaAo tporo oto X kat to rndiko X — X/H =: Yy
Kavel 1o X 1o universal covering tou Yy. Zuvenwg n Oepediddng opdda tou Yy (pe onueio
Baong v £1k6va TOU X PEO® NG TIPoBoANG) eival kavovika wépopdn pe v H. H mpoBodn
X/m1(X;x0) — X givar kaAuppa kat n eikova g Bepediwdoug opadag oy (X, x) eivat H. Av
H < K, tote undpxetl Kavovikr ouvdaptnorn tev Xopov rniikou X/H — X/K. O

IIopiopa V.2.42. Avo kaAdumtkol ywpot py : Y1 — X kat ps : Yo — X glvat 100puop@ot av kat povo
av yia kade dvoy; € Y1 katysz € Yo ue p1(y1) = p2(y2) = x € X ot unoopadeg p1,(m(Y1,y1)) kat
T2, (711 (Y2, Yy2)) avnkouv otnu ibia kAdon ouluyiag g opadag m (X, x).

Anddaifn. Ané v mipdtaon V.2.41 unidpyet 1oopoppiopos f: (Yi,y1) — (Yz,ys2) GnAadn f(y;) =
Yo av Kat povo av pi,(mi(Yi,y1)) = mo,(m1(Y2,y2)). Av ta onpueia dev Siatnpouvtat, tote 10 f(y;
Ba eival kamnowo dAdo onpeio oto 7, ! (x) Kat o1 opddeg Ha eival ouduyeis kat avtiotpoga. O

Oplopog V.2.43. Oa cvuboAilouue ue Xab 10 nnAiko
X = X/l (X, x0) 71 (X, x0)]-
Oplopog V.2.44. Opilouue v ouada

s (X7 XO)

Hi(X,Z) = (71 (X, x0), 1 (X, x0)]

Hapatipnon V.2.45. H oudda avtr da maifer onuavtuco pojo oty ouvéyeta. Kavovika opiletat
ueow g dewpiag opofoyiag (simplicial), afjla o opiopudg avtog elvat apKeTog yia Tig AvayKes Uag.

H Bswpia t@v kaAuppdtov propet va 0dnyroet og UITOAOY1I0H0 TOV MTPOTAPY KOV OPAd®V.

Hapadswypa V.2.46. Bzwpovue 10 G-kdAvupua R — R/Z = St. To R givar ovvektikd kar anid
OUVEKTIKO, OUVET®S elvat To universal covering tou kukiov. Exouue 71 (St xg) = Z.

Ouoiwg o topog C/L 6éxetat to ovvektko kat anjla ovvektiko ovvoflo C wg universal covering
space, gve) 10 C — C/L eivar éva G-cover. Katainyouue oto i (C/L,xg) = L = 72,

®a urnoAoyicoupe tpa v opada 7 (C\S,xp), omou S eivat €va nenepacévo oUVoAo on-
pelav.

IIpotaon V.2.47. Houada m (C\S, x¢) eivatr toopuop@n pe v elcvdepn oudada o #S yevvntopeg.

Anodeiln. 'Otav 10 #S = 1, 101e 10 anotéAeopa IIPOKUITIEL ATO TOV UITOAOYIONO ITOU KAVAPE
pe 10 S' agou to S! sivar deformation retract tou C\{P}. Enayeyikd Osopoups éva avoixto
OUVOAO TIOU TIEPLEXEL OAa Ta onpeia tou S eKTOg Ao €va KAl €va OUVOAO TTOU TEPLEXEL POVO TO
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TEAEUTAIO WOTE AUTA vad TEPVOVTAL O€ £va ArAd OUVEKTIKO oUVoAo. To armotéAeopd MPOKUITIEL ATIO
10 Bedpnpa tou Van Kampen. YrievBupidoupe 0tt 10 apadyapatornotpévo Yivopevo

LZosxlix---x1=Fn
—_—

N—IAPAYOVIES

H npotapyikn opdda mapayetat aro toug Bpoyxoug Vi, ..., Yn ITOU MEPLOTPEPOVIAl pia popd
YUp® aro kabe onpeio tou S.

° dm

O]

IIpotaon V.2.48. Oswpouvue v oudda m (Xg,xg) MG EMPAvEIAS TOU TAPAOEYUATOS V.2.25.
Eoto &1, &g, ..., 0g, B1,...,Bg 0129 mAeupes ToU 4g-toAvywvov. ‘Exouue ot

7T1(X9,X0) = <O(1,0(2,...,O(g, [31,. ..,[?)g o [O(l, [31] : [O(Q, BQ] s [O(g, Bg] = 1)

Amnobeiln. Tlapatnpoupe 6Tl 01 TTAEUPEG TOU TTOAUY®VOU OTO OXIHa AaPloTePd HETA TV TAUTIoN)
TOUG KAgivouv og €évav TOTI0AOY1KO XWPO ToU £ival éva PNITOUKETO aro 2g KUKAOUG KAt £XEt
MPETAPYXIKY opada onwg idapie ponyoupévag tnv eAeubepn

opada Fogq 0t 2g yeEVVITOPES, &

F29:<O(17...,O(9,Blg-"7[39>’ X:
2

To e0wTEPIKO TOU MOAUYWOVOU EIMIKOAAATAL OTO E0DTEPIKO AU-
TOU TOU UITOUKETOU Katl dnpioupyel ) {nroupevn oxEon tou Bo

YIVOPEVOU TRV PETADETOV
3

[0(17 Bl] . [(XQa [32] e [O(ga Bg] =1
H axpBrg arnodeidn Baoiletal oto Oedpnpa tou Van-Kampen kat rpokUItiel punoviag Kabe
ErmouvVaIttopevo H10ko o éva €0®TEPIKO TOU onpeio wote va dnuoupynOei pla deformation
retract pe 10 apxko prnouvkero, deite 1o [2, prop. 1.26]. O

V.3 IIpotapXiki opada Kai avanapactdoijiol CUVAPTHTEG

‘Eotw Cov(X) n katnyopia t@v kaAuppdtev tou X pe MENEPAOPEVES TO TAT)00G OUVEKTIKGOV
OUVIOTOO®V KAl HOPP1oP0oUg TI§ OUVAPTHOElS TV KaAuppdtov. Opidoupe tov ouvaptntn

F: Cov(X) — Sets
P:Y—=X)— pfl(x)
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O cuvapts AUTos efvatl avanapactaolpog and wv X dniady
F(Y) = Homx (X, Y)

[Tpaypat, yia va nieptypdyoupe €va KaAuppa XY apkei va kabopicoupe va y € P t(x). Av
Bewpriooupe 1o Aut(X/X) va 6pa oto X arto 6e€1d, 16te 6pa oto Homx (X, Y) amod apiotepd:

af =fox,x € Aut(i/X),f:)ﬂz%Y.

[Tpaypart,
x(Bf) = a(foB)=foPou.

Zuvenog o F propet va Bewpnbel wg €évag cuvaptning anod to Cov(X) ota 7 (X, xg)-oUvoda Kat
opiler pia woduvapia Katnyoplov.
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Ytowxela ouvopoAoylag Sheaves

VI.1 Ta kivntpa yuwa tTnv avantudn puag Oswpiag ouvopoldoyiag
sheaves

Ze auto 1o kepdlato Ba doooupie pla ouvioun €10ay®yr otn ouvopoloyia tewv sheaves. Ta
KIivNTpa yia v avamntudn mg évvolag eivatl moAdardd. Ta éva adyeBpikd ouvolo, oxnua KA.
X ot opadeg ouvopodoyiag HP (X, F) divouv avadloiwteg ol omoieg xapaktnpidouv kat 1o X Kat
10 J.

Ermiong, av ¢xoupe pia pikpr akpiBr) akodouBia anod sheaves oe évav torodoyiko xopo X

0—F — Fg — F3 — 0,

101e 10 va nepdcoupe otg global sections 0dnyet oe pia akoAoubia n oroia dev eivat ev yévet
akpBng otnv teAeutaia O€on

H ouvopoloyia tov sheaves petpdet Katd KAmoa £vvola tv arokA1on amnod 1o va eivat arpiBng
1 tedeutaia akodouBia kat 0dnyet o pia pakpld akoloubia ng popPng;

0

F1(X) - Fa(X) F3(X) —
W=7~

//
e Hl(X79:1) - Hl(Xag:Q) - HI(X7EF3) —
— HQ(X7?1) - HQ(Xa 3:‘2) - HQ(X73~3) —

— HS(X,?l) - H3(X79.‘1) - Hg(X79~1) - "

Zuxvd o1 Maparndve X®Pol PItopouV va UTI0AOY10TOUV, £VE PITOPEl ApKETOL ard autoug va eivat
Hndevikoi. Autd 0dnyel ouyvd oe pla akoAouBia arno oxEoelg TV EMPEPOUS OPAd®mV OUVO0AO-
YV

Mapatipnon VI.1.1. O avayvwomng kajesital va ouykplvel TN mapandve axofdovdia ue avinv
mc¢ oeidac k1d. Yndpyer pua yevindrepn opofoyikn texvikn yia autol Tou i6ou¢ TiC KaTaoKeUEg,
avtn TV Tapayousv®L ouvaptniov. I'ia Teploootepeg JETTOUEPELES O AVAYVOOTNG TAPATIEUTIETAL
ota [4], [2].
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V1.2 H rataoresvur tou Chech

Ze autég TG onpewwoetg dev Oa akodoubrjooupe tov SPONO TV MAPAYOHEVEOV OUVAPTTOV,
aAAd pla Kataokeuaotiky pébodo nou Baoidetal oty kKAaoikr ouvopoloyia tou Chech.

Opiwopog VI.2.1. Eotw F éva sheaf otov tomodoyiko xwpo X Kat €0t £va a@iuikl avol 1o Kd-
Avppa Uy, ... U, toUu X.

* a kade p € N opifouue toug k-dravvouatikovg xwpoug

CPFH = P FlU,n---NUy).

ig<--<ip

Anflabn €va otoryeio ¢ € CP(F) elvar pua ouflfoyn and sections i, i, € F(Uy, N---N Uy )
yla ofleg tig ouEg p + 1 10 mANOOg avoytwv oUVOA®Y TTOU UTTOPOUUE VA OXNUATIOOUUE aTo
70 6€O6OUEVO avol 0 Kauuua.

* a kade p € N opilouue ™ ovvoplaxn arekovion
dP : CP(F) — CP (),

UE TOV TUTTO

g
s

(dPd)ig,.ip = Q_(=1)V

0

i07~--,i\/7~--,ip+l |Uioﬂ..-ﬂuip+1 ’

<
I

Omov 0 oUU60AoUOC iy onuaiver 0t o 6eiktng avtog Exel mtapasipdel. O mapandvw ouu-

6o/il0ud¢ gxet vOnua, agpouv To d)io,..ﬁv,...,ipﬂ glvatr wa section v ¥ oto uiom"‘ﬂinm“'uip+1 70

omnoio mepxet o Uy, N---NU ®¢ avoly1o0 UmooUvo o yia Kade V.

ip+1

Afjppa VI.2.2. Ia kade sheaf F oto X n ovvdeon dP 1o dP : CP(F) — CP2(F) eivar n unbevucn
ovvapmon yia kade p € N.

Anobeiln. 'Exoupe

p+2
PHLaPV\dh): . — —1)\V(4P -
(AP (AP) D)ty = D (DY(APP) 5 o
v=0
p+2v—1 p+2 p+2
= —1)vtt BN Z Z v+1-1 o
CDY 5 A fipe T (1) Pigr B Frripra
v=0 1=0 v=0k=v+1
=0
]

Me tov mapamndave Tporo £€X0UHE KATAOKEUAOEL Yla aKoAouBia amno d1avuopatikoug X®mpoug Kat
YPAUHUIKEG OUVAPTOEIS
0 a0 1 at 2 az
C(F) —C(F) —CTF) — -
wote n ouvBeon 6uo Sradoyikwv cuvaptoenv va sivatr 0. H nmapandve akolouBia 6ev sivat
arpBng addd £xoupe Evav eyKAe1010

ImdP c KerdP*!.
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Opiopog VI.2.3. 'Eotw F €va sheaf emi tou X kat é¢otw p € N. H p-otr) ouvouofoyia opiletat g

kerdP
HP(X7 3:) = m

ue mu mapadoxr; ot to CHF) kar d— ! etvar undév, ovvencg H(X, F) = kerd’.
Hapatfpnon VI.2.4. To pelovéknua avtig g Kartaokeung sivat ot n aveaptnoia and v

emoyn v agwikovu kaiduuarog 6ev givat oagrg. Mia anddeiln g avefaptnoiag Umopet va
60d¢i ouyKpivovtag Tov OploUo Uag Ue avutov ToU Tapayousvou ovvaptnt, beite [2, dew. I11.4.5].

VI.3 Mepikég 1610TTEG
Ba Soupe PEPIKEG TIPWTES 1010TNTEG TNG KATAOKEUTNG TNS OUVOHOAoyiag
Afppa VI.3.1. 'Eotw F éva sheaf eni tou X, 10xU0UV 1a Tapakdio:
* HY(X,9) = F(X)
* Av 10 X glvat agwikn tofdjaniomta, tote HP (X, F) = {0} yra kade p > 0.
* Av 10 X givat mpo6oAwkn mtofAfanAomta diaotaong n, tote HP (X, F) = {0} yta p > n.

* Avi: X — Y givat o eykisiouog tou X w¢ kisiot unonofdaniotta tov Y, tote HP (Y, 1,.5) =
HP (X, J) yta oAa tap € N.

Anobeln. * EZ optopou éxoupe 61t HO(X, F) = ker(d® : CO(F) — CH(TF)). 'Opeg éva otoixeio
¢ € CY(TF) dtverar amo section ¢; € F(U;) yia kabe apvikd avorxté U; oto kdAuppd pag,
eve 1 ouvaptnon d° opiletatl wg

(d°d)ip5, = (b1, — big)luy, nuy,

yua ip < i;. And ta aiwpata tou sheaf, av to tedeutaio eival 0 untdpyet povadikn global
section tou ¥ tng oroiag o meplop1opog va sivat ta ¢;.

* Atadéyoupe 1o avolXtd KAAuppa To oroio va arnoteAeitatl ano éva povadiko avorxto X. Tote
CP(F) = {0} yia xabe p > 0, apou Sev urtapyet tporog va Sadé§oupe p + 1 avoixtd anod éva
T€t010 KaAuppa kat ouvenog HP (X, F) ={0}.

* Ano v nipotaon L1.54 éxoupe éu propoupe va Stadéfoupie avadpoitkd Opoyevr) IIOAUG-
vuna fy,. .., fn oote dim(X N V(fp,...,fi)) < n—1ywa kabe i = 0,...,n. Autd onpaivel ot
XNV(fy,...,fn) =0, orote 1o X kaAuvrtetat and ta n+ 1 avoixtd cuprnpopata v V(fy).
Ta cupImAnPERATA APIVIKGV Eval APVIKA KAl AVIIOTOTX0UV OTOV EVIOTTIOHEVO SAKTUALO OTH)
petaBAntn fi. ZUVEN®G PITOPOUHE Va Td XPNOOITO)COUE Y1ld TOV UTIOAOY1OHN0 TG OUVO-
podoyiag. Apou 1o KaAuppa yivetat pe akpiBwg n + 1 urntoouvola, €xoupe ot CP(F) = {0}
kat ovveniwg HP (X, F) ylia kabe p > n.

e 'Eotw Uy, - ,U; éva apwvikd avorxto kdduppa tou Y. Tote X N Uy, ..., X N U, eivat éva
APVIKO avorXto KaAuppa tou X ®g Ipog To TeAsutaio KaAuppa, £€XoUupe

CPi.Fl= @ uFUyn---nUy)=  FXNU,n---NUy,)=CP(F),

lg<--<ip o< <ip

yla kdBe p € N. Apou kat o1 ouvaptnoelg dP tautidovial pe g apxikng, ouprnepaivoupe
ott HP(Y,1,.5) = HP(X, F).
]
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IIpotaon VI.3.2 (Makpd akpiBr)g akoAoubia). I'ia pa arxpi6n axodovdia
0> —F —F3—>0 (VI.1)
Umdpxet pia paxpia akojovdia mg LopPng;

0

F1(X)

Fa(X) F3(X) —
S 10

e Hl(ngjl) - Hl(X73~2) - Hl(Xagj?)) —

TTHAX,I) —— HA(X, F) —— HA(X, F3)

X F) —— WX, F) —— WX, Fy) —— -

Amnobeiln. Bswpoupe 1o avupetabetko diaypappa:

0 ——CP(J1) CP(J2) CP(F3) ——0

0 —— CPHHT}) ——= CPH(Fy) —— CPH(T3) —0

O]

OITOU 01 0P1{OVTIEG OUVAPTIOELS EMTAYOVIAL A0 TOUG HopPlopous tov sheaves onwg autég divo-
vtat otnv (VL1). Ioxupigdpaocte 6t o1 ypappég sivat akpiBeis. [Tpaypatt kabe tour)

u:uioﬂ--'ﬂuip

aro adivika avolytd UITooUVOoAd Tou HOOPEVOU KaAUPHATog eivatl avolXto apiviko SpecR. Xuve-
nwg, ta quasi-coherent sheaves F; avuotoiyouv oe R-modules M; yia i = 1,2,3 oto U = SpecR
Kdl OUVETI®OG, aPou KAOE evioTopnog

0— (Mi)p = (Mz2)p = (M3)p — 0
eivat €§ oplopou axkpiBrg, 1o 1610 Kavel Kat 1
0— M —> My —> Mg —0.
‘Opwg autd €§ oplopou onuaivet 6t n akoAoubia twv sections
0—F1(U) - F(U) - F3(U) -0

etvat akp1Brg. O1 ypappég tou naparndve d1aypdppatog eival yivopeva TEtoiwv akoAoubigv Kat
OUVETI®G £ival eriong akpiBeig.
To Snake lemma tdpa pag diver 0t untdpyetl pia enayopevn akpBrng akoloudia

CPH(F)) CPHL(F,) CPT(TF3)

— 0.
Imd]f Imdg Imdg

0— kerd]f — kerdg — kerd]g —

Kdavovtag xprion tou dsutepou pioou g rapandave akoloubiag yia p — 1 — p KAt ToU podTou
PooU ya p — p + 1 tev §Uo akoAoubiev Xoplotd, Gpriaxvoupe éva véo diaypappa pe akpiBeig
VPAPPES:

CP(F1/ImdP ') —— CP(Fy/Imd}) ') ——= CP(F3/Imd} ') —=0

| i l

0 Kerd? ™ Kerd) ™

Kerd? ™' —
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OIoU 01 KABETEG oUVAPTIOELS erdyoviat ard tig ouvaptroetg df yua i = 1,2, 3. Mia aképa epap-
poyr) tou Snake lemma 6ivetl pia axkpiBr) akodoubia

HP (X, F1) — HP(X,F2) — HP(X,F3) — HP (X, F1) — HP (X, T3) — HP (X, T3) —

agou 01 ITUPLVEG KAl Ol OUUITUPIVES TV 0p1OVII®V OUVAPTI|OE®V OT0 MAparndave didypappa
etvat € oplopou o1 opadeg ouvopoAoyiag. Zuvdudaloviag 0Aeg Tig opadeg yla KAbe p, E€Xoupe
{ntovpevn paxkptd akpBr) akoloubia.

V1.4 Iapadeiypata

1. Ag urtobéooupe 6t X = P} kat F = Q eivat 1o sheaf tov diapopikeov kat U = Al = Speck[x]
eve V = Al = Speck[y], y = 1/x. Tote 10 oupridoko Chech £xet o dpoug
C'=T(U,Q) xT(V,Q)
Cl=Tuuv,Q).
YroAdoyidoupe ot
I'Uu, Q) = k[x]dx
v, Q) =klyldy
runv) =xkx,x dx.

H cuvdptnon d : C° — C! &tverat ano

dx

X—x, Yy 1/x, dy'—>—ﬁ.

AnAadn o Kerd eivat ta deuydpla (f(x)dx, g(y)dy) wote

--iof})

H tedeutaia o06tnta propeti va 1oxuvet povo otav f = g = 0, apou n apiotepd mAeupd eivat
MOAUGVUPO 010 x Kat 1 8e€1d moAudvupo oto 1/x xepig otabepd opo. Zuvenog HO(X, Q) = 0, to
oroio ekPPAdet to yeyovog ot 1o yévog g X = Pi etvat 0.

I'a va uniodoyicoupe to HY (X, Q) napatnpoupe 6t n ekéva tou d eivat 1o oUVOAO TRV eK-

PpACERV
1 1
<f(X) + ;g <X> dX) R

onou f, g etvat moAudvupa. Autd obnyei otov undxmpo tou klx, x]dx, o onoiog mapdaystat anod
x"dx,n € Z, n # —1. Zuvenag,
klx,x1]dx _
HY(X, Q) =~ —= = (x ldx) = k.
Imd

2. H ouvopoAoyia Chech propet va opiotet o 0rto10vr)mote TormoAoyiko Xmpo, Ormou 10 KaAuppda
TPETTEL va £val APKETA AETTIO (OOTE 1] OUVOP0Aoyia KAOs avolytou va eivatl Tetptppevn.

'Eotew S' 0 xUkA0G 11g T PUOI0AOYIKY] Torodoyia kat Bewpoue 1o otabepd sheaf Z kat éva
avoiXto KaAuppa 6U0 avolytewv NUIKUKAI®V TTOU EITIKAAUTIIOVTIAlL o€ HU0 PIKpA avolytd diaotn-
pata. Tote

C'=T(U,Z2)xT(V,Z)=Z X Z
Cl=T(uUnV,Z2)=ZxZ
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£ve) 1 ouvdptnon d : C® — C! otéAverto (a,b) oto (b—a, b—a). Zuvernwg nf Chech diver HO(SY, Z) =
7 xat HY(S1, Z) = Z. Eival yeyovog 6t f Chech tautietat pe ) ouvnOiopévn yla apketd Asmtd
Kaduppata, 6eite kat [2, doknon 4.11, o). 225].

3. 'evikd oe piyadikég moAAarnAdtnteg pe ) ouvnOiopévn Torodoyia propovpe va Bewprjcoupie
Vv eKOETIKT) ouvaptnon aBeAliavov opnddav

27tix
05Z—C<S C"—1, (V1.2)

ormou 1 C €xel mpooBeuikr] dopr] kat np C* €xel moAAarAdaoclaotikr. Av KATO10G Bewproetl ta
sheaves 6oprg @V Piyadikodv avaAutikgv noddarndotitov, odnyeitatl ot pikpn akpibr) ako-
AouBia sheaves

0—7Z— 0x — 0x — 1,

orou Z eivat 1o otabepd sheaf, Ox eivat to sheaf Soung kat O eivai 1o sheaf tov avuiotpéyipeov
otoixeiwv tou Ox pe mpadn tov rmoAAanAaciacpo.

210 HY emtine6o EavaBpiokouye tv akodoubia (VL2), apov ot avioy oddpopgeg cuvaptrioelg
etvat o1 otaBepég. X1 ouvexela €XOUpPE Vv

0 — H'(Xn,Z) — H' (Xn, Ox, ) — H (Xn, 0x,) = H*(Xn, Z) — H?(Xpn, 0x, ) — -+

ZTov apardave oUPBoAIo0 £€X0UHE YPAWel X, Yid va EEX®@PI00UE TOV X®OPo Xy HE T Piyadikr)
ToroAoyia Kat tov avtiototyo xopo X pe tv tornodoyia Zariski. O mapandave Siaxoplopog otov
oupBoAlopo dev €xel KAl toon onpaocia xapn oto Bewpnpa tou J.P. Serre [3], [2, Appendix B,
Th. 2.1] to omoio pag &ivel 6T

HY(X, 0x) = H'(Xn, Ox,,).
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Yuumayels Emtupdveleg Riemann

VII.1 H 18¢a tng semipaveiag Riemann
Bewpoupe éva moAuwvupo dUo petaBAntov

P(xy) 1 y* — Qx),

ortou 1o rmoAunvupo Q(x) € Clx] moAudvupo pe amiég pideg. ®a BEAape va ieptypayoupe Tov
TOro PNdeEVIOPOU TOU IAPAIAVE MOAUMVUHOU ®G UrtoouvoAdo tou C x C. AkodouBwvtag tov
Riemann Bswpoupe 10 x € C wg eAevbepn petaBAntr. I'a kabe x €xoupe 6U0 pyadikeg ti-
HEG yia 10 Y S1apopetikég petal Toug, EKTOG Ao TIG TEMEPACHEVESG TO TIANO0G TIHEG TOU X OTIg
ortoieg 10 Q pndevidetal. Zuvenwog UMoOpoupe va GpAviaoctoUlE TO GUVOAO HUNSEVIONOU TOU TTo-
Auwvupou P(x, y) og 8uo avtiypagpa tou piyadikou erurédou ta oroia KOAAAve Petady Toug otig
pides tou Q(x). Av 6e Bewpricoupe avti yia Tov 1o1o pndeviopou tou P(x, y) tov oo pndeviopou
TOU OPOYEVOTIOUEVOU TTOAUMVURIOU ®G UTTOOUVOAO TOU IPOBOAIKOU erirtieédou, KataAnyoupe o
pila oupnayn smgavela Riemann, pe xepouAla 6nwg 0to MAPAKAT® OXA:

ST e N S—
> S i S

Ze autn v amlr Kataokeur| epgavidoviatl pia oe1pd ano 18€eg OXETIKA PE TO TIOG H1a ETTE-
KTa0T OQOUAT®V - N erouvayn g +/f(x) oto oopa C(x) - 0dnyel o€ pia TomoAoy 1K -YE@UETPIKN
Kataokeun. Autr) n 18€a pag divel kat v wooduvapia ermpaveldv Riemann - adyeBpikov ka-
HIUAQV - COUATOV OUVAPTHOE®V Tou Ba doupe otn ouvexela.
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VII.2 Opiopoi

Oplwopog VIL.2.1. Mia empdveia Riemann sivat évag tonofoyucog ywpoc Hausdorff X ue tg
napakdi® 010TNTES:

* Yrapyet pa owkoyévewa (U, z), omou U, avoiyta vroovvofa tou X, z ouvaptnosigz : U, —
C, tomofoyucol ouotopuoppiouoi ueoa oe avoryta tov C kat emumicov ta U, kaivumtovv tov X,

onAaén: U
X=)U,

e Av U, NU,, # 0, 0te n ovvaptnon zs o zfl ano 1o z;(Uz, N Uz,) oto z2(U,, NU,,) evar
oj1opopen.

* H owoycveia xaptov (U,,z) givat peyiom og mpog avteg tig 1O10TnTEg.

Z1 Z2

®a ene€nynooupe ) onpacia 1V napanave evvoldv. ‘Eote X tortodoyikog xwpos. To avot-
XT6 ouvodo U Ba Aéyetat utyadukog xaping tou X av UrdpxXel OPo10popPp1opog

$:U—VcC

o oroiog arewkovidel 1o U oto avoixtd ouvodo V tou C. 'Evav piyadiko xdptn tou X 6a tov
oupBoAidoupe pe (U, z). 'Eoww a € X, av a € U, 10te 0 (U, z) Aéyetatl xaping tou a. 'Eote

U ={(Ui,zi) :i€}

pla owoyévela piyadikev xaptov tou X. H owoyévera U Ba Aéyetat atdaviag tou X av Kat povo
av UietU; = X. Av topa (U, z1) kat (Usg, ze) xdpteg tou X, 6nAadn z; : Uy — Vi, orou V; € C
avolxtda yua i = 1,2 xat z; opolopopdlopol, tote ot ¢ Kat zo Oa Aéyoviat d1-oAdpoppa oupBatot
OTav 1 AMEKOVION

Z9 0 zfl cz1 (U NUg) — zo(Uy NUy)

etvat 81-odopopon, 6nAadry oAdpopPn KAl APPIIOvVOC A V).

Oplopog VIL.2.2. 'Evag datdaviag U tou X da Agyetal oAouop@pog¢ dariaviag av Kat uovo av yla
rade Cevyapt (Uy, zi) rkat (Uj, z;) tou U givar dr-oflopoppa ovpbaro.

Eukola darmotwvetat 6t ) ouvOeon anod d1-oAdpopdpeg ouvaptroeig eivat eriong 61-oAdpopdn,
dnAabdr) n 61-oAdpopepn oupBatdtnta petady Piyadikov atdaviov ivat oxéon tooduvapiag.

Opwopog VII.2.3. Mwa uyadukn doun L oe pia mojdaniomra X eivar pia kiaon wwodvvauiag
O61-0A0U0P PV 1006UVaUGY aTiavTi.
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KdaBe piyadikr) o) mepi€xet Evav povoonpavia optopEvo PEYI0TO ATAavia o oroiog opidetat
g 816:

u* = {(U, z) : xaping mg X yua kabe (Ui, z;) € U ta (U, z), (U, z;) etvat d1-odopopopa 001160161}.
Atvoupie tov mapakdte 10oduvapo oplouo:

Opiopog VIL.2.4. Mia smipaveia Riemann sivat éva guyapt (X, L), omou X ovvektikn 2-6taotain
(tavw ano 1o R) noAdanfiomia kat L eivar pia pryadukn doun emi tou X.

IMapadoxn Otav X srmugdvela Riemann, tote wg évav xdptn eri tou X katadaBaivoupe évav
H1yadiko xaptn tou PEYIoToU dtAavia tng pyadikng doung tou X.

Mapadeiypata VII.2.5. 1. X =C, U ={(C,Idc}.
2. ' Eoww Y C X, Y avoto kat ouvektikO umoouvolo g enpaveiag Riemann X.
3. Ebuca kade 10mog tou C givar emipaveia Riemann.

4. Z¢aipa tou Riemann/Ipo6ojikn evdeia. O ywpog P eivat e€ 0plopuou o xwpog tev kKidoewv
wodvvauag lzy : z1] anod fevydpia pryadikdv apdumv (z1,z2) # (0,0) wote (z1,22) ~ (z{,25)
av kat uovo av (z1,z2) = A(z],z}) yia kanow un-undevucd A € C. Bswpovue ta avoytd
ovvoAa

U ={lz,w] : z # 0} kar Uy = {[z,w] : w # 0}

ta onoia kajumtovv 1o PL. Opilouue ¢y : Uy — C pe do(lz,wl) = z/w kat ¢ : Uy — C pe
d1([z, W) = w/z. Ot tapanave ovvaptrosig eivat augpuovoonuavieg. Emniong, ¢i(UpgNUy) =
C* 10 omoio eivat avoryto tou C. H ovvdeon ¢1 o g : C* — C* otéAvet 10 s — 1/s kat givar
oroflouopen oto medio opouov mg. Emniong, apou ta Uy, Uy eivat ovuvéktika kat Eyouv un
Kevn toun, o xwpoc P! eivar ovvektucdg. Téfoc, evkofa BAsmouue o sivar kar Hausdorff,
agpou bvo OGwagopetika onueia 1] avnkouv kat ta 6vo oto 6o Hausdorff avoyto U; 1 oe
dwagopestika avoryta U;.

5. 'Evag wopog ¢ uopeng C/A, omou A dwakpityy umooudada 100pop@n ue 10 Z x 7. I1epioootepo
avajutika dewpouue U0 utyadukoug apduoug wi, ws ot onolot eivat R-ypauuuka avelapn-
tot. To Siktuwto A opiletal wg

A=2Zwi+ Zwy ={miw + mows : My, My € Z}.

To A givar mpoodetikn vnoopada g mpoodetikng opadag ou C kat onwg £xouue Set 0T0
napadeypalV.2.24 1o mniro éxer v romoAoyucr; Soun tépou, evod N ouvdpton: C — C/A
givar ovveyrg € optopou. Kade avoyto U oo C/A sivar eucova evog avorytou tou C tou
7Y (U). Emiong, n m elvar avowytr ovvdpton, agov avV C C avoyto, tote 1o (V) ivar
avolyto oto tnAiKo apou 10
p(V)= | (w+A)
weAN

eivar avoyto oto C. Opilouue 1o KAeoto Ttapadinidypaupo
P, ={z+Awi +Awz:0 <A A < 1L

Kade onueio tou C eivar toodbvvauo modulo A pe eva onueio tou P,. Zvvenwg tomn: P, = C/A.
Emnigov 1o C/A gival ovumayeg wg tkova tou ouunayoug P,. Agou 1o A givat draxpitn uno-
ouada, vrapyet éva € > 0 wote |w| > 2e yra kade un undeviko w € A. I'ia eva otadepo zy € C
o avowtog biokog D(z, €) bev mepiéxel onueia woodbvvapua modulo A. 'Etol n ouvaptnon mpo-
60l1¢ T Otav meplopiotei oto D, = D(zo, €) elvat Evag opoopopPlopuog m,, pe 1o m(Dy,). Ot
oUVaptroEls Xaptwv ivat ol AVTIOTPOPES TV T, KAl IKAVOTOOUV T oUVANKN oup6atotniag
XapTov.
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6. Av T givar pa opada Fuchs mpwtov giboug kat H 1o nave puryadiko eminedo, 10te n ouada I
6pa oto navw nuietinedo kat o H/T' yivetar emipaveia Riemann.

7. Ot modular kaunujeg X(N) eivar emiong em@aveieg Riemann.

VII.2.1 OAOpOpPES KAl PEPOHOPPES CUVAPTHOELS

Opopog VIL.2.6. Mia ovvdptnon f: Y — X petalv dvo empavewdv Riemann X,Y da Agystar
ojflopopen (avtiotorya Stagopion) otav €xet g napakate WOwmieg: ¥V P € Y kat f(P) € X
UTapxouv meptoxEg ovvistayusvav (U, z) tou P kat (V,w) tou f(P) té€roteg wote f(U) C V katn

wofoz 1:z(U) — w(V)

va etvat oflouopgn (avtiotoya npayuatika dtagpopioyn) ovvaptnon.

Ipotaon VIL.2.7. Ot nepioyeg ovvietayusvov (U, z) kat (V,w) mapandve umopouv va emiieyovv
UE TETOLO TPOTO WOTE N

wofoz 1:z(U) — w(V)
va oteAvet To
Z—2z

ya kamnotwo e € N.

Amodeiln. @étoupe F = wofoz ! : U — V. Autr) etval pia oAGpop@rn oUvAPTNON avapeod O
avoiytd urtoouvolda tou C kat propet va meplopiotel oe avoixto dioko tou U wote va urndpyet
e € N pe F(z) = z°g(z), pe g(z) avadutkn kat g(0) # 0. Emtiong, uridpyet pia yertovid tou 0, £€0tw
Uy kat pia avadutikn p(z) oe autnv ) yertovid £€tot ®ote p€(z) = g(z). O

Mapatpnon VIIL.2.8. O qpidudg e 0T0 TPONYyOUUEVO SEDPNIUA UTIOPEL VA XapaKTnplotel w¢ ENg.
I'a kade yerova U, tou a urapyet yerovia U C U, kar W yertovia tou b, ue b = f(a) €10t wote
10 ovvoflo f~1(y) N U mepiéyet e arpibog otoyeia, yia kadey € W uey # b. Ovoualouue 10
e mojldanotta ue v omoia n f maipver v Tun b oto onueio a 1N mo ania Ague ot n f €xet
nojjanotmta e oto onueio a.

Opiopog VIIL.2.9. Av 10 e > 1, 101€ 8a Acue o n f diaxAdadiletar oto P ue deixtn Staxiadbwong e.

HMapatfpnon VIL.2.10. Zuykpivete TV TOTKY AUty EKgpacn t¢ 0AOUOpPNS CUVAPTNONG UE TO
napaderyua V.2.2.

Ocapnpa VIL.2.11 (Avadutikn Zuvéxion). Av f kar g oAdouoppeg ovvaptroeig oto X katf = g
oc avoyto vnoovvojlo g X, 10te f = g oe wa avowktn ovvotwoa. Idwaitepa av X oUveKTIKN
noffaniomzta, tote f = g og 070 10 X,

Anobeiln. [8, ogA. 61]. O

Ocwpnpa VIIL.2.12 (Bedpnpa avoiytig ouvaptnong). Av n X givat ouvektikn emgaveia Riemann
Kkat f oflopopen un otadepa, tote n f eivar avoyytn ovvaptnon, dndadn otéAvel avolyta o avoryta.

Anobdeiln. (15, oeA. 40]. O

Ocwpnpa VIL.2.13 (Liouville). Av M eivar ouvektukn kat ovurayrg kat f oAouopgn, tote n f eivat
otadepn).

Anobeiln. (15, Oswpnpa 1.37 oed. 29] O
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Ocapnpa VIL.2.14 (Bewpnpa tavtdtntag). Av fi, fo 0Aouoppes ovvaptroeis uetall eTiYaveidOV
Riemann X,Y. Av f; = fy 0g éva un kevd uoouvoo A tou X ToU va £xel €va ONUel0 OUOOWPEUONG,
101€ f1 = f9.

Anodeiln. Ostoupe G va eival to oUvodo OArV TV onpeiov x € X Iou £€X0UV Pia avolKtr) Ye1tovid
W tou G €101 wote filyw = folw. To G elvat éva avolktdo cUvoAo amo v mapdrndave Umodeor.
®a &eigoupe ot eival kat kAewotd. 'Eoww b € 0G, tote f1(b) = fa(b) amd ) ouvéxela v fi.
ErmAéyoupe ouvietaypevikeg reptoxég ¢ - U — X kat P : U — Ype b € o(U) xat fi(e(U)) C
P (U’). YrioBétoupe ertiong o1t o U kat ouvenag to @ (U), eivat ouvektukd xopia. Ot aneikovioesig

gizlb_lofio@zu—)U./C(C

etvat avadutukég. Kabwg ¢ (U) NG # o, (ta otokela piag akodoubiag x, — b mou eivat apketd
KOVIA 010 b avAikouv otnv topr) Ba éxoupe and 1o Oshpnua VIL2.11 6t ot g1, g2 Oa eivat tau-
totkd ioeg Kat i, (u) = f2lp(u)- Eto1 b € G xat 1o G eival kKAeioto. Asi§ape 611 0G C G, £€tot
G°UdG = G C G ka1 yvepidoupe 611 G C G, pe anotédeopa G = G. Kabog o X sival ouvektkog
Ta POVA aVOIKTA KAl KAE10TA Tautd)Xpova Urtoouvold tou Oa eivatl to @ kat 0AokAnpog o X. Av
10 G eival Kevo tote T0 0UVOAO A gival KAE10TO
Kdavovtag xprjon tou Bswpnpatog [14), 17.1 0ed.369] 10 oroio avadépet 0Tt av U0 avaluTikEg
ouvaptnoelg optopéveg oe toro D C C wote va ouprintouy o€ €va pin Kevo ouvodo A C D katto A
va £Xe1 ONIEI0 CUCKPEUONG TTOU va avrketl oto D tote autég tautidoviat o 6Ao D, e§aocpaliloupe
Ott 10 ouvolo G Bev eivatl Kevo.
[

IIpotaon VIL.2.15. Eotw X wa ovurnayng em@adveia Riemann kat F : X — Y pa un-otadepn
ouvvapnon oty ovvektikn empaveia Riemann Y. Tote n'Y givat ovunayng kar n F lvat emi.

Amnobeiln. Apou n F eivat oAdpopdn kat 1o X avorytd otov eauto tou, 1o F(X) eivat avoiyto oto
Y aro to Bedpnpa avoiying aneikovions. Amo tmyv aAAn mieupd, 1o X gival oupnayég, Ouven®g
10 F(X) eivat oupnayég. Agou 1o Y eivat Hausdorfl, to F(X) eivat kAeiotd oto Y. Zuvenag to F(X)
etvat avoiXto Kat KAE0TO 010 OUVEKTIKO Y Kat mpénet Y = F(X). Andadn n F eivat erd kat o Y
OUPIayEg. O

Iopropa VIIL.2.16. Kdde avajutikn ouvaptnon os ovurayn enigpaveia Riemann sivair otadepn).

Mia avadutkn f oty oupnayr) ermgavela X, eivat amno tov optopo pia f: X — C xat o C dev eivat
ouprnayng. Amo Vv nmponyoupEvr) IIPOTAot £IETAl TO {NTOUHEVO.

Moépiopa VIL.2.17. Kdade uspduoppn ovvaptnon f otov PL, eivar pia pntr ovvdoptnon kai kade
avaiutkn otov P} eivat otadepn).

Anodeiln. H f €xel menepaopévo aplOpo rmodwv. Av eixe AIelpoug IT0Aoug, TOTE T0 OUVOAO OA®V
IOV OAwv Oa eixe éva onueio cuocompeuong (arod tnv 1810tnta Bolzano-Weierstrass). Ano to
Bewpnpa tauvtotntag ) f Oa Nrav ion pe ) otabepn) AneKoOvion z = co. YItoBErtoupe OTt 1o oo Hev

etvat moAog g f (Brapopetika eruAéyoupe v 1/f). ‘Eotw ap, as,...,an € C va givat ot oAot
mg f xat
-1
hy(z) = Z CV)(Z av),
j=—kv
va eivat 1o Kuplo pépog tng f otov moAo av, pe v = 1,...,n. H ouvapinon g :==f— (hy +--- +

hn) etvat pila avadutky ouvaptnon otov PL. YrievBupidoupe 6t to dBpotopa Kat 1o yvopevo
avaAuTIK@OV ouvaptroemy eivat avadutiky ouvaptnor). Me Pl oupnayr) erugdvela Riemann. Ao
TO IPONyoupevo noplopa 1 g €ivatl pia otaBepr) ouvaptnon kat n f etvat pnr). O
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IIpotaon VII.2.18 (Awakpiieg rpoeikoveg). 'Eotw F: X — Y wa un-otadepn oAduopgn ovvaptnon
uetalv empaveiov Riemann. Tote yia kade y € Y n mposucova F1(y) eivar Siarpird vmoovvoio
tou X. I6waitepa av ot X kar Y eivar oupmayeig, 1ote 10 F~1(y) elvar un-kevo menepaocusvo ovvoio
yia kadey €Y.

Anobeiln. [15, pot. 3.12]. ]

MepOpOPPES CUVAPTIOELS

Opiopog VIL.2.19. Mia ouvdptnon ¢ empaveiag Riemann X oto C 8a Agyetar pepopoppn otav
givar optougvn kar oflduopen oto ouurAnpoua vog drakptov renepaousvou ouvoiou B e X
Kat emnigov av q € B, t0te f(p) — 00 kadw¢ p — q. Ta onueia ¢ B ovoualoviar oot g f.

To ouvoldo TV PepodpP®V ouvaptioe®V et g X, Oa 1o cupBoAiloupe pe M(X), amotedet
oopa pe pdlelg ) ouvnOn npoobeon Kat oAAANAACIACHO CUVAPTHOEDV.

Ocwpnpa VIL.2.20. Kdde ouumayng smigpaveia Riemann gxet pia Un-telpippueévn UepOuopgn ouv-
vapmon.

Anddeiln. H anddeidn autou tou Bemprjiatog anattel teXvikeg ouvaptnolakng avaluong arno
QUTEG ITOU £X0UNIE EMECEPYAOTET HEXPT TOPA OTIOG appovika Stapopikd kat Bewpia xodpwv Hilbert.
Mia arode§n prnopet va Bpebet oto eutepo repaAato tou [5].

To arotédeopa auto anodeikvuetal Kat pe ) 8onbeia tou Ocwprjpatog Riemann-Roch, opng
n anodegn rmou Oa dwooupe xpnowornotetl v woduvapia alyeBpikov kaprudev oto C kat
ermgaveldv Riemann n omnoia xpnowpornotei to {nrovpevo Bedpnpa. O

Hapatypnon VIL.2.21. Kdde puspouopgpn ovvdpmnon f : X — C, umnopei va enektadei oe 0/0-
uopen ovvaptnon f: X — PL détovtag f(q) = oo Vq € B.

Oplopog VIL.2.22. (1040t kat pifeg pepoudpPav ovvaptioewv). Pida wag ovvaptnong f : X —
P! Aéyetar kade avtiorpopn eucdva tou 0 € P, Taln g pilac Aéyetar o 6aduds SrarxAabwong
¢ oUVAPTINONG OIN OUYKEKPUELVN AUTIOTPOPN sukova. Avtiotpo@ag, mojo kat taén tou mojou
Kajlouue TIG avtioTpoPeg EIKOVES TOU oo Kat Tov 6aduo dtakAadwong oc ekeivo to onueio.

Ot apandve oplopiol eivat 1006Uvapot pe Toug Yvootoug anod tr) Oewpia piyadikodv ouvaptr)-
oe®V, av Bewpnooupe ) cupnepidpopd g oelpdag Laurent tg ouvdptnong ypappévng o€ TormKo
ouotpa ouvietaypévev. Baoiko mieoveéktnpa tng pyadikng Osmpnong ivat n) Tormkr) availuon
KABe ouvaptnong os duvapooelpd. Mmopoupe va KAVOUE 1ia MAPOPo1ld KATAOKEUT] O OITO10-
8nrote oopa. Mpaypatn av C eivat pua kaprudn xat P éva opado onpeio, tote 1o Mp/M3 éxet
dtdotaon 1 uniép 10 K = K[C]p/Mp, omote [2] o K[Clp eivatl Si1akpitog SakTuAiog eKtipinong.

Opwpég!fll.z.z& Eotw C kaunuin kat P € C, un 1610puop@o onpueio. H Kavovikomomuevn exti-
unon tou K[Clp bivetar amo:

ordp : K[Clp — {0,1,2,... .} Jioo}

ordp(f) = max{d € Z: f € M&}.

H nmapanave ektiunon, enekteivetal oe 0o 1o K(C) ania dtovtag ordp (f/g) := ordp(f) —ordp(g).
Mia yevikeuugun tomkr) ovvtetayuévn g C oto onueio P eivai uia ovvapmont € K(C) pueordp(t) =
1, 6nAabn évag yevvnropag tou tbewdoug Mp. H ovvaptnon f xet pida (avtiotorya nojlo) oto P av
Kat uovo av ordp (f) > 0 (avtiotoyya ordp (f) < 0).
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VII.3 H Oczwpia Galois TV pepopopPpwv ouvapTGERV

Ocwpnpa VII.3.1 (Bswpnpa tou Riemann ywa tg aipdpeveg avopadieg). Av puia ovvapton f
glvar ppayucvn kar avaAvtikn os pia «qpUTNUEVT YELTOVLA EVOG ONUEIOU z¢, TOTE N  elvat avajutikn
070 2z €l 10 z( lvatl onuelo apousvng avouaiag.

Anodeiln. [4, Osdpnpa 1, ogA. 397] O

IoodUvapa priopoupe va mouvpe ot

Ocwpnpa VIL.3.2. Av U givat éva avowktd uroovvoAo piag emipaveiag Riemann kat zp € U, ue

f avadutkn kar ppayuevn oo U\ {z¢}, 10te umopei va enextadei povadika oe pia f, oe oJoxAnpo
70 U.

VII.3.1 TomoAoyikd KaAUppata Kat enigpaveieg Riemann

'Evag tomuka ovumayng ywpog X opidetat va eivat €vag TOTOAOY1IKOG X®POS MWOTE yla KAOe
x € X va Undpxel OUpIayég uroouvolo tou X mou Ieptexetl pia yertovida tou x. [Ipodpaveg n
ouprnayetla e§acPalidetl v 10K CUPIIAYELd.

Opiopog VII.3.3. Mia ouveyrg ovvaptnon f: X — Y uetalv U0 1omikd oUUnayov xwpmv, ovo-
ualetar proper av yia kade ouvunayn K touv Y, n avtiotpogn sucova tou péow mg f, f1(K) eivar
OUUTTAYTG.

IMa mapddetypa, auto oupbBaivetl mavia 6tav o TOITOAOY1KOG X®WPog X ival oupnayng: ano i
ouvéxela g f 1o f1(K) Ba eival KA&16T6 UMTOCUVOAO CUIMAYOUG KAl CUVETTRG £va CUIIAYEG OU-

volo. Emtiong, pia proper ouvdptnon eivatl KAeiotr) (01 e1kOveG KAE10TOV PEO® NG  eival KAgiotd
oUVvOAq).

Oplopog VII.3.4. Mia anewcovion f: Y — X uetalv tonofoyikav ywpwv Y, X ovoualetar Staxpttn
av 10 f~1(x) givar éva &iarxourd vroovvodo tou Y, yia kade x € X.

Afppa VIL.3.5. 'Eoww X,Y tomuca ovpnayeic kai f : Y — X uia proper kat Siaxkpttr) aneuovion.
Ioyvouv ta axkofovda:

1. Ila kade x € X 10 ovvoo f~1({x}) elvar menspaouévo,

2. Avx € X katV pia yeirrovid tou £~ (x), t0te undpyet pia yerrovia U tou x érot wote f~1(U) C V.

Anodeén. Tia 1o mpoto pépog £xoupe ot o f1({x}) Ba sival oupnayég (n f eivar proper) kat
81aKkp1T0 UTTOOUVOAO TOU Y TautoXpovd, OUVEN®S rerepacpévo. Ia to deutepo, €xoupe ot yla
KdOe V va eivat pia yerrovid tou 1 (x) to Y\ 'V Ba eival kAe1ot6 tou Y kat kabamg n f ivat proper
ouvaptnorn, Ba eivat kAewotr) kat 1o f(Y\ V) := A Ba eivat kAeiotd tou X pe x € A. 'Eoto U = X\ A
va eivat pia avoiktr) yerrovid tou x. Tote éxoupe f~1(U) = Y\ F1(A) xat fH(f(Y\V)) DY\ V.
210 tedeutaio xpnoponomjcaps 10 6t yla kabe f : A — B e Ag C A oxvet f1(f(Ag)) D Ag.
Tuvenog éxoupe 6t U =Y\ f1(f(Y\V)) C V. O

Oewpnpa VIL.3.6. Eotw X,Y smigpaveieg Riemann katp : Y — X pia oxt otadspn avaivuxn
ancwcovion. Auvtry bev €xel onueia SiakAadbwong av kKat uovo av givat £vag TomikOg OUOLOUOPPL-
ouog. Emimpoodétwg, av Y ovumayng (1oxvel kat ue acdevéotepn ouvdnkn, otav X, Y eivatl tomka
OUUTAYELS XWPOL UE P proper ameikovion), 10te N p elvat pia kajuntkn) ansikovion.
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Amnobeiln. 'Eotww ot 1 p dev £xetl onpeia daxkAdadwong kat y tuyaio onpeio tou Y. Yrdpyet pia
avolKTH) yertovid tou Y étot dote 1 ply va eivat 1-1. Kabog 1 p cuvexng kat avoikty (ard VIL2.19)
Ba amekovidel opolopopPikd 1o avolkto V oto avolkto U = p(V). Avtiotpoda, av n p eivat évag
TOTUKOG OPO10POPPLON0G, TOTE yia KABe y € Y undpyxel avolktn mePloxr) tou y, €0t V rou Ba
aneikovidetal opolopopPika os €va avolkto tou X. 'Etotl n ply Oa eivat 1-1 pe ouvénewa 1o y
va unv etvat onpeio StakAadwong. Topa and 1o Bedpnpa VIL2.15 n p et xat o X cupnayrg.
Apxkel va deioupe 611 kKABe onpeio x € X €xetl yerrovid U C X rou eivat opadd KaAuppévn ano
mv p. Hpaypat Bétoupe p~t(x) = {y1,...,yn} HE Yi # Y; V1 # j. KabBag n p eivat évag torukog
OHO10POPPIONOG, £€X0UHE OTL yia Kabe j = 1,...,n undpxetl pia avowktr) yerrovia Wj tou yj Kat
pia avowktr Uj tou x €101 wote 1 plw; @ Wj — U; va eivat évag opotopopdiopog. Mriopoupe va
unoBéocoupe 6t ta Wj eivat §€va avd 6vo. Opeg katn Wi U--- U W, etvatl pia avoiktr) meptoxn
tou p(x). H p etval proper ouvaptnon, kabwog o Y eival cupnayng TomoAoyikog X0pog Kat
Slaxkpitr): av dev Nrav yla karowo « € X, 1éte ano 1o Bedpnpa tavtotnrag, 6a frav tauvtotka
ion pe ) otaBepn anekovion p(x) = «, MPAYHA ATOIT0 Ao tnv unobeon pag. Mmopoupe topa
va epappocoupe 1o Afppa VIL3.5, ard érou unapyet avowktr reptoxyy U € Uy N---N Uy, toU x
pep(U) C Wi U---UWy. Bétoviag V; = W Np~L(U), Ba éxoupe 6t ta V; Ba eivar §va pe

p W =ViU---UV,

Kat ply; : Vj — U va eivat évag opotopopepiopos ya kabe j =1,...,n. O

Bewpoupe pa cuvaptnon f: X — Y petadu ermugaveidv Riemann nou va givat avaAuukr),
proper, 0xt otaBepn). To ouvoldo tewv onpeinv dtakdadwong R eivat kAeloto (yia kabe p € R undp-
Xet yertovia tou p, U, pe Up, NR # @ amo v napatrpnor) VIL2.8) xat Siaxptto, dndadn kabe
P € R eivat pepovopévo (apxet va dei§oupe 6t yia kdbe p € R unapxet Uy, pe U, NR = {p}. Ano
Vv 161a apatrpnor, PIKPAivoviag Tig avolkiég reploxég U tou p, propoupe va KataAn§oupe
otn {nroupevn nieploxn). Topa kabwg f proper to f(R) := S Oa eivat kAelotd kat H1akp1tod UIo-
oUvoAo tou Y. Ovopddoupe 10 S 0UVoAo eV Kpiowev Tipev g f Av opicoupe Y/ = Y\ S kat
X" = X\f~1(S), t6te énwg £idape, maipvoupe pia avadlutikr) KAAUTTTIKY) AMEKOVIOn P N-QUAAGV.
Kabe tpny ¢ € Y n p v naipvoupe akpiBog n popeg. 'a va ernekteivoupe 10 cupnépacpya auto
KAl yla TG Kpioeg Tipég s € S mpérnet va AaBoupe uroytv Kat v nmoAAaridtnta:

Ocwpnpa VIL.3.7. Eotw X,Y emipaveieg Riemann kat f : X — Y uia proper oxt otadspn ava-
Avukn anewcovion. Yrdpyet évag ¢uotkog apduog n €tot wote N f va maipver kade tun c € Y
aKpl6w¢ 1 POPES, TPOOUETPOVTAS Kal Ti¢ ToAAarotnteg.

Aniddeiln. 'Eote n o apBpog tov ¢UAAeV TG KAAUTTUKEG aneikoviong p := flx/ : X' = Y. 'Eote
s € S pia xplown wpr g f kat £ 1(s) = {x1,..., %} Kat opidoupe k; va eival n moAdardénta
g f oto onpeio xj. An6 v napatrpnon VIL2.8 vrapyouv Uj avoiktég meploxEg tav xj Kat Vj
QVOLKTEG TTEPLOXES TOU § £T01 WOTe yla KABe ¢ € Vj\{s}, to ouvodo ! (c)NU; va repiéxet akpiBog k;
otoixela, pej=1,...,r. Topa and to Anppa @J@ HIopouUpe va Bpoupe pia avoikir) meploxr)
V CViNn---NV; tou s étot oote fH(V) € Uy U---UU,. Téte yia kabe onueio ¢ € VNY’, Ba éxoupe
ot to f1(c) anotedettat amd ky +- - -+k; onueta. ‘Opeg to ¢ € Y/ kat ouvenog £ (c) =p~(c) =n.
‘Etotn=Kk; + -+ k. O
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IIpotaon VII.3.8. 'Eotw f : X — Y pia un-otadepn avadvuxn ancucovion kar X,Y va givat ov-
unayeic em@aveiee Riemann. Tote:

1. To ovvoAo onueiov draxkAadwong R C X Onwg rkat 1o S = f(R) C Y elvar nengpaopévn.

2. H ameucovion X\ f71(S) — Y\ S elvar pia kaduruxn arnsicovion n-¢guiiov. Ovoualouue
0V axépato n 6aduo (degree) g avajvtxig f kat tov oupboAifouue ue n ;= degf. Autdg
glvat to adpotoua U TANOOUS TV AVTIOIPOPOV EIKOVAOV EVOG YVROTOU ( € Y UETPNUEUNG
mg¢ moAAanAomag ¢ f oc kKade eva ano avta ta onueia, dbniadn:

3. Ia kade q € Y wxveu

> e(P)=n.

Pef-1(q)

BAémoupe 0t kKABe aAvAAUTIKY AEIKOVIOT] TTOU MANPoi Tig MPoUnoBEoelg g mapardve mpo-
TaoNg UImopet va ernektabel o€ €va TOMOAOY1IKO KAAuppa n-puAdev. Autog eivatl o AOyog 1ou
pia t€to1a avaAuTiKy ATelkovion TV ovopdadoupe avaAUTIKY KAAUTITIKY] anelkovion. [Tpémet va
IPOCEEOUHE OTL Y1d AVAAUTIKA KAaAUppata, eival EIMIPEITO va MePEXouv onpeia SiakAadwong,
KAT 1ou dev 10XUEL Yld TOTIOAOY1KA KaAuppatd.

Av f € M(X), ox1 otaBepn, pe X ermgpavela Riemann, tote €xoupe f: X\ S — C pe S va sivat
d1akp1té urtoouvoAo tou X. Bpilokovtag pia ouvietaypevikr) riepoxn ¢ @ U — X yia kabe P € X
€tot wote ©(0) =P, n h = fo@(z) etvat avadutikr) oto U\ {P} kat ouvenwg ) ypadpoupe 0rnwg Kat
nipwv cav h = fo @(z) = z" - g(z) pe g va stvat avadutikr kat g(z) # 0V z € U, ermrpénoviag topa
oto k va mdpetl KAt apvnukeg Tpeg. ®a €xoupe £€tot Ot av n nmoddardowta g f oto onpeio
P € X eivat k, tote:

* Avk >0 n f Ba €xetl pida pe moAdardointa k oto P pe f(P) = 0 xkat k = e¢(P),
* Avk <0 n f Ba €xet moAo pe moAdamdotnta k oto P pe f(P) = co kat k = —e¢(P),
* Alagopetika k =0,

* Av 10 onpeio P eivatr moédog 1) pida, dndadr) av k # 0, tote Aépe ot ) f mapouotddel avopaiia
oto P.

Afppa VIL.3.9. [a kdde ouumayn enipaveia Riemann X kat yia kade Oyt otadepn UepOUoppn
ovvaptnon f € M(X), o apduog tov pilwv ¢ woovtat Ue Tov apduo ToL TOA®V NG, TPOOUETPOVTAS
¢ moAanotnteg:

D ee(P)=0.

PeX

Anodeién. H pepodpopgn ouvdpton f Adye g napatpnong VIL2.21 propei va enextadei oe
pwa 0Adpopen f: X — PL. Enedn X, PL eivat ouprnayeig ermgdaveteg Riemann ané v npdtaon

10xXUouUVv
Z ef(P)=n= Z —e¢(P).
Pef-1(0) Pef—1(o0)

Erurméov e¢(P) =0 av P ¢ f~1(0) N f~!(c0). Zuvendg

YoelP)= ) eP)— Y e(P)=0.

PeX Pef~1(0) Pef—1(o0)
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VII.3.2 AwaxkAadilopeva kadvppata

@a 8eioupe 10 avtiotpodo tng mpotaong VIL3.8, BAémoviag kg amod €va TomoAoyiko Kd-
Auppa propet va mpokUYet éva avaAuTliko KAAuppa petady erugaveldv Riemann.

IIpotaon VII.3.10. 'Eotw Y emipdveia Riemann, S éva nengpaougvo vtoovvoAo tov Y katp : X' —
Y\ S pia kadumtkn aneucovion e pUAAL pe X' va givat ovvektikdg. MmopoUue va EUPUIEUOOUUE
tov X' oav gva avoikto uroovuvoAo uiag emipaveiac Riemann X: X' — X ue

X = X" U{ éva nenepaouévo ovvoio}

€101 WOTE N P va Umopel va enektadel oe puia proper, avajuvtkn ovvaptnon uetall eMPAvELDOV
Riemann f: X — Y.

Amnobeiln. To mpoBAnpa propoupe va to doupe TormKda otov Xopo Y, rpoornabwviag va «yepi-
oOUle» Td ONpEla Tou Asirmouv. @empoupie T oUVN O KAAUITTIKI) ATIEIKOVION)

Pe:D° = D°, z 2

pe D ={z € C: |z] < 1}, ka1t D° = D \ {0}. I'vopidovtag 6t m;(S!) = Z xat 61 o S! eivatl éva
strong deformation retract tou D°, 6a mipérnet 0 eykAslopog j : S' — DO va endyet évav 10op0p-
PLoP0 TV eprAekopevav Bepediwdov opdadwv. 'Etol m;(D°) = Z kat ouvenog Kabe oUVEKTIKOG
KAAUTITIKOG TOTTOAOY1KOG X®MPOG TOU HE Ternepacpéva pUAAa, Ba mpemnet va avilotolXel oe mere-
paopéveg opdadeg tou Z. Ma autég eivat ot eZ pe e € N pe avtiotol eg KaAUITTKEG ATTEIKOVIOELg
TG Pe TTOU avadepape. AUtO onpaivel 0Tt 01 KAAUmkoi xowpot tou D Ba eivat icot péxpt 10o-
HOPP1oP0 KAAUTIUKGV XOpav. [Ipaypatt av p : E° — D° pia RaAumuikn aneikovion e UAAGV,
ano 1o noépiopa V.2.49 o1 6o kadumtikoi xdpot Ba eivat 10010pPot av KAt H6vo av ot 83o
urtoopadeg p« (71 (E°)), pe, (1 (D°)) tou 71 (D°) = Z avrjkouv otnv 1d61a kAaon oculuyiag. ‘Opwg
eneldn n Z eivatl aBedavr) opdda, kATt 1€to1o Ba cupBaivel av KAl POVo AV AVIICTOLXOUV OTnV
161a urtoopdada tou Z. Ipdaypa rnou oupbaivel, kabwg, apou eivat e-fold kadurntikoi x®wpot, Ba
MIPETIEL VA AVIIOTO1X0UV oty urtoopdada eZ. 'Etor av p : E® — D© gival KaAumuikr) aneikovion
e-QUAA®V, UTTAPXEL OPHOI0POPPIONOG TV KAAUTTUKOV X®p®v P : D° — E° pe pod = p,, 0 omnoiog
eCaptatatl ano my emioyn Baong. MdaAiota £xoupe akplBig e EMAOYEG Yid TOV OPIOIOPOPPIOHNO
1, TOU avtiotol ouv ota e onpeia tou E° yia pla ouykekpipévn Baon. Ot uriddoireg ermAoyEg
yla 1o P €xouv 1) popdn z — Pexp(27mk/e) - z) pe exp(27mik/e) va eivatl pia ano g e-0otég pideg
g povadag kat k € [1,e — 1]. ITpaypat,, kabwg o1 xwpot D° kat E° eivat 1ooduvapot kaAuvrtt-
Kol X®pot, BAEre oplopod 1.16, Ba mPETEl 01 KAAUTTTIKEG ATIEIKOVIOEIS P, Pe VA €ivAl 100OPPES.
[Ipdypatt p = pe o P! pe wono z — Pp1(z) = (W 1(z))¢ kat z — exp(2mik/e) - z — zE.

Twopa eival capég nwg Ba «yepicouper tov Kadunmuko xopo E°. Opidoupe E = E° U {p} pe
p ¢ E° kat ivoupe otov E Houn ermpaveliag Riemann £tol wote: n enéktaon g P amo to D°
oto D va anekovigel 1o 0 010 p KAl 10 E0WTEPIKO T0U D 011010p0PPIKA OTO E0WTEPIKO TOU KAl
OUVETI®OG va aroteldel évav opolopopdlopo, P, pe (D) = E.

Ermotpépoviag otnv KaAurtkr) anekovion p : X' — Y\ S tou Bswprjpatog, yia Q € S pro-
poupe va Bpoupe OUVIETAYHEVIKY Teploxn ¢ : D — @(D) := U C Y pe ¢(0) = Q, €tol oote
unsS = {Q} xat pe U° va oupBoAiloupe 1o U\ {Q}. ®a €xoupe 6u kabe tétoo U° Ba eivat
opadd kaduppévo, dndadn: p~H(U°) = UM, VO e ta V¢ va eivat &va yia kabe n = 1,..., m xat
plve (V?) = U°. Topa o meplopiopog mg KAAUITUKIG aretkoviong o kabe €va aro ta VY eivat
pila KAAUTUKI] anewkoviorn), €0te e; UAAwv, tou U°. Ao ta nmapandve propoupe va Bpoupe
opotopopPlopoug Py : D° — VP, €101 wote 10 mapaxkate dSiaypappa va eivat petabetiko: dnAadr)
va woxvel p(Pi(z)) = @(z°). IIpooBétoupe va onueio yia kabe VP £tor wote VP — Vi kat kabe
P va enekteiverat o Evav opotopopdlopo arno 1o D — V. Iaipvoviag autég Tig emeKtaocelg ya
OUVIETAYHEVIKEG TIEPLOXES Ba £XOUpPE TNV &Evr €vworn autewv Tev Vi va pag divel pia erugdvela
Riemann. H anewovion VP — U° enexkteivetatl o pia avaAutike aneikovion ano 1o Vi — U €tot
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wote va £xetl deiktn H1arAAdwong e; oto onpeio ou npooBEoape. Av auto yivel yia kabe onpeio
Tou S, naipve tov Yxwpo X va givat X = X° U S pe 1o S va eivat nenepacpévo. Autot ol Xapteg
bivouv otov X dopn smgpavelag Riemann (pe v mmpoUnobeon ot o1 XApteg 1mou rpocBeoape
etvat oupBatoi pe autoug tou X°), Kat 1] KAAUITUK) AEKOVIoT p eneKteivetal o pia avaAutikn
f:X—=Y. O

VII.4 Emgaveieg Riemann kait AAyeBpirég KapnoAeg

'‘Eotw F(z,w) 0x1 otaBepod nmoAumvupio duo petaBAntov pe pryadikoug ouviedeoteg. To ouvolo
TV POV ToUu:
C={(z,w) €eC?: F(z,w) =0}

elvat pia pyadikr) agvikyy kapnudn oto eninedo. Tautidoviag 1o C? pe 1o R?, Oa éxoupe 1o C
va opietat ano 6U0 nMpaypatkeg e§1000e1g: AUTEG Tou PNdevi{ouv To IPAyHaATiKo KAt AUTEG TIOU
pndevidouv 1o paviaotiko pépog tou F(z, w). 'Etot meppévoupe to C va eivat pia erugaveia kat 6a
£€Xoupe 51K10, EKTOG TOU OTL OTIMG KAl OTIG KAPITUAEG €101 Kat oto C, Prmopei va Urndapyouv KATO1eg
avopalieg. ®a XPNOOIO)COUE Ta EPYAAEIA TNG ITPONYOUHEVNG EVOTNTAG Y1id VA APAlPECOUE
TG avOPaldieg Kal va ImpooBEcoulie KATIO1a ONHEla O€ aUTA KAl OTO ATEPO £T01 WOTE VA TIAPOUHE
pila oupnayr) emgdavela Riemann. MdAwota av 1o F dev eivat avaywyo, tote n ermgaveia rmou Ba
napoupe Oa eivat n §Evn Eveon erm@pavel®v rmou Ba Ipogpyovial arod T0Ug avay®youg rapdyovieg
g F. 'Etot untoB<toupe mpog 1o tapdv ot 1o moAuwvupo F eivat avaywyo. 'pagoupe

F(Z,W) = ap(Z)W™ + a1 (Z)W™ 1 + -+ + an_1(Z)W + an(Z),

pe ai(Z) moAduwvupa oG rpog 1o Z kat ag(Z) # 0, pe n > 0 kabwg avn = 0 F = bZ+ ¢ kat ouvenog
C = C. ®¢toupe F,, = 0F/0W, 10 omoio eival éva oAuwvupo g ripog W pe degk,, =n — 1:

oF
W= =T QW(Z)WM T+ (m—1) - a1 (Z)W™ 2 4+ an_1(2).
Afppa VIL.4.1. Yndpyouvv noAvavuua B(Z, W), C(Z,W),d(Z), ue d(Z) # 0 £tot wote:
B(Z,W) -FZ, W)+ C(Z,W)-F,(Z,W)=d(Z).
Amnobeiln. ®a kavoupe xpron tou Anppatog Gauss

Afppa VIL.4.2. AvF givat éva nodvavuuo otov K[X, Y], tote av 10 F eivar avaywyo otov K(X)[Y],
da eivar avaywyo otov K[X, Y].

Etvat topa pavepd nog av F eivar avayewyo oto C[Z, W], t6te 10 F Ba eivat avaymyo oto
C(Z)[W]. Egpappodoupie tov EukAeibelo alyopiBpo, diaipaoviag to F pe 1o Fyy, kat agou (Siwioupe
TOUG ITaPOovoPaoteg Ba €xoupe

bo-F=0Q1-Fu+Ry,

orou by € C[Z] kat R; eivatl éva moAuwvupo og ripog W pe degR; < n — 1. Av o 8abuog tou Ry
etvat Oetikog drapovpe pe F,, naipvovrag v efiowon:

by - Fyw = Q2 Fyy + Ry,

ouveyxilovtag, Bpiokoupe e§lo00oeig by -Ri_1 = Qi1 1-Ri+Ris1, PEXP1 yia KAr010 k, TO TIOAU®VUHO
Ri+1 €tvat pndevikou Babpou wg ripog 1o W. IMapatnpoupe ott 1o Ry 1 # 0 yati Stapopetkd to

Rk Ba Swaipovoe 1o Ry _1, €merta 1o Rg_o,..., Kat tTeAwka 1o F,, Kat 1o F mpdypa datoro ano tnv
unoBeor) pag.
®¢toupe d(Z) = Rii1. To d(Z) eivarl 1o 16ewdeg oto C[Z, W] mou yevvatal ano 1o F kat to

Fw. O
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[MTaipvovtag ta B, C kat d tou Anppatog pe t€tolov Iporo wote va pnv diaipouvial oAa arod
éva pn otabepd MoAUwVUNOo ®G pog Z, tote 10 d eivatl povadiko modulo tov moAdardaoctacpo
pe pia otabepd kat ovopdadetal daxpivovoa tou F og mpog 1o W. Afidel va mapatnprjcoupe
ot 1o d(Z) eivat o M.K.A twv F, F,,, 6nAadn d(Z) = (F, F,,) xat n 6iadikacia ou Bpiokoupe ta
roAuwvupa B, C eivat n i61a Stadikaoia mou epappodoupe yla v €UPECH T®V AKEPAIRV yla va
ypdyoupe cav ypappiko ouvbuaopo tov diatpétn kat tov draipetéo pe tov MLK.A, epappodoviag
v avtiotpodn Sradikaoia tou EukAeideiou adyopiOpou.

Hapadeiypata VII.4.3. 1. [ta F = W? + b(Z)W + ¢(Z) da mapouvue Siapoviag pe F, =
2W + b(Z) nnAiko W/2 kat unofowro b(Z)W/2 + ¢(Z), iapoviag Sava 10 F,, ue 10 VEO
urndAowro, maipvouue niiko 4/b(Z) kar urnoAowro —4c(Z)/b(Z) + b(Z). Epapuoloviag tov
Eurjleibeio ajlyopdpo otnu teflevtaia btaipeon éxoupe 2W-+b(Z) = (b(Z)W/2+c(Z))4/b(Z)—
4¢(Z)/6(Z)+b(Z). HoAfanfacwaloviag ue —b(Z) da éxouue (—b(Z)) (2W+b(Z)) = (—4)(b(Z)W/2+
c(Z)) +b(Z) — 4¢c(Z) pe
Ry = d(Z) = b(Z)? — 4¢c(2)

va etvar n darxpivovoa tou F. Topa b(Z)? —4c(Z) = (2W +b(Z))(—b(Z) +4(b(Z)W/2+¢c(Z)).
Opwg 1o uréflouo amo v mpetn dajpeon wovtat pe (W +b(Z)W+c(Z))—(2W+b(Z)) (W/2)
Kar avukadiotwutag oInv TPEONYOUUELVN OXE0N TAlPVOUUE TO (NTOUUEVO amoTEAEoUA:

d(Z) = (2W —1b(Z)) (-2 —b(Z)) + 4(W? + b(Z)W +¢(Z)),
omou B(Z,W) =4 kai C(Z,W) = (—2W — b(Z)).
2. ‘Opota av F = W3 + b(Z)W + ¢(Z) mpokumter 01 n Saxpivovoa 1000Tal Ue:
d(Z) =Fy - (4b(Z)? + 6b(Z)W? +9¢(Z)b(Z)) — F - (18b(Z)W + 27c(Z)),
mou etvat oo pe 4b(Z)? + 27c(Z)2.

Topa Bewpoupe v npatn poBoAn m; : C — C pe m(z,w) = z. ®a dovpe OTl aPalPOVIAG
KATT010 TIEMEPAOHEVO aplOPo onpeiav, TOTE N 71 Yivetdl pia TOMOAOYIKY] KAAUITTIKY] ATEIKOVLOT).

Afppa VIL.4.4. Yndpyet evag memepaocucvog apduog onueiov S C C 1ot wote 1 mpo6oAn p :
C\ 71;1 (S) = C\ S va givat pia tenepaousvn KAAUTTIKN AmTekovion.

Amnodein. Ano to ponyoupevo Arfjppa BAéroupe ot av z € C kat d(Z) # 0, tote dev untdpyet w
1€t010 ote F(z, w) = 0 kat Fyy, (z, w) = 0. AnAadr) n e§lowon F(z, W) dev €xet pideg pe rmoAdarAotta
Heyalutepng g povadag. Av erurpoobEtwg mapoupe 10 ag(z) # 0, 1dte 1 MapAnave e5iomon
Ba £xel n akp1Bog drapopetikeg pideg. ErmAéyoupe 1o ouvoAo S va eivat to

S={zeC:ay(z)-d(z) =0}

[Maipvoupe zy ¢ S kat BEtoupe wy, ..., Wy va givat ot pideg tng eSiowong
f(Z(), W) =0.
Zxorog pag eivat va Bpoupe avaAlutikeég ouvaptroetS gy, - - ., gn ITOU va eival oplopéveg oe pia

YEITOV1A TOU Zz( €101 ®OTE gi(z9) = Wy Kat F(z, gi(z)) = 0. [Taipvoupe pikpoug, KAE10T0UG Kat §EVOUG
b6ilokoug yUpw amod autd ta n onpeia kat BEtoupe y; va gival mpooavatoAlopevn arAn KAPITUAn
YUP® Arto 10 0UVOPO AUT®V TOV H10K®V ITOU IEPIKAEiouV Ta wyj.
Ag 6¢ei€oupie otnv apxn Ot 10 AoyaplOpiké oAoKANPGTIKO urtodotrto g F, dndadn to
Fw

0
—_— F = —
iy 08 F(z, W) = 2,
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oe pia pida g w;i wooutatl pe v rmoAAandotnta g pidag avwng. Ipaypatt av n F €xel pida w
pe oAAarnAdtnta k, T6Te 0 KATMOa yertovid tou w Oa eixape F = (W —w)* - G pe G(W) # 0 kat
G avaAutikn) otnv ev Adye yertovid. Tote Fp, = (W —w)¥ - Gy + k(W —w)¥1 - G. Alatpdviag Katd
BéAn ug F, F €xoupe:

k Gw

Fw
F W—-w) G

pe %“ va etvat avaduvtkr). ‘Etol n Ffw €XEL OTO W artAo TOA0 pe Res(F?W) = k xat to {nrovpevo
artodeixOnke.
Amo 10 Bewpnpa OAokANpeTIKOU YTodoimou Ba £éxoupe ot
1 F
Y J ldw = RF7
2ni ), F
orou Rr o ap1Bpog twv pidov mou Bpiokovial eviog g KAUITUANG Y, HETPNHEVNS NG ToAAa-

nAdtntag toug. 'evikevoviag yia pia pepopopdn F propoupie va Kavoupe tov 1810 UITOAOY1o10
Bdadovtag €va peiov otnv moAAarAdtnta tou kabe roédou. 'Etotl Ba €xoupe

1 [ Fu
— | Maw=Re—P
2mLFW P

orou Rp, Pr ot ap1Bpoi tov pidodv Kal tov IOA®V avtiotolXa pe Petpnpévn v rmoAAaniouta,
TTOU AVI)KOUV OTO E0MTEPIKO TG KAUITUANG Y.

Ege181kevoviag ta rmapandve CUPIEPAcata otV repin®or] pag, Ha éxoupe ot ya Kabe z
KOVTIA OT0 zp KAl Y1d W OTO £0MTEPIKO TOU S10KOU IMOU 0pidel 1) KApruAn y; Oa éxoupe:

1 F
J PMaw =1
2mi vi F

KaBmOG 10 OAOKANp®PA 1ooUTAl P T povada yla z = zg Katl 1] T tou petaBadAetal yia kabe
aAdo z, dnAadn vnapyet akpBwg pia pida g F(z, W) péoa oe kdbBe pia vi. Topa amd to pya-
81K0O avaloyo tou Bewpratog MEMAEYREVNG oUVAPTNONG, Oa UTIAPXEL OVad1Kn CUVAPTNOT g HE
g(z) = w tétowa wote F(z,g(z)) = 0. Ao 1a mapandave £€Xoupe Ot 1 gi(z)FTW Ba £xel OAOKANP®-
TIKO urtoAourto 100 pe 1o kgi(zp). Av tOpa meploptotovpe oe KAOe KUKAO i 10 k = 1 KAl OUVEN®OG
agprvovtag 1o z va petaBaddetal €xoupe:
2i7ri Li wF?wdw =gi(z) =w; = F1(z2,0).

[MTaipvovtag U va eivat o 6i0kog yUpe amod 1o zy O1ou 0Aeg ol mapandve gi(z) opioviat, Oét®
Vi ={(z,gi(z)) : z € U}. KaBag ta onpeia autd divouv 6Aeg tig rmbavég pideg tng F(z, W) = 0 pe
z € U, BAérmoupe o1 0 nfl(U) etval n éveworn avolktov Vi Kat 1 7m; arneikovi¢el opolopoppika
KABe Vi oto U, pe aviiotpodrn ekova rou divetatl aro tov tuno z — (z, gi(z)). O

Mapatipnon VIL.4.5. 10 tapandve ouumépaoua, 0t 1o Aoyaptduko oAokAnoetikd uroAotmo
woouvtatl pe 1oV aptdUo TV PL{OL Uelov Tov aptduUo TV TOA®V, uetpnuevng g tofddaniomiag,
UTT0pOUUE va YTACcOUUE l0ayovtag TN vvota tou winding number. Av F pia pgpouopgn ovvdp-
mon ue pideg a; kat mojoug by, o0t

1 Fw
o L " g = ;ww, ai) — %ww,bk)

yla kade y mou gival ddpoloua KAgwotov povonauwv Oxl arnapaitnia anjn Kaunujn, mov 6gv
OlEpxetal ano Kavévav ano Toug tapanave mojoug kat piteg. Omouw(y, ai) glvatn toAjanAotna
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mg F oug pilec ai kat w(y, by) n moidanAdtnta g F otov kade moAo avtiotoya. To w(y, ai)
ovouadetar winding number Kat toovtat Ue

Wiy, a) = —— L

dw

om J, w—a’

Mag Aget mooeg popeg ((tufiyetai)) to kKade KAel010 povonatty yupw ano mv kade pila-nojo. ITio
avotpd, AvTMPOOTEVEL TOV aképalo aptduo (axépaio mtoAfamniaocto Tou 27ti) ToU TPOKUTTEL Ao
m dagopda g apxng Ue 10 TEAog eav avopdwaoouue otov R (mou givat o kadoAkog Kaurtikog
X@pog tou St) 10 KAELoTO povomatty. Autr ival kat 1 YE@UETOUKN Latid TAve otnv toAAaniomia
m¢ Kkade pidag -mofov g F.

Topa okepropacte 10 C oav unoouvoro tu PL = C U {co}. kat peyaAovoupe to oUVOAO
S mpooBétoviag éva onpeio oto darepo. Ano 10 mapandave Afppa Ba €xoupe pia KAAUITTKY)
anekovion X° — IP}C \'S, 6rou X° = {(z,w) : F(z,w) = 0 pe z ¢ S}. An6 v npdtaon VIL3.1d, 6a
€XOUHE AUV TNV KAAUITIIKI) AeKovion va divel dopn emepdvelag Riemann otov X°. Apkei va
bei€oupie 6011 0 X° givatl OUVEKTIKOG XMPOS.

Afppa VIL.4.6. Av 10 F(Z, W) givar avaywyo moAuwvupo, tote 0 X°© givat ouveKTikog.

Anodeiln. 'Eotw Y° va eivat pia ouvektikr) ouviotwoa tou X° kat X° OXl OUVEKTIKOG. Av Tie-
plopicouE TV KAAUIIKY AIEKOVIon n-puAdev X° — P{ \ S ot ouvektkr) ouviotwoa YO Oa
MAPOUNE Pia KAAUITUKY arnelkovion pe m < n puAAa.

Eivatl yvootd og priopoupe va ypdywoupe KAOe ITOAUOVUHO OUVAPTHOEL TRV PV TOU HE 1)
BonBela 1@V UNV tou Vieta. 'a mapadetypa to

arx® + arx + ap = az(x® — (p1 + p2)x + erez)
azx® + aox? + a;x + ap = az(x® — (p1 + p2 + p3)x* + (p1p2 + P2p3 + P3P1)X — P1P2P3),

pe pi va etvat ot pideg.
BA¢énovtag 1o F(Z, W) oav éva nmoAduwvupo otov C[Z][W] eival cadég ot o1 mapandave pideg

Ba etvat ouvaptioeig tou Z. T'evikd av K eivat oopa, tote Klxq,...,xn] elvat aképata nepoyxn,
KAl £XOUNE TG e va £ival Ol OTOLELWOELS OUUUETOUKEG OUVAPTHOELS X1, - - . , Xn €I TOU K, va eivat
01 OUVIEAEOTEG WG TIPOG Y TOU TIOAUGVUROU ¢(y) € K[xq,...,xq]lyl, ortou
9y) = (Y—x)y—x2)...(y—xn)
Yyt —eyt eyt P — 4 (1) en iy + (—1)en

n
= y"+ Z(—l)"eyynfv.
v=1

'Eotw z ¢ S kat ey(z),...,em(z) va elval ot oto1Xe10OOE1G CUPPETPIKEG OUVAPTLOELG OTIS M TIHES
TO0U W, Ota onpueia 7'(1_1(2) NY°. Kabwg F € M(X), éxoupe ot e1(z),...,em(z) € M(X). ®ctoupe

G=WMm—e (Z)W™ '+ ... + (=1)™en(Z) € C(Z)W],
Kat yla KaOe z ¢ S €xoupe:
G(z, W) = (W —w(P)),
Pew;l(z)ﬂYO
FzW)=ao(z) [ (W—w(P)).
Pew;l(z)
Twpa 1o G pndevidetar oto C = V(I), omou I va eivat 10 18e®deg mou ysvvatatl amod 10 1mo-
Auovupo F, éndadn I = (F) pe F avaywyo kat dpa I péyioto kat ouvvenog npwto. 'Etot amno 1o

Nullstellensatz tou Hilbert
Gel(V(D)) = G eVl
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¢xoupe ot [(V(I)) = /1. YnevBupioupe o1t 10 pidiko VI tou 18ekd8oug 1 opidetat amd
VI={FeC[Z,W], ne I<C[Z,W]:IneNpe F* € I}.
‘Opwg agpou 1o I eivat mpwto, €xoupe G € I kat ouvenwg G | F, dtoro anod v vnobeon pag. [
A6 v ripotaon VIL3.1d e€dyoupe 10 mapakdte onpaviko CUPIEpaoua:

IIopiopa VII.4.7. Kade avaywyo mofuwdvuuo F(z,w) € C[Z, W] erayet pia kajurtucn aneucovion
p: C\ 711_1(3) — C\ S pe C 10 ajlye6piko ovvojlo undeviopov tou F kat S 10 (memepaousvo)
oUvojlo v onueiov dtakAadwong tou. AUty n aneikovion Ue TN O€lpd NG eMeKIelvetal oe uia
avaivurn anecovion f: X — PL, pe X va eivar pia ovurayrg emgpaveia Riemann ka f € M(X).
Avm n em@aveia Riemann ovouddetar n empaveia Riemann g afdye6pukng kaunuing C 1 tou
noAveovuuou F.

VII.4.1 BaOpog YnepbBatirotntag

YrievOupidoupe pepikda otoixeia amno m Benpia unepBatik®OV eMEKTACE®V Kat tov BaOuo urep-
Batukointag. I'a meploodtepeg AEMMIOPEPEIEG O AVAYVOOTNG ITAPATIEPITETAL 0T0 [11, Ked. 6 oeA.
311].

Opiopog VII.4.8. Eotw F enéktaon evog owopatog K, kat S umoovvoio tou F. To S eivar aflye6pixa
eapnuévo emi tou K av urndpyet éva oyt tavtotuka undeviko mofuovupo f € Kixy, ..., xn] €10t ®ote
f(s1,...,sn) = 0 y1a kanowa dtapopetika si,...,sn € S. To S givar ajlyebpika aveaptnto eni 10U
K, av 10 S 6¢ev givar ajflys6puca eaptnusvo eni tou K.

Kda0Oe urtoouvolo aAyeBpikda ave§aptntou ouvodou, sivat adyeBpika aveaptnto. To kevo gival
aAyeBpikd ave§aptnto, eve KOs urtoouvodo tou K givatl adyeBpika e€aptnpévo. To povoouvodo
{u} etvar aAyeBpikd e§aptmpévo eri tou K av kat pévo av 1o u givat adyeBpikoé eri tou K. Eri-
ong, KAOe otoixeio evog aAyeBpikd aveEdptnTou OUVOAOU £ival AVAYKACTIKA UTePBATIKO EITi TOU
owpatog K. 'Etot av 1o F eivat pia adyeBpikn enéktaon eri tou K, tote 10 KEVO oUVOAO eivat To
Bovo aAyeBpikd ave§aptinto urtoocuvolo tou F.

H aAyeBpikn (av)e§aptnoia sival ernékraon g ypappikng (av)e§aptoiag. Ioxuvet ot kabe
aAyeBpikd aveEdptnto ouvolAo gival ypappikda ave§dptnto adAda oxt 1o avtiotpodo.

Opiopog VIL.4.9. Eotw F enektaon evdg oouatog K. Mia unep6atikn 6aon (transcendence base)
ou F emi tou K givat éva vrmoovvoAo S tou F 1€1o10 wote 10 S va sivar afyebpuca ave§aptnio emi
tou K Kat va givat peylotko (g mpog 10 nepiexeoday) avausoa oe ofa ta afys6puca avelapinia
vnoovvojla tou F.

H Unapén tng uniepBatikng Bdong eaodpariletal amod to Afppa tou Zorn. Emiong, undpyxet
pia avadoyia petadu g uriepBatikig Bdong kat g Baong evog Siavuopatikou Xopou: pia
uniepBatikn Bdaon dev eivatl Baon Kat tou H1avVUCPATIKOU X@POU IAPOAO0 ITOU 0aV YPAPUIKA ave-
Edptnto ouvoAo repiExetal otn Baon.

IIpotaon VIL.4.10. Eotw F enéxtaon tou K kar S umoovvoo tou F ue S va eivar aflye6pica ave-
Saptnro emi tou K. To S eivar pia vnep6atikny 6aon tou F eni tou K av kat uovov av w F eivat
afye6puco eni tou K(S). Kade memgpaoucévn ungpbatikn 6aon Exet 1ov 1610 aptdUo OToL L.

Anobeiln. [11, cor. VI.1.6, oed. 314], [11, Th. VI.1.8, oeA. 314]. O

Opwopog VII.4.11. H enéxtaon F emi tou K ovoualerar kadapa unspbatkn enéktaon (purely
transcendental) av F = K(S), ue S C F, va sivat aflys6pica avelapinro mni tou F.
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Ocwpnpa VIL.4.12. Kade enéktaon ooudtov F/K unopei va Siaomaotel oc pia ogipd emeKtaoemv
KCECEF,

ue F va sivar ajlye6pucn eméktaon eni tov B kar 10 B va eivar kadapa uvnepbaukn (purely
transcendental) eméxtaon emni tou K.

A tov optopo MIL4.1d, éxoupe 6t to S Oa eivat pia unepBatikr) Bdon tou F emti tou K. "Etot
av tapoupe F va eivat pia tuxaia enéktaon tou oopatog K, pe S va eivat pia vniepbatikr) 8daon
tou F erti tou K kat E = K(S), tote 10 F Ba eivat adyeBpikn enéktaon eri tou E, dnAadr) n povn
uniepBatikn Baon erti tou E Ba eival 1o &, kat 1o E pia kabapd unepBatikr) enéktaon i tou K,
PAypa ou avapepape oty apxn mg napaypadou.

Opiopog VII.4.13. 'Eotw F enektaon tou K. O 6aduog vnepbatukotntag tou F eni tou K givar o
ANduog apduog IS, ue S va ivat pia vepbatikr 6aon tou F eni tou K kat oupboAiletar pe tr.dg F.

MdAtiota o 8aBpog urepBatikotntag ivat aveEaptntog ano myv ermAoyn vnepbatikng 8aong.
Eivat 1o avddoyo tng didotaong tou Stavuopatikou xopou [F : K]. Emiong, tr.dgF < [F : K] kat
tr.dgxF = 0 av kat povov av n F givat pia aAyeBpikr) enéktaon i tou oopatog K.

IIpotaon VII.4.14. AV £xOUle T O€pa H1aBOX KWV EMEKTACEDV owuatov F/E/K, tote

tr.dgF = tr.dgF + tr.dgE.

Amnobeiln. Actte [11, Oeodp. 1.11 oed. 316]. O

Tédpa yvepiloupe and 1o nopopa VIL2.17 6t M(PL) = C(z) xat O(P}) = C. ®a doupe étot,
ot KAOe pepopopdn ouvdptnon ot odpaipa tou Riemann, £xer 6aOpo vnepBatikotntag vnEp
tou C {oo pe povada 1 wooduvapa:

tr.dcC(z) = 1.

Ipayuat: 'Eoww f/g € C(z) pe f,g € Clzl,g # 0. EmAéyoupe 10 moAvwvupo Clz,w] 3 h(z,w) =
wg(z) — f(z). Tote h(z,f/g) = f/g - g(z) — f(z) = 0. Autd pag Aéet 61t 10 ouvodo {z, f/g} eival
adyeBpikd e€aptnpévo eri tou C kat €10t 1o {z} anotelei pia vnepBatikn Bdor tou C(z) emi tou
C. Apa tr.dcC(z) =1 13 o C(z) eival pia kabapd vriepbatikn enéxktaon ertt tou C.

Av . Y — X glvatl pia 6xt otaBepry avadutikn arnekovion petady ermeavelov Riemann,
16te yia kabe f € M(X), n anewkovion 7* = f o 7 eival pia pepopopen ouvaptnon otov Y. 'Etot
UTIApXEL Pia aneikovion

7 M(X) — M(Y),

1 ortoia €ivat évag PovopopploPog COUATOV.

Ocapnpa VIL.4.15. Av X givat uia ouurayrg emipaveia Riemann kat M(X) to ooua uepopoppav
ouvaptoewv, 1ote tr.dcM(X) = 1.

Anoddeln. 'Eoww z € M(X), pe z: X — P va eivat pia avadutikn ouvéptnon kat degz = n. Eivat
YV®OTO 0Tl 0 enaydpevog povopopdplopog z* 1 C(x) — M(X) amotelel pia alyeBpikn enékraon,
B8abpou n, [15, prop. 1.21], [6, Ocwp. 82 oeA. 50]. 'Eotw w € M(X). @a dei§oupe 6t untdpxet ai-
yeBp1kr| oxéon petady twv z, w, paypa rnouv pag deiyxvet ot tr.dcM(X) = 1. "'Eote wy 10 eAdyioto
TTIOAU®VUNO (avaymyo Kat poviko) et tou C(z)[w] pe tov péyioto 8abpo, SnAadr) urtobetoupe ot
0 BaBuog g enéktaong [C(z,wy) : C(z)] etvar péyiotog. Tote yia kdBe w € M(X) Ba exoupe:

[C(ZaWaWO) C(Z)] = [(C(Z,W,Wo) : (C(Za WO)] : [C(Z7W0) : (C(Z)] (VIII)
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Twopa n xapakplouky tou C(z) wooutat pe to pndév kat €10t KABe enéktaot) tou Ba eivat armar).
Zuvenog 1 enéktaon C(z, w, wy) : C(z) mapdayetatl ano €va otoixeio t, €010 dote

C(z,w,wg) = C(z,t).

‘Opwg Oa mpénet [Cz, w,wy) : C(z,wp)] = 1, yuati av [C(z,w,wg) : C(z,wg)] > 1, t61e Ao v
Ba eixape ot [C(z,t) : C(z)] > [C(z,wq) : C(z)], mpaypa dtorto aro v urnobeorn pag. ‘Etot
w € C(z,wq) kat ouveniwg M(X) = C(z, wy). O

'Etot to M(X) eivat pia menepaopéva napayopevn enéktaon tou C, pe X va eivat pia oupna-
yns emgaveia Riemann, mou £xet Babpo uvnepBatikotntag 1 emni tou C 11 wooduvapa 1o ocopa
M(X) eival éva oopa ouvaptoewv oe pia petabAntr eri tou C. Tétoieg enektaoelg Opwg odn-
youv oe aAyeBpikég kaprudeg C. [Ipaypat,, agpou o Babpog unepBatikoOnIag 10U 0OUATOS TV
pepopopdpmv ouvaptoe®y eivat 1, yla tuxaieg pepopopepeg ouvaptroelg f, g otov X unapyet pn
uNdevikd avaywyo rnoAuwvupo ®(Z, W) € CIZ, W] étol wote

O (f,g) =0,

pe C va eivat ) adyeBpin) KaprmuAn tou roAuevipou @. Ao to noptopa VIL 4.7 kat to Bsdpnpa
VIL4.15 Ba éxoupe étot 10 £€1g TTOAU onpaviikd anotédeopa:

Iopopa VII.4.16. Kade ouumayn¢ kai ovvekukn em@pdveia Riemann egivar n emgdveia
Riemann piag ajiys6pikn¢ kaunving.

'Eotw X va eivat pia oupnayng emedvelia Riemann pe K := M(X) 10 oopa teov pepopopdpev
ouvaptmoev tov X kat O[T] € K[T] va eivat éva avayoyo povikd noduovupo 8adbpou n. Tote
unapxet pia ermgdavela Riemann Y éva n-fold SiaxkAadi{opevo proper avaAlutiko kdAvppa, Ka-
Bag o X elvatl oupnayrg Kat n) 7 proper, Oa €xoupe 6t Kat o Y eivat oupnayng. 7t: Y — X kat pia
F € K €101 wote va pndevidet 1o (@) (F) = (@ o) (F). ZupBoAidoupe v tputdéta avtn pe (Y, 7, F)
rou dnAwvet v aAdyeBpikr) kaprudn @ (T). @étoupe L = M(Y). Tote Oa €xoupe 1oV EMAYOREVO
povopdplopo 7 : K — L kat BAémoupe 10 K oav untdowpa tou L. H enéktaon L/K eival éonwg ei-
dape adyeBpikr), Babpou n. Eniong, L = K[T]/(P). Mniopet va arodeixbei, péow tou Bewpnpatog
VIL3.9, 611 kdOe avaAutikdg autopopPlojdg oTo avaluTikoé KAAUPPA EMAYEL £vav aUTOPopPL-
OM0 OTO TOTIOAOY1KO KaAuppa. MdAilota propoupe va ¢ptacoupe oe éva Babutepo anotédeopa,
Oeite kat [7, aok. 20.10, ogA. 283], [6, Th. 8.12, ceA. 57]

Ocapnpa VIL.4.17. Eoww f € L. Kade avaidutikog deck transformation o : Y — Y tou Y emi
tou X emdyetl évav avtouopdiouod f — of == fo o1 tou L, mou agrjvel otadepo to ooua K ue mu
ansmovion:

Aut(Y/X) — Gal(L/K),
Omw¢ autn oplotnke, va gival évag toopop@iopuog opadov. TéAog o KauTTikog XwPog glvat Kavo-

vk, pe TV évvola ot 1o TomoAoyikd kdAuuua ou endyet and mu VIL3.8 sivar kavoviko, av
eméxtaon eivar Galois.

VII.4.2 Mia epappoyn oto avtiotpodo npobAnpa tng Ocwpiag tou Galois.

To avtiotpogo rpoéBAnua g Oewpiag tou Galois Ba priopovce va cuvoywotei wg e&ng: Aivetat
pia nenepaopévn opada G kat €va ocopa K propoupe va Bpoupe pia Galois eméktaon L/K pe
opada Galois v G; Auto eivatl éva oAy duokolo poBAnpa av 1o oopa K eivatl 1o oopa tov
pntav apbpov, yia pla etoayoyn deite ta [13], [17].

Zta napakdat® Oa anobei§oupe 6t 10 avtiotpopo mpoBAnua ng Oswpiag tou Galois £xet
Aton, av K = C(t) eivat 1o oopa v pniov cuvaptiosev piag petaBAntg emi tou C.
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Amnobeiln. Bexrvdpe pe pa nenepaocpévn opada G. Autry 6€xetat pia mapdotaon o€ YEVVITOPES
kat oxéoelg G = (I': X) pe G = F, /R, omou F,, eivat n eAevBepn opdada tou I' oe n 10 AR00g
otoixeia kat R n kavovikr vnoopdada tou F,, mou yevvatat ano tov X, deite [11, o). 67].

'Exoupe 8ei€el oty npodtaon V.2.47 ot n Fyy gival n Bepedindng opdda ng opaipag tou
Riemann, av and autv apaipéooupe n + 1 to mAnbog onpeia, dnAadn tou

X =Pe\{P1,...,Pni1}

Kataokeuddoupe 1ov KaBoA1KO KAAUITUKO XOPO X tou X kat Bewpoulie TOV EVH1AECO XWPO X /R:

l\

>~</R<—>I M(Y)
PL PL M(PL) =C(t)

Enedn o X eivat kaBoAkd Kat OUVETIOG KAVOVIKO KaAuppa tou X, o X eivat éva G-kdAuppa pe
G = Aut(X/X) = 1 (X) = Fp. Ao TV Kataokevr) pag éniAadn, o X arotedet éva Fn-rAAuppa pe
X = X/Fn. Topa kabag R < F,, £xoupe 6t o X/R Ba eivat éva Fn/R-kdAuppa tou X pe Fr /R =
Aut(X/X)/Aut(X/X/R) = Aut(X/R/X).

Amo v potaon 2.24 UMOPOULE va EMEKTEIVOUNE T0 Frp /R-kAAuppa tou X o €va avaAlutiko
(pe onpeia StakAadbwong ta Py, ..., Pnr41), proper kaAuppa f petady tov Riemann serugaveiov Y
ka1 P} (C) (o Y oupnayng kabeg 1 f eivat proper). IMaipvovrag yia M(Y) 10 ooua 1oV HepOpoppev
oUVAPTHoE®V ToU Y, PIopove va epapudooupe 1o Bedpnpa VL4174 xkat kataAryoupe oto
{ntoupevo

Gal(M(Y)/C(t)) = Fn/R=G.

VII.s OAoxAnpwon oc emipaveieg Riemann

VIL.5.1 Ala¢pOplrEG POPPEG

Opiopog VIL.5.1. Mia oopuoppn 1-uop@n oe kamoto avoryto ocvvoido V C C eivar pa éxgppaon
W NG UOPPNS

w = f(z)dz,
omou f ua ofdouopen ovvdptnon emi tou V. Ba Aus ot n w gival pa ojouopgn 1-uopen oe
OUVTETAYUEVEG Z.

H évvola petadépetat otig erugpaveieg Riemann péown g cupBatdtntiag twv eKPPAoEnV ot
EMIKAAUTITIOPEVOUG XAPTES.

Opiopog VIL.5.2. Ymod<touue ot wi = f1(z1)dzy eivar pia ofopopen 1-pop@n ot ovvietayusuvn
z1 N omoia opiferar oto avoryto ovvoo Vi kat wy = fa(z9)dze pia oAduopen 1-uop @1, oploucvn
oto ovvojlo Vy. 'Eotw z; = T(z2) pa oflduopgn ancikovion. Oa Agues ot n 1-popgn wi UsTapEpetal
OV 1-UopPN w2 UEC® TOU UETAOXNUATIOUOU T, Otav

fa(zg) = f1(T(22))T'(22).

Mapatipnon VIL.5.3. Ovolaotikd n wi UETAPEPETAL OTNY Wa, Otav déoouue dz; = T'(z3)dz,.
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Avdloya opidovtat kat ot pepopopdeg 1-HopPEG, TOIMKA G eKPPAoelg tng popdng f(z)dz,
Orou 1 ouvdptnon f eivat pepopopdn.

Opiopog VIL.5.4. Mia ugpouopgn 1-pop@n oto avoyyo V C C givat pia Ekgppaon meg popgng w =
f(z)dz omou f ugpopopen ovvaptnon emi tou V. Ba fcystal uspopuop@n 1-Uop@n ot OCUVTETAyUEVN
z.

H ouvOnkn oupBatotntag yia pepopopdeg 1-popdEg eivat avaloyn pe autr] ToV 0AOHopdPeV
1-110pP®V.

Opiopog VIL.5.5. Yrnodétouue Ot wy = f1(z1)dzy lvat pia puspopuop@n 1-uop @ otn oUvieTayusvn
21 KAt wy = fao(z9)dzy 01N ovvtetayuévn z;. 'Eotw z1 = T(z2) pia oAduopen arncucovion touv Vo 010
V1. Oa Aéue ot n wy petagépetal ot ws UEO® e T, Otav fa(z) = 1(T(z2)) T (22).

Opiopog VIL.5.6. Eotw X enipdaveia Riemann. Mia pugoduopen 1-popen eni mge X eivat pia oui-
Aoyn ano uspopopeg 1-pop@Pés {wi}, puia yra kade xapwm zi : Uy — Vi C C ywa v omnoia woxvet
ot av Uy, U Eyouvv emikaiuyn, 1 avtiotolyn UELOUOPPN 1-U0PPN W1 UETAPEPETAL OTNV Wo UECK
m¢ ovvapmong ajfayng ovvtetayusvov T =z oz, L

Ztn ouvéxela urtoBEtoupe Ot pia pepopopdn 1-popdr) w opidetal oe pia meployr) tou onpeiou
P € X. EmAéyoviag TOIMKEG OUVIETAYHEVES e apXr) To onpeio P pmopoupe va ypayoupe w =
f(z)dz orou 1 f eivatl pepopopdn oto P.

Opiopog VIL.5.7. H taén g w oto P da oupBofiferar pe ordp(w) rat opiferat wg n taén mg f
oto onueio z = 0.

Arnobekvuetatl, ot ordp(w) eival KaAd oplopévn KAt ave§dptntn and Vv ermAoyr] TorKoV
ouvtetaypevav oto P. Eivat emtiong pavepo ot

(H w eivat oAdpopgn oto P}) < ordp(w) > 0.

®a Aépe ot 1o P eivat pa pida g w tagng n, 6tav ordp(w) = n > 0. @a Aépe 6t 10 p eivatl méAog
G w tagng n otav ordp(w) = —n < 0. To cUVOAO TV PWV KAl TV NMOA®V P1ag HEPOHOPONS
1-pop®ng eivat drarekpipévo ouvolo.

Mapadewypa VIL.5.8. ITowg givai ot 0A0u0pPeg 1-Uop@eg tou P; Oewpovue U = Pl — {oo} V =
PL — {0} wg xdptes ovvietayuévov. Yrnodétouue ot n poper napiotatar og f(z)dz oto U kat og
g(w)dw oto V. Emkajvyn éxovue ytaw = 1/z kat n ouvdnkn ovpubatotntag givar n

1
f(z) = —g(l/z)z—2 oto C —{0}. (VIL.2)
Eotwf(z) =) anz™ katg(w) = Y_by,w" 1a avantvyuara Taylor tov f, g avtiotoya. Amo m oxéon
(VIL2) £xoups an = by = 0 y1a kKdde n. ZUVENGIS SV UTAPYOUV Un-UNSEVIKES OAGUOPPES 1-LUOPPEC
ot npo6ojur) evdeia P

Hapatipnon VIL.5.9. Mia 1-puopgn w sivat ugoduopdn otav givatr ojopopdn eKtog¢ ano eva
Owakputo (discrete) ovvojlo onusiov kat yta kade onueio P urdpyet pa pspopopgn ovvaptnon f
oplougvn oe eptoxn tou P wote w = f(z)dz omv meproxn av.

VII.5.2 Emkapnulia oAorAnpopata oe emigpaveieg Riemann

Opiopog VIL.5.10. 'Evag 6pduog (path) oe pia emipaveia Riemann sival pia ovvexng Kat unua-
wea C* ovvaptnon v : [a,b] — X, ano éva kieio10 draotnua tou R oto X. Ta onueia y(a) xaty(b)
da Agyovtar ta teflika onueia tou §popou. O Spduog da Agyetar kKiewotog av y(a) = y(b).
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Opiopog VIL.5.11. Mia C*® 1-uop@n oe éva avoryto ovvoioV C C givat pa éxgppaon mg Hoppng
w = f(z,z)dz + g(z,z)dz,

omou f, g eivar C*-ovvaptoeig tou V. Oa Ague ot n w givat 1-uop@n otn ovvtetayuevn z. Avaioya
opidovtat 0 VOUOG UETACXMUATIOUOU Kat 0 0plopog C* 1-uop@rig oc emipaveieg Riemann X.

Erm¢youpe pia diapépion {yi} tou dpopou vy wote ta y; va eivat C* oto kAe1oto draotpa
0p1opoU g [a;i—1, ai] Kat €xel e1kOvVa 1o TeplExetal oty reptoxy) Ui pe xdptn zi. Qg ripog tov
KABe XAptn z; YPAPOUPE TNV 1-HOpPL) W ©S

w = fi(zi,zi)dzi + gi(zi, Zi) dzi.
®ewpoupe 1 0UvOeon z; o y; 1 omoia opidel ) ouvaptnon z = z(t) ywa t € [a;_1, ail.

ai

[o=>]"  (mzwzm+ ao.zm) =/ ma
)

; Jt=ai

Av 1 e1KOvVa Y TIEPIEXETAL OTNV TMEPLOXT] VOGS povadikou xaptn z: U — V kat av w = fdz + gdz,
10TE
J w = J (fdz + gdz)
% zoy

OT0U 10 OAOKATp®HA He§1d eival 10 ermKAPIUAI0 0AOKANPpOHA TOU §POHOU z o Y OT0 AvOlXTo
ouvodo V. Eivat dpeoa €AéyEiao o0tt 0 0plopidg TOU OAOKANP®HATOS £1val AveSApTnTog aro v
€MAOYN TOU XAPTN OUVIETAYHEVOV. AUTO £ival akpiB8mg To KivnTpo yia TovV Oplopo ToU MG pia
1-pop®rn petaocxnpatiéetatl pEowm piag aAAayng CUVIETAYHEVOV.

VII.5.3 Ta oAOKANP®TIKA UNOAoina piag HEPOROPPNS 1-HOPP1S

'‘Eote w pia 1-poper os pia emgavela Riemann ) onoia eivat pepopopdpn oto onpeio P € X.
Erméyoupe torikd oUotnpa OUVIETAYPEVOVY z PE KEVIPO TO P KAl avarmtucooupe TV w ®©§ pid
oelpd Laurent:

w="Tf(z)dz = ( Z cnz“> dz émou ¢c_p #O.
n=—M

Enopévag ordp (w) = —M.

Opiopog VII.5.12. To ofokAnpotiko unofowro (residue) g w oto P da ovpboiletar ue Resp (w)
Kat opifetar wg o ovvtefeotc ¢y ot ocipa Laurent g w oto P.

Hapatipnon VIL.5.13. H ocipoa Laurent 6ev sivar kaia opiousvn. Ga deifoupe Ouwg Ot o ou-
vtefleotng ¢, gival kajla oplouEvog.

IIpotaon VII.5.14. 'Eot® w uia uepOuopgn 1-uop@n oplopévn os pia meptoxn tou onueiov P € X.
'Eotw vy €vag utkpog 6pouog oto X mou mepiexet 1o P kat kavevav aifo mojlo tou w. Tote

1

ReSP((U) = 27’[‘LJ w
Y

Anoddeiln. 'Eoww z : U — V évag xapwg tou P, o oroiog repiéxetl v ekova tou Spopou .
Fpagpoupe w = f(z)dz oe TorIKEG oUVIETayPEveS z ToU V Kat urtoBEtoupie ot 1) f(z) €xel avartuypa
Laurent )} | cnz™. Tote

J w :J f(z)dz,

Y zy

10 ortoio eivat 2mic_; oupPeva e 10 Bedpnpa UNoAoIn®V NG KAAOIKNG Hyadikng avaiuong.
]
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Iopiopa VII.5.15. To 0AokANp&11K0 UTOAOLTTO UELOUOPPNGS 1-UOoPP1S elvat Evag Kajld OPLOUEVOS
utyadikog apduog.

Amniddeiln. Apeorn) oUVELELd TG TIPONYOUHEVNG ITPOTAoNS, adoU 10 OAOKARpeHA elvat ave§aptnto
TOU XAPT KAl OUVET®G AVESAPTNTO At T1§ TOIMKEG OUVIETAYHEVEG TTOU XPNOIHonowfnkav ya
TOV UTTOAOY10110 Tou avartrtuypatog Laurent tng 1-pop¢ng w. O

IMopiopa VII.5.16. 'Eotw f uspduopgn ovvdptnon oto onueio P € X. To df/f eivar uspouopgn
1-uop@n oto P kat
Resp <if> = ordp(f).

Amnobeiln. Erudéyoupe évav xdptn pe KEvipo 1o P, 0 ortoiog pag 8ivel TOMKEG CUVIETAYHEVES z
kat urtobgtoupe ot ordp (f) = n. Tote f = cz™+06pot peyadutepng tagng kovra oto P kat ¢ # 0. H
1/f = ¢ 'z " +6pot peyadutepng ta€ng kovida oto P. To

df = (ncz™ ! + 6pot peyadutepng tédng) dz

kovta oto P. Enopéveg

daf n o, . .
7= (; + 0poug peyadutepng tq§ng) dz.
To n = ordp(f) elval €§ op1o0U 10 OAOKANPKOTIKO UTtOAOTOo tng df/f. O

Ye kaBe poto pddnpa pyadikng avadluong 618doketal Kaveig 1o Be@pna 0OAOKANPOTIK®V UTTO-
Aointwv, ot1 SnAadn 1o ABpoioa TtV UIoAOINIKOV £ivatl 100 Pe KAro1o oAokAnpeua. To avtiotoixo
Bedpnpa oe empaveleg eivatl TOAU EUKOAOTEPO.

Ocwpnpa VIL.5.17. Av X ouunayng emgdveia Riemann kat w puepduopen 1-uopen avirg, 10te
10 adpowoua 1wV oAoknpwtikov ¢ unojoinwv ivat 0.

Amnobeiln. Eival yvooto ott o1 oot g 1-popPr)g artoteAouv £va §1aKkpttd oUvoAo otnv ermdad-
vela Riemann X. To ouvolo auto eivat nernepaocpévo, adpou n X eivat oupnayng. Eote Py, ..., Py
ot 1ioAot tng w Kat (U, z1),. .., (Un,zn) XaApteg ouvietaypévav &Evol ava dvo, pe Py € U;. Em-
mAgov, unobetoupe out zi(Py) = 0 € C. Eotw S avoixtog 6iokog eviog tou zi(U;) pe kévipo 1o
0, Ri OOKEVIPOG KUKAOG Je Tov ST évtog tou zi (U;). Yriapxouv ouvdaptnoeig ff kddoewg C! pe
fi =1 oto S kat 0 eKtog 10U R;. Bétoupe S := zi_l(Si‘) kat fi == f} o z;. Eotw S n éveon v S;
kat f =) f;. Apket va dei§oupe ot [, w = 0. H (1—f)w eivat cuvexwg Stagpopiotpn 1-popdr) pe
ouprnayr) ¢opéa M — S. KaAdurmtoupe tov oupnayn ¢popéa e TENEPAOHEVESG TO TTANO0G TIEPLOYKES
OUVIETAYHEVROV KAl aro 1o Osmpnpa tou Green oto erinedo €xoupe:

”MS dl(1—fw] = Ls(l —flw=0

‘Opwg n w etvat oAopopdpn oto M — S ouvendg dw = 0 oto M — S. ZUven®g 0 MAPATTAvVe TUIT0G

ypdaogetat:
” d(fw) =0
M-S

AT Vv dAAn meupd OpeG, Aoym Tou Bewprpatog Green Kat g MP®ING OXE0NG, EXOUHE:

27rinestw:J w:J fw:” d(fw) =0
" S S M-S
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Mapatypnon VIL.5.18. To mapanave dswpnua sivar n 6aon yia 10 dswpnua Riemann-Roch
10 OToIlo Teprypapet ue woAv peyaiuvtepn axpibeia 10V XOPO0 IOV UEPOUOP POV OUVAPTNOEDV UE
bdoouévoug mojloug oe pa emgpaveia Riemann.

Iopopa VIL.5.19. Eotw f wa un-otadepd UEOOUOPPN OULAPTINOY O OUUTAYN ETLPAVELA
Riemann. Tote

> ordp(f) =0

Amnobeiln. Epappodoupe 10 Bedpnpia 0AOKANP®OTIK®V urtodoinev yia wmyv df/f. O

VIL.5.4 Aaipéteg Kat HEPOPROPPES OUVAPTIOELS

Ot Suarpéteg (divisors) eivat £évag Tpormog yia va PriopEcoulie va OPYAVOOOUHE OF £va TTAKETO
TG pideg Katl TIOAOUG TOV PEPOPOPPOV OUVAPTHOEDV KAl TOV 1-HOPPAV. XT1] OUVEXELA TTPOKUITIEL
ot pa 1dlaitepa amAr] 16€a €xel Katl OAAEG AAAES EPAPHOVES.

Oplopog VII.5.20. Oa ovoudloupe ouada Sapetov (divisors) g emupaveiag Riemann X v

eflevdepn abeiavn opada mwapayousvn ano ta onueia P € X, 6niadn mv oudda tov twnikov
adpolouaIOv g HOPPNG:
D=) npP

omou ta np € Z Kat ojla eKT0¢ amo memepacucvo mindog sivar unbev. Tnv ouadba avin da
oupbolifoupe pe Div(X). Baduog evog draipén D sivar degD = ) n, kat eUkofa diamiot@vouue
ot deg : Div(X) — Z eivat opopop@louog mpoodetikwv ouadov. O mupnvag meg ametkoviong
deg eivar umooudda g Div(X) kat da m ouuboAilouus ue DivP(X). Zuyvd da ouuboAiloupe tov
ovvtefleotn tou np tou 6raipémn D ue D(P).

®a propovoapie va OpiooUPE TOV XOPO T®V OUVAPTI|CERDV
D: X —Z.
[a pa tetowa D opidoupe tov popéa g
supp(D) ={P € X: D(P) # 0}

To ouvoldo twv dlalpetov propet va tavtiotel pe 1g ouvaptmoelg D : X — Z pe nenepacpévo
dopéea.

e KAOe pepopopdpn ouvaptmon f € M(X) avuotokidoupe tov drapén div(f) = > ordp(f)P.
Toug drapéteg g popdng div(f) Ba toug Aépe KUPLOUG Kat T0 cUVOAO Toug Ba to cupBoAidoupe
pe PDiv(X). apatnpoupe 61 n ouvdptnon div eivat opopopdPiopog abediavov opdadov div :
M(X) — Div(X). 'Exovtag urt’ oyn tig 1610tteg tng ordp (f) €xoupe g 1610tnteg:

1. div(fg) = div(f) + div(g)
2. div(f/g) = div(f) — div(g)
3. div(1/f) = —div(f)

Amo autég énetat ot
PDiv(X) < Div(X)

Kat apou X ouprnayng £Xoupe ot
PDiv(X) < Divg(X)
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Afppa VIL.5.21. Av f ugpouopgn ovvdaptnon ot ovurayn emipaveia Riemann X, tdte
deg(div(f)) =0

Zuyxva nieplopioupe 10 evilapEpov povo otig pideg 1] Lovo otoug MOAOUS Plag BepOpopdng ou-

vaptnong.

Opiopog VIIL.5.22. O Saéng pilov g f, o onoiog da ouuBoAiletar pe divy(f), givat o

divo(f)= > ordp(f)-P

PeX
ordp (f)>0

evw o draéng moAwv g f, o onoiog da oupbofiletar pue divy (f) lvat o drtapeng

dives(f)= > ordp(f)-P

PeX
ordp(f]<0

Hapatfpnon VIL.5.23. [oyvet ot

div(f) = divg(f) — diveo(f).

O S1apétng TV HEPOROP POV 1-HOPPHOV, KAVOVIKOL Sraitpiteg
‘Eote X pua ermgdvela Riemann kat w pla pn-pndevikn pepopopon 1-popdr eri tng X.
Opiopog VII.5.24. O Gwapgng mg w, da ovpboifetar pe div(w), givat o Stapemg:

div(w) = Z ordp(w) - P.

Kade 110106 draipetng da fgyetal kavovukog ditaetng tou X. To ouvoAo Tov Kavovtkov SlaipeT@v
ou X da ouubofiletar ue KDiv(X).

Mapatnpnon VIL.5.25. Eoto w = dx 1 1-uop@1 mg opaipag tov Riemann
div(w) = —200,

omou 10 w Oev Exel pideg kat Exet 610 méo oto co. ITo yevika, avw = f(z)dz karf =c ) ;(z—Ay)¢
elvatr pia pnry ovvapInon 1tou z, 10T

div(w) =Y edi —(2+ ) ei) - 0.

I6waitepa 0Aeg oL UEPOUOPPES 1-UOPPES TG opaipag Tou Riemann £xyouvv 6aduo —2.

A0 t0oV TUII0
div(fw) = div(f) + div(w),

ortou 1) f eivat pia pn-pndevikr pePOPoPdn OUVAPTIOL KAl W PN-PUNdeviKn pepopopdn 1-popdn
et Tou X. AnAadr av mpooBEcoupe Evav KUP1o H1a1petn o€ Evav KAvoviko H1a1pEtr), TIPOKUTITEL
KAl ITAA1 KAVOVIKOG S1a1p€tng.

Yriapxetl pia 1oxupotepn popdr autng g diamniotwong. 'a tov okomo auto Ba xpelactoupe
10 axkoAoubo:

Afppa VIL.5.26. Av w1, wy SUO UELOUOPPES 1-UOpPES Ot emupaveia Riemann X kat wy # 0. Tote
umapx et povadikn pugpouopen ovvaptnon f emi touv X, térowa wote wr = fwy.
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Anobeiln. 'Eoww z: U — V C C évag xdptng pe TOIMKI ouvietaypevn z. padoupe 1g popdeg
wi = gi(z)dz pe pepopoppeg ouvaptoelg g; ou V. 'Eotw h = g2/g; 10 mnAiko avtev v ou-
vaptoewv. H h etvat emiong pia pepopopen ouvdaptnon oto V. L1 ouvexela opioupe f = hoz.
H f eivat pepopopepn ouvdaptnorn oto U. Arodeikvietal ot ) f eivat Kadd opilopévn ave§aptnta
arno Vv €mMAOYT T0U Xaptn ouvietaypévey. Ilpopavag wy = fw;. O

IIopropa VII.5.27. To ovvojo KDiv(X) tov kavovikav dtaipetdv elvat akplbag £va OUUTI0KO NG
uroouadag PDiv(X) tov kupiwv Staipetov. Me aiia Aoyia, n Stagpopd 6U0 Kavoulk®ov SlaipeTdv
glvar kuptog Srapemng. Enopusvag,

KDiv(X) = div(w) + PDiv(X)

yla Kade UepPOUOP PN 1-UopPn w.

VII.5.5 TI'pappikn wcoduvapia drapetmv

H napandve 16¢a ot duo daipéteg d1apEpouv Katd KAO10 KUPLo dialpétrn, 000 ardr) Kat
av ¢atvetat, eival n Baoikn diadikaocia opydaveong 1oV H1a1peTRV.

Oplopog VIL.5.28. Avo Saipéteg piag empaveiag Riemann X da Agyovtat yoauukd 1006Uvaues
Kat da ovubofifovtat wg D1 ~ Dy otav n dtagopa toug sivar évag kuptog dtapetng, 6niadn otav
dlapEpouv Katd tov SlapEn Uag UEPOUOPPNSG OUVAOTNONG.

‘Eote X emugdvela Riemann. Ioxuouv:

1. H ypappikr) wooduvapia eivat pa oxéon 1ooduvapiag oto ouvodo tev Stalpetov g X.

2. 'Evag Siaipéng eivat 10o6uvapog pe 0 av kat pévo av eivat Kuplog diatp€ing

3. Av X ouprnayng, tote ypappikd 1ooduvapotl diaipeteg £€xouv tov 1610 8abpod, dnAadn

Di ~Do = degD1 = degDQ.

Hapatfpnon VIL.5.29. Zuupwva pue ta mponyovusva, av X emipdveia Riemann, tote
1. Av f ugpouoppn un-undevikn ovvaptnon eni mg X, 10te divy(f) ~ dive (f)

2. Kade 6vo ravovikoi Swaipéteg emi g X elvar yoauuicd toodvvauol kar kade Sl1alpetng o
omolog givat yoaupikad 1006Uvapog mpog Evav Kavoviko Sl1aip€tn elvat emiong Kavovikog oiat-
PENG.

3. Av X givar n ogaipa tou Riemann, 10te kade 6vo onueia tou X givatl ypoapupika toodvvaua.
Ipayuatn av a,b onueia (ta onoia xwPI¢ TEPIOPIOUO NG YEVIKOINTAG UTOPOUUE VA HEWPT)-
oouue Temepaougva), tote n ovvaptnon f(z) = (z—a)/(z—b) givar pa puepduopen ocvvaptnon
Katrdiv(f) = a—b. Avb = co da unopovoape va dswprjoovue v f(z) = z—a pe div(f) = z—a.

Opwopog VII.5.30. H ypauuka woodvvaun kjidon tou kavovikoU Oiaip€rn Aystat Kavovikn
KAaon drtapetov.

Av X ouprnayng em@dvela Riemann, tote
1. Av f pepopopdpn pn-pndevikn ouvaptnon eri tou X, tote deg(divy(f)) = deg(dive (f))

2. Av £xoupe 6U0 Kavovikoug dlaipeteg, autoi £xouv tov 1610 Babpo.
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VII.5.6 O X®pOg TGOV CUVAPTICEWV KAl HOPPOV £VOG Sraipitn

‘Evag armo 1oug 1mo onpaviukoug A0Yyoug Xpriong tov S1alpet®v eival va opyavoooupe Tig
pepopopdeg ouvaptnoelg pag ermgpavelag Riemann. Eival BoA1ko va opicoupe ott ordp (f) = oo
av n f elval n tautotkda pndevikny ouvaptnon o pa mePloxn tou P, eved Ba Bewpoupe co > n
yla kabe n € Z.

TéAog opidoupe v opdda tou Picard

Pic(X) := Div(X)/div(M(X))

IIpotaon VIL.5.31. Ze ovuunayeic emipdveleg Riemann 1oy vouv 1a TapaKdaio:
® div(f) =0« feC*

® deg(div(f)) =0

Amnobeiln. * Av div(f) = 0, tote 1 ouvdptnon f dev €xel moAoug, dpa sivat ppaypévn oto
OUPIAYEG OUVEKTIKO O0UvoAo X Kal OUVEN®S oupdava pe 1o Bedpnpa tou Liouville eivat
otaBeprn), 6nAadn f € C*.

* Eukold S1armotwvoupe Ott T0 0AOKANPOTIKO UTTOAOTO NG S1adpopikrg popeng f/(z)/f(z)dz
tavtidetal pe tov apfpo piéev (AapBave uowv Kat tig MOAAATIAOTNTEG) AV APAIPE0OUNE
TOV ap1BP6 TRV MOAGV GUVETHOG, To noplopa VIL5.1d epappoldpevo yia v f(z)/f(z)dz pag
bivel tTeAdkd 1o ¢{nrovpevo.

O

Ady® NG mapandave npotacng PIopoule va 0piooUHE Kat v opada:
Pic’(X) := Div?(X) /div(M (X))
Kdl va oUvoPiocoue Ta Iaparndave otnv akpiBrn akoAloubia:
1 — C* — M(X)* — Div’X — Pic’X — 0.
O apBpobewpnuirog Ba mapatnproetl oiyoupa tv avaloyia petady g mapardve akpiBoug

axkoAouBiag kat tng akplBoug akoAoubiag tng opddag KAaoewv evog adyeBpikou oopatog apio-
Hov:

KAaopatkd > R ( opada ) o

1 — povadeg — K* — ( 16e08N KAAOE®V

Opiopog VIL.5.32. AvD = ) npP, D’ = } n},P dvo duapéteg m¢ empaveiag Riemann X, t0te
opifouue D > D' av kat uovo avn;, =nj, (VP € X)
'Eotw D évag daipéng piag emmgaveiag Riemann X.

Oplopog VIIL.5.33. O Y@p0¢ OV UELOUOPPOV OUVAPTHOEDV UE TIOAOUS PPayuevoug amno tov D
glvat 1o ovvojlo
L(D) ={f € M(X) : div(f) > —D},

o omnoiog €xet tn doun C-Sravvouatikov xwpou.
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Av D; < Do, tote £(D;) C £(D3). YrievBupidoupe 6t n f eivat oAopopdpn av kat povo av
div(f) > 0. Emopéveg L(0) = Ox, dnAabdr) ot oAdpopdeg ouvaptrjoetg oto X. Av X eivat oupnayrg,
T0TE

L£(0) = {otaBepég ouvaptnoeig et tng X} = C.

[Tpaypatt pia oAopopdn ouvdaptnorn oe cupnayr ermgavela Riemann, apou 6ev £xel mOAoug
bev Oa €xe1 oute pideg kat Oa eivat otabepd.

IIpotaon VII.5.34. Av X ouvurayrg empaveia Riemann kat D Staipéng pe deg(D) < 0, 10t
L(D) ={0}.

IIpotaon VII.5.35. Av X ovunayr¢ emipdveia Riemann kat D dtaioetg g X, 10te

dim £(D) < 1+ deg(D).

H napanave nipoétaon deixver yia D # 0, otin £(D) eivat menepaopévng Sidotaong C-Srtavuopatikog
Xopog (yia D = 0 éxoupe dei€el 61 £(0) eivat povodiaotatog) kat 6a cupBodidoupe pe (D) =
dime £(D).

IIpétaon VII.5.36. Eotw D € Div(X)

* Avdeg(D) <0, dte £L(D) = {0} kar {(D) =0

* Av D, D’ Stapéteg mou Stagépouv katd kupto, 10te L(D) = L(D’) kar {(D) = {(D’).

Amnobeiln. ¢ Eotw f € £(D), t61e 0 = deg (div(f)) > deg(—D) = —deg(D) > 0.
* Av D = D’ +div(g), tdte 1 ouvaptnon
L(D) — L£(D)

f— fg

etvat woopopplopog C-61avuopatikov XOpav.
O

Oplopodg VII.5.37 (Xwpog ToV PEPOUOPPIKAV 1-HopPrVv). O X@00C TV UELOUOPPOV 1-UOP POV
ue mojfloug ppayugvoug amo o D givat o ywpog

LD(D) i={w e MY (X) : div(w) > —D}.

Ao tov optopd £ (D) eival C-Sravuopatikog xopog xat £ (0) = Q1 (X) o xdpog v global
0AOPOPPRV H1aPOPIK®V.

IIpotaon VII.5.38. Ioyvet ot
£MW(D) = £(D +K)

Amnobeiln. AnAn spappoyr) Tou oplopou kat tou ot K = div(w). O
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VII.6 O tunog twv Riemann-Hurwitz

BewpoUpe pla cuprnayn nmoAAandotnta npaypatikng didotaong 2. Mia tptyovorioinon g S
etvat pia didomaon g S oe KAe10Td oUVOAQ IOV 10 KaBéva aro autd eivat opotopopPiko pe eva
Tplywvo, ®ote dUo Tpiywva va eivat 1 &Eva petaly Toug 1 va EvOVovIal KAatd HNKog Hlag akpyng

1] Katd PrKog pag Povo Kopudns.
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Hapatfpnon VIL.6.2. v napakdio mpotaoct], 10 YEvog eival T0 TOTOA0YIKO YEVOG TO OO0 Ue-
0dEl TOV apldUo ano «PUTE UIag OUUTayoug smipaveiag Riemann, deite v kataokesun tou
napadelyparog [V.2.24. To YEVOG UTLOPEL va 0ploTel Kat pe Ola@opETIKOUS TPOTIOUS Yia TapAdelyua
ue m 6ondeia touv dewpnuatrog Riemann-Roch. Ba dwoouvue pia aitiofioynon mg woobvvauiag tov

OPLOUDV OTO

IIpotaon VII.6.3. H yapaxtnpiotky tou Euler sivar aveaptntn g emAoyng g 1oty@vomoin-
ong. I'a pia ovumayn mroAfanAotnta mpayuatkng didaotaong 2 Kat yevoug g, N XapaKtnolotkn

tou Euler eivai 2 — 2g.

Amnobeiln. Tlapatnpoupe OTL av £€XOUNE P1d TPYDVOITOiN o), PITOPOULE Va £XOUHE Uld AETTTOTEPT)
TPY®VOIT0iNnon Pe ToUg MapaKAt® TPOroug:

* Mmniopoupe va Be®prjooupe pia eITAE0V KOPUQT| OTO E0MTEPIKO £VOG TPIYOVOU TV oroia
va MV EVOOOUPE PE TG TPEIS KOPUPES Tou tptywvou. H aldayr autr) dev ennpedadetl
Xapaxktnptotikn tou Euler.

* MrtopoUpe va rpocBEcouie piia KOpUPn O Pid ITAEUPA £VOG TPLY®VOU Kal HU0 aKPEG TTIOU
EVOVOUV TNV £€1pa KOPUGT HE TIS ATIEVAVIL KOPUPES S1X0TOPOVTIAG Ta avtiotola Ipiyevda.
Kat taAt n xapakinpiotikn tou Euler dev aAAdadet.

Eivat cagég 611 kat ouvduaopol TET01V EKAEMTIUVOE®V 6ev aAAAlouv T XAPAKINP10TIKL TOU
Euler.

Av topa €xoupe HUO TPIY®VOTIOW)OELG, PITOPOUNE va TI§ UTEpOEooUE Katl va npooHEcoupie
KatdAAnAeg KOpUPEG KAl AKPEG WOTE va 0dnynboupie os pia Iplyovortoinon 1 oroia artoteAet
EKAETITUVOT TOV HU0 apXIKQOV. ZUVENIOG 1] XapaKtnplotikn) tou Euler tov §Uo apyikodv tptyevo-

momoenv ivat id1a.
TéAog yla va urtoAoyiocoupe ) xapaktnplotikr) tou Euler piag oupnayoug ermgdveiag Riemann

YEVOUG g HITOPOUHE VA XPIOHOIO|00UHE TO MTOAUY®VO ToU rapadeiypatog OT0 OTI010
POOOETOUE AKPEG MOTE va TO Tptyevicoupe. Tig MAeupég Kat KopudEg TTOU Ba TAUTIOTOUV TIG
O

HETPAPE POVOo pia gpopd.

Mapatipnon VII.6.4. To dswpnua VIL.2.2d unapéng uspopopeng ovvaptnong sfaopailifel v
unapln mag ptyovonoinong os kade ovunayn empaveia Riemann. I[payuatt 1 uepouop@pn ouv-
vapton 6iver pa ovvaptnon F: X — PL. H npo6ojucr) eudeia éxet tu tpryovonoinon anotelou-
uevn amo ta 6vo piyeva mou opifovtat ano ta onueia {0, 1, oo}, dniadn xovue pa pryovonoinon
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ue 6vo plywva, 1pelg KOPUPES Kal Tpelg akueg kat xaparxtplotkn Euler 2. Tnu tpryevonoinon
autn mv Kkavouue Aemtotepn mpodEtoviag ta onueia darxfabwong e F kar g avaioyeg akx-
UEC Kal 0T OUVEXELA TAIPVOUUE ULA TPLYDVOTIOINOoN TG X 8ewpoutag Tig avtioTpOPES EIKOVES TV
KOPUQOU, AKUOV KAl TPLYOVOV UEO® TNG F.

Ocwpnpa VIL.6.5 (O tunog tou Hurwitz). Oswpouvue pia un-otadept) oAduopgn ovvaptnon F :
X = Y uetav ovunayov empaveiov Riemann. I'ia kade onueio dtakiabwong P oupuboAilouue pe
ep TOV 6aduo Swaxkiabwong. Av gx, gy givat ta yévn v smpaveiwv Riemman X,Y avtiotoia,
Exouue
2gx — 2 =deg(F) - (2gy —2) + Z (ep —1).
PeX

Amnobeiln. BOswpoupe pa pryevortoinon g Y onou kabe onpeio g Y rmou draxkAadidetat va
etvat kopudrn tprydvou. Mia t€tota tply®vortoinon pPropet va mpoKUPel 0§ EKAEITTUVOT KATIOAG
TIplyovortoinong. YmoBetoupe 01l autr] €Xel v 10 A0S KOPUPEG, e To MANO0g akpEg Kat t 1o
nmAnbog tpiyeova. Autr) TtV IPLY®VOIT0iNon IV avacnK®VOUUE Of Hld Tplyevortoinon mg X n
ortoia urtoB£toupe o1 £xet v/ 1o TIANB0G KOPUPEG, e’ akpég kat t’ to mAnBog tpiyeva.

Aot ta onpeia StakAadwong sivat povo kopupég, €xoupe ot e’ = deg(F)e kat t’ = deg(F)t.
ZtaBeporolovupe pa kopudr) Q € Y. To mAn0og tov mpoekovev tng etvat 0o pe

FHQI= ) 1=deg(F)+ Z (1—ep).
PeF-1(Q) PeF-
ZUVETIOS TO0 OUVOAIKO TANO0G TV KOpudpav tng X eivat 100 pe

v = Z deg(F) + Z (1—ep)

KopuPEgQEY PeF—1(

= deg(F)v — Z Z (ep—1)

KopupisQEY PeF-1(Q)

=deg(Fjv— > (ep—1).

KopupégPEX
KataAnyoupe oto ot
29x — 2 = —xx =—v' +e —t
=—deg(Flc+ Y (ep—1)+deg(Fle— deg(F)t

KopupégPeX
= —degxy + Z (ep —1)
KopupegPeX
deg(F)(2gv —2)++ Y (ep—1).
ropupégPeX

O
Ag Bewpriooupe pia ermpdvela Riemann xat pia pepépopen ouvaptnon F: X — PL. Ag uroBé-
ooupe o1l autr) £xel Babuo d = deg(F). O tunog tov Riemann-Hurwitz &ivel ot

D (ep —1) =2gx — 2+ 2deg(F).
PeX

@ewpoupe ermiong T PePOHOPPI 1-popen w = dz otov Pl 1 oroia £€xet Surtdd moAo oto oo Kat
roubeva aAAou 1odo, ouvenmg €xel Babuo —2. Oewpoupe to pullback tng n = F*(w) omyv X.
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YroAoyidoupe ot

degdivn = Z ordp (1)

pPeX
=Y ordp(F*(w))
pPeX
= Z ((1 + Ol“d]:(p)(w))ep — 1)
pPeX
= ) (ep=D+ ) (-er—1)
Pegflo?QJ PEF (o)
= Z (ep — 1) — Z 2€p
PeX PcF-1(o0)
=29 — 2+ 2deg(F) — 2deg(F)
= 29)( — 2.

VII.7 To @swpnpa Riemann-Roch

VII.7.1 To nmpo6Anpa tou Mitag-Leffler

‘Eotw X pia oupnayng ermmgpaveia Riemann. INa kdBe onpeio P € X ermAéyoupe pia tormkn
OUVIETAYHEVT) zp KEVIPAPLOUEVT] OTO P.

Opwopog VIL.7.1. 'Evag 6iaipetg ovpwv Laurent givat éva TeMepacpévo TUTKO Adpoloua g
Hop PN
Z Tp (ZP )P7
P

omou tarp(zp) eivar toAuwvupa Laurent otn ovvtetayuévn zp, dniadn nenepaousva adpoiouata

¢ UOPPTG: "

Tp(zp) = Z anzp, OMOU an € Z.
n=N
To ovvoflo twv diapetov oupwv Laurent pe v twmkn mpoodeon anoteflel pia abefavn ouada,
v omnoia da ) oupboAifouue pe T(X).
Emiong, yia kade dwapétn D oxnuatifouue tv vroouada

_ ~ ya kade P ue rp # 0 0 pueyajutepog 0pog tou
TDIX) = {; PP Tp &xel 6aduo yvnoia ukopotepo and — D(P)

Ztov mapandve optopo, to T0](X) eivat n opada twv oupov Laurent orou kdBe ouviedeotr)g
Tp €XEl ATTOKAEIOTIKA APVITIKOUG OPOUG.
IMa kdBe Srapen D opidetatl pia ouvdptnon

oap : M(X) — TIDI(X)

n oroia otéAvel ) pepopopdn ouvaptnon f € M(X) oto abpolopa ) prpP, O0mou rp eivai n
arokortt] avartuypatog Laurent tng f orou nietape €§o 0Aoug toug 6poug Babpou —D(P) kat
peyaAutepou.

[Mapatnpoupe 6t pia ouvaptnon f € £(D) av kat povo av dev £xel 0poug TAgng PIKPOTEPOUS
tou —D(P) oe kaBe onpeio P € X. Zuvenag

L(D) =ker(ap).
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Bewpoupe evav diaipétn oupav Laurent Z € T[D](X) kat priopovpe va pe@I)OOUHPE AV AVIKEL
otV €1KOVA TOU ap, dnAadrn av undpyetl pepopopdn ouvdptnon f tng ornoiag av KOWoupe ta
avarttuypata Laurent 6a dpoupe tov Z.

To mpoBAnpa NG KATAOKEUNG OUVAPTHoE®V e dedopéveg oupég Laurent oe ouykekpipéva
onpeia kat mouBeva aAdou roAoug ovopadetat to mpobanua tov Mittag-Leffler yia tnv erudavela
X.

To poBAnpa tou Mittag-Leffler propet va petpnOei pe ) BorBeia tou ocuprnupnva g ap
10 omtoio oupBoAidoupe pe

HY(D) = coker(ap) = TIDI(X) (VIL.3)

N Im(ocD).

AnAabr) €€ oplopou évag Sialpeng oupev Laurent eivat otnv eikéva 10U ap av Kat povo av 1
KAdon tou oto H' (D) eivat 0. MnopoUpe va KAtaoKeudooupe pia akpiBr) akoAouBia

0 — £(D) — M(X) — T[D](X) — H}(D) — 0. (VIL.4)

VII.7.2 To Osdpnpa twv Riemann-Roch

To mpoBAnpa tou va unodoytotel n Sidotaon v xwpwv L£(D) anavidrat péowm tou Oswpn-
patog t@v Riemann-Roch.

Ocwpnpa VIL.7.2 (Riemann-Roch, nipotn popon). ‘Eotw D dwapeng otnu afdys6pikn) kauruin
X, tote
dim £(D) — dim H}(D) = deg(D) + 1 — dim H!(0).

H napandave ékppaon dev eival armoAuteg 1KAVOITOUTIKY, Yidati £X0UHE PeTadEPEL TO TTPOBANIA
otov urntodoytopd g d1dotaong tou H! (D) xat H!(0) ta onoia oxetidoviat pe v Unapgn pepd-
HOPP®V OUVAPTHOE®V PI€ OUYKERPIEVEG Oupég Laurent.

To Bewpnpa urnoloinwv Oa mnaifel évav onpavukd podo. Ag urobécoupe 6t Z = ) _1pP €
T0](X), xat Z = ap(f) yla xkanowa pepopopdn ouvaptnon f. Tote yia kdBe oAdpopdpo dradpopiko
w, 1o fw propet va £xet1 TOAOUG POVO 0ToUg TIOAOUG TG f Kat 01 apvnTikoi 0p0tl TV avartuypdteov
Laurent tou dtagopikou fw kabopidovial amod toug apvnTkoug 0poUS T@V AVATTTUYHATOV NG
aAdd kat ano ta avarrruypata tou w. To Bedpnpa tev vrodoinev pag divetr ot

Z Resp(rpw) =0, (VIL.5)

pPeX

av oy(f) = >_rpP. Andadn n (VILS) eivat pia avaykaia cuvlnkn yia mv vrap€n piag éolag
f. EmutAéov, kdBe oAopopdo dradpopikod ermBdaAAet t€toieg ouvOnkeg Kat 1o Bewpnpa Riemann-
Roch otnv ouocia petpd 6Aeg autég tig ouvOrKeg.

'Eotw D évag iaipéng oto X Kat w pia pepopopdn 1-popdr otov xopo L1(—D), dndadn
€€ oplopou div(w) > D 1 woduvapa ordp(w) > D(P) yia kabe P € X. AnAadr) propoupe va
ypdywoupe

w = Z cnzp | dzp
n=D|(P)

OtV TOTTIKI] OUVIETAYHEVE zp KEVIPAPLIOHEVH OTO P.
Tn pepoépopdn ouvaptnon f ) ypadoupe oG f = Y 1 axzl To 0AOKANP®TKG UMGAOLNO g
fw oto P, 6nAadr) o ouvieAeotng tou z;l untodoyidetat ico pe

(e.¢]

Resp(fw) = Z Cnd_1-n
n=D(P)
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Ka1 €§aptdtal amnod 1oug CUVIEAEOTEG @ TOU avartuypatog g f yia i < —D(P). AnAabdn e§aptatat
povo and tov datpétn oupwv Laurent ap (f), to oroio ekdppddet tnv arnoxortt) g ospag Laurent

mg f.
Mrniopoupe va opicoupe pia ouvdaptnorn uroAoirnou:

Resy : T[D](X) — C
yia w € £ (—D), Bétoviag

Resy, (Z er) = Z Resp (Tpw).
P

AnAadr)
) Resp(fw) = Rese(ap (f)) tav w € L1 (-D).
P

AnAadn 1o Res,, pndevidetatl oty ekoéva ou ap otav w € L (—D). AnAadr 1o Res,, divet pia
KaAd Oplopévn) YPAP KL oUvAaptnon:
Resy : HY(D) — C

NV onoia propoUpe va tn BAénoupe oG éva ototxeio tou duikou xopou H(D)*.

Oewpnpa VIL.7.3 (Serre Duality). H ypoauuixn ovvapinon:
Res: LM (—D) — HY(D)*

glvat 10opUop PLouog puryadikav Stavuouatikov xopov. Idiaitépa yia kade kavovko drapet K mg
X,

dimHY(D) = dim £ (—D) = dim £(K — D).

Anodaln. Acite 10 [15, keg. VI], o umiodoyiopog yia ) Sidotaon tou H! (D) mpoépxetat amo v
axp1Br) axodoubia g e€ionong (VIL4). O

H napandave katackeur] diver 6t H'(0) = £(K), Ba ovopdooupe v Kowvr) autr) diaotaon «ava-
AUTIKO YEVOG.

Av ya évav duapétn D Béooupe {(D) = dim £(D) éxoupe tv mapakdt® poper) tou Bewnpr)-
patog:

Oewpnpa VIL.7.4 (Riemann-Roch). Eotw X Agia kaunvin kat K kavovwkdg draipetng mg X.
Yrapxet évag axépaiog g > 0, t€to10¢ wote yia kade dtapet D € Div(X) va yxouue:

(D) —¢K—-D)=degD —g+1

Mopopa VIL.7.5. * ((K)=g
* deg(K) =2g—2

* avdegD > 2g—2, W0te {(D) =deg(D) —g+1

Amnobeiln. Tvepidoupe 6t £(0) = 1, adpou ot maviou oAdpopPeg oUVAPTHOELS Tauti{ovial pe Tig
otaBepég ouvaptroelg, dnAadr pe 1o C nou €xet Sidotaon 1. O tunog tou Riemann-Roch yua
D = 0 &iver L(K) = g. £ ouvéxela o 18106 turog yia D = K divet tov tumo tou 8abpou degK =
29— 2. O
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Mapatipnon VIL.7.6. Me ) 601d<ia tou tumov twv Riemann-Hurwitz €xyovue urojloylioet ot o
6aduog puag HepouopPng 1-uopPne apa kair Kade Kavoukou Otaipetn svat 2g — 2 = —xx, OToU
g eivat to onofoyko yévog. To yeyovog auto padl Ue 1o mponyouusvo ropiopua puag 6ivet Ot 1o
TomoA0YIKO YEVOg Tautifetal pe 10 avaiutiko YEVog.

®a doocoupe pia mAnpn anoden tou Bswprpatog Riemann-Roch péow tng Bewmpiag twv
OOPATOV ouvaptioemy Kat twv Adelé oto kepdAato VIII.
VIL.7.3 MeplréG epappoyEg tou Ocwpnpatog Riemann-Roch
KapnuAeg yévoug o
Afppa VIL.7.7. 'Eoww X pa ovurayrg enipaveia Riemann. Av yia éva onueio P xovue ({(P) > 1,

. ~ 1
tote X = Pg.

Anoddeiln. 'Eotw X pa empdvela Riemann. Av £(P) > 1, tdte untapxetl pua pn otabepr) pepo-
popen cuvaptnor f: X — PL 1 oroia eivat 8abpouv éva, dpa 100popPIopos. O

Hpétaon VIL.7.8. Mia empdaveia Riemman yévoug 0 givat 1oduop@n pe 1o Pk.

Amnobeiln. 'Eotww éva onpeio P € X. O kavovikog draipéng K £xet Babpod —2, ouvenag
((P) =deg(P)+1—g+¢K—P)=2.

To ¢ntovpevo énetal anoé to Afppa VILz.2. O

KapnuAeg yévoug 1

Ocwpnpa VIL.7.9. (Kavovwkn popgn Weierstrass): Kade kauruin E yévoug 1 diverat oto agivkod
eminebo ano pa kKu6ikn adye6pukn e§lowon g HopPrg:

y2 + ajxy + azy = X3 + (12x2 + azx + ag

n omoia givat un-161ouocpen. Emmnisov, uropouvue va opioovue dourn abeavng ouadag ota onueia
MG Kaumung ue oubetepo otoryeio eva kadoptousvo onueio O.

Amoddeiln. Ba beifoupe mpwta ) dopry opadag kavoviag xprion twou Beswprjpatog Riemann-
Roch. Eoww P, Q 800 onpueia g KapmuAng. @swpoupie tov Sialpen:

A=P+Q-0.

Ioxuetdeg A = 1, 10 yévog g 1ooutat pe 1, kat ano 1o Oswpnpa Riemann-Roch éxoupe dim L(A) =
1. Zuvenmg urdpyet povadikn Katd npoogyytlon otabepdg f pe duo amdoug modoug ota P, Q kat
buo pideg. H pia eivat to O, tnv dAAn pida v ovopaloupe P 4+ Q. EUkola amodsikvistatl ot
n nipd&n autr] divel dour| petabetikng opadag oty KapmuAn. Ag arnodei§oupe ya apdderypa
TOV IIPOCETAIPIONO:

(P+Q)+R=P+(Q+R)

Opidoupe X := (P + Q) + R xat Bewpoupe toug KUP1oUg dlaipeteg:
() =P+Q—(P+Q) -0
(9)=(P+Q+R—Z-0
(M)=Q+R—-(Q+R)-0
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€XOUE TOTE :
(f-g)=P+Q+R—Z—20
(I/h)=(Q+R)+0—-Q—R
(f-g/h)=P+(Q+R)—X-0
apa
I =P+ (Q+R).

Ia va deioupe v adyeBpikn oxéorn): €xoupe L£(0) = (1),
dim £(2.0) =deg(2-0) =2

Kat pia Baon amoteAouv o1 ouvaptoelg {1, x}, 6TIOU 1 X €ival oUVAPTNOT OT0 OWHA CUVAPTI|CEDV
NG eAAeumuikng KApItuAng E pe 81rtdo oo oto O kat kavéva aAdo roAo. Zuveyidoupe pe 6po1o
TPOIT0 Kat

dim(£(3-0)) =3= L(3-0) =(1,x,y),

dnldadr) urnapyet ouvaptnon y pe povadiko rodo oto O tagng akpiBog 3.
dim(£(4-0)) =4 = L(4-0) = (1,x,y,x?),
6nAadn dev xpetddetal va npoobécoupe Katvoupyla oUvApPToL).
dim(£(5-0)) =5 = £(5-0) = (1,x,y,x, xy)

Kdt
dim(£(6-0)) =6 = £(6-0) = (1,x,y,x*,xy,x*,y?)

OUVET®G Ol TIAPATTIAV® 7 OUVAPTIOEIS £ival YPAPHIKA e§APTNHEVES, APA IKAVOITOI0UV Hid OXE0N
mg HoPPIIS
ay? +bxy 4+ cxy = dx® + hx®> + ex + g

1 oroia PeTd anod KAatdAAnAo PETAOXNIATIONO £pXETAl Ot LoPo1):

y2 + a1xy + asy = X3 + 02X2 + asXx + ag.

Ot KapnUAeg YEVOUG 800 £ival UNEPEAAEUTTIKEG

Mia KapruArn rmou 1KAvortolel pia e§iowon g popdng

ovopddetal UTIEPEAAEUTIKT).

‘Eotw X pia kaprmudn yévoug 2. 'Evag kavovikog diapéing exet 8abpo 2. Agou {(K) = 2,
propoupe va urtofBécoupe 0t1 0 K > 0 Kat UTtapyel pia pn-otabepr] HeEPOPOPPI] CUVAPTN O OTO
£(K). Autt) opidet pia ouvaptnorn f : X — PL Babpou 2. Zuvenog to oopa M(X) eivat pia enéxtaon
8abpou 2 tou C(z), dpa 2 € C(x), dndadr) untapxouv oAuckvupa p(z), q(z) € C(z), dote
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VII.8 To Oswpnpa Abel-Jacobi

‘Eote X empdveia Riemann, opioape oto .2.43 tv mipdtn opndda opoloyiag og v aBeAta-
voroinon g npwtapX1kng opadag. Zuvnbwg n npotn opdda opodoyiag Hi (X, Z) opiletatl og to
nNAiKo g opadag 0AmV TV KA10ToVv aAuocidmv g X ©g Mpog TtV UIToopdda tov ouvopmv

CLCH(X)

H(X2) = BCH(X)

orou aAuoida eivatl enepacpévo abpotlopa dpopwv pe aképatoug ouviedeoteg, dndadr) abpoi-
oparta mg popeng
Z nyYi: Ny € Z,y; 6popog e 1o X.
1

Ye kAOe aduoiba aviiotoiyel £va MmenepacpEvo TUTIKO aBpotlopa onpeiov tTou X, 01ou os KAbe v;
avtototyi¢oupe ) d1aPopd TV AKPOV Kat enekteivoupe ypappikda. H aneikovion autn enayet
évav opopopdPlopod opddev anod tmy opada Ch(X) otnv eAeubepn opdda mou napdayetat anod 1o
oUVvoAo TV onpeiv g X. O mupnvag Tou oOpopopdPLoPoU autou eivatl T0 oUVOAO T®V AAUoidwmv
o1 oroieg £xouv KAOe 1eA1KO onueio KAnowag y; 100 pe KAmoo apxiko onpeio kamowag aAAng vy;.
O nuprjvag ocupBoAiletar pe CLCH(X) kat etvat to oUuvolo tev KAe10t®V aAuoidev el tou X.

Av D &ivat tpiy®voroif|otpo KAE10T0 0UVOoA0, UTIOoUVOAO Tou X, tote 1 aAuciba 0D eivat kAet-
otr] aAuoida. Autod €netat aro 1o yeyovog ot 1o T yia kabe tpiywvo eivatl kAeiotd. TEtoteg KAeL-
otég aAuoideg Aéyovtat aduoideg ouvopav g X (boundary chains). H vnoopada tg CLCH(X)
mou rapdyetat arno oAeg tig aAuoideg ouvopwv 0D ocupBoAidetal pe BCH(X).

H 1o006uvapia tov oplopwv divetal Bewpoviag kabe dpopo oto X og pia kAeiwotr) aduoida
opidovtag pe auto tov TIpOro pia cuvaptnon

(X, xo) = Hi(X,Z)

To Bedpnua Hurewitz [g, 2A.1] e€aodalilel 6Tt n mapandve ouvaptnon ivatl EmpopPlopog Kat
£€X€1 @G TTUprva tov petabetn g m (X, xg).

I'a pua cupnayn emgdvela Riemann X yévoug g = g(X) n Hy (X, Z) eivatl eAetBepn aBeAiavr)
opada 8aBpou 2g. 'Eva ouvolo yevvnidpev tng opddag Hi (X, Z) mpokuIttel Kavoviag XpHor g
napdaotaong g X @G €va rmoAuywmvo pe 4g-TIAeUpEg, onwg 600nke oto mapadetypa

To ouvodo {(aj, as,...,ag, by, ba..., bg)} eivat éva ovvoro yevvnidpwv tng Bepedimwdoug opa-
6ag m (X) n oroia €xet tv mapaotaon

g
<ai,b1-L :1<ig g,H(aibiazlbfl) = 1> .

i=1
Kdat
Hq(X,7Z) =7Za) ®Zay @ ---Zag+ Zby ®Zby @ -+ ® Zbgy

VII.8.1 IIepiodot 1-popdparv

‘Eote w pua kAswot) C* 1-popdrn) tng X. Av D eivat éva 1ptyovorounpévo urtoouvoAo g X,
aro 10 Bewpnua tou Stokes MPOKUTIIEL OTL

R R

6nAadn 10 0AOKANpOUA TNS W ®G ITPOG OITO10dNTIOTE OUVOPO eivat ico pe 0. Autod onpaivet ot 10
O0AOKANp®A 0rto1acdrIoTe POPPNS w ®G P0G pia KAelot] aAuociba e€aptdtatl aro v KAAon
opoAoyiag oty oroia avrket 1o ouvopo. AnAadr) yla kaBe kAdorn opodoyiag [c] € Hi (X, Z) woxvet

J w:J w.
[c] c
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[61aitepa, 6edopévou 611 KABe 0AOPOPGT 1-PoPP1] £ival KAELOT), TA OAOKANPOHATA TOV 1-PLOPPRV
®G IIPOG TG KAdoelg opodoyiag tng Hi (X, Z) eivat kadd oplopéva.

Ilattepa yla kdBe kAaon opodoyiag [c] € Hi(X,Z) AapBdavoupe éva kKadd oplopévo ouvap-
o10e1d€g otov Sravuopatiko xopo Q(X) tov oAdpopPrv 1-popdav, To o1oio opidetal amno mv
0AOKANP®OT TIAV® OTO ¢

J[C] :0OX) —C

Opiopog VIL.8.1. 'Eva ypauuko ouvaptnoloetdesg
AQX)—C
da Agyetat mepiobog, otav A = f[c] yla kamnoia kjaon ouodoyiag [c] € Hy(X,Z).
To ouvoAo A tev ouvaptnoloeld®y Tou eivat repiobot anotedei vnoopdada tou HUTKOU XOPOU

Q(X)*.

H Iakw6lavi) plag cupnayoug enipaverag Riemann

O xwpog rnAiko tewv ouvaptnoloedov t1ou Q(X) modulo v opada tev meplodav A eival
Bepediwdoug onpaociag.

Opiopog VIL.8.2. 'Eotw X ouumayng enipaveia Riemann. H Iaxw6iavy g X ovuGoAiletar pe
Jac(X) kat givat

Q(X)*

Jac(X) = A

Ztn ouvéxela Oa xpnoponorjooupe Baoeig ya va rieptypdayoupe myv lakwBiavr. 'Eote wi, wa, . ..

pia B8aon tou Q(X). Auto pag erTpEret va Tauticoupie Tov dtavuopatko Xopo Q(X)* pe tov xopo
omAwv C9 11€0e TOU 100110PpP1O10U

QX)* 2 A — (A1), Mwa), ..., AMwg))*

[61aitepa, kabe mepindog aviiotoixel o€ KArolo t€tolo diavuopa. H mepiodog mou avuiotoiyet
otnVv KAdon ocuvopoloyiag [c], plag kAslothg aAuoidag ¢ eivat to Siavuopa:

(Lo o)

9
Jac(X) = %

orou A n urtoopdada g CY mou avtiotorxet otig rieplodoug. Enopévag n Jac(X) etvat pa aBe-
Awavr) opada.

Enopévag

H anewkovion Abel-Jacobi

[Ma va expetaddevtovpe MANP®S Vv Kataokeun g lakwBiavng pag emedveliag Riemann
X 6a meprypdyoupe avalutukotepa 1 oxéon lakmBiavig kat ermpavelag. Autod Oa ermteuyOet
Hé€o® tng ouvdaptnong twv Abel-Jacobi. ErmuAéyoupe éva Baowko onpueio Py € X. T'a kabe onpeio
P g X ermdéyoupe évav dpopo yp erd g X, anod 1o Py g 10 P. ®a B¢Aape va opicoupe 1
ouvVAapTnon
A:X — Q(X)*
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1 ortoia otéAvel 1o P 010 ouvaptnoloeldeég Katd PrKog tou §popou vp,
AP)(w) = J w
Yp

H napandve ouvaptnon 6ev eivat kadd optopévr). Av kaveig erudéget évav dAAdo §pdpo vy, ano to
Py oto P S1apopetiko tou yp, to0te 1 Tipr) A(P) SradEpet ano v apXiKr) KAtd £va ouvaptnoloe1ldég
10 ortoio eivatl 10 OAOKANP®HA OGS P0G TNV KAetotr) aAuoida yp — vp. Me dAAa Adyia, to A(P)
etvat kadd oplopévo modulo v urtoopdda tewv reptodwv. Emopévag n ouvaptnon A eivat kada

OPlOMEVI] WG OUVAPTNOT):
A X — Jac(X)

Kkat Aéyetat ouvaptnon v Abel-Jacobi tng erugpdveiag Riemann X. E§aptatat 8¢68aia and to ap-
X1KO6 onpeio Py. Av erudéSoupe pa Baon {wi} tng Q(X), priopovpe va Bewpriooupe ) oUVAPTN o)
10V Abel-dacobi A wg ouvdptnorn oto C9/A mou divetat amnod tov TuIo

p Py Py t
A(P) = J wl,J wo, .. .,J Wy mod A,
Po Po Po

orou A n opdada v reptodev tou CY.

Enéktaon tng ouvaptnong A otoug Sraipeteg
‘Eotw D =) pcx npP évag draipéing g X. Enexteivoupe ) ouvdptnon A otoug diaipéteg
A : Div(X) — Jac(X)

anP — anA(P),

1 omoia eivatl mpopavaeg £vag opopopPlopog opadwv, Ba Aéyetal kat aAl ouvaptnorn tv Abel-
Jacobi kat 8a ouvexiocoupe va ) cupBoAiloupe pe A.
[S1aitepou evdladépovtog eival o meploplopog g A otoug draipéteg Babpou 0 tng X

Ay : Divg(X) — Jac(X).

L1 ouvexela Ba arodei§oupie Ot 1) Aoy ToU apy1Kou onpeiou Py otov oplopod g ouvdaptnong
1@V Abel-Jacobi 6ev ennpeddetl ) ouvdptnon Ag.

IIpotaon VII.8.3. H ocvvdptnon Ay givar avelaptnin ano mu emidoyn tou apyukou onueiou Py
eni mg X.

Anoddeiln. 'Eote ot erudéyoupe éva onpeio Pl diagpopetikd and to P. 'Eoww v évag dpopog ano
10 P) oto P tng X. Ztov tumo tng A(P), av aAdagouyie to apXikd onpeio Py pe 1o P, mapatnpoupe
0Tl ] £1KOVA TOU dlavuopatog dtapEpet amo v apXKr Katd 1o diavuopa

t
V= <J wl,J wg,...,J w9> mod A
Y Y Y

To v € Jac(X) eivat ave€apnto tou P. Ernopévag, av

D= ) npPeDiv’(X),
PeX

TOTE ) pex Np = 0 8ivel 0TL A()_pox NpP) Srapépet amod 10 apX1Ko KATA ) pcx NPV =V ) pcx Np =
0. O
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Eipaote mAéov oe B¢on va Satunwooupe 10 Bedpnpa twv Abel-dJacobi. YrnievOupidoupe oti, av
f pepopopen oe pla ocupnayn smeavela Riemann, tote o dapétng div(f) €xer 6aOpo pndév.
AMAG auto bev givat eivatl pa kavr) ouvOnKn yua va eivat évag diaipeng Kuplog Sialpeng.

Ocapnpa VIL.8.4. Eotw X wa ovunayng emigpaveia Riemann yévoug g = g(X) kar D € Divy(X).
O D eivar dtaipéng piag Hepopuop@ng ouvaptnong mg empaveiag Riemann X av kat povo av
Ao(D) = 0 omnu Jac(X).

O teAeotrg iXVog

Av F: X — Y oAopopon ouvaptnon avapeoa otig ermeaveleg Riemann X, Y kat o ouvaptnon
1) popon g Y. Méow tng “pullback” Siadikaoiag kataokeualoupe pia ouvdaptnon F*o tg X.

®a nape avtiotpoda. Av o eival pia ouvaptnon 1 popdr otnv X 6a opicoupie 1o ixvog g erti
g Y. 'Eote h pepopopen ouvdaptnon eri tng X katr Q € Y, 1o oroio dev etvat onpeio draxkAadwong
g F. Av degF = d, untapxouv d to nAn0og npoeikoveg tou Q € Y éotw Py, Pa,...,Pq. AdouU 1
roAAarAotnta g F oe kaBe éva anod ta onueia P; eivat €€ unobéoewg €va, UTIAPXEL Eva AVOLXTO
OUVOAO £VOG XAPTH IOV TePlEXel 10 Q wote

FlUu) =ViuVaU---UVy
pe Fly, oAdpopon yia kdbe 1 < i < d. Emutdéov, kabe n F meplopiopévn ota Vi avuorpedetat
Kat €ot® ¢; : U — Vi n avtiotpodn tng Fly,.

Oplopog VIL.8.5. Iyvog ¢ h emi tg U givar n ouvaptnon

d d
Tr(h) =) hodi=) & (hlv,).
i=1 i=1

H ouvdapinon ixvog oe onpeio Q € Y eivat armdd to abpotopa tov npoekovey g F: X — Y,

Tr(h)= )  h(P).

PEF1(Q)

O napandve tirnog 1oxUel, otav 1 h dev £xel mMOAOUG 0e Kappia amo TG MPoelkoveg Tou Q. Av h
oAopopgn ota Pi, tote n Tr(h) oAdpopdpn oto Q.
A6 mv ta§ivopnon tev 181addviev onpeiov EXoups

Ouotaotikn aveopaldia oto onpeio StakAadwong
H Tr(h) éxet { Apowun aveopalia oto onpeio StakAadomong
[T6Ao oto onpueio drarkAddwong

Ioxupidpaote 611 ot XEPOTEPT] TOV MEPUTIHOOERDV Ta onpeia StakAddwong eival 1o oAU 1oAot
tou ixvoug Tr(h), 6nAadr £xoupe pepopopdia Kat padiota av n h eivat oAopopdn oe KAOe
POEIKOVA £vog onpeiou tou Y, tote kat n Tr(h) eivat oAdpopdn. Onwg Oa dovupe nmapakdtw,
apkel va eAéySoulie v repin®on mou 1o onpeio dakAadwong Q €xel povadikr nposikova P
He moAAamAdtnta m.

Ed® 6a xpno1ponotrjooupe Vv 0K Kavovikn popdrn. Av F: X — Y oAopopon pn-otabepr)
ane1kovion oplopévn oto onpeio P € X, urdpyxet povadikog aképalog m pe v akoAoubn 1610-

mra:
IMa kdBe xdaptn z; : Uy — Vo g Y erukevipopévo oto F(P), untapxel xapmng z; : U; — Vi tng
X erukevipopévog oto P, oote zg(F(zfl(z))) =zM

X<—>U1411>V1 cC

b

Y<—U,—2V,CC
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Enopéveg, amno 10 Bewpnpa autd PropoUpe va ermAEE0UNE TOITIKL OUVIETAYHEVT) z EMIKEVIP®-
pévn oto Q Kat TOIMKY OUVIETAYHEVI] W ETUKEVIPOHEVT oto P wote z = w™.
Yrobetoupie 60t n h £€xel avanrtuypa Laurent caw™. 'Eoww (= e m . [a z # 0, 1o ixvo
n
Tr(h)(z) vntodoyidetal kat mdAl ®g o ABpoIoPA TOV MPOEIKOVOV OIS KAl ITPONYoUupeveg. Ot

MPOEIKOVEG KA z = W™ yia z # 0 etval ('wi=0,1,2,..., m — 1. Enopévag
m—1 ) m—1 ) m—1 )
Tr(h)(z) = Tr(h)(w™) = Y h(Gw)= ) Y (Cw)"=) <Z ct“) wh
i=0 i=0 n n \i=0
AT Vv dAAn 1oxUvet
leCm {m, avm|n
= 0avmin,

EMOPEVMS 01 OPOL TIOU ATTOPEVOUV 0T0 dBpotlopa eival yia n = mk. Zuvenwg av h pepopopdn oto
P, téte kat n Tr(h) eivat pepopopdn oto Q kat pdAota av h oAdpopon oto P, tote n Tr(h) eivat
oAopopgn oto Q.

Av tpa 10 Q €xel TIEPIOOOTEPES ATIO M1 TIPOEIKOVEG, TOTE 1 ouvaptnon Tr(h) sivat amdo
abpotlopa 1Xvev To Oroio IIPOKUITIEL ATTO ITEPLOXES HPE POVASIKY) ITPOEIKOVA. LUVEN®OG KAl TTAAL
10 1XVOG HEPOPOPPNG OUVAPTNONG £ival PLEPOPOPPT OTIOG KA TTPLV.

Avdloya urtodoyidetat aviiototxo Bempnpa yia tv urapn ixvoug piag pepopopdng 1-popdrs.

IIpotaon VIL.8.6. AvF: X — Y un-otadspn oAouop@n aneikovion uetalt CUUTAY®OL EMLPAVEIDV
Riemann kait w pa 1-pugpouopgn uop@n, tote yia kade Q € Y, woxvet

Resq(Tr(w)) = ) Resp(w).
PEF1(Q)

Amodeiln. Apkel va eAéyEoupe v MEPINI®ON MOV 1 MTPOEIKOVA ToU Q £Xe1 POvVad1KY) TPoeKOva
P moAAarAotntag m.
Hw=h(w)dw, h=}) | cqaw™ xat Resp(w) =c_;. AAAa

Tr(w) = Z Crm_12°"tdz
k

O ouvtedeotrg tou z ! mpokurtet yia k = 0 kat etvat mdAt o ¢_.

Mua aAyeBpikn anodeidn tou Ocwppatog OAORANPKOTIKMOV UNOAOINOV

®a 6dooupe pa alyeBpikn anddeiln 1ou Bewprpatog urodoiney ) oroia Sev xprotpornotet
Vv €vvold tng OAoKAfp®ong. MdaAlota n anodei§n autr) 10XUe yia alyeBpiKEG KAPITUAEG OP1OHE-
veg AvVe arod ornotodnrote copa. @édoupe va beifoupe ot yia pia 1-popdr) 1o abpoiopa v
urtodoinev eivatl 0. H 16€a eivat amAr): apkel va Bswprjooupe pia pn-otabepr) pepopiopdpn ou-
vaptnorn oy ergaveia Riemann, ) oroia aviototket oe pia oAdpopen ouvéptnon F: X — PL.
@ewpoupe ) pepopopdn popdr Tr(w) oo PL. Atadéyoviag pia aPviky) CUVIETAYHEVT] HITo-
poulE va YpAyouue

orou 1o 1(z) € C(z) eivat pia pni] ouvaptnor). XPenotporoloUHEe TV avaAuor) o anAd KAdopata
yla va daortdlooupe v 1(z) oe dBpotopa 0pwv 010U 0 Kabgvag £xel ) popdn c(z—a)t, n e Z
Kkat a, c € C. Apket va arodei§oupe 10 Oedpnpa uroAoinev yia 1) diadopikn popdn c(z—a)™dz.
Av 10 n < —2, 1618 £X0oUupE £vav povadiko rmodo oto a pe uroAoro 0. Av n = —1, €xoupe amdo
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ITOAO OTO a PE UITOAOUTO ¢ KAl artAo IOAO0 010 oo pe urtodorto —c. I'a to tedeutaio napatnprote
ouyazZ=1/z

1
dz = —2%d(1/z) = —de,

OUVETIOG
dz z?

B B 1 Z ¢ = vy
o= cz_ad(l/z)_ Cop T o79L= Z+VZ_0“Z‘

Yuvenog 10 Bewpnpa
Av n > 0, éxoupe povadiko 1odo oto co Tagng touddayiotov 2 Kat ralt pe urtoAourto 0.
Omndte €xoupe

Z Resp(w) = Z Z Repp (w)

pPeX QePL PeF1(Q)

= ) Resq(Tr(w))
QePrg
=0.

OAoxAnpwon tng ouvaptnong ixvoug

'Eotw v évag 6popog oty empdvela Riemann Y kat w pia pepopopdn 1-popdr| tng ermda-
velag Riemann X tng oroiag ot oot Hev avriKouv otV MPOEIKOVA TV ONPEiav g y. e autt)
TNV MEPIUTIOOT, TO OAOKANP®IA TOU 1XVOUG KATA HPNKOG TNG KAUITUANG Y €ival KkaAd optopévo.
[Twg oxetidetatl pe 1o 0AoKANpeOPA NG 1-popPng w;

Ext06 tov onpeiov StakAddadwong tng F, yia kabe onpeio Q tg Y £€Xoupe m IPoeikoveg ToU
Q xat n F elvat torikog opotopopdplopog. Luvenog, oxedov oAa ta onpeia g v (0Aa eKtog arno
nernepaocpévo mAnbog) propouv va avuywbouv (lift) oe akpiBog m dpopoug vi,v2, ..., Ym. Ot
dpopot autoi evovoviatl padi ota onpeia StakAadwong tng F ta omnoia Bpiokoviatl mave amno oAa
1a onpeia StakAdadwong g .

Ze KAbe mepimworn propoupe va Oe®priooupe TG KAE10TEG OrKeg AUTOV TOV AVUPOHEVRV
dpopwv kat £tot AapBavoupe d avuywoelg rou Ba tig oupBoAiloupe At pe v;.

Opiopog VIL.8.7. Qg pullback tou §pduou v g Y opiletar n aivoiba
Fy=yi+v2+-+vm.

Enekteivoupe ypappikd kat £t01 priopoupie va opiooupe 1o pullback yia kdBe aduoiba ng
Y.

IIpotaon VII.8.8. Eotw F : X — Y pa un-otadepn ofouopen ameucovion puetall OUUTayav
empaveiwv Riemann. 'Eotw w wa ofouopen 1-popgn eni g X kary pa ajvoida mg Y. Tote

[
*y Tr(w)

Amnobeiln. Ta odoxAnpopata dev BAérouv ta onpeia StarkAddwong ng F kat priopovupe va uro-
B¢ooupie 6011 0 Hpopog ¥ Hev mepvd aro kaveéva onpeio dSrardadwong ing F. Ze autr) v nepintwon
T0 OAOKATPOUA APloTePA NG 100TNTaAg €ival 1o dBpolopa OA®V TV OAOKANPOUATOV NG W, HE
IPOOHOETEOUG OAA Ta OAOKANPOHATA TOV (UTIEPUPOHEVOV) KAPTIUAGV Vi. To oAokArpopa ota He-
&1d NG 100tNTag £ivat £éva 0AoKANP@HIA ToU abpoiopdatog TV KATAAANA®V w KAl ETOPEVES £ivat
1a 161a. O
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VIL.8.2 Ixkavi ouvOnkn tou Oswprpatog Abel-Jacobi

‘Eotw D = div(f) évag dapétng pn-otabeprg pepdpopdpng ouvaptnong oe pia ocupnayn
erugpavela Riemann X. 'Eow F: X — PL n avuototyovoa oAopopdn arneikévior Babpou d ot
opaipa tou Riemann, 1 omnoia opidetat og

Flx) = {f(x) € C av x oyt moAog g f
00 av x 1oAog g f
H avuotowyia avapeoa os pepopopdpeg ouvaptnoelg Kat OAGPopPeS OUVAPTHOELS Ot odpaipa tou
Riemann pag ermtpénet va Xp1notporo|00UE VEQUETPIKA ETXEIPNHATA Yid T PEAET PePO-
HOPP®V OUVAPTACERDV KAl MAilel évav KEVIPIKO pOAO otnv avarttuin tng Oewpiag.
Z1n opaipa tou Riemann ermdéyoupe €vav dpopo and 1o oo oto 0, 0 011010g va pnyv diépxetat
arno kavéva onpeto darkAddwong tng F (extog iowg ard to 0 kat 1o oo). H aAuoida pullback

d
Fy=) vi
i=1

etvat 1o aBpoiopa twv SpopwV otoug oroioug o kabévag evavel €vav 1oAo g f pe pia pida g
f. ZupBoAidoupe pe qi := vi(0) xat p; = vi(1) €10t dote o Srapng préwv g f Kat )_ i eivat o
dlapéng noAwv tng f. Idraitepa propouvpe va ypayoupe tov dapétn D g f wg

d
D=3 (pi—qi)
i1

Av Aouév apaipécoupe auto o didvuopa aro Tov Iapardave TUro tou Ag(D), éxoupe
d

Ag(D) = Z <J'Yi (1)1,...,Li wg>t mod A

i=1

t
:<J wl,...,J wg> mod A
*’Y F*»y

H j-otr) ouvtetaypévn tou tedeutaiou Siavuopatog sivat [+, v Wj- ZUpgova pe tyv IIponyoupevn

POTAOT)
J wj :J Tr(wj).
Py Y

To wj etvar oAdopopgpo Srapopko, dpa kat to ixvog Tr(w;) eivar oAépoppo otn opaipa tou
Riemann P{.. AAG 1o yévog g(Pg) = 0 kat 8ev €xet oddpopga Sagpopikd, orote Tr(w;) = 0. Ty
ouvéxela ermAéyoupe pa 8aon wi, wo, ..., Wy IOV OAGPOPP®V dlapopikev NG X Kabwg kat éva
onpeio Baong x € X.
IMa kabe i, erudéyoupe Evav dpopo a4 armo 1o x oto pi Kat évav 6popo B amnod 1o x oo q;. H
ouvaptnon Abel-Jacobi kat Ay aneikovidel tov drapén D.
il

Ag(D) = Z (Li oul,...,J'cXi wg)t - <Jﬁi wl,...,Jﬁi wg>t mod A

i=1

IMa kdabe i, éot® hy 0 KAe10T10G 6poO0g o = vi — Bi. APoU autog eival Evag KAe10tog 6popog, to

otavuopa
t
(J wl,...,J w9>
hyi hy

etvat n epiodog A yia kdBe i. Auto 1oxvet yia kabe j = 1,2, ..., g Kal EMOPEVOG EXOUHE

(J *hwla---aj*hwg> =(0,0,...,0).

Auto onuatvel 61t Ag(D) = 0 otnv Jac(X).
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VII.8.3 H 1xavi] ouvOnkn tou Ocwprjpatog Abel-Jacobi

H anodedn Oa ypelaotel pepikd Bonbrnukd Anppata rmou apopouv g reptodoug. YrevOu-
pidoupe ou yia pia oupnayr) ermeavela Riemann yévoug g(X) = g. To standard moAuywvo P
tautoroinong g X kat tg 4g mieupég autou {ay, by, af, b{}?_,, Emiong, ot a; kat a] tautonotov-
vtat otnv X oe évav KAewotd §pdpo a; Kat ta b; Kat b tautonoovviat oty X oe évav KAE0TO
dpopo b;. I'ipw amno 1o moAvyevo P eppavidoviat ot MAeUpES pe ) oepd ay, by, a (avarnoda) kat
b/ (avaroda). I'a pa popdn o g X, cupBoAiloupe pe

Ai(o) :J o kat B; (o) :J ocywai=1,2,...,g
ai bi
TIG TIHPEG TOV OAOKANPOUAT®V TG 0 KATA HNKOG TRV KAL10TdVv Spopwv tng X. a pia otabepn
1-pop®rn) o o1 rapandve 2g-aptdpot Ba Aéyoviatl nepiodot g o.

Ot apBpot A Aéyovtal a-miepiodot kat ot B; Aéyovtat b-riepiodot.

‘Eote® Aoutdv tdpa o eivat pia rAstoty C*° 1-popdr g X. H poper propet va Bewpndet
®g popor g P. Ermdéyoupe éva onpeio Bdong x oto eowtepko g P. I'a kabe onpeio p € P
optloupe

P
fo(P) = J o

X
10 OAOKATp®HA TO Ttaipvoupe oe orolovéAmote 6pOo aro 10 x 0to P 0 0roiog avrkel €§ oAo-
KAfpou péoa oto P. H ouvdpinon auvtr eivat KaAd oplopévn, adou 1 o eival KAEIOTI) KAl Td 0AO-
KAnpopata sivat ave§dptnta tou Spopou, agou to P eivat andd ouvektko. TéAog onpeiwvoupe
ot 1 fe etvat C* oty P kat pdAota dfy; = o anod 1o Ospediwdeg Oe®pnpua TOU ATEIPOOTIKOU
Aoyiopou. Idaitepa, av o etvat oAdpopdn, to 1610 1oxUvel kat ya my fe.

Afppa VIL.8.9. 'Eotw 0, T kAstotég C® 1-puopgég emi tng X. Tote

g
| o= (Au@)Bir) ~ AllTIBi(o)).

i=1

Ebw
g

0P := ) (a;i+bi—a{—Dby)
i=1
etvar n ovvoprakn afvoiba tou P. H 100tnTa 10X Vel akOpua Kat av 10 T €lvat pia UepopUoppn 1-uopen
eni g X, n onoia 6ev €xel kKavévav mojo Katd UnKog 1oV KaunuAov a; kat b;.

Anodeién. Twa kabe onpeio P eri tng mAeupdg ai, Oa ocupBoAdidoupe pe P’ to avtiotoxo onpeio
g a/ 1o ornoio tautidetat pe 1o P otnv X. 'Eote ap évag dpopog péoa oto P and to P oto P,

fo(P) — fo(P") =JPU—JPIGZ—L -

X X

apou 1Ta 0AoOKANpOUATA TG 0 0€ KAE10TOUG Hpopoug ivatl pndév. Toapa opwng otnv X o ap givat
KAe1010G 6popog Kat eivat opotorukog pe tov dpopo bi. Emopéveg, apou n o sivat kAeiorn,
gxoupe

fo(P) = fo(P') = —Bi(0),

yla kabe P € a;. Kavoupe 10 1610 yia éva onpeio Q mou avriket oty b; kat éote Q' 1o onpeio
rou etvat 1o avriotoixo tou Q otnv b!. 'Eote Bg évag dpdpog amnd to Q oto Q’. Tote

X X

£(Q) — fa(Q') = jq o—jQ oo —LQ o
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Topa, av n kapnudn Bo BewpnOei eri tou X, eival opotoriki pe ) v af, n onoia eivat n —a;
OItoTe

fo(Q) — fo(Q") = Ai(0),

yla kdBe Q € by. Tédog ag napatnpriooupe 0t apou n T eivatl 1-popdr) g X, ot TIpEG g ota
a; Kat a/ eivat ioeg xkat 1o 610 10xVel yia TG b; xat b{. Enopévag,

J foT —J —i—J —J foT
0P Jai af b b/

<" (fo(P) fU(P'))wJ
Pea;

I
.I\/]‘D

,ﬂ
I
_

(fo(Q) — £o(Q) r)

I
.I\/]@

,d
I
-

Qeb;

(“ —Bi(O')T—I—J Ai(()')’t)
JPeq; Qeb;

(=Bi(0)Ai(T) + Ai(0)Bi(T)) .

I
'I\/]‘Q

,_.
I
_

Il
.I\/]‘O

,ﬂ
I
—

O

Afppa VIL.8.10. Yrodstouue o1t w # 0 givar pta oAouopgn 1-popen otnu X. Tote

g
Im (Z Ai(w)Bi(w)> <0
i=1
Anddeln. Tormkd, ypagoupe w = f(z)dz. Enopéveag @ = f(z)dz kat
WA D = [f?dz A dz = —2i[f?dx A dy.
Auto onuaivet ot
Im JJ wAw<0.
X

O

210 Afppa VIL8.d Bétoupe 0 = w kat T = @ kat £xoupe

e[ s

10 OIT010 aro 10 Bewpnua tou Stokes eivat ico pe
Jj(awAw+ﬂMmg:”“wAw
P P

agou df, = w xkat w =0 (n w etvat oAopopdn).
A6 Im [ [, w AW < 0 kat 1o Afppa VIL8.d agou

| fow=|[enw.
0P

£xoupe




VII.8. TO GEQPHMA ABEL-JACOBI 169

'Eote 61 10 29 = X0 + 1yo €ival 1o aBpolopa

3 Ai(w)Bi(w).

Apou Ai(w) = Ai(w) xkat Bi(w) = Bi(w), 1o mapandve abpolopa ypadetat zg—zy = 2iyp, 6nAadn
Im(z—2Zp) < 0=y <0.

Iopiopa VIL.8.11. 'Eotw w pita oAduopen 1-popen emi e X ue Ai(w) = 0 yia kade i. Tote w = 0.
Avadjloya woxvet to id1o otav Bi(w) = 0 yia kade i.

Amnodeiln. Av Ai(w) =0, 10te Ai(W) = 0 ouvenwg To aBpotlopa oto Anppa VIL.8.1d eivat 0, droro
apou w # 0. To 1610 kat yia Bi(w) = 0 yia xkd&bOe i. O

IIepiodol pécw MIVARGOV
‘Eoto wi, wy, ..., wy 6don tov 0AopopPev 51aPpopikav. Oempoupe T0UG g X g IMIVAKEG
A = (Ai(wj)), B=(Bi(wj))

TOUG ortoioug ovopdaloupe mivakeg TEPIOOY NS X MG IIPOG TNV EIMAOYN TOV OTo1Xeiwv g Bdong
TV OAOHOPPGOV H1aPoP1KOV KAl T®V dpopwv {ai, bi} mou mapdayouv to H; (X, Z).

Afppa VIL.8.12. Ot A kat B givar un-i6radovteg mivakeg.

Amnodein. Xprjon tou nopiopatog enaAnOevouv pia CUPHETPIKY) 1810TTd. O
Afppa VIL.8.13. Ioyvouv A'B = BA.

Anodaln. Kpatdape otabepd ta j kat k. Epappoloupe 1o Afppa VIL8.d yia o = wj, T = Wy.
Enopévag

J ;Wi :JJ d(fw;wy) :JJ wj A\ wy + fo; dwy =0
0P P
apou wj A wy = 0 Kat wy 0Aépopen, ondte dwy = 0. Emopévag ano to Anppa VIL8.d éxoupe

g g
D Alwi)Bi(wi) = Y Ai(wi)Bi(w;)

i=1 i=1

rat A'B = BtA. O

Anppa VIL.8.14. Aivetar pia afye6pucn kaunvin X kat éva nengpaousvo ovvofo {Pi} eni e X
Kat avtiotor o ovvoflo utyadikaov {ri}. Yrapxet pepopoppn 1-uopgn w emni g X ue nofouvg ta P
oxt afjoug mofoug ue Pi(w) = i yta kade i av rkat povo av ) _; vy = 0.

Anodein. 'Eotw g 10 yévog g ermugpavelag Riemman X. Av g = 0, 10te Propoupe va ypayoupe
arp1B8ag ) Sadopikr) popdr.

®a urnobéooupe Ot 10 Yévog g > 1. Bewpoupe tov dlapétn D = ) ; Pi. 'Eva linear system
etvat éva ouvodo Betikov drapet®v 100dUvap®y 1pog vav datpétr. To kavoviko linear system
etval 1o ouvoldo BeTkOV H1a1peT®V 1006UVAP®V HE TOV KAaVOoViKo diaipétn. Av oe €va linear system
Bev UnApxel KATO10 ONPEi0 MOV va AVI)KEL OTO OTNPLYHA OA®V TOV S1a1peTdVv, TOTE auTo Afyetat
base point free. Apou 10 g > 1, 10 Kavoviko linear system eivat base point free. Auté onpaivet
ot yua kabe onpeio P ing X 1o L(K—P) # L(K). IIpaypatt, éxoupe ot £L(P) = C (Onwg 6a doupe
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o€ emopevo Kepdadato auto dev propet va cupBet, drapopetika n nuiopada tou Weierstrass 6a
ftav ot puoikoi) kat 1o Bedpnpa Riemann-Roch &ivel ot

1=¢P)=LK—-P)+deg(P)+1—g

aro onou €xoupe ot {(K—P) = g—1, onote o £L(K —P) dev propeti va eivat ioog pe tov £(K) rtou
€xel 6ldotaon g. Zuvenmg Priopoupe va dadéfoupie évav kavoviko Siaipétn K o omoiog va pnv
€XEL Kaveva aro ta P; oto otfpiypd tou. ®empoupe pia pepopopdn 1-popdpn wo pe div(wg) = K.
Agou K > 0, n wy eivat oAdpopern. Oa ywadoupe va Bpoupe f wote 1 fwy va eivat n ¢nrovpevn
1-popor).

AlaAéyoupe pia TOIIKY OUVIETAYHEVT z; 0 KABe onpeio P; kat ypadoupe

wo = (ci +zi9gi)dzs,

O1ou 1 gi(zi) eivat oAopopdn oto z; Kat erurtAéov ¢ # 0, drapopetika to P; Ba nrav pia pida tou
wp Kat ouvenwg Oa spgpaviotav oto K. Oswpoupe 1ov dialpétn Z, o ornoiog urootnpidetat ota
Pi xat n Tiar) tou ota P; eivatl 1o moAiko koppartt (ry/ ci)zi_l. Mtua Auon oto poBAnpua pag sivat
pla kaBoAikr) pepopopdpn ocuvaptnon wote ag (f) = Z. Mua tétola f dev €xel méAoug apd povo
ota P; kat ta onpeia oto otprypa tou K. Xe kabe onpeio Q tou onpiypatog tou K o rioéAog dev
ETMITPETIETAL VA €lval PeyaAutepog amo v Tasn pidag Tou wy. ZUVEN®G 1 1-popdr) fwy 6ev €xet
aAldo rodo oe t€too Q. O modog g f oto P; eivatl anlog onwg o 1oAog g fwy KAt T0 UTIOAOTO
g fwy pénet va eivat akpiBwg ry.

Mropoupe va Auocoupe topa to Mittag-Lefller mpoBAnpa kat va Bpoupe ) ¢ntoupevn ou-
vaptnon av Kat pévo av n KAdon tou Z sivat undév oto HY(K), oupgeva pe tov opiopd mou
800nke omv (VILF). O H(K) eivatl povodidotatog, cuverdg urnapyet 116vo pia ouvlnkn yua ta Z
WOTe va 10XVEeL T0 Tedeutaio v oroia ) yvepidoupe: to abpotopa tov urtodoinev Oa rnpénet va
etvatr pndév. Tuvenng autn eivat ) povadikr) ouvOrKn KAl apKel yia v unapdn g f Kat katd
OUVETIELW TOU W.

O

Afppa VIL.8.15. Eotw D gvag 6iapéing 6aduov undév oe pa ovumayn empdveia Riemann X,
yta tov omnoio toxvel Ag(D) = 0 otnu Iakw6iavy Jac(X). Yrapyet pia pspopopn 1-uopdpn w mge X
ue ug 010tNTeg:

1. H w gyt anjloug mojoug ota onueia mou n D # 0, kat 6ev Exel aAfoug mojloug.
2. Resp(w) = D(P) oe kade onueio P € X.

3. Ot mepiobor a kar g w evar aképaia moAAanjaoia tov 2mi.

AT66e1En. Aot degD = 0, énetat apéong amnéd to Anupa VIL8.14| 6t woxvouv ot (1) Kat (2). Ag
arodei§oupe myv (3). 'Eotw T pia tétoia popdr) mou va oxvouv ot (1) xkat (2). ITapatnpoupe ot
yla ortoteodrnote otabepég ¢i, 1 popPpn

9
w=T— E Cii
i=1

enaAnBevet 11§ HUo mpwieg ouvOnkeg (1) kat (2). Enopévag, Oa ermrpéyoupe ta ¢; va «aifouvs
WOTE Y1d P1a 0®OTr) €IMAOYT TOV ¢i va ertaAnBsvetal Kat 1 (3).

Xwpig BAABN g YEVIKOTTAG, PITOPOUHE VA UTOOECOUE Kavéva ONHEio yia TO OIoio 10X UEL
D(P) # 0 6ev avnketl otig Kapruldeg a; kat bi. I'a kdBe k =1,2,..., g opidoupe

9

0k = g 2 A IBLlT) — ArlIB ().
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Ano 1o Afppa VIL8.d éxoune
1
Pk = % Ja? fwkT = Z ReSp(fwkT)
PcP
Z ReSp(fwkT).
PeX

Zinv tedevtaia 100tTa XPnOoonor)oape 1o Be@pnpd Urodoinav yia oAokAnpopata pepopop-
POV OUVAPTIOEDV O PIYAdIKEG TIEPLOYES.

Agou 1 fy,, eivat oAdpopdn Kat n T €xe1 artdoug roAoug ota onpeia ota ornoia woxvet D(P) #
0, pe untodourto D(P), €xoupe ot

Resp(fw, T) = fw, (P)D(P)
Enopévag,

P
=3 D(P)fuw,(P) = Y D(P)| i,
P P Po

orou Py eivat éva onpeio g X rou 1o ermdégape wg base point tg X. And tov oplopo g aret-
KoOviong twv Abel-Jacobi auty eivat akpiBag n k-otn ocuvictwoa tng ansikoviong Abel-Jacobi
epappoopévng otov drapétn D.
E§ unoBéoewg Ag(D) = 0. Auto onpaivet ott to Stavuopa (pi, P2, ..., Pg)" eivat éva iavuopa
niepiodog oto A. Enopéveg priopoupe va ypayoupe
g g
(P1,P2,---,Pg) = Z mi(Ai(wy),...,Ai(wg)) — Zni(Bi(wl)a ..., Bilwg))

i=1 i=1

yla KAT010Ug aKEPAloug my, ni, 6nAadn undpyouv n; Kat m; wote va 10XUEL
g g
Pk = Z miAi(wy) — Z niB(wy).
i=1 i=1
‘Opwg aro tov oplopo ToU pi EXOUHE

9 9
o= 2w - Y s ()
v=1 v=1

Zuykpivovtag tig U0 0X€0E1S KATAAN)YOUHE OTO CUPITEPACTHA OTL
g g
Z(BV(T) —2mim)Ai(wy) = Z(AV(T) — 2ming)Bi(wy) yia kade k.
v=1 v=1

'‘Eote topa a 1o didvuopa pe i-otn ouviotowoa A (t)—27ing kat b to S iavuopa e i-otn ouviotooa
Bi(T) — 2mtim;. H mapandve 100tnta puropet va eKPpaotel v ouviopia ot popom)

A'b = B'a.
21 ouvéyxela Bewpoupie v akoAoubia TV YPAPHIKOV PETAOXHNATION®V
c9 % 29 B, 9 (VIL6)

ormou 1a « Kat 3 divovial pEow VARV

o= (g) kai B = (BY, —A"Y).
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‘Exoupe 1dn arodei§el 611 o1 A kat B eivat pn-1diddovieg. Zuvenmg ot o Kat f €Xouv PEYLOTO
Babuo6 g. H 18616t ta g ouppetpiag A'B = BYA ouvenayetat ot

Boa=(B'—AY @) =B'A—-A'B=0.

Adye oV Slactdcemv énetal ot 1 akodoubia (VILE) eival akpiBrig, emopévag ker(B) = Im(x).
, ' ’ ' ' a ’ , ' ' '
Amo ta napanave eidape 6t  didvuopa (4), o oroio £xel S1dotact 2g AVIKEL GTOV TUPTVA

g B, EMOPEVOS AVNKEL OV €1KOVA TNG &. AUTO onpaivetl 0t undpyetl éva H1avuopa ¢ Oote

Ac =a rat Bc =b.
To ¢ elvat 1o Sidvuopa 1ou Xpeladdpaocte yid va T0 XP1O1OIIO)0OUHE OV KATAOKEUT] TOU W.
Av ¢; gtvat 1) j-otr) oUVIoT®OOQ TOU ¢, opidoupe w =T — ) ; ¢jw; Kat urodoyifoupe tig neptddoug

mg w

Ai(w) = Aq(Tt) — Z cjAi(w;)
j

= Ai(t) — ( v i — o] ouviotwoa g Ac = a)
= Ai(T) — (Ai(T) — 27’[‘1111) = 271
Kdtl opola
Bi(w) = Bi(t) — (Bi(T) — 27timy) = 27mmim;.
ZUVENIOG 1] 1-Hopd1] w €XEL TIS ¢NTOUNEVES 1010TNTEG. O

To mponyoupevo Anjppa givat 1o onpavikotepo Brpa ot dadikaocia g arodeidng. 'Eotew D
évag daipétng Babpou 0 pe Ap(D) = 0 otnv Jac(X) kat w pa pepopopdn 1-popdn yia tmyv ornoia
oxuouv ot 1810tnteg (1), (2) kat (3) kat opidoupe tn cuvaptnon

P
f(P) = exp (L w) .

Agou o1 miepindol tng w eival aképala moAAArAdola tou 27, €XOUHE OTL Td UToAoutd tng w
elvatl aképatot apibpoi, ondte n ouvaptnon f eival KaAd opiopévr, ave§aptnn and tov 5popo
rou ermAéape amnod 1o Py wg to P. Emiong, n f elvat oAdpop¢n ota onpeia ota oroia n w eivat
oAopopdn, dnAadn oe 0Aa ta onpeia eKTog Ao 1o otrpiypa tou dwapetn D.

Ba deioupe ot n f eival pepopopdn kat 61t D = div(f). YrioBétoupe 61l 1o P avrkel oto
ouprypa tou dwapétn D pe D(P) = n # 0. Kovtd oto P, av Benprjooupe TOTUKEG OUVIETAYHEVES
Z Y€ KEVTPO 10 P propoupe va ypayoupe My w &G

n
w = ;+9(Z)7

orou 1 ¢(z) etvat oAopoporn. Enopévag kovid oto P to odoxkArpopa ff,o w &xetrtn popdpn nln(z)+
h(z), pe h(z) pla oAopopon ocuvaptnon h. Enopévag n f €xetl i popdn

f(z) = z"e®)

n ortoia eivat pepopopon. Eniong, ordp (f) = n onote div(f) = D.
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VII.g EAAsuntuiKEG RAPNMUAEG

Opiopog VII.g.1. EAfcitukn kaunvin sivat kade afye6pucny mpoboiukn kaunvin E nave and
gva ooua K, yévoug 1 ue éva otadepo mpokadopiopusvo onueio O enave ng.

Me yprjon tou Oswprpatog Riemann-Roch ei6ape oto Oskpnpa VIL7.d 611 kdOe eAAetrtukn)
KAWUITUAT 0T0Ug piyadikoug apiBpoug 1kavorolel pia aPpivikr) 610001 tng HopPng:

y2 + a;xy + azy = x3 + a2x2 + asx + ag,
aAld kat ot ta onpeia g €xouv dour opadag.

Mapatnpnon VIL.g.2. H napanave alyepucr kaumuin ivat un 161opopen aiye6pucr umomo-
Aarfomra tou C?, ndadn 1o kadeto Sidvuoua mou bivetar and tg (9f/dx, 0f /dy) Sev unbdeviletar
novdeva. Auto ouubaivel yiati, av N Ku6iky Kaunuin gixe idlopopPicg, 10te da déxotav pnin na-
PAUETPUKOTIOINOoN, anid TEPLOTPEPOVTAg Uia eUdeia YyUp® amo TN 1O10U0pPIa, Kal OUVETWS YEVOG
0. Me 6aon autov 10V TUTO UTIOPOUUE VA OPIOOUUE EAAEITTIKEG KAUTUAES 08 OTOIOONTIOTE OWUA,
¢ TI¢ UN OIOUOPPES KUBIKEG KAUTUAES TG Tapanave uopeng. EmmAdov, av n xyapaktmpiotkn
T0U owuarog mou doufevouue givar dtapopn v 2,3, T0te N Tapandve §0OON ypapetal otnv
TapaKdi® Hopen
y?=x*+ax+b

m Aeyouevn kavovikn pop@rn tov Weierstrass. Xto emopevo puaiiota kegajaio da dgiovue Ot 1o
dewpnua Riemann-Roch 1oxvel os KAde owpua ovvaptnoewv-aiys6pikn Kaumuin Kat 0xt uovo og
afye6pikés KaUMUAESG UTEPAV® TOU OWUATOS TOV Ulyadlk@v aplduwu.

Ba axofouvdnoovue auvtn ™ dadukaoia opifoviag eva mANOog oTadepES oL omoieg da uag ga-
VOUV XPNOYES OTNY TapaKdte UEETN Uag.

O petaoxnpatiopog y — %(y — a;x — ag) 6ivel oV KAPTIUAnN ] Popdn:
E: y2 = 4x3 + bax? + 2bax + bg

ne
by = a% + 4as,
by =2a4 + aras,
b6 = (l% +4(16.

optloupe ermutAéov 11§ otaBepég:

bs = a%a(g +4a0a — ajagay + agag — ai,
c4 = b3 — 24by,

c6 = b3 + 36baby — 216bg,

A= —b%bg — 8bi — 27b% + 9bsbybg
j=c3/A

Kl 0 PETAoXNPATIoONOG:
(x,y) — ((x — 3b2)/36,y/216),

odnyel otnv egiowon tou Weierstrass:

E :y2 =x3 — 27cyx — 56¢cgq

Opopog VII.g.3. H mooomta A A¢ystar driaxpivovoa g E kat nj andAvtny avaiioiotog.
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Ocwpnpa VII.g.4. Avo eiowoeig tou Welerstrass yia v effsuntucn kauruin E oyetilovtar pe
£Vav YoauuUIKoO UETATYNUATIOUO TNG LOPPNG:

X=uX"+r

Y =uwdY 4+ su?X 4+t

omou u,1,s,t € K,u # 0.

Amnodeién. 'Eoww {x,y} xat {x’,y’}, 6uo ouvvoda cuvietaypévov Weierstrass otnv eAAeumukn Ka-
prodn E. Tote ta x kat X' éxouv moAoug tagng 2 oto O, kat ta y,y’ £€xouv rdédoug 1aéng 3 oto O.
Zuvenwg ta {1, x} kat {1, x'} eivat kat ta duo Bdoeig tou L£(20) kat opoing ta {1, x,y} kat {1,x’,y’}
etvat kat ta 6uo Baoceig tou L£(30). Apa urtdpyouv otabepeg g, Ug, T, 82, t € K pe ujuy # 0 tétoa
WOTE:!

x=wx +1, y=1uy +sox +t.

’ / I 2 . . ’ 3 _ 2 I3
Onag ta {1, x} kat {1, X'} ikavortolouv e§lowoelg Weierstrass, ouvenmg mpénet u; = u;. Orovpe
A0UT6V U = U /Uy KAl § = $2/U? ard OMou MPOKUITIEL 1) ¢NTOUHEVT OX£0T). O

Ot maparndve KAataokKeuég eival avedaptnteg 1ou oopatog. Idaitepa opwg oty repintaon
rou egetadoupe o€ AUTO 10 KeEPAAAIO KAl IOV 10 oopa egivat 1o C propoupe va €Xoupe pia
AvaAuTikn neptypadn).

‘OAeg 01 EAAEUTUKEG KAPITUAEG £1val TOTIOAOY1KA 1000PPEG KA IIPOKUITIOUV ®OG XMPO1 INAika
TOU KaBoA1KOU KaAuppatodg toug, ou 6w eivat 1o C, pe kamnoto diktuwto (lattice) A, 6nAadn
Sdraxkpitr) untoopdda tou C, Z-6idotaong 2.

C

A

Autr n Kataokeun divel autopata kat ) pyadikn dopr) oty E(C) kat onwg Ba doupe apyodtepa
£€xoupe 1oopopdeg (otnv Katnyopia tev emeaveldv Riemann) eAAeuntikég KApImUAeg povo oty
MEPIMI®OoN TIOU ta aviiotolXa Siktuwtd eivatl opobeta, 6nAadr av A, As 6U0 diktuwtd tou C,
101E

E(C) ~

C C %

AnAabdn &vo diktueta A = Zw; P Zwy xat A/ = Zw' @ Zw), eivat opobeta av kat povo av ot
duo Baoeig dradpepouv katd petaoxnuatiopo ou SLy(Z). Av ypdwoupe ta H1Ktuotd Katd Tporo
IOV 1] TIPWTI TOUG OUVIETaypévn va eivat 1, 6nAadn: A = Z P Zw, omou w = wa/wi, TOTE KAOE
S1IKTU®TO TEpypAPeTal aro Evav piyadiko aplOpo pe BeTKO GpaviaoTtiko PEPOS.

Opiopog VIL.9.5. To unepBoko eminedo H givat 10 oUvoAo tov uyadtkov apdumv pe etiko
@avtaotiko UEPOCG.

Eivatl yvooto ot to H propet va aroktioet petpikr) Riemann nou va divetatl ano tov turno

Kat 1 opdda tev wopetplav eivat n SLy(R) [3, doknon 4 ked. 1]. Oswpoupe ) dakpitr) UIOO-
nada twv wopetpov SLy(Z), n oroia dpa oto H oG £&ng:

a b (Z)‘_az—kb
c d " ocz+d

H &pdon eivat evidg tou H Adye tng Betikng opidouoag tou nmapandve mivaxka.
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Mapatpnon VII.g.6. To nniko
SLa(Z)\H

TapaueTpilel 1o oUVO0 TV un avaAdviikd 1oouopPwv, urép 1o C eAfamtkov kaurtvuiaov. [oay-
uat, €0tw ot Z 6aoeig, {wi, wal, {w), wh}, 1oV dtkvwtov A kar A avtiotoiyws. Ta duktvota ivat
1oopopPa av Kat Uovo av UTdpxEl HETAOXNUATIOUOS Tou SLy(Z) wote:

(o) =(ea) (&)

w)
Wi aw)+bw, Ggytb

=
+d
wh

wy  cw)+dwh .

ovvenwg 10 nAiko z := wi/w2 € H mou 6iver v kidon wobvvauiag pstaoynuatietat umo v
SLo(Z) arxpi6og ue ™ Spaon mou opioaue.

®a npoortabrjcoupe TWpa va meptypdyoupe, dedopévng piag eAdemukng kaprnuing E/C,
10 OOUA TOV PEPOPOPPEV OUVAPTH oLV G, £0tw C(E) Kat katd ouvérnela va KataAr$oupe oto
MOAU®VUPO arod 1o oroio auty opiletat. Eival capég 6t 1o owpa C(E) etvat 1oo6popdo pe 1o
oopa v diurmda neplodikwv ouvaptioe®v aro 1o C oo C wg rpog 10 diktuwtd A. Kabe tétola
N otabepr) CUVAPTNOT) MPETEL VA £XE1 TOUAAYX10TOV §UO TIOAOUG 1) £€vav rOA0 TOUAAYX10ToV TAgNg 2.
[Mpaypat, av f € C(E), tote n drapopikn popdn f(z)dz ypappévn otov toruko xdaptn (U, z) €xet
AaBpo1o1ia OAOKANPOTIK®V UTTOAOIN®V ), KA1 OUVEN®OG TOUAAGX10ToV §UO TTIOAOUG 1] £€vav TOAO Tadng
2. AkodouBwvtag ta Bnpata tou Weierstrass 6a nipoortaBricoupe va opiooupe Hrtdd replodik)
ouvaptnon pe S1rAo odo oe kABe niepiodo, beite kat [, ke 7].

1 1 1
o= 3+ 3 (mor )

w0

OTI0U ta w H1atp€Xouv 0Aa ta otoixeia tou Sikuwtou A, pe Z Bdorn tv: {w1, wq}. Ba dei§oupe ot
etvat A-mep1od1kr) Kat KaA)g 0plopévn oUuvApTnon tou z. Apxiloupie anodeikviyoviag tr OUYKALon
NG TIAPAITAVE® OE1PAG.

Ioxuplopog: urtapyet otaBepd M(R) mou e€aptdrat amno v aktiva R tétola Oote:

1
(z — w)?

M(R)

< 3 Yw:|w| >R
||

[Mpaypatt Bswpoupe 0Aeg tig reptodoug pe |w| > R kat dradéyoupe pia pe 1o pikpOtEPO PETPO
€0tw, |[w| =R+ d,d > 0. I'a |z| < R kat yua |w| > R+ d woxvet:

-2 21y
w w R+d

zZ—Ww
w

ouvenog apket yia M(R) va iapoupe to M = (1 — R/(R + d))2.

Bewpoupe tov 6i0Ko:|z| < R KAt e§aipovpie TG MEMEPATHUEVES TTEP1OBOUG TTOU MEPIEXOVTAL OTOV
610K0 aUTO KAl cUPPGVA HE TOV TIAPATIAVE® 10XUPLONO £XOULIE:
1 1

(z—w)? w?

z(2w —z)

< MR(2|w]| + R) < MR(2 +R/|w]) = 3MR
w?(z—w)?|

X

w? |wl3 =P

OITOTE TO ABPOIoHA TIAV®E OE OAEG TIG ECHOTEPIKEG MEPIODOUG £ival AVAAUTIKI] OUVAPTN O Yid OAd
Ta e0eTEPIKA |z| < R. TIpaypatt ot oepég
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etval ouykAivouoeg yla o > 2 0TIoG €UKOAA S1AITIOTOVEL KAVEIG OUYKPIVOVTAG TeG HIE TO

dxdy
(x2 +y2)o/2’

Ia v neprodikonta g » napatnPoupe 0Tl 1) rtapdycoyog ypdaogetat:
=2
Z Z —

ouvaptnon neplodiky @G 1IPog 1o diktuwtd A. Apa
Plz+w)=¢'(z) YweA

apa n ouvapton p(z — w) — p(z) eival otabepr) kat BEroviag v Tpn z = —w/2 BAEoupe ot
etvat otaBepr) ion pe 0, ouvenag 1 p eivat eplodik.

Ocapnpa VIL.g.7 (To avarttuypa Laurent tng o oto 0.). ' Eotor = min{jw|: w # 0} yta0 < |z| <7
&xyouue
1 oo
= *2 Z (2n+1) G2n+2Z

omou G, = )_w ™ n > 3 ot ogipég tou Eisenstein.

Amnobeiln. Apou 0 < [z| < 1, €xoupe |z/w| < 1. Zuvenwg

1 1 1 > n
z—w)? wi(l— 2)2 :w2<1+;(n+1) (%) )’

OUVETI®OG
o
ot ) ntloa
z—w)? w? wn+2
ABpoidoupe wg rpog ta w € A Kat tedikd Bpiokoupe:

1 & zZn -
) Z“+1an+2:7 Z“+1 Gr+22™.

w#0

[Mapatpouvpe 61 ) p eival dptia ouvaptor), CUVEN®SG 0A0l 01 ouVieAeotég Gon 41 = 0.

Ocapnpa VIL.g.8 (Alagopikn e§iowon tng ¢). Ioyvet ot

9% (z) = 49> (z) — 60G4p(z) — 140Gg

®a KataAngoule 010 MAPATIAVE ATIOTEAECHA BE®P®VTAG YPAPHIKOUG 0UVH1aooUg SUVAPERV TV
©, ' mou e&oudetepwvouv tov TOA0 z = 0. Ao T0 avarttuypa g © oto 0 £€X0UpE TO AVIioTO1X0
avArtuypa mg napayoyou:

2
o' (z) = 3 6Gaz + 20Gez® + ...+

4 24
192/(2) =5 *2G4 —80Gg + ...+
z z
4 36

48)3(2) = 276 + 564 + 60G6 +

60
0% (z) — 4p3(z) — ?Gm(z) = —140Gg + ....

o1oU 1) tedeutaia ékdpaon Sev €xel OAOUG, eival otabeprn) KAl ouvenag ion pe —140Gg. O
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H napandve ékppaon eival onpaviikr) ylati mapaperpidet v eAASUTtK KapImuAn, dnAadr)

6tvel pia ouvdptnon
F:C — C/A C P*(C)
zr— (p(2), 9'(2),1)
EUkoAa §1armot@voupe 0Tt 10 0OPd TV EAAEUTIIKOV OUVAPTHOERDV ival 10010pPO HE TV Ttapda-
KAT® adyeBpikn enéktaon tou C(X):
CX)LY]

(Y2 —4X3 4+ go2X + g3)

C(E) =C(p,9') ~

O1I0U gs := 60G4 Kat gz = 140Gg. Ot eAAetuikég kaprtudeg urép tou C eivatl aBediaveg opadeg wg
rmdika v aBedlaveov opdadev C/A 1) Adye Riemann-Roch éniwg eibape owv apxr). Ot e§106-
oelg tou Weierstrass g, ' 6ivouv pia kopwr) adyeBpikn Eékppaon g dopng opddag. Ipdypatt
mapatnPEoue Ot

p(z) o' (z) 1
p(u) o' (u) 1]|=0
plut+z) —p'lu+z) 1

Kal ouvenog tpia onpeia éxouv abpotopa 0 av kat poévo av eivatl cuveubelakd. H napatrpnon
autr) pag divet ) duvatotnta va opicoupe dopr) opadag o€ 0ro10dNIIOTE OOPA ATTO TG aAyeBpt-
KEG €§1000€1G NG 1610TTag 10U ouveubelakou.

Hapatipnon VIL.9.9. Ot gfjsintikeg kaumveg ivat ot uovadikég kaumuAeg mou dgxoviat doun
ouabdag onou ot mpaeig sivar oflopoppeg ovvaptroels. Ipayuatt n 6oun opadag uag EMTPETEL va
opioouue €va mouvdeva un undevi{opuevo dravvouatiko nedio, To Omoio OTwWS glvat yvwoto [10, o&A.
133] yivetar uovo av n yapaxmpotukn Euler sivar 0, 6niabdn av 1o ysvog ivar 1.

Mapatipnon VIL.g.10. Ot eAsintikég KaAUnMUAeg ETeKTEIVOUY e HAUUATIO TOOTIO TNV £VVOLA TOU
KukAotoutkou oouatog apduwv. Ipayuatt ota KukAotoukd oouata aplduov uag evdlapepet n
apdunuKn TV onusiov menepacusvne talne v kukiou S, éve oug eAfaimtikée Kaumvies n
apWBUNTKN TV onueiov tenspacusvng talne tov tpou S @ St. O opodtniee civar moAfég, yia
napdbetyua otn pilec g uovadag vroAoyilovtal ue Tic ugpBatikés ouvaptrioels e ato onueio
%Z, ouolieg ta onueia taéng n uroAoyifovtal ano TG TUES OTO %/\ 0V ovvaptioswv Weierstrass
9, 9'. H avaioyia avt) eivar ueyaing onuaoiag yia mv anodeiln v Oswpnuarog Fermat.

VII.g.1 KuBikég rapnuAeg tou Weierstrass

Ocnpnpa VIL.g.11. Ioyvouv ta mapakdio:

1. Mia ku6ikn kauruin (oe omowdnmote owua K) mov divertar ano uia e§iowon Weierstrass
talwousitau:
* un bwuopen, av kat povo av A # 0
* 18610u0p PN twnou koubou (node form), av kat povo av A =0 kat cy # 0

* 1610u0p@n twnouv akibag (cusp form), av kar uovo av A = c4 =0

2. Avo effamukég kaumuAeg elvatr woouopgeg oto K av kar uovo av gyouvv v ida j-
avajijloioto.

3. 'Eoww jo € K, 1012 undpyet effeintkn kaunuin, opiouévn oto (jo), uej avaiioioto jo

mtodeién. . 'Eotww ot ivetatl ano v £Eomor tou i
Amobd 1. 'E o) ou Weierstrass
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3

E:f(x,y) =y%+ aixy + azy — x> — asx® — agx — ag

Eexkivoupe deiyxvoviag 0Tl T0 OnEio oTo ATelpo dev eivat rmote 1816popdo. Medetoupe Aortov
v opoyevr e&iowon oto P2(K)

F(x,y,z) = Y2Z + ayXYZ 4 asYZ? — X3 — auX?Z — ayXZ? — agZ?

oto onpeio 0 = [0, 1, 0]

0F/0z(0,0) = 1 # 0 apa oxt 16iopopdo onpeio. Ag urtoBécoupe ot E eivat 1810popen oto
onpeio Py = (x0,y0). O peraoxnpatiopdg x = x' + xg,y = y' + yo apnvetr 1o A Kat 1o
¢4 avaddoiota, dpa X®pig MEPLOPIOPO TG YEVIKOTNTAG UITOpoUnE va urtoféooupe ot ) E
etvat 1616popen oto (0,0). Tote

oF oF
Qs = f(O, 0) = 07 Qg = (Oa 0) = Oa as = (07 O) =0
0x oy

KAt n e§loworn £xel ) popoer):

3 2

E:f(x,y) =y? + arxy — x> — asx

Cq4 = (a% + 4(12)2, A=0

Twopa, onwg ival yvooto, 1 ouprnepipopd 1oV epartopévev oto onpeto (0,0) divetatr amo
NV TEIPAYRDVIKT] POPO1):

y2 + arxy — asx?

Kat 1o av Ba éxoupe 1) 0x1 6U0 n pia SAr) eparttopévn e§aptdtat ano 1o av n dakpivouoa
G TETPAYDVIKNG autng popong, dndadr) n

Cq4 = ((1% + 4ay)?

etvat 0 n oxt. Tédog etvat eukoAo va doupe ott av A = 0, to0te 1 KUBIKI) KAPITUAn eivat
1510110p0M.

. Eidape 611 o1 petaoxnpatiopot rou diatnpouv avaddointn ) popdr tng e§iowong Weierstrass

etvat ot
x=u*'+r
y=uly +ulsx' +t

pe w,1,8,t € K,u # 0. EmmAéov mapatneoupe Ott MPOKETal yla 10010p(IoH0oUg eAAETTL-
KOV KAPITUAQV, apou petadepouv eubeieg oe eubeieg kat t€A0g adprjvouv v j ouvaptnon
avaiAoietn.

['a to avtiotpodo rapatnpoupe ot av E, B edAeurttuikég kapmuldeg pe v i61a j ouvaptnon
KAl pe e§1000e1g

y?=x3+Ax+B
U/2 — x/3 —I—A/X/ + B/,
ote

(4A)3/(4A3 + 27B?) = (4A")3/(4A" + 27B") ouveniog A*B”? = A"*B?
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Wayvoupe yia 100popdiopd tng popdng (x,y) = (u?x’,udy’) kat Bswpolpe Tpelg Neputte-

og1G:
A =0, 8nAadr (j =0) kat B # 0 (apou A # 0 ) xat aipvoupe teAdkd u = (B/B/)1/6
B=0,6nAadn (j = 1728), t61e #0,B’ =0 kat u = (A/A/)!/4

AB #0 , 8nAadn) (j # 0,1728), téte B’ # 0 ondte naipvoupe u = (B/B/)1/6 = (A/A)1/4

3. Avjg # 0,1728, 10te 11 KAUITUAN:

36 1
E:y? =x3 - —
Y Y =X T TR T Gy — 1728

EXELA = (].07)1% Kalj = jp eve ya TG dAAeg 6Uo MepuTIRoelg ardd napatnpovpe ot ot
E:y?+y=x°
E:y?=x3+x
gxouv A = —27,j=0rat A =—64, j = 1728 avtiototxa.

H pedétn g j ouvaptnong aravid oto npoBAnpa 1ocopop@iag eAAEUTUKOV KAPITUAQV OtV
aAyeBpikr) KAE10TONTA TOU owpatog rmou SouAdevoupe. 'a va anavirjooupe oto avaloyo mpo-
B6Anna yla copata pikpotepa g alyeBpikng kAsiototntag, xpetadopaote v Galois ouvopolo-
via H(Gal(K/K), Autg(E)) [12, ke@.7], aAAd 11pog o rapdv Ba MePLoploTovE OTO va opiooupe v
évvola tng Hasse-invariant kat paAiota otnv €181kn nepirmtoon nou jo # 0,1728. 'Onwg eidape
o0 TIPV, av U0 AAEUTTIKEG KAPITUAEG €XOUV TV 161a j-avadoiwto, Tote:

10 OIT010 onuaivet ot

Kdl O PETACYXNPATIONOG
X — tx

yr— t3/2y

rou opidetat oto (t1/2) etvatl o Irounevog 100110pP1OPAS. ANAadry U eAAEUTTIKEG KAPITUAEG HE
v 161a j-avaddoieto yivoviat 100popdeg o Pa TETPAY®VIKI], TO ITOAU, E£MEKTACT] TOU OOUA-
T0G oplopou toug. O €AeyX0g yla To av Umdpxel 1oopopdia ota miaiola Tou apXlkKou oOUATOS
eAéyxetat pe 1o av ot Hasse ouvaptroelg 1oV 6U0 eAAEUTTIKOV KAPMUA®V rou opilovial og:

5 := —1A/BmodK*?

eivat toeg 7§ Ox1. O mapdyev —3 £10ayetat yia 10topikoug Adyous. Ilpdypatt, anoé toug napandave
TUITOUG £XOUNE:!

A/B = A’/tB/ & —At/2B = —A’ /2B’

OUVENOG SF = S/ av Kat 1ovo av t € K*2, O
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VIII

AAYEBPIKA cWwpATO CLVAPTOEWY

VIII.1 Elwcaywylka otoixeia

Opiopog VIIL.1.1. 'Eva afys6puco ooua ovvaptnocwv F/K (uiag peta6antg) sivar pa enéxtaon
F/K tou apyukou oouatog K, wote 1o F va sivar pia afys6pikn enéxktaon touv pniov owuatog K(x),
OTOU 10 X &lvat £va Umep6atiko OToLEl0 UTtEpAdv® Tou K.
Y& éva oopa ouvaptroenv F/K Bempoupe 1o oUuvoAo
K= {z € F: z eivat aAyeBpiko ndve aro to K}.

To K eivat oédpa 1o oroio Ba 1o Aépe 0 obpa v otabepav tou F/K kat woxvet K € K C F. @a
Aépe 6u 10 K gival adyeBpika kAewoto oto F 1 K eival 1o mArpeg oopa tov otabepov tou F av kat
povo av K =K.

Mapadewypa VIIIL.1.2. To owua F = K(x), yia karow x € F ungpBatiko unepave tou F givar to
anjlovotepo ntapadetyua ajye6pikou owuarog cvvaptoewv. To tuyaio otoryeio tou oouatog F(x)
givat mg popng
.
a-JIpela™,
i=1

omnov a € K, ta ntoAvovuua pi(x) gvatr povika, avayoya, ava 6vo dtapopetikd kain; € Z.
Opopog VIIL.1.3. 'Evag dakxtuaiog eKtiunong tov owuatog ovvaptioeov F/K sival évag baxtuaiog
O C F o onoiog tkavorotel 1ig 1010TNTeg:

1. KCOCF

2. Naxadez € F épovpue dtiz€ Oz € O.

Mapadewypa VIIIL.1.4. 210 pn1o ooua cvvaptnoewv K(x) katytap(x) € Klx] avaywyo mojvdvuuo,
UTopoUuE va dewpnoouus Tov 6aktuio eKtiunong
f(x)

Op i) = {g(x) : £(x), g(x) € KIX], p(x) 1 g(x)}.

IIpotaon VIII.1.5. 'Eotw o O givar 6aktuaiog ektiunong tou oouarog ovvaptioewv F/K. Tote
LlOXUOUD:

1. O O givar torukog daktuAog, dniadn xet éva povadiko usyoto bewdeg m = O\E(O), omou
E(O) eivar n ouada twv povadwv touv darxtudiov O.

2. TNa kade un unbevikod otoryeio x € F éyovuex e m < x L ¢ O.

3. Ta 10 ooua 1w otadepov K éxouue K C O xar K Nm = {0}.
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Anobeln. 1. ITapatnpovpe 61 10 m eivat 16e0deg. Mpdypatt av x € m, 1dte 10 x ! ¢ O. 'Eote
r € 0. Tote 1o xr ¢ E(O), dapopetikd (xr)~! € O, r € O xat 10 ywvopevd toug x € O,
atorno.

Eniong av x,y € m, tote x/y € O ny/x € O, ¢oww x/y € 0. Tote
x+y=y(l+x/y) €m,

apouy e mkat 1 +x/y € 0.

Agou deifape ot 10 m gival 18ewdeg eivatl capég ot eival PEyloto, apou o100 18ewdeg
MEPIEXEL TO M, TIEPLEXEL Pla povada kat tautidetatl pe tov O.

2. Zagpég amo Tov 0plopo

3. 'Eow r € K. YroBétoupe ot v ¢ 0. Zuvenwg anod v 1810tta 1ou daktudiou ektipnong
=1 € 9. Apou sival adyeBpiko6 nave and 1o K, undpxouv otoixeia ag,...,am € K pe

am(r ™4+ a () +1=0,

OUVETI®OG
T Ham(rTH™ b)) =1

KataArnyoupe oto ot
r=—(am( )™+ +a) €K CO,

ouveniwg r € O, dtomo adou unobBEcape ot r ¢ 0. ZUVenng KcoO. H urnoBeorn KNnm=0
etvat capng, apou Kabe pn pndevikd otoyeio o ooppa eivat avuioTpEWpo.
O

Ocwpnpa VIIL.1.6. Eotw O évag 6aktuaiog eKTiunong t1ov owpuatog ovvaptioewv F/K kat é0te m
70 povadiko UeYLoTo 16ewdeg Tou. IoxUouv ta Tapakatw:

1. To m givatr Kupto.

2. Avm = t0, 10te kade un unbeviko r € F ypagerar povoonuavia o uopdn r =t"uytan € Z
katu € E(O).

3. To O givar meproxn kupiov bewdawv. Kade 16ewbeg tou O givar g uopeng t™O ya kamoo
n e N.

Opiopog VIIIL.1.7. 'Evag daktujiliog mov ikavomotel Ti¢ mapanave t610tnteg Acyetatl Siarpitog da-
KtuAwog extiunong (discrete valued ring, DVR).

Afppa VIIL.1.8. Gswpovue évav daktujio ektiunong O touv owpuarog ovvaptioewv F/K, kat éote
m 70 ugytoto 16ewbeg 1ou. Ocwpouue 10 un undeviko otoyeio x € m. 'Eotw x1,...,Xn € M ©OTE
X1 =x Katxi € xipymywal,...,n— 1. Tote Eyovue

n < [F: K(x)] € co.

Anddeiln. H enéxtaon F/K(x) elvat menepaopévn, ondte apkei va dei§oupe ot ta xy, . . ., X €lvat
ypappikd avegaptnta urnepdve tou oopatog K(x). 'Eote ot undpxet KATO10G Pn-TEIPIIPIEVOS
YPapiKOg ouvbuaopog Y 1t Ai(x)xi = 0 pe Ai(x) € K(x). Metd arnd noAAaniaciacpo pPriopoupe
va unobeooupe o1t 0Aa ta Ai(x) € K[x] kat ot 1o x dev 1a Srapel 6da. ®a cupBoAidoupe pe
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a; = A;(0) Tov otaBepo 6po v Ai(x). Opidoupe j € {1,...,n} ®ote a; # 0 kat a; = 0 yla 6Aa 1a
i>j. Fpagpoupe
—7\)' (X)Xj = Z )\i(X)Xi.
i#j

‘Exoupe ot Ai(x) € O, apou x = x; € m. Alaipwviag He X, EXOURE

A = YA+ Y o
i

i< i>j

To 8e&i pépog avnket oto m. Ipdypat § unobéoeng x; € xjm yia i < j. Eved Ai(x) = xpi(x) ya
i>j. Zuvenag Aj(x) € m.
TéAog mapatnpouvpe ot aj = Aj(x) —xp;j(x) € mNK. Apou a; # 0 xataAniape o avtipaon. [

ATode1&n. (tou Bewprjpatog VIIL1.6)

1. Av 10 18ewdeg m Sev eivat kUp1o, draAéyoupe €va otorxeio 0 # x; € m. Apou m # x; 0, unap-
XEL &va X3 € m\x; 0. Zuvenag, xox; | ¢ O Kal kataAfyoupe oto 4t x, x; € m 1) 10oduvapa
X1 € xom. Me enaywmyr) propet Kaveig va KataoKeUdoetl pia Arelprn akoAoudia xi, xg, X3, . . .,
OT0 m, HE X{ € Xi,1Mm, TO oroio eivat oe avtibeon pe o Afppa VIIL1.8.

2. ®a amnodeioupe tOpa Ot KABe otoxeio z € O ypagetal ot popdr) z = t™u, 6mou u givat
povada tou 0. Av 10 z eivat povada, tote z = u kat n = 0. 'Eote 61 z € m. Ze aut) v
nepimwon vrapyet peyoto m > 1 wote z € t™0O, apou n akoAoubia

— tm—l tm—3

X1 = Z,X2 , X3 = yeeesXm =1

etvat ppaypévn anod 1o mponyoupevo Anppa. Fpagoupe z = t™u, pe uw € 0. To u eivat
povada ylati av oxt, 6a 1tav ototXeio Tou m KAl CUVENT®OG H1a1peTo pe t, Ortdte 0 OUVOAIKOG
eKO€ING tou t Ba Nrav peyadutepog arno to m. Eivat capég ot 1 ypadrn tou z g t™u eivat
povadikn.

3. 'Eowe {0} # 1 < 0 éva 16emdeg tou O. To ouvvodo S = {k € N : t* € I} efvatr pn kevo, adou av
x € I, tote x = t™u € [ kat ouvenog t™ € [. OewpoUpe T0 PIKPOTEPO PUOIKO N ITOU AVIKEL
oto S. Etvat oapég 6t t™O € I. Ao v dAAn, avy = tSu € I, t0te s € S, ouvenag t™ | y kat
y € t"0.

O]

Opiopog VIIIL.1.9. Mia 8¢on P tou owparog ouvaptoewv F/K givatl éva uéytoro 16emdeg Kamoou
bdaxtujliov extiunong O wvu F/K. Kade otoiyeio t € P wote P = tO Aéystar tomikn mapaustpog yia
10 P 1] mpwto otoiyeio.

Oplopog VIIIL.1.10. Oa ovubodiloupe pe Py 10 0UVOAO TV E0£®V TOU 0OUATOS oUvaptioev F/K.
HMapatipnon VIIL.1.11. H yvoon wag déong P kadopilet mAnpwg tov daxtuiio extiunong
O={zeF:z &P}
B®a ovoualovue pue Op 1oV daktuio extiunong g déong P.
KdBe 6aktuliog extipnong opidel pia Siakpitr) ektipnon oto F/K.

Opiopog VIIL.1.12. Mwa diakpun extiunon tou F/K givar pia ovvdaptmon v : F — Z U {oo} n omoia
IKAVOTIOLEL:

1. v(x) = o0 av kat uovo av x =0
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N

v(xy) =v(x) +v(y) yta kade x,y € F
v(x +y) = min{v(x),v(y)} yta kade x,y € F

Yrapyet otoyeioz € F uev(z) =1

SUEE SIS

v(a) =0 yta kade 0 # a € K.

To oupBoldo co propet va oplotel TUTIIKA ®G KATTO10 OTO1XEI0 €KTOG 7 TO OIT0i0 va 1Kavortotet
TG 1810TNTEG 00 + 00 = 00 + M =N + 00 = 00 KAl 00 > M yld KaBe n, m € Z.

TMaF3z#0avze O ypagoupe z = t"u kat O¢toupe v(z) =n € N. Avz ¢ O, tote z7 ! € O,
onote Bétoupe v(z) = —v(z ) < 0.

Mapatfpnon VIIL.1.13. Ano kdde Sakpitr eKTiunon v UTOPOUUE VA OPLOOUUE Ula UETPIKT. XTa-
depomolovue Evav mpayuatko apduo 0 < ¢ < 1 kat opifouue v

[y :F—R

v auz#£0,
z
0 avz =20

Ocwpnpa VIIL.1.14. a éva ooua ovvaptioewv F/K kaivp ) Staxpettn extiunon mov avtiotolyel
oto P &youue

1.

OPZ{ZEFZVP(Z)ZO}
E(Op) ={z € F:vp(z) =0}
P={zeF:vp(z) >0}

2. 'Eva otoyyeio givat tomikn napaustpog oto P av kat povo av vp(x) = 1.

3. Kade bartuaiog extiunong sivar évag péytotog urodarxtuaiog tou F.

Anoddeiln. EnaArnBeuvon pe Baon toug oplopous. O
Opwopog VIIL.1.15. 1. Ta pia éon P kat éva otoiyeio z € F, avvp(z) > 0 opilouue
z(P) =z mod P

mv N tou P uéow mg z. Avtn givar éva otoryeio tov oouatog Fp := 09 /P, t0 omoio da 1o
ovouadouue 10 ooua urojoinwv g d¢ong P.

2. Avvp(z) < 0, da Ague ot 10 z €xet moAdo on dgon P, da ypagpouue z(P) = oo, evd TV TN
vp(z)| € N 8a ™ Aéue taén tov moAou.

3. Avvp(z) > 0, a Aéue ot to z Exet pida oty d€on P kat v tun ve (z) da tu ovoualovue taén
mg pigag.

4. ©a ovoualouue 6aduo g déong P v tun
deg(P) := [Fp : K].

Ocoeic 6aduou 1 da ovoualoviar pnTeg.

Afppa VIIL1.16. IoyvUet OttdegP < oo
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Aniddeiln. 'Eotw 0 # x € P. ®a anodeioupe ot degP < [F : K(x)] < co. Elvat cagég ot 1oxUet
[F: K(x)] < oco. Apkei va dei§oupe 611 KAOe oUAAOYT) OTOIXEIWV 21, . ..,2zn € Op TOV OMMOI®V O1 KAA-
0e1g z1(P),...,zn(P) € Fp elval ypappikd ave§dptnteg urnepave tou oopatog K sivat ypappika
avegdptnn unepave tou oopatog K(x).

[Ipdypatt, €0tw €vag ypPappikog ouvduaopog

D Az =0 (VIIL.1)

Be Ai(x) € K(x). Xopig meptoptopo g yevikotntag unobetoupe ot ta Ai(x) € K[x] kat ot dev
etvat 0Aa dapetd pe x. Andadn Ai(x) = ai + xgi(x), pe a; € K, gi(x) € K[x], omou dev eivatr 6Aa
1a a; = 0. ApoU 10 x € P, éxoupe 61t A{(P) = a;. Zuvenadg 1 e€iowon (VIIL1) av epappocoupe
B0¢éon P ypagetat
n n
0=> M)Pzi(P) =) aizi(P),
i— i=1

1
10 01010 AvTIPAOKEL Pe 10 Ot td z1(P), . .., zn (P) elval ypappikd ave§aptnta otoiyeia tou K. [
VIII.1.1 Divisors

A6 £6w kat oto €€ng Ba urnobetoupe 6t o K givat adyeBpikd xkAeioto oto F/K, dnAadr ot
10 K eivat 1o mArpeg oopa otabepav tou F.

VIII.1.2 Avefaptnoia EKTIPNCERDV

To Bswpnpa auto avadepet OTL aAv EXOULE V1, ..., Vn 1 £ivatl avd dUo ave§dptnieg petady toug
ektpnoelg tou F/K kat yvopidoupe tg tipég vi(z), . .., va—1(z) yla kamnoto otoixeio z € F, tote Sev
yvopiloupe Tmote yia tyv EKTPNO0N TOU vy, (z).

Ocapnpa VIIL.1.17 (AcBevég Bewpnpa mpooéyylong). 'Eotw F/K éva ooua ovvaptioswv kat
Py,...,Pn ava 6vo diapopetikeg déoeig ou F/K, x1,...,xn € F ratry,...,1n € Z. Tote undpyet
gva otoyyeio x € F wote

vp (x —xi) =1y, yial,...,n

Aniddeiln. H anodedn Ba yivel oe téooepa Brjpata.

Brjpa 1 Yriapyet karnow u € F pe vi(u) > 0 kat vi(u) < 0 yua 6Aa ta i = 2,...,n. O 1oxuptopog
Ba amoderxBei pe enaywyr). I'a n = 2 napatnpoupe ot Op, ¢ Op, Kat avilotpoPpag, adou ot
daxtuAlol ektipnong eivat pEytotot yvrjolot urtodaktuAiot tou F. Zuvenwg priopoupie va Bpoupe
y1 € Op,\Op, katyz € 0p,\Op,. Eivat ocapég ot vi(yr) = 0, va(y1) < 0, vi(y2) < 0 xat va(yz) = 0.
To otokeio u :=y1/y2 €xet tnv 1d10tTa vy (u) > 0 kat ve(u) < 0.

Av tOpa n > 2, T0TE A6 TNV ENAYEYIKY Utobeon £xoupe éva ototxeio y pe vi(y) > 0, va(y) <
0,...,vn—1(y) < 0. Av vy (y) < 0, Tote €xoupe TeAelwoel. Av amnd v AAAn mieupd, vn(y) > 0
dladéyoupe z pe vi(z) > 0, vu(z) < 0 xkat Bgtoupe u := y + z", o6mou 1o r > 1 gival t€rolo
wote 1™vi(z) # vi(y) yai = 1,...,n — 1. 'Exoupe vi(u) > min{vi(y),rvi(z)} > 0 xat vi(u) =
min{vi(y),™i(z)} < 0yuai=2,...,n.

Brjpa 2 Yridpxet w € F gote vi(w—1) > 1 katvi(w) > 1y yia i =2,...,n. I'a va 1o anodei§ouyie,
dladéyoune éva u dnwg oto oo Brpa kat Oétoupe w = (1 4+ u®)~ L Ta apketd peydro s € N
£xoupe

viw—1) =vi(—uS(1+u®) 1) =svi(u) >

Kat
vilw) = —vi(1+u®) = —svi(u) > 1y
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yaai=2...,n.

Brjpa 3 Aivovtat yy, ..., yn € F, untapyet éva otoixeio z € Fue vi(z—yi) >y yaai=1,...,n. la
va arnodei§oupe 1o tpito Bnpa, diadéyoupe éva s € Z wote vi(vj) > s yua 6da ta i,j € {1,...n}
Ao 1o Heutepo Br)pa UTIAPXOUV W, ..., Wy HE

vilwi —1) > 1y —s Rarvi(wj) > 1y —s yuaj # i

Toéte o z = Z]T‘:l Yjwj EXEL TG CNTOUNEVES 110TTEG.
Brjpa 4 Ao 10 tpito Brpa vnapxet éva z € F pe vi(z —xi) > 1y, 1 = 1,...,n. Aladéyoupe z; e
vi(zi) = ri. Ano 10 Tpito Brjpa urdpxet 2’ pe vi(z' —zi) > riyai=1,... n. Zuvenog

vi(z') =vi((2' —zi) +2) = min{vi(z" —zi),vi(z)} = 1.
®¢toupe x =z + 2’ Kat €xoupe
vi(x —xi) = vi((z —xi) +2') = minfvi(z —xi), vi(z)} = 1.
]

Oplopog VIIL.1.18. H oudda twv divisors Dy givar n efevdepn abeMiavn ouada (tnv onoia da
oupboAilouue oe TMPOOAeTKT ypagn) mou mapayetar ano 1 d¢oegig ou F/K. Ta otoiyeia g da
elval menepaousva adpoiouara

D= Z npP, penp € Z,np = 0 y1a 0jle¢ EKTO¢ ano TENELACUEVES HETELS.
PePr

Divisors tng¢ uopgric D = P, dmouv P 8éon da ovoualoviar mparot divisors. Ilpoodetouvue divisors
Kata ovvietayusveg, dniadn

Z apP | + Z apP | = Z (ap + ap)P
PEPF PE]PF PGP}:

®a ouvuboAifouue pe deg(D) tov aképaio apduo:

deg(D) = deg Z apP | = Z ap deg(P).
PePr PePr

H ovvaptnon deg : Dy — Z eivai opopuop@iopog oudadov.
INa pia 8¢on P kat yra évav divisor D da ypagouue vp(D) = ap tov ovvteAeoty tou D otn éon

P.

Oa ypagouue D < D’ av kat uévo av vp (D) < vp(D’) yia kade 8éon P € Pr.
IIpotaon VIIL.1.19. Eotw F/K éva ooua ovvaptiocwv kat Py, ..., P, pifec tou otoyyeiou x € F.
‘Exouue ot

ZVP.I (x) deg Py < [F: K(x]].
i=1

Amobdeiln. T'a kabe otoixeio Py uridpxetl pia TOriKr) napdpetpog ty wote vj(ti) = 6i5. ErmAéyoupe
i1, -+, Sif; € Op, @ote ta si1(Pi),...,sif (Pi) va amotedovv Bacn 10U 0OPATOG UMOAOINIOV Fp,
UTepdve tou Tou K. ATé 10 aoBevég Bedpnia mpooéyyiong, Osmpnua VL1174, pnopovpe va
Bpoupe otorxeia zi; € F wote

vp (sij — zij) > 0 kat vi(zy5) = vi(x) yua k #i.
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Av dextoupe o1 ta otoikeia
tfzyy, a1 <i<r,1<j < fi,0 < a<vi(x)

elval ypappika ave§dptnta urnepdve tou K(x) kat to rmAr0og toug eivat ico pe

T T
> fiei =) vi(x)degPs,
i1 i1

ToTE 1O {nTrovpevo énetal. Ag UNoBEoOUE OTL UTTAPXEL £vag I TETPIHHEVOS YPAPRIIKOG ouvdua-
opos

r f; vi(x)—1

ZZ Z }‘ija(x)tglij =0.

i=lj=1 a=0

MropoUpe va unof£ooupe 6Tt Aijq(x) € Klx] xat ot ev draipovivtat 6Aa pe 0. Téte unapxouv
oeikteg k € {1,..., 7t rat c €{0,...,vk(x) — 1} wote

X [ Agja(x) yia kaBe a < ¢ yua 6Aa taj € {1,. .., fi}
X'*AK]'C]' €{17"'7]ck}-

[ToAAarAaowadoupe pe t, © Kat éxoupe
r i vi(x)—1
Z Z Z }\ija(x)t{ltzclij =0.
i=1j=1 a=0
I'a i # k 0Aot o1 mpoaoBeT€ont eivatl ototxeia tou Py, apou
Vi (Aija(t))tgtgczﬁ) = VK()\ija(X)) + aVK(tk) +VK(Zij) = VK(X) > 0.
MNai=«kxat a < c &oupe

Ve(Agjaty “z¢j) Zve(x) +a—c > v —c > 0.

INa i =k Kat a > ¢ €xoupe
VK(AsztS_CZKj) >a—c>0.

A0 0Aeg TIG TTAPATIAV® AVIOOTNTEG EXOUNE OTL
T
Z?\Kic(x)z,(j € Py.
j=1

‘Exoupe ot Aje(x)(Pk) € K kat 6ev pndevidovtat 6Aa ta Agje (x) (P ), onote kataAnyoupe oe évav
HN-TETPIIHEVO YPAPHIKO oUuviuaopno

i
Z Acje(x)(Pe)zij(Pi) =0
j=1

10 oroio eivatl arorto, adou urnobeéoape Ot Ta z«i(Py), ...,z (Pc) oxnuatidouv pia 8don tou
Fp /K. O

IIopropa VIIIL.1.20. Ze éva ooua ovvaptoewv F/K, kKade un-undevikod otoiyeio gxel menepaous-
voug mofloug Kkat pideg.
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Amnobeiln. Av x elvatl otaBepd, dev £xel oute moAoug oute pideg. Av x eivatl unepBatikod, tote 10
mAn0og twv pigov sivar < [F : K(x)]. Me 10 1610 emixeipnua, Bswpoviag v x 1, éxoupe o6t 1o
nMANO0g TV MOA®V €ival Kat autod MEMEPACHEVO. O

Opiopog VIIIL.1.21. [a éva un-undeviko otoyyeio x € F détoupe

(x)p = Z vp(x)P, o divisor ptl{ov toU X,

PPE
vp(x)>0

(X)oo = — Z vp(x)P, o divisor mojwv toU X,
PPE

vp (x)<0
(x) = (x)o — (X)oo, O KUptOg divisor tou x

‘Exoupe v opada divisors Dy. Autr) £xetl 10 oUvolo eV KUptwv divisors Hr wg urtoopada.
Oplopog VIII.1.22. Ba ovoudlovue v oudda nniiko Cr = D/Hf ouada kAdoewv twv divisors.

INa kdBe A € D opidoupe

LA)={x€F:(x) > —-A}U{0}.
Av
T S
A= ZniPi—ijQj
i=1 j=1

pe ny >0, my > 0, tote 10 L(A) amnoteleitat ano 6Aa ta otoixeia x € F tétoia oote

1. To x éxe1 pideg tadng > my ota Qj, yia j =1,2,...,s

2. To x propet va £xet moAoug 1o TI0AU ota Py, Py, ..., P+ Kat pdAiota n tadn tou rodou oto Py
etvat ppaypévn ano ta n.

Mapatfpnon VIIIL.1.23. 'Eoto A € Dg

1. x € L(A) av kat uovo av vp(x) = —vp(A) ya kade P € Pr.

2. L(A) # {0} av kar uovo av vrapyet divisor A’ ~ A, wote A’ > 0.
To mpw10 lval aueon ovvenela tou optouou. To beutepo mporumtel ano o A’ = (x) + A > 0.
Afppa VIIL.1.24. Av A € Dy, Wte

1. L(A) givar K-6tavvopuatikog xwpog.

2. AvA’ € D, A’ ~ A, Wte L(A) = L(A') w¢ K-btavuouatikoi xapot.
Anodeiln. 1. Avx,y € L(A) kat a € K. Ta kdBe P € Py, éxoupe

vp(x +y) = min{vp(x),ve(y)} = —vp(A)

Kd1l
vp(ax) =vp(a) +vp(x) = —vp(A),

ouveniwg x +y € L(A) xkat ax € L(A).
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2. Av A ~ A/, 16te untapxet z € F\{0} t€to0 vote A = A’ 4+ (z), F 3 z # 0. @swpolpe 1
ouvAaptnon
¢:L(A)—F
X — XZ

H ¢ eivar K-ypappikt) kat Im¢p < L£L(A'), 6ot apou x € L(A) oxvet (x) + A > 0 orote
(xz) + A" =(x)+ (z) + A’ = (x) + A > 0. Opoing opiletat n

¢/ L(A") — F

X — xz !

nua K-ypappikr ouvaptnon £(A’) — L(A). Ot 6o anewkovioelg eivat n pia avtiotpodn
g GAAng, ouvernwg £L(A) = L(A).
O
Afjppa VIIL1.25. 1. £(0) =K

2. AvA <0, tote L(A) ={0}.

Amnobeiln. 1. Av x € K\{0}, tote av (x) = 0 tote K C £(0). Av tdA1 0 # x € £(0) ouvenag (x) = 0.
AuUTo onpaivetl 0t 1o x Hev £xel MOAO Kal ouven®g €ivat otabepd, dndadn x € K.

2. 'Eotw ot untapxet x € L(A), x # 0. Tote (x) = —A > 0 oUvVeEN®OG TO X £XEL TOUAAX10OTOV U1d
pia aAdda oyt iodo 1o oroio ivatl aduvarto.
O

Afppa VIIL.1.26. AvA,B € Dr ue A < B, 10te L(A) C L(B) kat

£(B)

. AB)Y B .
dim <L(A)> < degB —degA

Amodeiln. Av (x) + A > 0, tote (x) + B > 0 ouvenidg L(A) C L(B).

®a arnodeifoupe ) Seutepn oxéon oy nepimwon mou B = A + P. Me autd tov 1poro 1)
YEVIKN TIEPITIOOT AMOSEIKVUETAL EMAYDYIKA.

Bcenpoupe €va otoixeio t € F t€1o10 wote

vp(t) =vp(B) =vp(A) + 1.

Av x € L(B), tote vp(x) = —vp(B) = —vp(t) ouvenwg vp(xt) > 0 xkat xt € Op. Enopévag £xoupe
pa K-ypappikn) aneikovion):

II)L(B) — Fp :OP/P
x — (xt)(P) :=xt+P

[Tapatnpoupe ot x € kerp av kat povo xt € P 1ooduvapa av kat povo av vp(xt) = vp(x)+vp(t) >
0. H tedeutaia oxéon eivat wooduvapn pe to

vp(x) > —vp(t) = —vp(A) — 1< vp(x) 2vp(A) & x e L(A).

Apa

OUVETIOG EMTAYETAL LOVOOPPIONOG
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KAt £XoUpe Ot

B
dim <§((A))) < dimFp = degB —degA.

O]

IIpotaon VIIL.1.27. 'Eotw A € D 0 L(A) eivat K dtavvouatikog xapog nenspacuévng 61aotaong.
AvA=A, —A_pueA; >20rkatA_ >0, 0te

dimL(A) <degA, +1

Amnoddeiln. Apkeil va arodeioupe v avicotnta dim L(A) < degA4 + 1, apou L(A) C L(AL).

Agpou A, > 0, éxoupe ot
. (L(AL)
dlm( L(Og > < degA.

Emiong, £(0) = K amno6 6mou mpoxurttet 1o {nroupevo. O

Oplopog VIIIL.1.28. Ia kade A € Dy, opifouue {(A) = dim(A) = dim L(A).

Mapatfpnon VIIL.1.29. 'Eva moAv onuaviikd mpo6anua sivar o mpoodlopiouog me napanive
Owaotaorng.

To endpevo Bedpnpa pag Aéet xovipikd ot Kabe x € F\{0} £xel tov 1610 ap1Opno nmodwv rat pov
(petpnpévog pe tNG TOAAATIAGTNTEG TOUG).

Ocapnpa VIIL.1.30. Kdde kupiog divisor (x) €xet 6adud 0. ITio ovykekpupueva, av (x)o, (x)oo O
divisor p1{ov kat TOA®V ToU (Xx) avtiotoiya, T0te

deg(x)o = deg(x)oo = [F : K(x)].

Znpeioon VIIL1.31. To dswpnua anotefei 1o avdaioyo tou product formula yia aflys6puca o6+
pata apduwv, €66 UG VAt Yyoauuevo TPoodETKd.
Iopiopa VIIL.1.32. 1. AvA,A’ € Df ue A ~A’, 10te

dimA = dim A’ kat deg A = deg A’

2. AvdegA <0, ote dim A = 0.
3. Av A € Df pue deg A =0, 10t¢ 01 Tapakar® mporaocelg sival ueral Toug 100OUVAES:

(d) A eivar kyptog divisor
(6) dimA >1
(y) dimA =1
Amnobein. (tou mopioparog)
1. Av A ~ A/, 16te £L(A) = L(A’) ouvvenog dim A = dim A’. Ertiong av A ~ A’, tote €§ oplopou
urtdpxel x € F oote A = A’ + (x) kat ouvenwg deg A = degA’ + deg(x), adAda deg(x) =
deg(x)o — deg(x)oo = 0.

2. AvdimA > 0, tote urtapxet A’ € Dg, A’ > 0pe A’ > 0, pe A’ ~ A, adAd tote ano 10 PWIO
deg A’ ~deg A > 0.
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(=)

3. @a Seifoupe npdrta 6t (Ba)=(B8). Av A = (x) xpog, Wte x ! € L(A), S1ou (x 1)+ (x) >
ouvenwg dim A > 1.
Topa Ba Seioupe o1 (]:(@). 'Eot® deg A = 0 xat dim A > 1. Téte vntapxet A/, A/ >0,
A’ ~ A adAd degA’ = degA = 0 kat A’ > 0 ouvveniwg A’ = 0 ovvenwg dimA = dimA’ =

’

dim0 = 1.
Topa Oa Sei§oupe o1 (@)zﬂ@). '‘Exoupe dimA = 1 katdeg A = 0. 'Eotw 0 # z € L(A) wote
(z) + A > 0. Apou deg ((z) + A) =0, éxoupe (z) + A = 0 ouveniog (A) = —(z) = (z71).

O]

Amnodeiln. (tou Bswprpatog) ‘Eote n = [F: K(x)] kat

T

Bi=(X)oo = ) —Vp(X)Pi,

i=1

ortou Py, Py, ..., Py eivat ot mOAot Tou x. ZUVENQOG
T
degB = ZVP(X*I) degP; < [F: K(x)] =n.
i=1

ano v npdtaon VIIL1.1d. Apkei Adoutdv va deioupe ot n < degB. 'Eote uy, ug, ..., Uy 8don
tou F/K(x) xat C € Df tétoo wote (ui) > —Cyai=1,2,...,n onote

dim({B + C) > n(€+ 1), yua kabe ¢ > 0.
'Exoupe ot x'u; € LB+ C) yia 0 < i<, 1 <j < n. Av c:=degC, wte

n(l+1) <dim{B+C) <{ldegB+c+1

OUVETIOG
f(degB—m) >n—c+1 ya kabe { € N.

To 6e&§16 pédog eivat aveaptnto tou {, 11 ox€on 1oxUel av kat povo av deg B > n. Arodeifape ot
deg(X)oo = [F: K(x)]. AQOU (x)o = (X ')eo, £x0OURE

deg(x)o = deg(x 1)oo = [F: k(x 1)) = [F: K(x)].

O]

Ocsapnpa VIIL.1.33. 'Eoww F/K éva ooua ovvaptoewv kat éotw R évag umodaxtuAiog tou F,
K C R C F. Yrodérouue ot 10 {0} # 1 C R givat éva yvnow 16ewdeg tou R. TOte unapxet pia déon
P € Pg, &dotel C P katR C Op.

Amnobeiln. Bewpoupie T0 CUVOAO
F ={S: S unodaxtuAiog tou F pe R C S kat IS # S}.

To ouvodo F Bev eivat kevo, agou 1o R € F. Av 1o H C F eivatl éva kabBodikd Siatetaypévo
ouvolo, 10te T = Usey¢S etvat urtodaktuAiog tou F rou mepiéxet 1o R. Emiong IT # T. Ilpdypatt

av IT =T, tote
n
1= Z a+ S+,
v=1

pe ay € I kat sy € T. Apou 10 H eivar kaBoAka Siatetaypévo, uvnapxetl éva Sg € H wote
S1,...,8n € Sp, ouvenwg 1 € ISy, datorto.



194 KEPANAIO VIII. AATEBPIKA YXQMATA YYNAPTHYXEQN

Amo 1o Afjppa tou Zorn 1o F mepiexetl éva maximal daktudio O € Foote R C O € F, 10 #
0, orou 10 O eival péylotog pe auteg g 1610tnteg. Oa deioupe 6t 0 O eival évag dartudiog
ektipnong tou oopatog F/K.

Apou 1 # {0} xat 10 # O, é&xoupe 611 O C F xatr I € O\E(O). YroBEtoupe ot untapyet €va
ooxeloz € Fuez € O xatrz= 1 ¢ 0. Tote 10[z] = Oz] xat 10[z7!] = O[z7!], ouvenwg propovpe
va Bpoupe ag, ..., an,bo,...,bm € 10 pe

l=ag+aiz+---apz"
l=by+biz '+ +bmz ™
Zapag n > 1 kat m > 1. YrioBetoupe 61t m,n eivat ta eddyiota duvata kat m < n. [ToAdarmda-
oladoupe v P §lowon pe 1 — by kat ) 6evtepn pe anz™ Kat £oupe
1— bo = (1 —bo)ao + (1 —bo)a12+ ce (1 —bo)anz“

0=(bg—1lanz™ +branz™ + -+ bmanz™ ™.

[Tpoobétoviag TG e§1000E1G £XOUE

1= cCo+ciz+---+ Cnfllnil,
pe ouvtedeotég ¢ € 10. To yeyovog autd eivat avtiBeto pe v emAoyn 10U N @G €AAX10TOU.
Tuvenag z € O 1z~ € O xat 0 O eivat évag SakTUA10G eKTipNONG. O

Iopiopa VIIL.1.34. 'Eotw F/K cival éva ooua ovvaptnioewv, 1o z € F elvat ungpbatiko mave amo
70 K. Tote 10 z €xel TouAayiotov uia pida kat Evav moo.

Amnobeiln. Oswpoupe tov daktudio R = K[z] kat 10 18eddeg I = zK[z]. 'Exoupe 6t uniapxet pa
0¢on P € Pr pe z € P, ouvenag 1o P etval pia pida tou z. To 1610 srmuyeipnpa deixvel 6t 1o 271
éxel pa piéa Q € Pr, ouveniwg 1o Q eivat 1tdAog tovu z. O]

IIpotaon VIIL.1.35. Kdde ooua ouvaptnoemv Exel Anelpeg 10 TANOog OE0ELS.

Amnobeiln. Ag urnobeooupe Tl untdpXouv nenepaopéveg to mAnbog B€oeg Py, . .., Pr. Ao 10 Be-
opnpa MIL1.17 éxoupe éva pn-pndeviké otoiyeio x pe vp, (x) > 0 yua i = 1,...,n. To x eivat
unepBatiko urtepdve tou K, ylati €xetl pideg. Aev €xel Opwg rOAoUG. O

Mapadewypa VIII.1.36. Oa roudadouue 10 ooua ovvaptioewv F = K(x). Ia 0 # z € K(x), z =
a%, ue a € K\{0} xat f(x), g(x) € K[x], oxyeura mpawta. Ioapouvue

T T
fx) = [Ipi00™,  gx) = a;(0™,
i=1 i=1
n avajuon o€ ywouevo mpotewv tapayovtov. O KUpiog dialpetng tou z € F
T S
(z) =) miPi—) m;Q;+ (degg —deg )Py,
i=1 j=1

omou Py, Q; elvar o1 déoeig mov avtiotoryouv ota pi(x) kat q;(x).

'Exoupe 1én anodei§et ot
dimA <1+ degA

yla kdaBe divisor A > 0.
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Afppa VIIL.1.37. I'a kade A € D pe deg A > oxvet
dimA < 1+4degA
Amodein. Av dim A = 0, ipopaveg 1oxvet. Av dim A > 0, tote urtapxet A’ ~ Ape A’ > 0. Zuvenwg

dimA =dimA’ < 1+degA’ =1+ degA.

IIpotaon VIIL.1.38. Yrdpxety € Z wote yia ofoug toug A € D va toxvet
deg A —dim A <.

To vy e§aptatar povo amno 1 F/K kat 0yt ano v A.

Anodeiln. Av A1 < Ay, 16te degA; —dimA; < deg Ay — dim Ag. AtaAéyoupe éva x € F\K kat to
Kpatoupe otabepd kat Bswpoupe tov divisor B = (x). ‘Onwg Katl oto mponyoupevo Bsmpnuda,
unapxet divisor C > 0 (rou e€aptdrat and 1o x) Gote

dim({B+ C) > (£ + 1) degB,
yla kaBe { > 0. Anté 1o rponyoupevo Afjppa
dim(¢B) > dim({B 4+ C) — deg C = deg({B) + ([F : K(x)] — deg C)

ZUvenmg
deg({B) — dim({B) < v,

yia kafe ¢ > 0 pe vy € Z. Oa 6eioupe 011 Priopovpe va avukataotrjooupe tov {B pe tuxaio
A € Df xat 1o 1610 v.
Ioxuplopog: Av divetat o divisor A, tote urtapxouv A, D € D xkat { > 0, této1o oote

A <A{,A; ~D rat D < (B.
Av 6exBoupe tov 1oxUp1ouod, 10T
deg A —dim A < degA; —dimA; =degD —dim D < deg({B) — dim({B) < v.
®a arnodeifoupe tOpa tov 10xXUplopod. Atadéyoupe A > A 1€1010 ®ote Ap > 0, orote
dim({B — A1) > dim(¢{B) — deg A1 > deg({B) —y —degA; >0
yla apketd peyddo (. Emopévag untapxet 0 # z € L({B — Ay). ®étoupe D := A; — (z) kat €xoupe

A1 ~D rat
D <A;— (A1 —(B)=1{(B.

Oplopog VIIIL.1.39. Opilouue yévog tou owuatog F/K,
g := max{deg A —dimA +1: A € D¢}.

Znpeiwon VIIL.1.40. O opioudg €xel vonua A0yw g mponyouusvng mpotaong. Emione g > 0.
Ipayuat av A =0, 10te deg(0) — dim(0) +1 > 0.
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Ocnpnpa VIIL.1.41 (tou Riemann). 'Eotw F/K ooua ovvaptiocwv, yévoug g. Ioyvouv ta tapa-
KAT®:

1. Ia kade A € Dy, gxoupe dim A > degA +1—g.
2. Ynapyet ¢ € Z e§aptoucvo ano 10 F/K téro10 wote
dimA =degA+1—g,

yla 64a ta A mou gyouv deg A > c.

Anoddeiln. To npoto eivatl cadeg arnd tov 0Oplopo TOU YEVOUSG.
I'a 1o deutepo naipvoupe évav divisor Ay t€to10 dote g = deg Ag — dim Ay + 1 kat Bétoupe
c:=degAp+ g. Av twpa deg A > c, T0Te

dim(A —Ap) > deg(A—Ag)+1—g>c—degApy=1—g > 1,
apa uvrdapxet z # 0, z € L(A — Ag). ®¢toupe A’ := A + (z), A’ > Ap kat €xoupe
degA —dimA = degA’ —dim A’ > degAg —dimAg =g — 1.

KataAnyoupe oto ot
dimA < degA+1—g.
O
Mapadewypa VIIIL.1.42. 'Eotw F = K(x) 10 pn1o owpa ovvaptioeav, 1o onoio gxet yévog g(F/K) = 0.
Ipayuat, €0t® Py 0 moAukog divisor tou x. I'ta r > 0 dewpouvue 10 L(1P), To omoio Exet w¢
6aon ta oroyeia {1,x,...,x"} € L(TPy).
Ioyver

T+ 1< dimL(rPy) =deg(tPo) +1—g=1+1—g ( ytar aokerd peydao)

Apa 10 g < 0 kat apov navia g > 0 katadryovue oto g = 0.

VIII.2 To Oswpnpa tov Riemann-Roch

Oplopog VIIIL.2.1. [a éva A € Dy opilouue
{(A) :=dimA —degA +g—1

Kat 1o ovoualouue index of speciality tou A.

To Bewpnpa tou Riemann &ivet 6t i(A) € Z, i(A) > 0 kat i(A) = 0 yla deg A apketd peyddo.
Opiopog VIIL.2.2. 'Eva adele tou F/K givar pia avtioroiyion

«:Pr—F
Pr— ap

tétola wote ap € Op yta oAda oxedov 1o P € Pr.

To adele 1o Bewpoupie oav ototxeio tou eUBEOG YivopEvou

o = (ap)pep; € H F
PePr

To ouvolo twv adele
Af :={o: @ adele tou F/K}

etvat K-6rtavuopatikog xopog kat daxktudiog. To oopa F epgutevetal dayovia oto Ar kat n vp
enekteiveral oto Ar.
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Oplopog VIIIL.2.3. I'ia éva A opilouue

Ar(A) :={x € Ar : vp(ax) = —vp(A), yia kade P € Pg}.

Ocwpnpa VIIIL.2.4. [a kade A € Dy o index of speciality sivar

Aniddeiln. Bapa 1 'Eotew A, A € DE kat A < Ag, 10te Ap(A1) C Ap(A2) kat
dim(Ar(Az2)/Ar(A1)) = deg Ay — deg Ay.

A6 tov oplopo €xoupe ott Ap(A1) C Ar(Asz). ®a arodei§oupe tov tuno g Sidotaong pe ye-

VIKEUPEVT enay®yr) eotiddoviag otnyv rnepimwon As = A + P pe P € Pr. Awadéyoupe t € F pe

vp(t) = vp(A1) + 1 kat Bewpoupe v K-ypappikn ouvaptnon

d) : .AF — Fp
o — (toep)(P)

[Tapatnpoupe ot givat i Kat ot 0 rupnvag tg ¢ ivat 1o Ap(A1). Zuvenog
deg A2 — degA1 = degP = [FP . K] = dim(.AF(AQ)/.AF(Al)).
Brjpa 2 INa divisors Aj, A; OTiwg MPOonyoupéveg Kat Ay < Ay €xoupe

) <AF(A2) +F
dlm —_— =

=deg Ay —dim Ay — (deg A1 —dim Aq).
AF(A1)+F> eg N2 imAg — (deg Ay imA;)

[Tpaypatt, Bewpoupe tv akpBr] akoAoubia ypappiKkev ouvaptnoewyv (ta o, oz opioviat pe tov
POQaVvr| TPOTIO)

£(A2) o1, Ar(A2) oy Ar(A2) +TF

LA ArAD  ArAn+F (VIIL.2)

0—

H axkpiBela oe kaBe B¢on eival oaprg €Ktog 100G Ao To 0Tl 0 ITUPNVAG TNG 02 TIEPLEXETAL OTNV
ewkova g o1. ['a va 1o anodei§oupe, Bswpoue éva x € Ar(Az) pe oa(ax+Ar(A1)) = 0. Tote « €
Ar+F, ouvenog untapxet éva x € Ap(A2)NF = L(As). Apa a+Ap(A1) = x+Ar(A1) = o1(x+L(A1))
AVAKEL OV £1KOVA TOU 07.

A6 v akpiBela g e€iowong (VIILY) éxoupe

dim (AF(AZ)H:> = dim (AF(A2)> — dim (L(A2)> = (deg Ay —deg A1) — (dim Ay —dim Aq).

Ap)(A1) +F Ar(A1) L(A1)
Brjpa 3 Av B eivat évag divisor pe dim B = degB + 1 — g, t0te
Ar = Ar(B) +F. (VIIL.3)
Ia va to arodeifoupe mapatnpoupe o6t av B; > B, tote
dim B; < degB; + dim(B) —degB =degB; +1—g.
A6 v dAAn mAeupd, dim By > By + 1 — g ano 1o Bedpnpa tou Riemann. Zuvenog

dim B; = degB; + 1 — g yia kabe B; > B.
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Ta va anodeifoupe v avicdtnta oto (VIIL3) Oswpovpe éva o € Ar. Mopouje va Bpoupie éva
B1 > B, oote « € Ap(B1). 'Exoupe

. (AF(B1) +F
dlm —_—

=degB; —dimB; — (degB —dimB) =(g—1)—(g—1) =0.
A ) = dex s — dim By — (degB —dimB) = (g 1)~ (9~ 1) =0

To tedevtaio €xel wg ouvénewa Ar(B) + F = Ap(By) + F. Apou o € Af(B;), €éxoupe kat out « €
Ar(B) + F.

IMa va oAokAnpwooupe v anodeiln: Ocwpoupe évav divisor A. To Bewpnpa tou Riemann
e€aoPalilel 6t urtapxet A1 > A wote dimA; = deg A1 +1—g. Ao 1o tpito Brpa Ar = Ap(A1)+F,
omote

mm<‘m:>:nmmAﬂAg+mAAﬂAy+m
Ap(A)+F
= (degA1 —dimA;) — (degA — dim A)

=(g—1)+dimA —degA =1i(A).

O
Iopiopa VIIL.2.5. [oyvet Ot
_mm(f#>
9= Ar(0) +F
Anobeiln. Iapatnpoupe ot
1(0) = dim(0) — deg(0) +g—1=1—04+g—1=g.
O

Me auto tov 1poro £€XoUupe pa npotn eppnveia tou Bewprjpatog Riemann-Roch

Ar
imA = A+1— i _ .
dim deg A + g +dim <AF(A) n F>
Opiopog VIIIL.2.6. 'Eva 6iagpopucd tou Weil oto F/K givar pia K-ypapuuukn arsucovion
w .AF — K,

n omoia undevifetar oo Ar(A) + F yra kamowov Sapétn A € Dy. Ba oupuboAilouue to oUvojlo tov
Weil Siapopikav wg e£ric:
Qf ={w|w Weil tapopucd tou F/K}.

To Qf eivat évag K-Sravuopatikog xopog. I'a A € Dy opioupe
Qp(A) ={w € Qf : w pundevidetat oto Ar(A) + F}.
To Qf(A) etvat évag K-dravuopdtikog xwpog Kat
Qp(A) < QF.
Afppa VIIL.2.7. Ia A € Dr gyoupe o0t dim Qp(A) = i(A).

Anobeiln. 'Exoupe
Ar
Ar+F

KAl XP1NOHOIT0I0UE TO ITPONYyounevo Bempnpa. O

Qp(A) =



Vill.2. TO GEQPHMA TOQN RIEMANN-ROCH 199

Mapatipnon VIIL.2.8. Eyouue ot Qf # 0. Ipayuat, éotw A divisor pe deg A < —2, OUVET®OG
dim Qf(A) =1i(A) =dimA —degA+g—1>1
Opwopog VIIL.2.9. 'Eotw x € F, w € Qf, opilouue tv

xw: A — K

(xw) () :== w(xax)

To Qf yivetatl F-diavuopatikog xwpog.

IIpotaon VIIIL.2.10. Ioyvet ot dimp Qf = 1.

e kdOe drapopko tou Weil w # 0 Ba avriotoryicoupe evav divisor.
®cwpoupe T0 OUVOAO

M(w) :={A € Df : w pndevidetat oto Ap(A) + F}.

Afppa VIIL.2.11. 'Eote w € Qf, w # 0, undpyet povadukog divisor W € M(w) této10 wote A < W
yia kade A € M(w).

Amnobeiln. (tou Bewpnpatog Riemann) Ano to Bedpnpa tou Riemann €netat 0t undpyet ¢ ota-
Bepd eaptopevn aro to function field F/K. dote i(A) = 0 yia kaBe A € Dy pe deg A > ¢. Ao 1)

ox£on
. . Ar
i(A) = dim (-AF n F)

énetat ott av A € M(w), tote deg A < ¢, apou w # 0 kat av w pndevidetat oe kabe A € Dy,
10t w = 0. AtaAéyoupe évav divisor W € M(w) pe péyloto 8abpoé. 'Eotw ot o W dev €xel tnv
1810tnta T0U ANPPatog pag, Cuvenag undapxet Ag € M(w) pe Ag £ W, 6ndadr) vg(Ag) > vg (W)
yla karotwo Q € Pr.

Ioxupiiopaote 6ott W+Q € M(w) (atorto otnv maximality tou W). 'Eote o = (ap) € Ar(W+Q).
Fpagoupe x = o’ + «” om0V

, fap, yaP#£Q
Xp =
0 ya P=0Q

Kat
1 07 qu P # Q
(XP -
xg, yaP=Q
To o' € Ap(W) xat o’ € A(Ap), ouvenag
w(ax) =wl(a) +w(a”) =0.
KataAn&ape oto 6t o w pndevidetat otd Ar(W + Q) + F, ouventog W + Q € M(w), atoro. O]

Opilopodg VIIIL.2.12.

1. O divisor w tou Weil differential w # 0 opietar povoonuavia ano g t610tNTeg:

(@) w unobdevitetar oo Ap(w) + F
(6) Av w unéevi¢etar oto Ar(A) +F, 10t A < (w)

2. a0 # w € Qf kat P € Pr ue vp(w) :=vp((w))

3. Mwa 8éon P da Agystar pida (mofog) tov w anvp(w) > 0(vp(w) < 0). To w da eivat oAduoppo
oto P otav vp(w) > 0. To w da eivar oAopuopgo av sivar ofopoppo os kade P € Pr.
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4. 'Evag divisor W 8a Agyetar kavovikog divisor tou F/K av W = (0) yta kamowo w € Qp.
Mapatnpnon VIIL.2.13. 'Eyouue
Qr(A)={w eQr:w=07n(w) = A}

Kat
Qr(0) ={w € Qf : w oAouopo}.

Ipoétaon VIIL.2.14. 1. [ta0#x e Frar0# w € Qf gyouue (xw) = (x) + (w).

2. Kade dvo rkavovirkoi divisors tou F/K eivar icodvvauot.
H xjaon woug Agyetar n kavovikn kAaon tou F/K.

Anodeiln. 1. Av w pndevidetat oto Ar(A)+F, tote xw pndevidetat oto Ar(A+(x)) +F, ouvenog
(W) + (x) < (xw). Avddoya (xw) + (x 1) < (x 'xw) = (w).

Ernopévag (w) + (x) < (xw) < —(x71) + (w) = (w) + (x).

2. Aei§ape o1 1o Qf eival povodiaotatog F-Sravuopatikdg xopog ouvenwg av w € Wi kat
w’ € QF, tote untapyxet x € F\{0} pe w’ = xw, 1o omoio divel 611 (w’) = (w) + (x), dnAadn ot
divisors (w) kat (w’) sivat wooduvapot.

O

Ocwpnpa VIIL.2.15. Av A givat €vag divisor kat W = (w) évag kavovkdg divisor tou F/K, tote n
ovvapmon

n: L(W—A) — Qp(A)
X — XW

elvat 10opUopPLoUog S1avUoUatikeOv xwpev. Idwaitepa

i(A) = dim(W — A).

Anodeiln. Tha x € L(W — A) éxoupe
xw)=x)+(w)=2—-W-A)+ W=A

ouvenwg 1o xw € Qp(A), dnAadn n p otédver 1o L(W — A) oto Qf(A) kat etvat K-ypappikr) kat
1—1, apou av xjw = xaw, TOTE (X1 — X2)w = 0 OUVENIAOG X] — X2 = 0 KAl X] = Xa.

[a va dei§oupe ot eivatl kat erti Oewpoupe éva wy € Q(A). Kat adt pe Baon to yeyovog ot
10 QF eivatl povodiaotatog F-6ravuopatikog xopog £xoupe ottt wi = x(Q yla KAmowo x € F.

Agpou (x) + W = (x) + (w) = (xw) = (w1) = A, &oupe ou (x) > —(W — A), 6ndadn ou
x € L(W—A) rat w; = pu(x).

H oxéon dim Q(A) = dim(W — A) eivat capng, apou dim Q(A) = i(A). O

Oewpnpa VIIIL.2.16 (Riemann-Roch). 'Eotw W o kavovuog divisor tou F/K, 10te yia kade A € Dy
Exouue
dimA =degA +1— g+ dim(W — A).

IIopiopa VIIL.2.17. IoyvetdegW =2g — 2 katdim W = g.
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Ocnpnpa VIIL.2.18. Av A € Df katdegA > 2g — 1, 10te

dimA =degA+1—g.

Anodeiln. Apou deg A > 2g — 1 kat deg(W) = 2g — 2 €xoupe deg(W — A) < 0, ortote dim(W —A) =
0. O

Enpeioon VIIL.2.19. To gpayua 2g — 1 givar 1o kaivtepo duvato, agpou yia tov W 1oy vet

g=dimW >degW+1—-g=g—1.

VIII.3 ZXZuvéineleg tou Ocwprnpatog Riemann-Roch

To Bswpnpa v Riemann-Roch xapaxktnpidet to yévog kat v kavovikr) kKAdon tou F/K.

IIpotaon VIII.3.1. 'Eotw gy € Z kat W, € D @wote va minpouvv tu

dim A =degA + 1 — gg + dim(Wp — A)

yia kade A € D. Tote gyg = g kart Wy givat €vag kavovukog divisor.

Anoddeiln. Tha A =0 €xoupe
1=dim0 =deg0+1— go+ dim(Wy —0)
ouvenog dim Wy = go. T'ia A = W, €xoupe
dim Wy = degWy+ 1 —go + dim 0 = degWy = 2g¢ — 2.

'Eotew W évag kavovikog divisor tou F/K, ekAéyoupe divisor A pe deg A > max{2g — 2, 2gp — 2} kat
€xoupne
dimA =degA +1—g=degA+1—gp+dim(Wy—A)

anod Orou €xoupe Ot g = go. ['ta A = W €xoupe
dim(W) =degW + 1 — gg + dim(W — Wy) = dim(Wy — W) =1

Evo yvepiloupe ott deg(W—-Wy) = 0, adou g = go. H oxéon dim(Wy—W) = 1 rkat deg(Wy—W) =0
pag 6iver o1t Wy — W kuptog kat Wy ~ W. O

Topa Ba dwooupe PEPIKOUG 160HUVANIOUG XAPAKTPIOHPOUG TOU PNTOU OOUATOS OUVAPTIOE®V.

IIpotaon VIIL.3.2. 'Eotw F/K éva ooua ovvaptroewv. Ta tapakdie ivat icodvvaua:
1. To ooua F/K givar pnto énAadn F = K(x) yia kamowo x € F\K.

2. To oopa F/K éxet yévog 0 kat unapyet A € Dy pe deg(A) = 1.

Amnobeiln. Av F/K etvat pnto, tote g = 0 kat ermurtAéov, urndpxet Py, pe deg Po, = 1.
Avtiotpodwg, av g = 0 kat vrtapxet A pe deg(A) = 1, tote

dimA =degA +1—g=2.

Yuvenog L£(A) # {0} kat propoupe va Bpoupe A’ > 0, A’ ~ A. ErunpooBeta A’ = 2 kat untdpyet
x € L(A)\K, této1o cote (x) # 0 kat (x) + A’ > 0. Apou deg A’ =1, &xoupe 61t A’ = (x)s, OTIOTE
[F: K(x)] =deg(x)so =deg A’ =1 xat K(x) =F. O
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VIII.3.1 To Osmpnpa xaopatwv tou Weierstrass

Ocwpnpa VIIL.3.3 (loxupd Bedpnpa rpooeyyiong). Oswpovue éva ovvoio déoewv S C Pk, S #
Pr pue Py, Py, ..., Py € S. Emiong, 6ivovtatxi,xa,...,Xr € Fkatng, ny,...,ny € Z. Tote unapyetx € F
TETOI0 WOTE

vp (x —xi) =ny yrakadei=1,2,...,r

Kkaivp(x) > 0 yta kade P € S\{Py,Pa,...,P.}.

IIpotaon VIII.3.4. 'Eotw P € Pr, 10te yia kade n > 2g vndpyet x € F ue (x)oo = nP.

Amobeiln. Apou n > 2g €xoupe OTL
dim (n—1)P) =(n—1)degP+1—g

Kat

dim(nP) =ndegP+1—g
Zuvernwg dim(nP) > dim ((n — 1)P) ordte £L(nP) 2 L((n — 1)P) kat kabe x € L(nP)\L((n — 1)P)
mAnpot ) {nrovpevn 1610t ta. O

Oplopog VIIL.3.5. Eotw P € Pr. Kade n > 0 kajsitair pole number ¢ P av kat uovo av umdpyet
x € F @ote (x)oo = NP, adAwwg Acyetar gap number (yaoudtav) tou P.

Hapatfpnon VIIL.3.6. Eiva: cagpeg ot 1o n givatl pole number oto P av kat uoévo av dim(nP) >
dim ((n —1)P).

Ocapnpa VIIL.3.7 (Xaopdtev tou Weierstrass). 'Eotw F/K ooua ovvaptrioeov yevoug g kat
P € Pr ue degP = 1. Tote unapyouvv akpibaw¢ g gap-numbers tou P

i1<ig<"'<ig,

onov iy =1 karig < 2g— 1.

Amnodeiln. Kabe gap number tou P eivat < 2g—1 kat mpodaveg to 0 eivat pole number. Emiong,
10 1 eivat gap number av kat povo av £((i— 1)P) = £(iP). 'Exoupe v akoloubia

K=£(0)C L(P)C L(2P) C--- C £((2g—1)P).

‘Exoupe dim £(0) = 1 evo, dim£((2g — 1)P) =2g—1+ 1 — g = g. Entong dim £(iP) < dim £((i —
1)P) + 1 ouveriwg urapxouv akpBog g — 1 appoi 1 < i < 2g—1 pe L((i—1)P) € L(iP). Ot
uniddotrtotl g apiBpoi eivat gaps oto P. To 1 eivat gap, ylati av dev ftav, Ba eixape 6t 6Ao 1o N
etvat otoug moAoug, 1o oroio Ba €6ve g = 0. O]

* Av A € D, pe degA <0, tote L(A) ={0}.

* AvdegA > 2g—2, t1ote dim A = deg A+ 1 — g, ouvenwg 1o dim A e§aptatat povo arno 1o deg A
Kat g.

®a e§etaooupe tpa v nepirmtewon 0 < deg A < 2g — 2.

Av 10 K etvat adyeBpikda KAE10TO, TOTE yia oxedov 0Aoug toug P € Py €xoupe tv i6ia Weierstrass
nuopdda. Térowa onpeia P Aéyovrat ordinary. KaBe pn-ordinary onpeio Aéyetar Weierstrass
points. Av g > 2, tote untapxet toudayxiotov eva Weierstrass point.

Oplopog VIIL.3.8. Av A € Dy, 1dte A 8a Aéyetar non-special avi(A) = 0, dtagpopetika da Ayetal
special.
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Mapatnpnon VIII.3.9. 1. Av A &ivat non-special, 10te dim A = degA +1 —g.
2. AvdegA > 2g — 2, tote A givar non-special

3. H 1610tta ou A € Dy eivar special 11 non-special s§aptatar povo arno mv kiaon [A] tou
olapen A.

4. O xavovukog divisor givat special
5. Kade A € Dy, uedim A > 0 katrdeg A < g eivat special

6. Av A non-special kat B > A, 10te kat o B givar non-special.

IIpotaon VIIL.3.10. AvT CPr avP € T uedegP =1 kat|T| > g, 1te unapxyet non-special B > 0,
degB = g xatsuppB € T.

Ocwpnpa VIIL.3.11 (Clifford). Av A € Df, 0 < degA < 2g — 2, Wte

1
dimA <1+ idegA.

Afppa VIIL.3.12. Yrodétouue ott A, B € Dy pe dim A > 0, dim B > 0. Tdte
dim A + dim B < 1 + dim(A + B).

Amniddeiln. Apou dim A > 0 kat dim B > 0, priopoupe va dadé§oupe Ay, By > 0 pe Ap ~ A Kat
By ~ B. To ouvoAo
X:={D e Df:D < Ag rat £L(D) = L(Ag)}

etvatl pn Kevo, apou o aUto AVIKEL TOUAAX10TOV 10 Ag. Agou D > 0 yia 6Aa ta D € X, untapyet
divisor Dy € X eAdyiotou BaBpou. Zuvenmg

dim(Dgy — P) < dim(Dy) yia kaBe P € P
®a eioupe o1

dim(Dg) + dim(Bg) < 1 + dim(Dg + B). (VIIIL.4)
Amo v tedeutaia aviootnta £XoUlle
dim(A) 4 dim(B) = dim(Ag) + dim(Bg) = dim(Dg) + dim(By)

< 1+dim(Dg + Bg) € 1+ dim(Ag+ Bg) =1+ dim(A + B).
®a ardornorjooupe Vv anddeiln vnobétoviag ot 1o K givatl éva arelpo oopa. YrobEtoupe ot
10 By € Dy €xel pndevikoug OUVIEAEOTEG EKTOG ATIO TO TIEMEPAOHEVO oUVOAO Béoewv {Py, ..., Py},
16te 10 L£(Dg — Pi) elvat yvniolog unioxwpog £(Dyp) yia 6Aa ta i = 1,...,r. AT0 ) OTlypr] 1ou 1o
ompa givatl anepo, €vag H1avuopatikog Xwpog dev PImopet va eival EMEPATHEVT EVOOT] YV OV
UTIOX®WP®V TOU. ZUVETIRG, UIIOPoUlEe va Bpoupe éva otoixeio

T

z € £(Do)\ | £(Do—Py).

i=1
Bewpoupe Vv K-ypappiken ouvaptnon
¢ : L(Bo) — £(Do + Bo)/L(Ag)
x — xz mod L£(Ap)
Amo Vv ermdoyr) Tou z £Xoupe 0Tl 0 ITupnvag tou ¢ eivat 1o K, ouvenwg
dim £(Bg) — 1 < dim £(Dg + Bg) — dim £(Ay),

T0 011010 OAOKANPWVEL TNV Artodei§n T0U ANPPATOG. O
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Amnobeiln. (Tou Bewprpatog) Av 1o dim(A) = 0, 1o Bewpnpa eivat capég. Av dim(W—A) =0, tote
dim(A) =degA+1—g=1+ %degA + %(deg/\ —2g) <1+ %deg/\.
Av dim(A) > 0 kat dim(W — A) > 0, to0te 10 Afjppa pag bivet
dim A +dim(W —-A) <1+dimW =1+g.
A1 Vv dAAn 10 Bedpnpa Riemann-Roch &ivet
dimA —dim(W — A) =degA +1—g.

ABpordoviag T1g dU0 tedeutaieg OXEOEIS £XOULE TO LTOUPEVO. O

VIII.4 IIpoBoAikég Epguteuoelg

BewpoUpe éva owpa ouvaptmoewyv K/k kat B€doupie arno auto va KataoKEUAoOUHE pia ripoBo-
A kaprmudn V C P, Ag Bewprjooupie éva mernepaopévo uroouvodo ¢ = (do, d1,...,dn) C K,
Be ¢o # 0 kat ag Bewpriooupie tov daktuAio R = k[dy, . . ., dnl. YTI0OETOUNE eMiong ot

k(d1/do, ..., dn/do) # k.
®e®POUNE T OUVAPTNOT)

@ : k[Xo, X1, ..., Xn] — R[T]
Xi — ¢;iT,0<i<n

O baxtuAlog RIT] eivatl epodiaopévog pe 10 puokd grading, 6rou ta otoiyeia tou daktudiou
R[T] etvat opoyevr) Babpou 0. H ouvaptinon @ eivat ouvaptnon ano graded k-dAyeBpeg kat ou-
venwg o ruprvag I etvat éva opoyeveg 16ewdeg 10 omoio Kataypddel TG aAyeBpikeg oxEoelg
petady v ¢i. Apou 1o R[T] eivat aképaia meploxr), 1o 18emdeg I eival mpwto kat 1o V(I) eivat
pia poBoAikr) moAAdarAotnta pe k[V] va eivat iodpopdo pe v graded k uvnodAyeBpa tou R(T]
rou napayetat aro ta ¢iT 0 < 1 < n. To oodpa cuvaptoewnv k(V) tou V eivat 106popdo pe 1o
k(d1/do, ..., dn/dPo) C K’ xat apou 1o tedeutaio €€ unobéoswg Sev eivat 1o k, €xel Babuo urep-
Batukointag 1 kat 1o V eivat pia mpoBoAikr) kaprtudn. @a tautidoupe 1o k(V) pe éva unoocopa
tou K. I6waitepa av k(d1, ..., dn) = K rat ¢g = 1, Ba €xoupe ot k(V) = K.

Mropoupe va oupe v naparndve KATAOKEUT YEOUETPIKA &g £€ng: T'a pia 6¢on P tou K
Be®poulie P1a TOTUKY TAPAPETPO tp ToU P rat BEtoupe

ep = — miin{VP(‘bi}- (VIIL5)

Tote 10 tp” ¢ € Op yia Aa ta i kat tp” ¢; & P yua touddyiotov éva i. Auto onpaivel 6Tt propovpe
va opicoupe to

O (P) := [tp" do(P) : - tp" dn(P)] € P™ (VIIL.6)
Eivat oagég ot n tpr) @(P) eivat ave§dpuin g ermAoyng g TOTIKAG [TAPAPETPOU tp.

Ocapnpa VIIL.4.1. 'Eotw K/k éva ooua ovvaptioewv kat ¢g,...,bn € K ue ¢ # 0 xat yla
toufayiotov éva i anattovue 10 ¢i/dy va unv givar undsviko. H ovvaptnon mou opioape otnu
eiowon (VILE) sivar kafd opiousvn kai

V :={®(P)|P 8éon tou K}

elvar wa mpo6oucn kauruin pe k(V) = k(db1/do, ..., dn/do). Emmiéov, av a € V kat 04 elvai o
T0TmIKO¢ 6aKTUAIOg

O ta)={PePx:0qCOpkarOpNOq =Pyl
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Amnobeiln. 'Eoww f,g opoyevr) moAuwvupa otov S, i6tou BaBpou. Tote 1o nnAiko f/g eivat ou-
vaptnon rnave oto adyeBpiko ouvoAo V. Amo v dAAn yia ug cuvaptnoeig O (f), d(g) nave oug
0£0€1G TOU OOPATOG CUVAPTIOEDV EXOUHE

D) _ (o, bn) _ F(17 0, t70n) _ O )

(D(g) B g(d)O?"'a(le) B g(tepd)(b"'?tepd)n) (D(g)
orou 1 B¢on P eival 1€tola wote va pnv pundevidetal o mapandve mapovouaotng.
Ma kabe f € (V) eival capég and tov opiopd tou I ot im(p) C V. IN'a va 6ei§oupe tov
avtiotpodo eykAelopo Bewpoupe €va a € V kat opidoupe:

@) _

OC‘_{(D(Q) EK.g(a);«éO} (VIIIL.7)
[ O(f) _ B

Py = {@(g) € 0q:fla) = O}

Agou a € V, n ouvdaptnon O, — k rou divetat ano o O(f)/D(g) — f(a)/g(a) etvar kadd oplopévn
Kat €xel ruprva P,. Ta otorxeia tou O4 — P4 etvat povadeg, 1o O4 eival Tormkog UrtodaktuA1log
tou K tov oroio kat Ba ovopdadoupe tormko Saktuldio oto a. O tormkog daktudiog O, meplExetal
oe pia B6¢on P, 6nAadn Oq C Op ka1t PN Oy = P, omote [(O(P)) C I(a) xat ®(P) = a. O

AnAadn yua kabe dratetaypévn (n + 1)-dda ano cuvaptioeg ¢ = (do, ..., dn) C K omou
€vag touAdyiotov Adyog ¢i/do elval pn otabepd, €xoupe pa ocuvapinon ¢ : Px — V, ano 1o
ouvolo Béoenv tou K oe pia mpoBoAikr) kapruAn V C P, v omnoia kat 8a kadoupe mpoboAikn
ovvaptnon. Ilapatnpoupe 6Tl 1] AVIIKATACTACT TOU OUVOAOU TV ouvaptoewv ¢ = {dg, ..., dn}
e 0 {ydo, ..., ybn} yia karmow y € K, addadet 1o ep ot0 e, = ep —vp(y), aAAd Sev aAdadet tov
optopo ou ¢(P). Opidoupe pa oxéon wwoduvapiag

¢ ~ ¢’ av kat povo av undpxety € K: ¢ =yd’.

I61aitepa o1 Torukoi SaktuAtol Op drnwg opionkav oty (VIILZ) eival ave§dptntot g ermAoyng
avurnpoomriou g @. Mia ¢puoiodoyikr) ermdoyrn) Tou ouvodou ¢ eivat 1o ¢g = 1, to ortoio propet
va erteuyBet otnv xkAdon woduvapiag, moddariactalovidg my tuxaia ¢ pey = ¢, '

Mapadewypa VIIL.4.2. Awaféyovpe wg & = (1,x) yia kamowa un ortadepn ovvaptnon x € K. Me
auvto Tov oMo Eyouue uia arnekovion Py — V = Imdp C PL. Ot pilec tou x aneucovilovtai oto (1 : 0]
Kat ot moAot oto [0 : 1]. Me dedoucvo Ot ot pileg eVO¢ OUOYEVOUS TOAUDVUUOU O SUO UETABANTES
elval memepaoucveg, 1o V tavtietatl ue o P! 1 eivar éva povadiko onucsio.

AoU 6)a ta ep g e€ionong (VIILE) extog anod nenepacpéva sivat 0 opidoupie Tov Statpéin:

[§l= ) epP,

PePy

Kat ypagpoupe
vp(d) :==ep = _miinVP(d)i)»

via ¢ = (bo,-..,dn). Eivat cagég ot av ¢ ~ ¢’, tote [¢] = [d'] + div(y), dndadr) o1 Srarpéteg
[d], [d'] elvar 10o06Uvapot modulo kuUplo Srapétn. Ermiong, o dapéng [¢] e§aptratat amd tov
dravuopatiko xopo (o, . . ., bn) Katr oxt amno v ermdoyr tng 8aong {do, - - ., dn }. [Ipaypat, apket
va rapatnproovpe Ot av 1o ¢; aviikataotadei ano 1o ¢’ = ad; 1 and o ¢’ = d; + ad; ya
j #1, x € k, 1ote vp(d’) = vp(d) Kal apou o1 mapardve PETAoXNHIATIONOl eival avilotpéypot,
£xoupe Kat v avamnodn aviodtnta, onote vp(d’) = vp(P).

Av o1 ouvaptioeig do, .. ., by €ival ypappika eSaptnuéveg, tote 1) 1KOva Bpioketatl péoa oe
éva uneperninedo tou P, omndte pnopoupe va unobeocoupe ot ta ¢y, ..., dn €lvatl ypappika
avegaptnta.
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Mia poBoAikn) ouvdptinon ¢ : Px opidel pia ouvdaptinon
¢* : k(V) = K,

n oroia divertatr aro ¢*(f/g) = @(f)/d(g), omou f, g eivat opoyevr] moAuwvupa idou Babpov.
Av ¢* etvat 1oopopPpilopog, tote 1 ¢ Ba Adyetat apdippntn. Av ¢ : Px, — V rat ¢, : Pk, etvat
apgipnteg ouvaptroelg otV nMPoBoAkn Kapmnuin V, tote ta oopata Ki, Ko propouv va tauvtt-
OTOUV H£0® TOU 100H0pP1o0U oopdtev (¢F)tds. Av Eekvijooupe pe pia mpoBoAikr) KaprmuAn
V C P\ V(Xp), n ouvaptnon P,y — V eivar n mpoBodikr) ouvdaptnon mou &ivetar ano tnv
b = (1,X1/Xo, ..., Xn/Xo), n oT101a elvat apgippntn.

Av ¢xoupe 10 x € K va eivat pua separating petaBAntr), tote 1o K/k(x) etvat pua adyeBpikr)
EMEKTAOT 1) ortoia rmapdayetat ano €va otoixeio y € K. Le auvtr) v nepinmwon n ouvdptnon ¢ =
(1,%,y) etval pia appippntn ouvaptnon oto P2. To alyeBpikd oUvolo V oe autr] TV MEPITOON
etvat éva ertinedo PovieéAo ToU 0OPATOS CUVAPTHOERDV.

Ba Aépe ou n ¢ etvar effective, av o Sravuopatikog xwpog (o, ..., dn) C K mepiéxet 1o oopa
1OV otabepav k. Ze autr) v repimtoon o drapeng [¢] > 0.

KdaBe ouvdapinon ¢ eivat iwooduvapn pe pia effective, apou propoupe moAdandaoiadoviag pe
by ! va kataAngoune pe ¢g = 1. v nepinmoon nou 1) ouvdptnon ¢ sivat effective, téte £xoune
NV MAPAKAT® VEMUETPIKY eppnveia: [a kabe P € Pk, n npotn cuvietaypévn tou ¢(P) eival n
tp”, ) omoia eivatl 0 av kat pévo av ep > 0. Andadr) oe aut) v nepinwon o [¢p] nepypdpet v
Toprn tou urneperuriedou Xy = 0 pe v ekova g ¢. YIiapxouv menepacpeva to mindog tétoa
onpeia otnv toun.

IMa pua yevikr) effective birational map £xoupe

n
1=Y aids
i=0

yla kdrowa a; € k. Tote o divisor [¢] &iver tov pundeviopo tou uneperunédou £ = Y 1 aiX;. To
OUVOAO PNOEVIOHNOU NG YPAPHIKIG HOopPNS AEyeTal TO «UrePErinedo oTo ATIEPO.

A@dou £xoupe
(X)L O(Xy) T
o (¢) = o =~
opidoupe Xi = ¢p; Kat yua kaOe opoyeveg moAuwmvupo g(Xo, ..., Xn) 6abpov n opioupe

9" =" (35) = 9(d0.. .. dn) €K.

To g* e€aptdral arno v ermAoyn UIEPEINITESOU OTO ATEIPO KAl AV AVIIKATAOT)oOUNE To { 1e {1,
10te 10 ¢* Oa mpéemnet va avukataotabet pe 1o g* /L.

‘Eva onpeio ¢(P) avnketl oto urneperninedo oto dneipo av kat poévo av ep > 0, 6nAadn av
KAro10 ¢ €xet 1oAo oto P. MIopoUpe mAvia va avilkataotr)ooupe thv ¢ pe pia wooduvaurn ¢’

wote vp([dp']) = 0. 'Otav autd ocupbBaivet, Aépe ot n ¢ eival kavovikoropévn oto P.
‘Otav 1 ¢ eivar effective, 1o ouvodo twv Srapetdv
{[$ple: f € (b))

elvatl yvooto ot BiBAoypadia wg éva “base point free linear system”. Eivat cagég ot (¢) C
L([d]). Ztnv nepimwon nou (¢) = L([d]), to linear system Ba Aéyetar complete.

ApouU kdBe kaprmudn V C P™ Sivetal og e1kova plag pUOIKNG ouvaptnong aro tg O€oelg
TOU O®WHPATOG oUvaptnoenmv oto P, prmopoupe va orepropacte 01l Kabe BEon avtiotoikel os Eva
onpeio g kaprmuAng. H aneikdvion eival eri kat 1o epotpa eivat av eivat kat 1-1.

'Eot® Aowdv éva oopa ouvaptnosnv kat ¢ : Py — V pwa npoBolAikr) cuvaptnon pe ¢(P) = a
yla karowa 6¢on P € Px. Oa Aépe ot 1o ¢ eivat pn-18iopopdo oto P av kat povo av O4 = Op.
Ze [a t€rola nepintwon n ¢ Oa £ivat 1-1 og KAro1o t€toto onpueio P. EmrAéov, apou O, C k(V)
Kat 1o oopa nnAikev tou Op eivat K, €xoupe:
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IIpotaon VIIL.4.3. Av n ovvaptnon ¢ : Px — k(V) eivar un 16wopoppn o kade onueio, 10te ivat
augippnn.

®a Aépe ou n ¢ eival pua epgutevon (embedding) av kat povo av sivat pn 1610popen o KA
onpeio. Etvat cadég o V eivatl pun 1810po0pgn oto a av kat povo av O, eivatl Siakpitdog daktuAiog
ektipnong.

Ocwpnpa VIIL.4.4. Mwa npo6ofuct) ouvaptnon ¢ : Px — V C P™ givar un tdiopopgn oto a € V av
Kat uovo av o O, mepiexetat oe Evav povadiko darxtuawo exktiunong Op tou K kat emiong meplexet
uia omikn mtapdpetpo (uniformizer) t otn 8¢on P.

Amnobeiln. Astte 1o [1, T10p. 4.3.3]. O

Av 10 16ewbdeg I(V) tou mpoBoAikou adyeBpikoU cUVOAOU V mapdyetal ard ta OPOYEVT] TTOAU®-
vupa {fi,..., fr}, pe degf; = di, kat unod v erutAéov npoidindbeon Xp(a) # 0 (n oroia propet
va ermteuyOel eUkoAa pe pia AAAnN ermAoyn oUuVIETayPEV®Y), ToTte Be@poupe Tov mivaka

1 of

1’~~::7—i wal<ig<nrnlgjsn
ij Xgiflaxjy )

Ocwpnpa VIII.4.5. H mpobojwkn kaurnuin V C P™ ue ooua ovvaptoswv K givar un 1diopopgn
oto a € V ue Xo(a) # 0 av kat uévo av o mivarag fij(a) éxer rankn — 1.

Amnobeiln. O nmapandve oplopog eivat o ouvnOopévog oplopog Tou purn 1810popdou onpeiou,
OITOU ATAITOUHE TV EYKAPO1A TOPT) TV unteperidpaveldv V(f;). H iooduvapia autou tou opiopou
1€ TOV OP1OU0 TRV EKTIINOE®V UItopel va Bpebet oto [, Ocwp. 4.3.5]. O

Ba doooupe Evav Xapakinplopo TV 1810p0pPLOV 08 OPOUS TV UOXdp®V tou (¢). Eivat
oapég aro tov oplopo ot () C L([d]). Ta évav divisor D > 0 B¢toupe

£¢(D) = () N £([f] - D). (VIIL8)

[MTapatpoupe ot (¢) = L4(0) kat 61t av Dy < Da, 1618 L(D1) D L(D2). Iraitepa yia kabe
B¢on P € Pk éxoupe v filtration

<¢> :£¢(0) D £¢(P) D L¢(2P) Do,

mv oroia kat Aépe «osculation filtration» oto P. Iapatpoupe 6t and to Anppa VL1268
£XOUNE:
L(b(TLP)

Lo((M+1)P)

H 106tta 1oxvet av kat povo av vnidpxet ouvdapnon f($) pe vp(f) = n — vp(P). E§ oplopov,
Unapxet Unapyet navia pa ocuvvaptnon f € (o) pe vp(f) = vp(d), ouvenwg 1o L4 (P) etvat mavia
éva urneperninedo tou (¢).

[Mapatnpoupe 61t 0 unoXwpPos L ¢ (D) dev e§aptdtat anod v ermdoyr) g Baong kat ot av ¢/ =
y¢ eivat pa woduvapia, 10te yL g, (D) = L/ (D). Apou 6e L4 (D) eivat éva onpeio - unepemninedo
Tou duikou xopou (d)*, n ouvaptnon

dim

eivat pla mpoBoAikn ocuvdaptnon n ornoia ivat woduvapn pe mv oé.

IIpotaon VIIIL.4.6. 'Eotw K owua ovvaptioewv, ¢ : Py — V C P" givat pa mpo6ojukr) ouvaptnon.
‘Eoww P € Px. H ovvapmon ¢ sivar nonsingular oto P av kat povo av yia kade onueio Q € Py
gxoupe codumL (P + Q) = 2.
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Anoddeiln. H datunwon g rpotaor) s§aptatat povo and v kAdaon wwoduvapiag tou (¢). Mrio-
poupe va urntoBéocoupe ot 1o ¢ eival effective katr normalized oto P. 'Eotw Q # P. Tote ¢(P) #
&(Q) av kat pévo av untapyxet éva uneperinedo tou P™ rmou va nepiExet 1o ¢ (P) addd ox1to ¢(Q).
To teAdeutaio eivatl w0oduvapo pe 10 L (P) # L£4(Q). Apou kat ta L4(P) xat £L4(Q), Exoupe ot
Le(P+ Q) =2 av kat povo av ¢(P) # ¢(Q).

Eriong £xoupe ot O Tep1éxet pia TOTNKT) MApAPeTpo oto P, av kat poévo av £4(2P) € L4(P),
10 oroio eivat 10oduvapo pe 1o o6t codimL(2P) = 2. To anotédeopa énetat ano 1o Bewpnpa

VIIL4.4. O

Ag urntoBeooupe ot ($) = L£(D) yla kanotov dapétn D. Te avty v nepimwon Ba ypdgouyie
¢ = dp. YnioBétoupe ot dim L(D) > 2, dote va €xoupe ouvaptnorn oo P, n > 1. E§ opiopou,
gxoupe o6t vp(dp) < vp(D) yia kaBe P € Py, ouvenwg [dpl] < D. H 1o06tta 1oxUel akpiBwg tote,
otav unapxetl ouvaptnon f € £(D) pe vp(f) = —vp(D).

Anfnppa VIIL.4.7. Ynodétouue ot 1o K éxyet yévog g > 0, kar D € Div(K) oote va woyvet gite
deg(D) > 29 eite D eivat o kavovikog diatpetng. Tote D = [dp].

Amnobeiln. Auto nou xpetadopaote eivat 6t dim £L(D) > £(D —P) yia kdaroto P. Autd eivat apeoo
arno 1o Bedpnpa Riemann-Roch, av to D — P eivat nonspecial kat idwaitepa av deg(D) > 2g.
Zinv nepimwon ou D eivat o kavovikog dlaipétng Kat rdAt 1o Oewpnpa Riemann-Roch &ivet
ot

dim £(D —P) =2g—3 — g+ 1+ dim £(P).
Agou g > 0, ¢xoupe ot dim £(P) = 1 kat ouvenag dimL(D —P) =g—1 < dim£(D) = g. O

‘Otav o D eivat o kavovikog dialpétng, PAAHE yid TV KAVOVIKI) ePQUTEUOT).

Oewpnpa VIIL.4.8. Yrmodstouue ot 10 owua ovvaptnoewv K gxet yévog g kat D € Div(K). Av
deg(D) > 2g + 1, tote n dp €lvar éva embedding. Av 1o D givar kavovikog dtaipetng, t0te 10 dp
elvar pwa embedding ektog av K mepiéyet éva pnto vndooua k(x) ue [K: k(x)] < 2.

Anobein. Octoupe ¢ = ¢p. 'Exoupe ot Ly (D)(P + Q) = L(D — P — Q) yia xaBe 6o Béoeig
P,Q € Px. Av deg(D — P —Q) > 2g — 1, t0te t10 D — P — Q eivatl nonspecial. Zuvenog arnod 1o
Bewpnpa Riemann-Roch £xoupe codimL 4 (P + Q) = 2 xat 10 Bewpnpa £netat.

Av o D eivat évag kavovikog diaipeng kat rdAt 1o Bedpnpa Riemann-Roch diver ot

(D-P—-Q)=29—4—g+1+UP+Q)=g—-3+LP+Q).

Agou {(D) = g, é&xoupe 6u n ¢ eivar pla embedding exktog av £(P + Q) > 1. AAAd av urndpyet
pa pn otabeprn) ouvaptnon x € L(P + Q), 1ote 0 moAkog g divisor £xe1 8aOpd 1o rmoAu duvo,
ouvenog [K: k(x)] < 2. O

Mapatfpnon VIIL.4.9. Ztv nepintwon mou 10 K meplexel £va pnio owpua ovvaptiocov k(x) ue
6aduo [K : k(x)] < 2, tote n kavovkn ovvaptnon b6ev eivar embedding. Ilpayuat n Kavovikn
ovvaptnon 6ev opiletal eKTo¢ av g > 2, otnu onola nepintwon [K : k(x)] = 2. Ze autn v nepintoon

QK (0) = <(l), Cbl(X)w, s d)gfl(x)w%

omou w eivar wa dtagopikn popgn kar ta ¢i(x) avnkovv ojla oe gva pnto vnoowua touv k(x).
Andabén
L([w]) = <17 cbl(x)v ) q)gfl(x)))

KAl OUVET®S 1 EUKOVA TN KAVOVIKNG oUvaptnong lvai o P,
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VIII.5 Weierstrass points

VIIL.5.1 Auwa¢opioeig tou Hasse
Opiopdg VIIL.5.1. Mia 6iapdpion D = (D)), oy 10U F givar ja axofouvdia aneucovioswv
DY:F—F
€101 WOTE
1. DO = Id¢
2. DMV =0 yiakadev >0
3. I'a kade x,y € F kat yia kade v € Z 10xvUel

DM (x+y) =DM (x) + D™ (y)

D(V)(xy) - i D(“)(X)D(V_“)(y)
n=0

Emiong, n 6tapopion Asystar iterative otav yia kade w, v € N woxvet

DWpP™) _ <“+V>D(u+v)_
v

Amn6 tov 0plopd g KAaokng drapopiong dtapépouv o1 oplopol Katd H1@vUpPIKoUg ouvte-
AEOTEG TIOU €X0OUV PIMPOOTA TOUG S1®VUMIKOUG OUVIEAEOTEG KAl AUTO YIVETAl MOTE Ol OUVOEDEI
dlagpopioswv va pnv e§apavidovral otn XapaKtEOTKL p > 0.

Anppa VIIL.5.2. [a kade Saywpiouo ototyeio x € F (dndadn oroyeio wote F/K(x) va givar
Saywpioun emektaon) vrtapyet Stapopion Dy = (DY )ven t€T010 wote D,(cl) (x) =1 kar Dy (x)™) =0
yia v > 2. H mapaywyog avtn da A¢ystar n mtapdaywyog modulo x.

Amnobeiln. Opidoupe v iterative nmapaywyion pe D)(CU = d%. O

Afppa VIIL.5.3. 'Eotw P 8¢on wou F/K kat m-mpwto otoyyeio. Av
. , i .
X = Z aip': a; € K, tote D;V)(x) = Z (v) aimt Y.
1 1

®a akodoubBrjcoupe v npooeyylon v [6] ‘'Eotw K/k éva oopa ouvaptoenv rat ¢ =
(dbo, - .., dn) M1a mpoBoAikr cuvaptnon, kat £€ot® T : K — K évag povopoppiopog. I'vepidoupe ot
[K:k(t(x))] < co yia kabe x € K\ k, ouveniwg kat to [K : t(K)] < co. Opidoupe degt = [K: T(K)].

Anppa VIIL.5.4. Oa cuuboAdilouvue pe t(P), m ovvaptnon (t(do),. .., t(bn)) : Pk — P™. Exouue
ottdeg t(Pp) = degtdeg .

Amnobeiln. Ot ouvaptoeig (t(do), ..., T(dn)) etvat 6Aeg oto T(K) kat opidouv pia ouvaptnon
¢’ t(K) = P,
To 7 : K — t(K) etvat évag tcopop@iopog, onodte kabe B€on tou T(K) etvat ing popong t(P) yia

krarowa O¢on P tou K. Zuvenmg, ot ¢ xkat ¢’ éxouv v idla ewkova oto P™, ordte deg ¢’ = deg .
To {ntovpevo anotédeopa €pxetal amo ) ouvbeon pe v T. O
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Ma kdBe draxwpion petabAnt s € K, Bewpoupe v napayeyo Hasse wg ripog s kat oxnua-
ti¢oupe tov mivaka H = (H(, s, 1)) = (hij) y)a 0 <i<nkatj=-1,0,1,2,..., érou

o — r(q;i) avj=-1
DD () yai=0,1,2,...

@®a oupBoditoupe pe HU) ) otrdn tou H émov n i-ypappn eivat i hyj. Suveniog to HITY etvar
N P otnAn Ing oroiag n i-ypappn eivat n hyj. Mag evéladpEpouv o1 otrjdeg H0O) o1 onoieg
dev eival ypappikoil ouvduaopol 1@V mponyoupevey otnA®v. YIIapXouv 10 oAU 1 + 1 tétotot
Oeikteg, apou o mivakag H €xel ouvoAkd n + 1 ypappég. Apou dev eivatl oda ta ¢; pndeév, o
PWTOG TE€T010G deiktng eivat o —1. @a oupBoAi{oupe toug UTIOAOUTOUG HEIKTES PE j1,2, .-+, m-
v neptmoon nou T = 1 €xoupe ot j; > 0. Aviotpodmg, £0t® OTL 01 HUO MPWTEg OTNAEG
etvat ypappikd e§aptnuéveg. Tote 1(dp) = yb yia kamnowo y € K, kat ouvenog y = t(do)/dpo. Av
Bswpriooupie Vv 100d8UvVapn ouvdaptnon ¢’ = ¢, Lp, 1ote éxoupe ST T(d]) = ¢! ya 6Aa ta i.
ZUVEN®OG, KATAANYOUHE OTO

Afppa VIIL5.5. Avn & eivat aupiopnt, tote j; > 0 av kat puovo av t = 1.

LV nepirneorn) mou 1o m < n opidoupe j; =ji—1 + 1 yia m < 1 < n. Oa anodeifoupe 61t m = n.

Afppa VIIL.5.6. Avl < 1 < n katj < ji, ote HU) givar évag K-ypauunde ouvduaouog tov
HEY HOD L HO=),

Opicoupe Js(d,T) = (j1,---,jn). O®a ovopaloupe ta j; 1§ T-1a§e1g NG ouvaptnong ¢ 1) armdd ug
T-1a8e1g, otav T = 1. Emiong ypagoupe Js(b) = Js(b,1). ®a anobei§oupe o6t autoi ot Heikteg
eCaptovial povo aro tov S1avuopatiko Xmpo (b)), eivat avetaptntot g ermAoyrg G TOTUKNAG
apap€Tpou s kat eivat emiong avaddoiotot av 1o ¢ addayxBei amod 1o yd ya karow y € K.
Av n xapaktnploukn eivat 0, tote o1 mapandve deikteg Ba eivat amia ot (1,2,...,1n) onwg Ba
arodeifoupie ot ouvEXEld. TV MEMEPACHEVI XAPAKINPIOTIKY 1] KATACTAOT €ival TEPIO0OTEPO
TTOAUTIAOKT).

IMa kdBe akodoubBia | =j1,jo2,. .., ... Amd P apvnUIKOUG aKEPA10UG, OE®POULLE TOV UTIOTHVAKA
HJ émou n mpén tou otAn etvat n H—Y kat n (1 + 1)-otdn eivar HOY xat opigoupe

ws (P, 1) = det HIs (7). (VIIL.g)

H noootnta wg () —wg(d, 1) ovopddetar n opidouoa Wronski g 1ipog s.
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Anfppa VIIL.5.7. Ioxvouv ta mtapakdio:

1. Av ¢’ = Z ajd; yia 0 < i< n, onov ayj € A kat o mivakag A = (ayj) €val AVTIOTPEYIOG,
101E
]S(¢/7T) = IS(¢7T)
Kat

ws (', 1) = det(A)ws (d, 1).
2. Ia kade un-unbevikn ovvapmon y € K gyouvue
Is(yd)aT) = ]S(q)vT)

Kat

ws(yd, T) = t(yly"ws (b, T).
3. TI'a kade dayxwpioun ustabinm t € K éxovue

]S(d)aT) = ]s((byT)

ot
w0 =(5) wo

Kat

Anoddeln. 1. AvH’ =H(yd,s, 1), 1déte H' = AH, ylati o1 napdywyotl Hasse 6nwg kat n ouvap-
morn T etvat oAeg k-ypappikeg.

2. ®¢toupe H = H(yd, s, T). Ao 10V Kavova yIVOPEVOU £XOUHE

HEY = g(y)H(Y (VIII.10)

[61aitepa o1 K-unoxwpot rou rapdyoviatl amno 11§ npwieg j-otnAeg twv H kat H tautidovrat
yla kKdBe j Kal kataAnyoupe oto

Js(d, 1) =TJs(yd, ).

Erum\éov o optojidg 1oV j; Kat ot oxéoetg (VIIL1d) pag e€aopadidouv v vnap€n evég mave
Tpyevikou mivaka U pe otoikeia oto K kat dSiayodvia otokeia (t(y),y,...,y) Oote

ﬁ]s(¢)7T) :H]s(q)ff)u NIIIII)
10 011010 ATTOHEIKVUEL TO 2.
3. H an6dedn eivat mapdépoa pévo mou Ha Xpnoioroi)couiie Tov Kaveva tng aiuocibag avri

Tou Kavéva tou yvopevou. @ftoupe H = H(d, T, 1) kat €xoupe ouvaptnoelg dx 1 < k < j
Wote

HO) = (> )+ Z di,J™ yuaj >
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Kat riéAt ot K-undxepot mou mapdyoviat and tg mpates j omdes wv H xat H tautidoviat,
ordte Js (b, T) = Ji(d, 7). Kat maAt €xoupe pia €§iomorn onwg 1 (VIIL11), orou tHpa o miva-
kag U eival ave Tplyovikog He U = 1 Kat uy = (ds/dt)t yia 1 < 1 < n kat 1o &tovpevo
€xel anoderyOei.

O

®a ypagoupe J(b, 1) = Js(d, T) yia kabBe draxwpioyn petaBAntr) s Kat eriong O€toupe
i, 1) =ji+-+jn.

Afppa VIIL.5.8. Oswpovue v mpobojukn cuvaptnon ¢ = (o, ..., dn). Eote P € Pk wa déon,
t pa omikn mapauetpog oto P kat umodEtouus éu. 1a ¢ opidovtar oto P kat ta ¢; givar yoauuika
aveapmnia vnep 1o k. Tote o mivakag hij(P) = Di”(d)i)(P) 0<i<n,0<jéyerk-tainn+1.

Anodeiln. Tlapatnpoupe 6t av 0Aa ta ¢ opidovrat oto P, tote kat ot Hasse nmapdaywyot opidovrat.
Emiong, av ag,...,an € k, tte Y_; aihyj(P) etvat o ouvtedeotrg tou t) oto avarmuypa Laurent
U ) ; ai$di(P). Apou kaBe pn-pndevikn ouvaptnon £xet pn-pundevikod avarnrruypa Laurent oto
P, éxoupe ot kaBe oxéon e§dptnong ota hyj(P) 6iver pia oxéon e§aptong ota ¢;. O

Iopropa VIIL.5.9. Avw(d,T) =0, 101 Ta b3 €lvatl yoauukad e€aptnuéva tave ano 1o k.

Amnobeiln. Atadéyoupe pia B¢on P € Px. AvukaBiotoviag tnv ¢ pe pia 1ooduvapn propoupe va
UnoBEcOUPE OTL TO s £ival Pid TOTKT) MTAPAPETPOGS oto P kat ot 1 ¢ eivat normalized oto P. E
oplopov, 10 Ws(d,T) = 0 akpBog tote 6tav n K-tdén tou mivaka H = H(¢, s, T) eivat pikpotepn
TOU n + 1 KAt 10Te UTIAPXOUV OUVAPTIOEIS Xq, - - - , Xn OX1 OAEG PUNOEV, wote

n
> D (d:) =0,j=0,1,...
i=0

AOYV®OVTAG TOUG ITAPOVOACTEG PITOPOUHE va UTToBEooupe Ot Ta x4 opidovrat oto P kat Sev eivat
o0Aa undév exel. Yrodoyidovtag v oxéon e§aptnong oto P, éxoupe 1o ¢ntoupevo. O

IIopiopa VIIL.5.10. Oswpovue ) yvroia avéovoa arxofovdia dektodv j; < -+ < j}, Kat €0t® s

wa Swaywpiown uetabint, kat €0t det Djs{(d)i) #0. Av J($,T) = (j1,.--,jn). W01j1 < j{ y1a 6/a
ta l.

ATo6€1&n. Auto sivat cagég and to Anppa VIILE.6, apov yia kdOe £ o pn-undeviopdg g opi-
Zouoag efaopaditet ot n K-ta€n tou HOL+31) givat 1+ 1. O

Yniapxet pia otevr) oxéon avapeoa oto J(¢) kat to J(d, T) yia T # 1. Av s eival pia daxepiotan
petabAnt) kat J(d) := (i1,.--,jn)» H = H(d,s,1) kat H := H(d, s, T). YoB€toupe ot n ¢ eivat
apgippntn. Agou o H/(®) eival un-1616p0pgog, unapyet évag eddayiotog m > 1 dote

HEY ¢ <H(—1)7 H(jl), o H(J'm)>.

ZUvenog yua j = jm

Afppa VIIL.5.11. Av J(d) = (1,.--,jn), T # 1 kat ¢ elvar augippnt, 101 UTAPXEL AKELALOS
m > 1 oote

](CbaT) = (07j17 co 7jm—17jm+17- .. ajn)'

O pn-pndeviopog g we (¢, T) KAl 01 Kavoveg PETACXNHATIONOU PAG EMITPEIOUV va opidoupe
évav avaddointo Stapétn og eEng:
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Opiopog VIIL.5.12. [a wa Siaywpliown petabant s détovue
Wi (¢, 1) := ws (&, T)] + [T()] + nld] +j(, T)ds].

IIpotaon VIIL.5.13. O dwapetng Ws(d, 1) eivar avelaptnrog tou s kar efaptdrat povo ano 1o t
Kat v kiaon wobvvauiag g ¢.

Anodeiln. 'Eotwe aij € k,y € K kat t pia daxepion petabAnt). @étovpe ¢y = Z]- aijd; xat
¢otw ¢’ == (df,...,dJ). Exoupe out

wi(yd', 1) = t(t)y"wi (¢, 1) = det(ayy)t(y)y wi(d,T)
= det(ay)T(y)y™(ds/dt) (®wg(d, T).

'Exoupe ot

Wi (yd', 1) = we(yd’, 1)) + [tlyd”)] + nlyd’l +i(d, 1) [dt]
= [t(y)] + nlyl +j($, 7)([ds] — [dt]) + ws (P, T)] — [t(y)] + [T(d”)]
—nlyl +nl’T+j(d,7)dt]
= [ws(d,1)] + [T(d)] + nld] +j(db, T)[ds]
= Ws(q),T)-

O]

®a ypagpoupe W(d, 1) = W(d, T) yia karmowa dtaxwpioman petabAntr Kat ermAoyn KAAong 100-
duvapiag ing ¢. Emiong, 6a ypdpoupe W(d) := W(d, 1).

Opiopog VIIL.5.14. To W(d,T) da 10 ovoualouue tov drapern tov Weierstrass touv ¢ wg mpog 1o
T.

Ocwpnpa VIIL.5.15. O divisor W(¢, 1) givar un-apvntxog kat Exet 6aduo

degW(,T) = (degT+n)deg d + (2gx — 2)j(d, T).

Anodeiln. TIpokurtiel amd tov oplojd kat to Afuua VIIL5.4). O

Oplopog VIIIL.5.16. Ta onucia P oto otrjpiyua tou W (b, T) da Acyovtar ta onueia touv Weierstrass
0U ¢ ¢ mpog T. Enueia ou bev givat tou Weierstrass da jléyovtat ouvndn. Ilapatnpouvue ot yia
b, T 0Aa ekto¢ ano nengpaougva to Tindog onueia sivar ocuvndn.

VIIL.5.2 TepeTpirég 1810TnTEG TV Onpeiwv tou Weierstrass

YroBétoupe ot ) ¢ eival kavovikornoupévn oto P € Pk, t eivatl pia tormkn napaperpog oto
P xkat éotw H(P) := H(d, t,1)(P) eivat o mivakag pe otoixeia oto k rmou naipvoupe urtoAoyidoviag
KkaBe otorxeio tou H(f,t,1) oto P. ‘'Onwg kat mptv, Be@poupe toug deikteg j; < ... < jr, yia TOUG
ortoioug 1 otAn HOU(P) 8ev eivatl évag k-ypappikog cuvBuaoudg ToV IPONYOUHEVOY OTNAGY
kat opi¢oupe J($)(P) = (j1,...,jn). ®a ovopadoupe ta j; TG tdgelg ou ¢ oto P. Mapatnpoupe
ot o1 duUo mpwteg otr)Aeg tou H(P) eivat ioeg, adpou T = 1 kat eivat kat pn pndevikeg, apou n ¢
elvatl kavovikornotnpévn oto P, orote j; > 0.

‘Eow | = (j1,...,jn) ot 1a8e1g NG ¢ kat Oétoupe |’ := J($)(P). Av eixape ou j; < ji ya
karoto 1, téte ot otjAeg g H)' Ba wavonolovoav karota K-oxéon e€dptnong. AOXVOVIAS TOUS
[IaPOVOAOTEG Kat urtoAoyidoviag oto P €xoupe pia pn tetpippévn k-oxéorn) e€aptnong otig otrieg
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mg H!'(P) to oroio avtiBaivet tov oplojd v j{- Zuvenog éxoupe ot ji < ji yia kabe 1. Emiong,
av n ¢ eival kavovikoroupévr oto P kat t pia Tormkr) napdaperpog oto P, tote eivatl cadeg ot
we($)(P) = det H (P),

Kat 1 we(¢) pndevidetat oto P akpBwg otav j; < j{ yia Kkaroto 1.
Afppa VIIL.5.17. ‘Exouue 0t ji < ji yia oda tal. Ta napakaie sivat wwodvvaua:

1. j{ =j1 yiaofa tal.

2. wi($)(P) #0.

3. vp(W(d)) =0.

Ot ta&elg G ¢ oto P €x0oUv v MAPAKAT® YVEMUETPIKT epunveia: Av pépoupe tov rivaka H(P)
0 P1a avnypévh KAPHak@t) popdr, éxoupe pa 8aon (df, ..., 1) g (d) @ote yla v T0mmKr)
napdaperpo t oto P va €xoupe:

Dg)(d){)(P) =0y 0<j<j
D (¢{)(P) =1.

‘Exoupe 10

Ocwpnpa VIIL.5.18. 'Eotw ¢ pia mpoboAikn ovvdptnon Kavovikomomuevn oto P, é0tw t pa
ToTIKn Tapauetpo ot P kat £0t® ji, .. .,j;, ot tadews me ¢ oto P. Opilouue j|) = 0. Tote umapyel
wa 6aon (¢, ..., d5) 10U ($) wote

o0
q){:tj{—l— Z cljtj yad<lgn
j=i{+1

omou ci; € k. I6waitepa avj eivar pa tadn oto ¢ oto P av kair uovo av vrdpyet ovvaoptnon f € (o)
pe vp(f) =j.

v (VIIL8) Bswprjoajie tov XHpo L4(D) = (d) N L([d] — D) kat oxnpatioape pua filtration. To
rapanave Oeopnpa pag divel ot o1 1delg ng ¢ oto P opidouv t0ug H1aPOPETIKOUG UTOXMPOUS
g filtration, énAadr

LoGiP) = (@, dh) V@ 0 << .

Iopiopa VIIL.5.19. Av 1 ¢ givar un-1616uop@n oto P, 1dte n osculating filtration oto P givat n
(6)£(0) 2 £(P) 2 Lp(2P) D -~

Iwaitepa j| = 1.

Amobeidn. 'Enetat anod 1o napandve Beopnua, apou codiml ¢ (2P) = 2. O

Feopetpikd, kabe vnoxwpog L C P™ ddotaong 1 eivat to ouvolo pndeviopoy evog ouvoAou
n—1 aveddputov poppav L. Av Stadégoupe éva urnepertinedo oto Aelpo 0ploPEVo Ao KATola
YPAPUIKY popor1) {y 1tou Sev pndevidetat oto P kat O¢ooupe

L* = ($* (/o) 1 L € L)

€xoupe pua 1-1 kat eni ouvaptnon L* < L avapeoa otoug unioxwpoug tou ¢ diaotaong (n —
1) kat otoug l-6t1aotatoug uroxmpoug tou P™. Yo autn v avtiotolXia ot uroyxwpot tou P™
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nou avtotorxouv oto L4 (j, P) Aéyovrat ta osculating emineda. I8waitepa, 1o uneperninedo mou
avuototyet oto L4 (j;, P) Aéyetar to osculating uniepeninedo oto P.

Av n ¢ eival 1 kavovikn ouvdptnor, 1 osculating filtration oto P eivat 1dwaitepa evdiapé-
pouoa, ylati

() = L([d]) D L([d] —jP),

ortote 10 Bedpnpa Riemann-Roch
dim £(jP) =j— g+ 1+dim L4 (jP)
yla KaBe aréPaAlo j. ZUVENMG
dim £((j + 1)P)/L(jP) =1 — dim £ (jP)/L ¢ ([ + 1)P).
Agou j eivat pa kavovikn) tédn oto P av kat povo av L4 (jP) 2 L4 ((j+1)P), éxoupe 6t 10 j etvat
H1a Kavovikn taén oto P av kat povo av dev urdpyetl ouvdaptnorn oto K pe oo tadng j + 1 oto

P xat kavéva aAAo rolo.

IMopropa VIIL.5.20. O Setikog j eivar ua taén meg Kavovikng ouvaptnong oto P av kat uévo av
10 j + 1 glvar €va gap number oto P.
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Moduli spaces kat Bswpia TapapopPwoewy

IX.1 Moduli spaces

BewpoUpe Vv Katyopia tev owkoyevelwv ¢ : X — B mdve and pia otabepry 8aon B, orou
0 popdlopog ¢ eivat évag opadog (smooth) kat emninedog (flat) popdpropodg pe tveg alyeBpikeg
KaPImuAeg yévoug g.
IX.1.1 Eninedol pop¢iopoi

Ze autr) v evotnta Ba opicoupe ta ertineda modules kat toug emninedoug popplopoug kat Ba
eENynooupe 0T 1 €vvold ToU ETUINESOU PoPPLopoU e§aopaliel ot £€xoupie pia opadr] petdBaon
HETAdy OV voVv.

Eekivape unievOupidoviag tig mapakAat® 19610tnTteg 10U TAVUOTIKOU YIVOHUEVOU:

1. 'a kaBe R-module M 1oxuetl 61t M ®r R = R®@r M = M. O napandve 100popp1lopog ivat
aUTOG TTOU otéAvel ta 1 ® m kat m ® 1 oto m.

2. Av x : M = M xat  : N’ — N eivat opopop@diopoi artd R-modules, tote urtapyet o
EMAYOPEVOS NOPPIOPOG

a®@pB:M @r N — N®g N

m ®n— «(m’)®pMm’)

3. To tavuotiko yivopevo diatnpet ta eubéa abpoiopata, Sniadr)
(@5 M) @ N @i Mi @g N.

4. To tavuouko ywvopevo Siatnpel toug ouprtupnveg, dndadr av o : M’ — M eivatl pia ou-
vdptnon pe ouprwprnva coker(a) = M”, 1dte yia ka0e module N o cuprnuprvag g era-

YOHEVNG ouvaptnong
a®1l: M @r N— M®r N

etvat o M” @g N. H 1810tta autr) ekppdadetat Aéyoviag 0Tt T0 TaVUOTIKO y1vouevo givat Segid
aKp1Bng umo v €vvola Otl 0 ouvaptng ®rN otéAvel ) pikpr akpiBr] akodoubia

0—M —M-—M"—0
otnVv akp1Br) akodoubia

N@RM/HN(@RM—)N@RM”—)O

217
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Avubétwg av o : M/ — M eivat évag povopopdiopog, 0 erayopevog HopdLopog
N &R M’ — N QRr M
dev elval anapaitta povopopPlopog.

Oplopog IX.1.1. Oa jéue ou éva R-module F sivat eminedo (flat) av kat povo av yia kKade Uovo-
HoP@LoUo o : M' — M 0 emayopusvog UopPLOUOS

For M — For M
O¢ev glvat anapaitnia POVoUOP PLOUOG.

Ao 11 1810TNTEG TOU TAVUOTIKOU YIVOHEVOU IIPOKUITTEL 0Tl Ta €AeuBepa modules sivatl ravia
erineda.

Ipétaon IX.1.2. Ia éva noddaniaociacticd kKieoto ovvofo S, o evtomouds S~IR eivar éva
eninedo R-module. Tlpayuatt éotw M’ — M évag povouop@iouoc ano R-modules. Eivar aueoo
ano 1ov 0p1oud 0t ST'M’ = STIR®r M kat ST'M = STIR ®g M. Zuvenac apkel va beifouue Ot 0
EMAYOUEVOG UOP PLOUOS

ST'M' — S'M

givar povouopgioudg. 'Eotw m’/s € S™'M’ wote m'/s va eivar 0 otov S™'M. Autd onuaiver ou
urmdpyet éva s’ € S wote s'm = 0. Autd ouwg ivar aveaptnro tou Ot o m’ givat ototyeio tou M
Kai toxvel kat yia to m’ oav otoyeio tov M/, dniabdn to m’/s eivai 0 kat oto STIM'.

IX.1.2 Kpitpla emunedotntag
O ouvaptntng Tor

Bewpoupe éva R-module N kat oxnuatidoupe pia eAevBepn erniduon tou N, dnAadn pua
akp18n akoAouBia
o =>F4g K=K, —=--=2F—=>F—=>N=0

Zin ouvexela Bewpoupe éva R-module M kat tavudoupe Kabe 0po NG mapandave akoloudiag
pe to M. Opidoupe

ker(M ®@g Fi — M ®g Fi_1)

Im(M ®g Fii1 > M®rFi)

Torf(M,N) =

Av ka1 ) pia eAevBepn emiduon tou N Sev eival povadikr, anodeikvustat 6t o Tork (M, N) eivat
ave§dpntog g eriduong rou SraAédape. Emiong anodeikvustat 6t av urodoyidape pia eAev-
Bepn emiAuon tou M kat ot ouvexela urtodoyidapie trv opoAoyia 10U CUPIMAOKOU ITOU ITPOKUITTEL
tavudovtag pe 1o N, Oa Bpiokape 1o 1610 arnotédeopa.

Ioxuouv ta napakdaie:

1. Tord(M,N) =M ®g N.
2. Av M, N eivat eAeuBepa 1) yevikotepa erineda, tote TorF(M, N)>0vyuaiz>0.
3.0 Torf(M, N) etvat évag covariant cuvaptintrg, o onoiog eivat eivat R-dtypappikog.

4. Av R eivat daktudiog tng Noether kat M, N eival nenepaopéva napayopeva R-modules,
téte kat o Tor} (M, N) eivatl menepaopéva napayépevo R-module.
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5. Av S eivat pua eninedn R-aAyeBpa, tote
S ®@g TorR(M,N) = Tor? (S @ M, S g N).
6. Ta kabe pikpn akpBr] akoAoubia

0—-M —-M-=>M"=0

Urapxel pla pakpda axkpiBr) akodoubia yia tov Tor

.. —— Tor}(M/,N) —— Tor}(M,N) —— Tor§(M",N)
" Tor§(M/,N) —— Tor§(M,N) —— Tor§(M"” ,N) __
" Torf(M/,N) —— Torf(M,N) —— Torf(M”,N) __

e T

— M’®@g N M g N M” @r N

0

Mapadewypa IX.1.3. Ag umod<oouue o1t x € R bev egivar undevodiaipeng kar M eivat éva R-
module. Tote n pKpn axpi6ng akofovdia

0R-5R—R/(x)=0

glvar pua eflevdepn emifluon tou R/(x) Kar umopouue va mm xenoyUOTOOOUUE Yia TOV OPLOUO TOU
Tor. To module TorX (R/(x), M) eivai 1o i-oto module opoAoyiag 1ou ouumAdKoU

0—M-"S5M—0,
ano onov uroAoyi{ouue
Tor& (R/(x), M) = M/xM

TorR(R/(x), M) = (0 :pm x)
TorR(R/(x),M) =0 yrai> 1.

IIpotaon IX.1.4. Eote R évag daxtuaiog kat M éva R-module. I'ia éva 16ewdeg 1 tou R 1 ovvdp-
mon noAAanAaoctacuov

[ M — M (IX.1)

givai povouop@ioude av kat uoévo av TorX(R/I,M) = 0. To module M givai eminedo av kat uévo
av 1 mapandve ouvdNKn IKAvoTolEital yia KAdE TEMELATUEVA TP ayOUEVOo 10ewdeg 1.

Amoberln. Ao ) pikpn axkpBn akoloubia
0—1—R—R/I—0,
maipvoupe pia pakpd akpibr) akoAoubia n ormoia mePEXEL TNV
0 = Tor?(R,M) = TorR(R/I,M) - I®x M = R®g M = M.

Eruméov, n aplotepr) cuvaptnon eivat amid 1 cuvaptnon nodAamiaciacpoy g e§ionong ([X.1).
H avaykaia kat ikavr) ouvOnkr yla tov JOVOpopPlopno £metat.

EZ opiopou, 1o module M eivat enine6o av kat povo av yia kabe povopopdiopd N/ € N ard
R-modules n enayopevr ouvaptnon N/ @g M — N ®r M eivat povopoppiopog. Ag urioBécoupe
OTl 11 OUVON K NG rPotaong (rou eivat n e161ky repintwon N = R kat N’ = I kavoroteitay).
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Mapatnpoupe ot I’ @g M — M eivat povopopdiopdg yla kabe 16ewdeg I’ tou R, érou 10 I’
dev eival anapattwg rernepacpéva napayopevo. Ipaypat, kabe oroixeio 0 # x ou I’ @ M
elvat éva nenepacpévo abpotopa ototxeiov g popdng r’ @ m ya r’ € I’ kat m € M. Zuvenwog
TO X MPOEPYXETAt aro £va pn pPndevikod otoixeio karowou [ ®g M, pe [ menepaopéva napayopevo
KAl 1o X Tnyaivel oe éva pn pndevikod ototyxeio tou M.

Me napopoto tporo 1o module N@rM napayetat arno ta ortokeia {n®@gm:n € N, m € M}, kat
o1 oxéoelg Saypappikomtag petadu toug oxnpatioviatl aro nenepacpéva to rinbog orotxeia
toU N. Zuvenwg 1o 01t 1o x € N'®@rM nidet oto 0 € N®rM adopd nertepacpéva to rmAnoog ototxeia
Tou N Kadl OUvVen®g propoupe va urnobeocoupe ot to N eival menmepaocpéva mapayopevo.

Mropoupe va Bpoupe pia akodouBia ano urntomodules

N/:N()CNl C --~Np =N,
wote kabe Ni 1/N; va nmapayetat ano éva otoiyeio. Apkei va dei§oupe o0t kabe
Ni g M — Ni+1 ®Rr M

glval povopopPlopog ouvenog priopoupe va urobgocoupe ott N/N/ eivatl éva kukAdiko module
kat va ypayoupe N/N’ = R/L.
H pkpn akpiBrig akoAouBia

0—=N —N-—N/N"—=0
bivel pa pakpd axkpBr) akodoubia mou mePIEXEL TOUG OPOUG:
TorR(N/N/,M) — N’ @g M — N ®@g M.

A@ou TorR(N/N’, M) = TorR(R/I,M = 0), € unoPéocamv £xoupe TeAEIOOEL. O

IIopropa IX.1.5. An a € R evat évag un-undevodiaipeg otov darxtuio R, kat M givar éva
eninedo R-module, tote 0 a givat évag un-undevodiapetng oto M. Av 10 R givar pia mepioxn Kupiov
16e@b®V, 10TE T0 avtiotpogo givat emiong ajndég. To M eivar eminedo R-module av kat povo av to
M eivar eAevdepo oTPEYNG.

Anodeiln. Oftoupe [ = Ra pe a € R évag pn pndevodiaipeng. Av 1o M eivat ertinedo R-module,
1ot yia kaBe I C R n ouvdptnon

¢: I M — RrM =M

etvat povopopPiopog. Opwg to I = R amnod tov 1oopopd1opid mou otédvel 1o a oto 1. Tautioviag
10 I®r M pe 10 R®r M = M, €xoupe 0Tl pe autdv Tov 100po0pP1lopod 1 ouvaptnon ¢ tauvtidetat
pe tov moAAardaoctacpo pe 1o a. E§ oplopou, autog eival povopopdiopog av Kat povo av o a
Oev elvatl pndevodiaipéing tou M.

Av topa o R eivatl eploxn Kupiov 186emdav, 1ote KAbe 1 pPndeviko 16ewdeg mapdyetatl amno
évav pn undevodiatpétn. H ouvOrikn tng rmpotaong [X. 1.4 eivat tetpippévn oty nepimoon mou
I = 0, ouvendg and tov opiopo tou Tork (R/x, M) BAénoupe 611 1o M eivat eminedo av Kat pévo
av kaBe pn pndeviko otorxeio tou R eivat évag pn pndevodiaipéing oto M. Autog akpiBmg etvat
0 0p1oPoG O0TL To M eivat eAeubepo otpePng. O

IX.1.3 Emninedot popgepiopoi

Opopog IX.1.6. Av ¢ : SpecS — SpecR givar évag uop@ouog uetalt apikov oxnuatov, da
Ague ou sivar eminebog av kat povo av 0 S wg R-module givatr eminedo. Ztn yevikn mepintoon
¢ : X — B popgrouov petalv oxnuatov da fcue ot o ¢ givar eminedog av kat Hovo 0 ENAYOUEVOS
uop@iouog avaueoa ota Op g (x) kKat Oy x kavet 1ov Oy « eminedo Op 4 (x)-module.
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Mapadeiypata IX.1.7. Zta napakate napadeiyuara o dbarxtujiog R = k[t], omov 10 k glvar éva

afye6puko KAe0t0 owua.

1. Oswpouvue tov daxtujo S = R[x]/(x — t). Ze avty v
nepintwon S = R kat 10 S eivat eminebo w¢ eilevdepo R-
module (rank 1). ITapatnpovue ot yia P = (t — a) mpwto
16ewdeg ou R 1 tva k(P) ® RS = k. I'ta 10 generic onueio
gxouue M va k(t). Ze kade mepintwon n diaotaon tou
baxtujliov ouvtetayuevmv mg tvag elvat Tave ano 10 OOUA
vnofoinwv k(P) eivar 1.

2. Oczwpovue tov daxktuio S = R[x]/(x? —t). Ze avt mu
Tepintwon N va Tave anod vav mpwto P = (t — a), ue
a # 0, a € k avuoroyet otov dbaktuaio

k[x]/<x2—a> =%k x k.

H {va nave ano 1o (t) avtotoyel otov daxtuio kix]/(x?).
Téflog n va mave and 10 generic point (0) eivat 10
k(t)[x](x? — t) wa eméxraon 6aduov 2 TOU COUATOS UTO-
Aointev k(t).

ITapatnpouvue ot oc kade mpwto P 1 tva avtiotolyei oc Evav
baxtuio mou €xel Sraotaon 2 TAV® ano 10 oWUa UTofot-
nov. O daxtuAiog S eivar éva efevdepo R-module mave
otoug yevvntopeg {1, x} kat ovvenwg givat eminedo.

3. Oswpouue tov baxtuAw S = R[x]/(tx—1) o omoiog umopet
va tavtiotel pue tov evtomouo klt, t—1, ondte amotefei éva
eAevdepo k(t]-module.

H iva mave ano tov mpwto P C k[t] elvat éva onueio exktog
av P = (t), ondte n iva givar o undevikog daxtuAog mwou
avtotolyel 010 kevo ajlye6piko ovvofo. Ze avtn v mept-
won o0 S 6¢ev givat €va eAsvdepo R-module.

4. Ze autn v nepimtwon S = R[x]/(tx — t). Autd givar éva
napaberyua un erninedov R-module. ITapatnpouue Ot t(x—
1) = 0 ovvenmag o S xel t-opéyn to omoio mapabialel 10
Kpitnpio emmedotnTag mwov divetal oto TOPLoUa

Emiong omnv mepintwon auty EXOUUE Uia aKavovlotn UETa-
60/ avausoa otg veg. Av 0 mpwtog P dev mepiéxet 10 t,
0T 10 t glvar uia povada oto owua vroAoinwv k(P) xkat
ovvenwg kat oto k(P) ® RS omdte

k(P) @R S = k(P)[x]/(tx — t)
= k(P)Ix]/(x — 1) = k(P).

Ano mu adin, av P = (t), t0te 10 tx — t glvar 0 o0
k(P) ®x Rlx] ovvenog k(P) ®r S = R[x] = k[x], t0 omoio avtt-
otoel omu kadewm evdeia. I'svika eival xapaktnploTiko
OV eMINEOOV UOPPIOUDV OTL OL (VEG Kpatave otadepn
6waotaor) 1oug TomiKd.

kx,t] 2
Spec —t C Ay

Speckl[t]

kx,t]
Spec <X2X7t> - A]Q(

Speck([t]

klx,t] 2
Spec oty C Ay

Speck[t]

klx,t]
(tx—1t)

2
Spec C Ay

Speck(t]
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IX.1.4 Ta oxnpata g cuvaptntig
‘Eotw € pua katyopia. To Afjppa Yoneda pag divet
h: € — Fun(C°P, Set)
o1ou 10 avtikeipevo X € € anekovidetatl otov ouvapI)
hx : Y — Home (Y, X),
KAt o popPpopog : Y — Y oy € anewkovidetal otnv

Hom@(Y, X) — Hom@(Yl,X)
(g: Y —=X)— (gof:Y —X).

Ocwpnpa IX.1.8 (Yoneda). 'Eoww F évag ovvaptntrg¢ kar X € C éva avtukeiucvo. I'a evav popgr-
ouo ovvapmiov : hx — F, Exouue évav drakekpiupcvo avtukeiuevo T, € F(X) 1o omoio mpokumtet
w¢ N eucova tou Idx € hx(X).

H ouifoyn twv ovvapttov: n : hx — F glvat ovvofo kat n ovvapnon

{Mopgiouoi hx — F} — F(X)
n——"Ty
givat 1-1 Kat emi.

Eiwbucotepa, av napouvue F = hy ya éva aidfo avukeiusvo Y g C, maijpvouue 0t n ovvaptnon

Home (X,Y) — {nopgiopoi hx — hy}
(g: X—=Y)— (h(g) : hx — hy)

givat 1-1 Kat £mi.

To Anjppa tou Yoneda s§aopalilet ot av F: @ — Set eivat ouvaptinig, tote éva ¢euyapt (X, o)
artoteAoupevo aro X € Ob(C) rat Evav 1oopopd1opo cuvaptntev o : hx = F eivatl povadiko péxpt
povadikou 100opP1o0U.

IX.2 Moduli x®dpot aAyeBplkcv KaPMUAQV

Bswpoupe Vv katnyopia €y mou avukeipeva g eivatl o1 eminedeg Kar OPAAEG O1KOYEVeELEg
X — B, orou 10 B givat éva oxrpa 8dong wote ot iveg Xp = X x g k(b) va €ivatl opadég Kaprmudeg
yévoug g. 'Evag poppiopog avdpeoa otig owkoyéveleg X — B kat X' — B’ Sivetat anod éva Leuyapt
ouvaptoeav B — B/ kat X — X’ wote 10 nmapakdte Sidypappa va eivat Kapteoiavo

X—X’
B—— B’
dnAadn X = X’ xp/ B.
Beswpoupe 1ov ouvaptnt) F and v katnyopia Sets BEtoviag
F(B) = {rAdoeig 100popdiag 1oV 01KOYEVEI®V ITAVE Ao 1o B}

H Bepediddng epodnon yia évav t€tolo ouvaptntr eivat to ote eival avanapaotaoijiog anod éva
oxfnpa M, 6nAadn av vnidpyet évag 1oopopdPlopog ¥ ouvapintev and oxnpata oe oUVoAd ®ote

Y:F(-) — hm(4).
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Opiopog IX.2.1. Av o ovvapmtig F givat avanapaotaoyog and 1o M, 10te da Ague Ot 0 xYwPog
M eivai éva fine moduli space yia to moduli mpo6Anua F.

To va £€xoupe avanapactacllo oUVAPTNTL] €XEl NEPIKEG TTOAU XPI|OTEG OUVEIIEIEG Yld T
peAétn tou ouvaptnt) F. Av ¢ : X — B eival pia owoyévela kapmmudov pe B8don 1o B, tote
g€xoupe évav poppiopo x = ¥Y(¢) aro 1o B oto M.

AltaoOnuikd ta kAelotd onpeia tou M tadivopouv ta avukeipeva tou moduli poBAfjpatog,
€V® 1 ouvApINnon X OtéAvel Vv iva Xp g owkoyeévelag ¢ oto moduli onpeio mou meptypagdetat
aro autn.

Ao v aAAn mAeupd, av Bswpriooupe v tavtotnta M — M oto hpy (M), 1ote Kataokeud-
{oupe pa universal owoyévela

1:D—> M.

KdaBe dAAn owoyévela ¢ : X — B diveratl g yivopevo

X——D

o]

B—*-M

H kataokeur] autr) EMMIpenet va KataoKeuaotel éva AeSIKO ToU ETUTPETEL ) PETadOpPdA AN PO-
POPLOV T®V OIKOYEVEIRDV O YEMUETIPIKY MAnpodopia tou moduli space.
Auotuyxmg ¢évag moduli xwpog dev eivat mavia avanapactdoiog.

Mapadewypa IX.2.2. Yrnevduuilovue ou pa eidemtn kaunvin (utepave tou C) sivat éva (eu-
yapt (E, e) omou E givar pa opain mpo6oikny kaunuin yevoug 1 kat 1o e givat éva Kieioto onueio.
Mia téroia kaumuain umopei va meptypa@el @ 0 TOT0g UNOEVIOUOU EVOG OUOYEVOUS TOAUGVUUOU
g HOPPNS

Y2Z —X(X—Z)(X—AZ),

omou 1o A € C —{0, 1} kat 10 onueio e €xet mpobofikeg ovvictayusveg [0 : 1 : 0]. Me autd tov 1pdmo
Karaokevd{OUUE Ula OLKOYEVELA

€ C PE x (A' —{0,1}) — (A —{0,1}),

omou kade effleimtiky KaumuAn givatl iva g Tapandve OKOYEVELaS Yla Kamola enLioyn mapa-
uetpou A. H avarnapaotaon mg eAAsMUKNG Kaumuing e auto Tov 1pomo Oev gival povadikn.
Yrdpyet wa 6paon g oudadag S3 otov xwpo Al —{0, 1}, n onoia tapdystar and toug avtouopPt-
ououg

A— 1 A— .

A 1—N

rkatr 6vo onueia A\,\" € C —{0,1} opidouv v ibra eAdsintiky KaunvAn av kKat uovo av avnKouv
omv i6wa tpoxia g S3 n onoia sivair n

1 1 A-1 A
ANT=A A A1

A=A

Av Aowrov déAovue va tapaustprioovus eAAsittikeg KaunuAeg (xwpic va pag evdagpepet N mpo-
Goukn toug euputeuon), te da mpémel va dewpricouus to tniirko tov At —{0, 1} ue m pdon g
S3. Auto bivetar ano 1o paoua v daxtujiov twv Sz avaiioiwtwv tov daktuiou Cy_1) 10 omoio

elvat o mofluwvuuikog daxtuiiog Clj], omou
. _28()\2—)\+1)3
S VT P

AnAabn vrapxetl wa 1-1 Kai Nt oUvapInon avapueoa oto oUVoo Tov KAAoewv eAAsiTuKOV Ka-
unuAov kat puyadikov apduav j. Iapdia avia, n evdeia A' bsv sivar éva fine moduli space yia
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0V X@PO TV effamukav kaunuiwv. Asv urnapyet pia oukoysveta C — A]? = SpecCljl, wote ya
Kade C-oxnua T kat yia kade owkoyevea eAjeimukov kaunviov E — T va vrndpyet povadikog
Hop@toudg pe : T — Af, dote E = € x AfT.

Auto umopouue va 1o dovue w¢ ££ng: Oswpouue ™ otkoyevela efAgmtikov kaunvuAov E¢ —
Al —{0}, Al = SpecC[t] n omoia va ivetar ano v efiowon:

Y27 = X3 —tZ2.

H j-invariant xade ivag mg¢ mapandve okoyéveiag givat ion ue 0, doa n ovvdptnon Al —{0} — A]-l
givar otadepn kar ion ue 0. Me afdfa Aoyia xouue wa otkoyévela otnv onola ot lveg sivat Ojeg
LOOUOP PEC.

Emiong, n effemuxn kaunuin Bq : Y2Z = X3 — Z3 éxet j-invariant 0 kat av eiyaue éva fine
moduli space, da £npene N owkoyevela £y va NTAv IOOUOP PN UE TNV OLKOYEVELA

Eo x (At —{0,1}).

Aut0 Ouwg 6¢ev woxvel. INa tapadetyua, ot yevikn va (6niadn dewpaviag tig eAAEMUKES KauTU-
Aeg unép tou owpatrog C(t)) ot kaunvuAeg bev eivat 100uop@peg. I'ivoviatl I0OUOPPES OTNV EMEKTAON
owuatev C(t/9),

Mapadewypa IX.2.3. O avtopuop@iouoi piag aiyebpukng kaunving aroteAovv diio éva eunddio
ot va giwat o moduli cuvaptn¢ avarnapaotaoyog. Iloayuat, av o moduli ovvapntng nrav
avanapaotaoyog pia owoyeveia m @ X — SpecC da amewwovi{fotav pe povadiko 1pomo os £va
onueio SpecC — M. 'Oumg Eyoupe Kat TNV OKOYEVELA

XXG/X

SpecC

Tou anewkovidetatl oto 610 onueio tou M.
[Ma va avupetonobet 1o pdBAnpa autd unapXouv S1APopEeg TEXVIKEG.

* H npodtn adopd v KATAOKEUT] AVIIKEIPEVOV YEVIKOTEP®V TOV OXNHIATOV OIS 01 aAyeBpt-
Kol xopot kat ta Stacks [8].

* Mia dAAn KATAOKEUT] €ivatl va 10XUpornorjooupe Atyo tr) ouvOrKn 100p10pP1o0P0U WOTE va
e€adaviooupie TOUG AUTOPOPPIOOUG KAl va YiVEL O CUVAPTITHG AVATIAPACTACTHOG.

* O D. Mumford mpotetve v €vvola tou aobevoug moduli xwpou tnv oroia Ba neprypad-
YOULE.

Avalntoupe évav GuUOIKO PETAoXNUATIONO PeTtady ouvaptnIov
Y:F(:) — hm(+)

avti woopoppiopoy. Tote yia kabe owkoyévela ¢ : X — B e§akodouboupe va £€xoupe évav pop@t-
opo x : B — M. Entiong, o1 ouvaptoelg autég eivat puoIKEG UTIO TV €vvola 0Tt av

¢’ : X' =X xg B’ — B’

eivatl pa aAdayr) Baong péon piag ouvdaptmong & : B’ — B, tote n x' = ¥Y(¢') = ¥(d) o &.

H napandve nieptypadn dev neprypdget tov moduli space pe povadiko tporo, apou av o
(M, ¥) wkavortolei tv napandve anaitnorn kat 7w: M’ — M évag popPpiopog oxnudatev, tote Kat
o (M/,moV¥) mv wavorotei. O Mumford £é6woe Tov apakdt® oplopo:
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Opiopog IX.2.4. 'Eva oxnua M kat évag ¢uotkog Hetacynuationog Py ano v ovvaptnin F otov
ovvapm hm givar eva aodevég (coarse) moduli space av kat uovo av:

1. H ovvaptnon
q]Spec(C : F(SPGCC) — hSpec(C = M((C)

glvatr 1-1 Kat emi oUvVaPION oUVOAwv.

2. Av M’ givat éva difo oxnua epodiacugvo ue évav puotko puetaoxnuatiouo Ya: : F — hayo,
10Te UTdp X el Hovadikog Lop@lopuog it : M — M’ @ate o emayousvoc uop@ioudg 1 : hag — ha
va ucavornoiel tnv Yar =TTo Wy

IX.3 Ozwplia NAapapopPOos®V

®a piinjooupe yla ) Bewpia mapapopPOoenV KAl OGS AUty 0dnyel 08 Pla TOIIKY HEAET
evog moduli xopou. H Bswpia napapoppwoewv Bpioketat maviou ota Mabnpatka, ano tg dia-
POPIKEG eE1000EIS WG TNV adyeBp1Kr) yeopeTpia Kat ) Bewpia apibpwv. MdAota n Bewpia rapa-
HoPPOoERV TV avarapactacemv Galois £xel mai§el onpaviko poAo akopa Kat oty arnodedn
10U tedeutaiou Bewprpatog tou Fermat, [6].

TFevikd ta poBAfjata mapapopProe®y £€X0UV va KAVOUV He éva IpoBAnpa to oroio e§ap-
TAtatl anod napaperpousg Kat Ba 6éAape va Soupe ) CUPMEPIPOPA TOU KAT® ATIO «ATTEIPOOTEG
petaBoAég tov mapap€pav avtov. H ouyyxpovn ortikr) g Oempiag napapopPpooemy EeKva aro
toug Kodaira kat Spencer [3] [4] yia piyadikég avadutikég moAAanAotnteg. Yiapxet n avriAnyn
ot ] Souldetd tou Grothendieck otnv alyeBpikn) yeoperpia arnookonovuoes otn petadopd g Oe-
®PIlag MAPAPoPPROOERDV O £va YEVIKOTEPO MAAIO10. ZNHAVIIKO poAo ot Bewpia auty) énaide n
epyaoia tou Schlesinger [10]. AkoAouBoupe v tapouoiaon g MIUXIAKLG £pyaciag Tou gpot-
) A. Tepedaxn, [12]. Ta meploootepeg IANPOPOPIiEg O AVAYVAOOTNG MAPATIEPTTETAL ota [2] Kat
[1a].

Opiopog IX.3.1. 'Evag 1omikog Sarxtuiiog ouvtetayuevv givat évag Tanpng, 1omkog 6aktuiiog
¢ Noether A, pe owpa vojoinwv k = A/ma

Oplopog IX.3.2. 'Evag opouop@iouog uetalt 6axtuiov oUVTETayUeV@L elval Evag OUVEXC OUO-

HoP@PoUos ¢ : A’ — A, wote ¢ 1(ma) =mar and A/ma = A’ /ma/ (= k), omov A, A’ givat tomikol
6axtuliol oUVTETAyUEV@U.

Opopog IX.3.3. Ztadepomnolovue évav 10miKo SaKTUAl0 CUVTETAyUeveOL A Ue ooua urtoioinov k
xapaxmpotkng p = 0.

(1) @a ouvpboAilouue ue CA(A) ™V Katnyopia pe avukeiyeva Toug ToTkoUg baKtujlioug ouvte-
TayuEveU Tou givat A-ajlye6peg Kat emmALo givat ePodlacuevol Ue Evav UOPPLOUO TOTUKWOV
darxtuAi®v ouvtETayUEV®L oTo A.

(il) @a ouuboifouue ue CA (A) v minpn vnokatnyopia (full subcategory) tov CA(A) ¢ onoliag
Ta avtikeiueva givat Tomukol Saktuiiol ouvTeTayusvav tou Artin.

(iii) Mwa A-augmentation givat vag HopPLouog oKL SaKTUAI®U OUVTETAYUEV®OV OV glvatl Kat
ououop@ouog N-ajye6pwv oto A.

Hapatfpnon IX.3.4. Av 10 A givat 1o ooua vrofoinwv k, yod@ouue @/\ Kkat CA avti yla @A(A)
Kat Ca (A) avtiotoiya.

“~»

O Adyog 1ou ypagoupe etvat 61t kKaBe TorKOG HAKTUAI0G OUVIETAYHEVROV A HIopel va
ypadel g ipoBoAiko 6plo adyeBpov tou Artin.
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A = proj.lim.A/(ma)™.

YrievOupidoupe 6t évag ouvaptnmg F amd pa katnyopia € oty kKatnyopia t@v ouvoA®v
Ba Aéyetal avarnapaotdoiog av urdapyet €va avukeipevo X oote o F va etvat 106poppog pe tov
ouvaptnt) hx. Ztnv nepinmwon mou o ouvaptng F eivatl avanapaotdoipog ot peyaAutepn Ka-
myopia G, 6T 1 torukn A-dAyeBpa ouvietaypévev R kabopiletal MANpwg amo tov Ieploplopo
TOU oUVapPTT) Ot PKPOtePn Katnyopia Ca. Auto eival aAnBég, adou

Hom(R, A) = proj.lim. Hom(R, A/(ma)™).
Oplopog IX.3.5. Oa ovoualovue évav cuvaptn F ouvexn av kai uovo av:
F(A) = proj.lim. F(A/(ma)"),
yia ofleg tig tomikeg A-aye6peg ovviefeotwv A.

®a doupe TOpa 0Tl £vag ouvexNg ouvaptning Kabopidetat amod tov mePoPlopod ToU OtV Ka-
wmyopia Cx.

Opopog IX.3.6. O Schlesinger [g] ovouadet évav ouvaptnt otnv kamyopia Ca pro-representable,
av Kat povo av givat avanapaotdoilog e KAmol0 avlKEUEVO NG ueyaiutepng katnyopiag Ca.

Opopog IX.3.7. Eotw A, B, C daxtudor kat é0tw o« : A — C kai 3 : B — C puopgiopoi daxtuiiov.
To wwbeg ywopuevo otnv karnyopia tov daktufiov cupuboAiletat ue A x ¢ B padi pue 6vo uop@piopouvg
A : AXcB = Axaimg : AxcB — B, 0nou anta = Brig, wote yia kade daxtuiio W ue Hoppiopuoug
fa: W = A kaifg : W — B, ue afa = Bfp, auvtoi ot popgpiouoi va mapayovronoovviat UEow
uovadikouv uopgpiopov W — A x ¢ B.

w
fa 3;! fB
A XcB
N
A B
X‘ %
C

Autog eival 0 KAtnyopikog oplopog, O OIOi0g OtV IMEPIMI®oT TV dakTtuAinv dexetal pia
arAouotepn ouvoAoBewpntikn EKPpaot). To yivopevo ivat 1o UTtooUvVoAo ToU GUVOA0OE®PNTIKOU
ywvopevou A x B @ote

Axcb={(a,b)e AxB|a(a)=p(b)}

'Evag aro toug A6youg 1ou Xpnotponolovpe v pikpotepn xkatyopia Ca, eivat ot oe avti-
Beon pe v kawnyopia Ca, ta wodn yvopeva vnapxouv ravia oty €, 6ndadn) ya A, A; kat
Ay oty CA Kat popplopoug A; — A rat As — A oty Ca, 10 vwdeg yvopevo A x 4 Ag glvat
avukeipevo g katnyopiag Ca. [pdypaty, o daktudiog A X o Ag eivat pia torukn A-dAyeBpa
OUVIETAYHEVROV HEO® NG ouvaptnong A — Aj XA Ag TIOU endyestat anod tig ouvaptosig A — A
kat A — Aj. Autdg eivat Tormkog pe péyoto 18ewdeg

ma; Xmy MaA, = ker(A1 XA Ag — k) (IX.2)



IX.3. GEQPIA IIAPAMOPPQYEQN 227

[Tapatnprote 611 apou 1o oopa vrodoinwv tou A etvat k, ) ouvaptnon ([[X.2) eivat erti. Tédog, kat
Ta A Rat Ay etvat daxktuAiot tou Artin Kat ouvenwg £Xouv nenepacpévo pnkog og A-modules.
ZUuven®g o 6aKTUAI0G A1 X Ag €XEL TIEMEPAOHEVO PNKOG @S A-module kat To 1610 10xUel yia 1o
A-urtomodule A; x A Az, 6nAadr) 1o A1 XA Ag eival évag daxktuAdiog tou Artin.

Mapadewypa IX.3.8. Av A = k[[x,yll kat B = k pe puopgiopovg oto C = k([x]], 101e 10 wadeg
ywouevo A x ¢ B 6ev urntapyet ot katnyopia Cx.

A xcB —— kllx,yl]

| I~

k —— Kk[[x]]

Ipayuat uropet kaveic va efeyel 0t 10 wadeg yrwouevo divetar ano tov urtodbartuiio Kb yk([x, yl]
otov k[[x, yll, Omou 1o ugyroto 16ewbdeg eivat 1o ykl[x, yll xat o epantopusvog xywpog Zariski (opiopudg
[X.3.19) ravtierar pe tov k-Sravvoudukd xepo kl[xl] o omoioc éxel dmeion Sidotaon, dnAadn o
A X ¢ B bev eivar baxtuiiog g Noether.

Hapatipnon IX.3.9. Emmiov, av umodéoouue 0Tl 0L HOPPLOUOL TOU WaSOUS YIVOUEVOU glval
EMi, T0Te UMOPOUUE va Katajnovue OtL 10 WabeS YIWOUEVO UTLAPXEL 0TV Katnyopla pag, dniadn
10 Wwwbeg ywouevo sivar daxktuiog g Noether.

IIpotaon IX.3.10. Av A, B sivat axtuiior Noether, ue emipoppiopovg otov daxtuo C,

AxcB 25 A

J’WB id)
B Y o C

T0Te TO Ywouevo A x ¢ B givat kat avtog daxtuiiog g Noether.

Anddeiln. Ba anodei§oupe mpoTa 0T KAl 01 A KAl 7 eivat ermpopdiopot. [lpaypatt av ap € A
Kat ¢(ag) € C rat enedr) P eivat e, urtapxet by € B wote d(ag) = W(bg). Zuvenag (ag, bg) €
A X ¢ B rat 7a (ag, bg) = ap. Mmopoupie va eAéy§oupe ot

kerna Nkermy, = {0}.

TéAog 1oxupt¢opaote 6t av R eivat daxktudiog kat Iy, ..., I;; C R eival 16eddn dote
L Nn---NI, ={0} (IX.3)
kat R/I; eivar 6aktuAiog tng Noether yia kabe i = 1,...,n, 1ote Kat o R eivat emiong daxktuAiog

g Noether. ITpaypat, kaBe R/I; eivat R-module tng Noether kat ocuveniwg R/I; x -+ x R/I,
etvat eriong R-module tng Noether. AAAd tote 0 popPlopog

R — R/I} x --- x R/I;,
eivat 1-1 Aoy g ((X.3) xat cuveridg o R eivat R-module tng Noether, 8nAadn o R eivat SaxtuAiog
g Noether. O
IX.3.1 O epantopevog XOpog Zariski evog ouvaptnty

Opiopog IX.3.11. Ztadgpomnoovue éva A tomikd daxtuAio ovvtetayuévwv kat R pa A-afiye6pa
oKV ovvtetayuévov. Opidouue ty =ty /A TOV Zariski ovve@aniopusvo xyapo,

tg == mg/((mg)” + ma - R).
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Oplopog IX.3.12. O epamntousvog xwpog Zariski w¢
tg := Homy_y s(mg/(m% + ma - R), k).

Mapatnipnon IX.3.13. Apov o R givat daxtuiiog g Noether, 10 th, gival évag nenepacuévng
6waotaong k-dtavvouatikog xwpog.

Hapatipnon IX.3.14. Me kle] oupboilouue tov Saxtuiio omouv € = 0. Elvar oapég o1,

kle] = k @ ek.

Ipotaon IX.3.15. Ydoyet £vag Quotkog 10OU0P PLOUOS K-Olavuouatikov Yo,

Homy . (mR/ (m]22 +ma - R) 7k) = Hom/\falg. (R, k[e]).

Amnobeiln. APou 1o peéyioto 18ewdeg Tou kle] €xet tetpaywvo 0, urtdpyetl pa 1-1 Kat et ouvaptnon

Homa_q1g. (R/ (m% +ma - R), kle]) ~ Homp_q1g. (R, k[e]). (IX.4)

H pikpn) akpiBr) akoAoubia
0 —mr - R— R/mg — 0,

eMAyel ) pKpr akpBr) akodoubia
0 — mg/ (mf +ma -R) = R/ (m§ +mp - R) = R/mg — 0
H napanave akodouBia draxwpiletat (splits), kat éxoupe pia Sidonaon ano A-aAyeBpeg,

R/(m%—i—m/\-R) :k@mR/(m%—km/\-R).

ZUvVenng
Homp_q1g.(k®mg/ (mg + mp - R) k& ek) = X.5)
Homy_y 5. (mg/ (m% +ma - R) k). '
ot () kat ([X.5), divouv 1o anotédeopa. O

Oplopog IX.3.16. 'Eotw F: Co — Sets evag covariant functor wote 1o F(k) va givat povoovvoo.
Tote 0 epantoucvog xwpog Zariski tov ovvaptnn F, (mouv da oupboAiletar pe tr), givat o ovvoao
F(k[e]).

Agv priopoupie va §aoPalicouie, X@PIG va 10AYOUHE EMMITAEOV OUVONKEG, OTL O TAPATIAVE
X®POG £Xel TNV doun evog k-61avuopatikoy Xwpou Pe PUOIKO TPOTIO.

Mapatnpnon IX.3.17. H 16¢a ya 10 g da opioouue tv «gpoodeon» ato
kle] xy kle] = kle]
(x®yr-e,xDyYz-€) — x® (Y1 +y2) - €.

Opiopog IX.3.18. Oa Ague Ot o F ucavomnoiel ) «ouvdnkn epantopucvou xopouwr (n arnjovotepa
(Tx)) av n ovvaptnon
h: F(kle] xk kl[e]) — F(k[e]) x F(k[e])

slvar augyiovoonuavn.
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Mapatfypnon IX.3.19. Av o F wcavornoiei n ouvdnkn (Tx) opiloupe tv «qrpdodeon dravuoudiov»
OTOV £QANIOUEVO XWPO tr,

h! F(+)
—_

F(klel) x F(kle]) —— F(kle] x klel) F(kle])
tr X tr tr

Twpa Ba opiooupe yevikotepa tov eparttopevo Zariski A-module. Zuvortikd, 6a kavoupe
TOUG aVAAOYOUG OPlOP0Ug POVo TTou avti yla k-diavuopatikoug xopoug Oa €xoupe A-modules.

Oplopog IX.3.20. Eotw F : CA(A) — Sets évag contravariant ovvaptniig wote, F(A) va sivar
uovoovvojlo. Opilouue 10V eQantousvo xwpo Zariski wg

tea = F(Ale]).
(Ale] = A @ €A elval OTw¢ Kat MEonyouuLveg éva efetdepo A-module 6aduov 2, omou € = 0.)
Me autr) ) YeviKOnta 1 OUVONKL EQAITIOPEVOU XMPOU YiveTal tTopd:

Opiopog IX.3.21. (ZuvdnKn eQantOUevoU X wOEou)
Ba Aéue ot 1o D wkavomoiei Ty ouvdnkn epantopusvou xwpou (1 cvvdnkn (Ta)) av n ovvaptnon,

h:F(Ale] xa Alel) — F(Ale]) x F(Alel)

glvat augovoonuavn.

IX.3.2 Awa¢opira Kidhler

Oplopog IX.3.22. (Awagopuca Kdhler)
OcwPOoUUE TOUG OUOUOPPLOUOUC

d:R®AR—-R

D (ri@si) =) Tisi,

i i
kai I = kerd. Ta drapopuca Kéhler sivai to (euyapt (Qg/a, d), 0mov Qg /p = I/12 kain d etvar wa
ovvapmon

d:R— QR//\
r—-1er)—(rel).
Yriapyxet évag akopa oplopdg yua ta dadopika Kahler, o oroiog eivat apketd xprotpog.

Oplopog IX.3.23. Opifouue 1o module Qg /A va givar 1o eAcvdepo R-module F 1o onoio napayetar
ano ta ovuboda {dr, r € R}, modulo to R-umomodule mov mapdystat ano OAeg Tig EKPPATELS TNG
HopPrig:

(1) dA, yta A € A
(ii) d(ry +712) —dr; —dre, yiary, 12 € R,
(ii1) d(rire) —ridrg —redry, yrary, 2 € R,

H mapaywyion
d:R— QR//\’

opiletar otéAvovtag 1o r oto dr.
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Oplopog IX.3.24. Av M givar éva R-module, pa A-rtapayoyion sivar évag A-module opouopgt-
ouog d : R — M o omoiog tkavomotet:

(1) dAA) =0, yaA e A

(i1) d(rire) =r1d(re) —r2d(r1), yrary, 12 € R

H ouioyn tov A-apaywyiocwv tou R péoa os eva R-module M da ouvpboAiletar pue Derp (R, M).

Eivat eukodo va gAéy&oupe ot Derp (R, M) eivat éva R-urtomodule tou Homa _moq(R, M)

IIpotaon IX.3.25. To module twv Kdhler Stagpopikdv mave amnod 1o R unegpdve tou A €xet v
napaxdte universal idomra: I'a kade R-module M, kat yia kade A-napayayion, d’ : R — M,
unapxel evag povaduog R-module opopoppioucs £ : Qr,n — M, 0 omoiog Kkdvel 10 TapaKdaiw
Swaypaupa aviuetadetiko,

R —4s Ogn

N

M

H anédedn g mpotaong [X.3.25 kdvoviag xprion tou SeUtepou 0piopoy agpnvetat
otov avayvootrn). I'a pia anodeidn pe tov pmto oplopo K1 OUVENROG TV 1006uvapia tov
6U0 oplopwv mapanéumnouvpe oto [5].

IIpotaon IX.3.26. Yndoyet évag kavovukog R-module 10opuop@iouog

HomR—mod(QR/Aa M) = Der/\(R, M)7

Amnobeiln. O {nroupevog 1oopopPlopdg ivat 1) ouvaptnon
(b :Qr/nA = M) = (bod:R— M),

He aviiotpo@o 1 ouvdaptnon rou otédvetl éva P € Derp (R, M) otov povadiko R-module opopop-
Popo, rou Sivetat and v universal 1816tta 1V Stapopkédv Kahler (rpotaon X 3.25). O

Hapatnpnon IX.3.27. O ovvapmmig and v kammyopia twv R-modules omv katnyopia twv
ouvvofwv, n omoia ancwkovifel kade R-module M oto Dera (R, M) givar avartapaotaoyiog ano 1o
module twv Kdhler diapopucov.

Mapadewypa IX.3.28. AvP = Allxq, ..., xq]l, elvat 1d1e 10 module tov Stagopucov Kdhler divetar
ano

_O_p//\ = @?:1]3 : dXi.
Kavouvtag yprion tou dsttgpou opiopov [X.3.23, av é : P — M eivar pa A-napayeyion, UmopoUjs
va bouvpe ot 0 povabdukog UopPLopog f: Qp p — M ue f(dxi) = 8(x4).
Mapadewypa IX.3.29. 'Eotw I C P éva 16ewbeg tou P = Allx1, ..., xnll. O daxtudog P eivat daxtu-

g e Noether kai ovvenwg vrnapyouv fy,...,fm € P wote I = (f1,...,fn). Tote ta dwapopuka
Kdhler tou R = P/I eivat,

Qg/n = (B R dxi) /(dfy, ..., df ).

To mapanavw uropsi va deydei ue  6ondeia ¢ universal 1610mrag tv diapopucwv Kdéhler.

IIpotaon IX.3.30. Av o0 R sivat pia A-afdye6pa tomikov ovvietayuevov, da beifouue oOtL 10
Qg /A @R k givat 100uop@Po wg k-6lavvouaticog xwpeog Ue to

tE/A = ruR/(m]Q2 +mp - R).
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Amodeidn. Opidoune ¢ : mg — Qg ® k, TOV popP1ou6 mou otédvel 10 m € my to d(m) ® 1y,
orou d : R — Qg /A eival n universal A-mapayoyion). Apket va anodei§oupe 611 1 MAPAKATE
akodoubBia eivatl akpBng.
0= m%+mp-RSmg 2 Qg @k — 0.

H ¢ eivat eni. IIpaypartt, yia éva tuxaio (d(r) ® k) € Qr/p ®r k, pe v € R kat k € k, unapxouv
AL, A2 EARKALM € MR @OTE T = A1lg + M, K = Agly.

d(T) XK= (}\1(1(1]2) + d(m)) & }\21k = }\gd(m) & 1k = d(?\gm) & 1k7
KAl Aom € mg.
¢ etvat 1-1. [Ipaypaty, yla my, me € mg 4 € ma Kat v € R, d(myme) = d(my)ms + d(ms)my rat
d(pr) = d(r)pu. Zuvenog
(d(my)mg + d(m2)my) @ Iy =
d(my) ® maly + d(mg) ® myly =0,

d(mymy)

Kat
d(ur) =d(r)p®@ Ik = d(r) ® plx = 0.
TéAog yla kabe x € m% +ma - R, umapxouv mi 1, M2 € mg, i=1,...,n, p € mp Kair 1 € R oote

X=) miimis+pr,

Tuvenog ¢(x) = Y d(miimiz2) + ¢(ur) = 0, dndadly m% + ma - R C kerd. To endpevo Anppa
OAOKANP®VEL TNV Anodedn). O

Afppa IX.3.31. [a éva twyaio my € mg \ m% + ma - R undpyer pia A-napayeyion D : R — Kk,
wote 10 D(myg) bev givat unbeviro.

Amnoddeiln. Oa Seioupe mpwta Ot apkei va opicoupe TNy MAPAYOY10T], Yid Td OToIXeid ToU Péyt-
otou 18ewdoug my tou R. TIpdypartt, yia éva tuxaio r € R untdpyet éva A € A oote mr(r) = 7tA (A),
Kal 10 MapaKat® didypappa va eivat avupetabetiko,

A—53 R
\Tr:\lnk
k

dnAadr) mg(r) = mr(Alg). 'Emetat ot untapxet éva m € mg, @Ote 1 = Alg + M, KAl OUVEN®OG yld
KaBe A-mtapayoyion J,
8(r) = 8(Alg) + &6(m) = &(m).

Ao 1o R eivat daxktuAiog tou Artinian untapxouv xi,...,xXs € Mg, WOTE
2 R) = (x -
mR/ (mR +mAa - ) - (le"'7XS)7
KAl Xi, ..., Xs efvat avegaptnta urnepdve tou k. YIApXouv yi, ..., Y € m% + ma, QOTE
mg = (X1,..., %, Y1, -+, Ye) -

ZUVEn®g UIIApXOouV ai, b; € R dote my = )_aixi + )_ biyi, KAt apou my & m% +ma, UTIAPYXEL €va
ip, WOTE 1O ay, va eivat avuorpéypo.

D(mg) = ) D(aixi)+ ) D(biyi) =) D(aixq)
=Y D(a)xi+D(xi)ai =) @D(xi).

Eivat cagég ot apkei va opicoupe v rapayoylon D povo yia ta x4, Kat anod v avesaptnoia
OV X{ HMOPOUPE va opicoupe tuxaia ewkova ya avtd. Opidoupe D(xi,) = 1 xat D(x;) = 0 yua
j # 1o, Kat D(mgp) = @;, 1o omoio eivat pn pndeviko, agou 1o a;, eivat aviorpéypo. O
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Mapatypnon IX.3.32. I[Tapatnpovue ot kade R oto Ca napadyetat, o¢ A-module, ano o0 A Kat
70 UEYoTo 10ebeg my, Onw¢ anodeiaue ot tefevtaia anodelln.

Mapatipnon IX.3.33. MnopoUue va anodeifoupe 0Tt 0 ePamtOUeVog XOPOS tr A lvat 10 UTOoU-
vojlo tou Homa _q14.(R, Ale]) mov amotefeitar ano toug opopoppiopovs A-ajyebpav mouv n ovv-
deon toug ue ™V mpobojin Ale] — A wooutat ue p.

Ipotaon IX.3.34. 'Eoww éva F évag pro-representable ouvaptntig. Ocwpouue 10 A € @/\ Kat
p : R — A évag ouop@iouog N\-aiys6pwv ToTK©OV CUVIETAYUEV®OV TIOU ETAYEL OT0 A pita Soun
R-ajlye6pag. Tote Exouue evav QUOLKO 100UoPPLoUo aro A-modules,

HomA—mod.(QR//\@RA, A) = tF,A~

Arnobein. 'Exoupe 1ov 10copopdpiopo,

Homa_mod.(Qr/A®RA, A) = Homg_mod.(Qr A, A)

) (IX.6)
Homemod.(QR//\a A) = Dera (R, A).

ErunAéov unapyet évag puotkog POvVORopPLopog
1:Derp (R, A) < Homa _q14.(R, Ale]),
10 ortoio Hivel pia mapaywylon & otov opopopPlopo

ps : R — Ale]
r—p(r)de-8(r)

O povopopdiopog 1 tauti¢er 1o Dera (R, A) pe 1o urtoouvoAo tou Homa —q14.(R, Al€]), mou armote-
Aeitatl anod 10Ug opopoPPIoP0UG MOote 1) oUVOeon pe TG 1PoBoAég Ale] — A yields p: R — A. [

Mapatipnon IX.3.35. H mpotaon [X.3.3d sivai oapao¢ pia sidikn oxéon mg tefevtaiag mpdra-
ong.

IX.3.3 H mpoocyylon tou Schlessinger

Ba neplypayoupe v MPoogyylon ot Bewpia Satapax®v Oneg autr) EKPPACTNKE A0 TOV
Schlessinger [g].
'Evag ouvaptntg Saktuldiov tou Artin eivat évag covariant cuvaptnirg

F:CA — Sets.

Opopog IX.3.36. Ymodstouue Ot o F givar éva €vag covariant ouvapmniig, éva (euydpt mapa-
Hopgwong yia tov F givatr 1o evyog (A, §), omou A € Cp kat & € F(A). 'Evag popgioudg euyaptov
rapauoppwong u: (A, &) — (A’ &) eivar évag popgioudgu: A — A’ oto Ca wote F(u)(§) = &'.

[TpoortaBoupe va Bpoupe avuywoelg, dSnAadr) Katd TOco PIoPOoUHE av £€XOUHE Evav ouvap-
mt F: CA — Sets xat évav empopdiopod daxktudiov f : B — A va onkKoooupe éva OTotxeio
o« € F(A) ot éva otowxeio p € F(B) wote F(f)(B) = «.

'‘Eotw « éva otorxeio tou F(A) kat ag urtoBecoupe 611 O¢Aoupe pia avuywon tou « oto F(B).
Av untapyet évag popPlopog ouvaptntev u : F — G, £€Xoupe 10 MapaKAT® aviipetafetko d1d-
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ypappa:

Av srunpooBeta n ouvaptnon ¢ eivat emi, tote apkel va £€xoupe avuyaooelg aro 1o G(A) oto
G(B). [Ipdypatt, aneikovi¢oupe pwta to « oto u(A)(x) € G(A), rkat avuyevoupe 10 u(A)(x) oe
éva otorxeto B € G(B). Topa to deuyapt («, B) eivat oto F(A) xga) G(B), xat xpnoponowwviag
ot n ¢ eivat e, £xoupe €va otoixeio ¢ € F(B) wote, () = («, B). Etval cagpég ot 1o ¢ eivatl pa
avuymor) ToU «.

Opopog IX.3.37. 'Evag poppioudg ovvapmiov F — G da Agyetar ouaiog av yia kade emyuop-
@ouo B — A oto Cp, 0 uop@iouog

F(B) = F(A) xg(a) G(B),
givat eml.

Mapatipnon I1X.3.38. AvF — G givat évag ouaiog HopPIoUOg oUVAPTNTIOV Kal EXOUUE Evav
emuopPouo B — A, yia va xouvue pa avvywon ano 1 F(A) oto F(B) apkel va Exyouus avvyaoeig
amno 1o G(A) oto G(B).

YrievBupidoupe ot évag  pro-representable ouvaptng, eivat évag ouvapug F: CA — k
wote va urtdpyet evag daxktuAiog R oto Cp pe

F(A) = Hom/\falg. (R,A).

Eilvat oagpég 0t kaBe avanapaotdoilog ouvaptntg anoteAet éva mapddetypa kat pro-representable
ouvapInt).

Mapadewypa IX.3.39. Iia kade daxtuAwo R oto Ob(@/\), opilouue tov (pro-representable) ou-
vaptwm daxtuiiov tou Artin,

hr(A) = Hom(R, A).

Ortav 10 A givai otadepo, da ypapouue hr avti 1oU hg /a.

IIpotaon IX.3.40. Eotw R — S gvag uopgioudg oto Cn. TotE O hs — hg &ivar opuadog av xkat
uovo av S givar évag darxtuaiog Suvapuooelpwv tave ano 1o R.

Anobeiln. (=) YmoBétoupe ot hs — hg eivat opadodg, Stadéyoupe xi,...,xn € S, ta omoia
enayouv pia 6aon v tg . Av B¢ooupe T = R[[Xy, ..., Xq]l, naipvoune évav poppionoé
Uy : S — T/(m3+mg-T) and torukég R-dAyeBpeg, aneikovidovtag 1o x; otV KAAor) urtoAoirnev
T0U X;. A0 TNV OpaAdINTd 10 U] AVUWP®OVEIAL OT0 Uy : S — T/m%. [Ipdypatt, priopoupe va
QIEIKOVIOOUNE TO Uy € £va otolxeio 1y € hg(m2 +mg - T), mpogaveg unapxet pia aviyoon
v1 € hg(T/m%) kat hog Adye g opaddtntag, pia avuyweor) tou uy oto hg(T/m3 ). Zuvenog
TO Uy AVUYPOVETAL OTO U3 : S — T/m% (Zxnpa ), ... KTA. Me auto tov 1poro naipvoupe
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/,/"’ hs(T/m)
7 hs(T/m3) hg(T/m3)
hs(ty ) hg(T/m?)
\ /
hg(t7 5

pau: S — T onoia Ady® NG EMAOYNG TOU 1, EMAYEL £VAV 1I00HOPPIOHO TOU t§ /R HET &
®ote U va etvatl ermpop@iondg anoé to Anppa [X.3.48. Eruméov, av Stadéfoupe ta y; € S
wote u(yi) = Xj Kat mapayoupe €vav Tormko popPopo v : T — S and R-dAyeBpeg cdote
uv = 11; e1dkotepa 1o v eivat 1-1. Elvat cadég 611 0 v endyet pa 1-1 Kat i ouvAaptnon
OTOUG CUVEQATTIOPEVOUS XOPOUS, OmodTe Kal mdAt Adye tou Afppatog [X.3.48 o v eivat

ermpopplopog surjection. 'Enetat 6t o v eivat évag toopopdpiopog tou T = R[[Xy,. .., Xn]]
pe 10 S.

(<) Av S eivat daktuAlog duvapooelpav urepav® Tou R, tdte eivatl oagég ott o hg — hg eivat
Ol alog.

O

IIpotaon IX.3.41. (i) AvF — G ka1 G — H givat opaiol, 1ot kar n ovvdeor) toug F — H givar
ouasn.

(ii) Avu:F — G katv: G — H eivar popgiouoi wote o u va givat eni kat o vu va givat ouajog,
T0TE KAl 0 v glvatl ouaog.

(iii) AvF — G kat H — G eivatr pop@iouoi wote o F — G va givar ouasiog, wte katoF xg H — H
glvat ouaog.

H anédein eivatl turukn enadnBeuorn Kat adprjvetal GTtov avayvootn.

Universal Elements

YroBétoupe ot €xoupe €va R oto Ob(@/\). 'Eva otoixeio U € f(R), Ba Aéyetatl Turuko otoiyeio
tou F. EE opiopou 10 1 pnopei va avarnapactabei og éva ouotnpa ototxeiov u, 1 € F(R/m™H1),
wote yla kabe n > 1, n ouvdpinon

F(R/m™ ") = F(R/m")

nou endyetat and mv npoBodr) R/m™ 1 — R/m, va otédvetl 10 upn 1 — un.

Afppa IX.3.42. EotoR € Ob(Cn). Yrapyetpia 1—1 avuotoyia avausoa ota F(R) xat oo ovvoo
TV uop@iouwv {hg — F}

Amnobdeién. Kabe turuko otoixeio U € ?(R) O0P1OPEVO ®G, U = proj.lim.u,, orou u, € F(R/m™). To
Afjppa tou Yoneda pag divel Eévav pop@iopo ouvaptniov

hR/m“ — F,
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yla KAabe u,,. To emopevo avupetabetikod diaypappa

FR/m™) —— {hg/mn = F}

F(R/m™ 1) —— {hg i1 — F}
EMAYEL £va VEO avTpetafetiko draypappa

h'R/m“ — hR/m“+1
\ F

hR/mn (A) — hR/mn+1 (A),
etvat 1-1 kat erd yla 6Aa ektég anod nenepacpéva n, priopouvpe va opicoupe hg(A) — F(A) wg,

lim [Rg jn (A) > F(A)L

Apou raBe A € Ob(CA)

Avtiotpodwg, kabe popdplopdg hr — F opidetl €éva turmkd otoieio u € F(R), 6mou uy, € F(R/m™)
etvat n ewkova g rpoBoAng R — R/m™ péow tg ouvaptnong
hg(R/m™) — F(R/m™1)
O

Oplopog I1X.3.43. Av R givar oto Ob(CA) kat U € f(R), da Aéue 10 (R,1) a wmko (euydpt
napauoppwong ywa tov cvvaptnm F.
Oplopog IX.3.44. To Stagoptkod

tr/n = tF
T0U Hop@iouoU hg — F mou opiletar amo 1o U da Agyetar n xapaxinpiotiky ouvaptnon tou U (1
ToU TUTkOU (euyaploU mtapaudp@wong (R, 1)) kat da oupboAifetar pe du.
Oplopog IX.3.45. Av (R,U) givatl TET010 OOTE O EMLAYOUEVOS UOPPLOUOS

hR —F

va givat 1oopuopPoudg, 10te o F givar pro-representable kat da fgue ot o F givar pro-represented
UET® TOU TUTLKOU (eUyaptov tapauop@oong (R, ). Ze avty tu nepintwon tou da Acystar universal
Jformal oroyyeio yia tov F kat 1o (R, 1) da givat universal tuniko {euydpt TapapudpPpaong.

'Eva universal {euydpt mapapopdpeong Uapxel ondavia, onote 0a mpEMet va €10Ayoude pia
aoBevéotepn £vvola TUTIKOU {euyaplou rapapopdpwong. @a sioayoupe v évvola g “versality”
Kat mg “semiversality”, ot oroieg eivat Altyo aoBevéotepeg ano v €vvola tng universality, Ba-
OlOpPEVOL OV €vvold TOU OPaAOU oUuvaptnty).

Oplopog IX.3.46. 'Eoww F évag ovvaptning ano daxtuiioug tou Artin kat R oto Ob(CA). Eva
ko euyapt tapauoppoong i € F(R) da Acyetar versal, av o poppioudg hg — F optouévog amo
u, eivat ouanog.

Oplopog IX.3.47. To twniko ototyeio i da Agyetar semiuniversal av givat versal kat emAgov, 1o

61apopiko tr o — tr elvar 1-1 kar emi. O Schlessinger ovouddet 10 UKo (eUydpt TapauopPons
(R, 1) wa (pro-representable) hull tou F.

Eilvat cagpég amno toug oplopoug ot

U universal = U semiuniversal = u versal
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To O@swpnpa tou Schlessinger
®a xpelactoupe va 0piooUPE TV £Vvold NG UIKOTG ETEKTA0NG.

Afppa IX.3.48. 'Evag uopgiopuog B — A oto Cn eivai emi av kat UOVO av 0 ETAYOUEVOG UOP PLOUOG
ty — th elval emi.

Anobeiln. (<) Avo popgiopog B — A elvar erti, 10te TPpodPaveg 0 eAyOPEVOg LOPPLOHOG OTOUS
OUVEQAITIOPEVOUG X®MPOUG £ivat erti.

(=) Avuotpodpwg, Bempoupe 10 aviipetafetiko didypappa pe akpiBeig ypappeg,

0 — ma-A/(mi Nmp-A) —— ma/m3 th 0
dl I
0 —— mp-B/(miNmp-B) —— mp/m} th 0

A@oU 10 o kat 1o 7y givat e, kat 1o B eivat emiong eri. ®a xpelaotei va amnodeioupe ot
Im(B — A) = A, a6 1o Afjppa tou Nakayama (agpou to B eivat SaktuAiog tou Artin, to
mp eivat pndevoduvapo) ocupPpwva pe o oroio apkei va dei§oupe 6T

A=TIm (B — A) +mg - A.

Ané v napatipnon X.3.39, apkei va Seioupe 6t n ouvaptnon mp - A — ma etvat ermi.
Xpnowornowwviag yia adAn pia ¢popd to Anppa tou Nakayama apxkei va ei§oupe ot n
ouVvAapInon

mgA/mgma — mA/m%\

etvat emti. I'vopidoupe 6t 10 enopevo didypappa eival avupetabetko,

/ ﬁ \
mp/m% —— mp - A/mpma —— ma/m%.
APou n P eival eti, £X0UNE TEAEIWOEL. O
Oplopog IX.3.49. Oswpouvue 0V eMUOPPLOUO P : B — A 010 Cp,

* Hp sivar wkpn eméxtaon, av kerp eivar éva un undeviko kupio 1dewdeg (t) wote mp -t = (0).

* Hp givar ovowwéng av yia kade uop@ouo q : C — B in CA wote n pq va sivat emi, va yovue
ot q givat emi.

Afppa IX.3.50. Eotwf: B — A vag enpuoppiouog otnu C . Tote n f umopei va tapayovronondei
WG OUVOEON WKPOV EMEKTACEDV.

Amnobeiln. To péyioto 18ewbeg mp tou B eivatr pndevoduvapo, apou o B eivar daktuAiog tou
Artin. 'Eote my = 0. IIpodta éxoupe pia napayovionoinon

B — B/ker(f)m3 ' — ... — B/ker(f) = A

Tou f 0g oUVOeEOT EMPOPPIOPRDV TOV OIMOoiwV 01 rupnveg pndevidovrat anod 1o péyloto 18ewdeg.
Yuvenog apkei va arodei§oupe to Afjppa otav to f eival pia térola ouvdptnorn. e auty thv
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nieptrmiwon ker(f) eivat évag k-6tavuopatikog xowpog pe nenepacpévn) diaotaor. Bewpoupe pia
Bdon ty,...,t, ou ker(f) g éva k-dravuopatikod xopo yla va ndpoupe pia rmapayoviornoinorn

B—B/(t1) = —=B/(t1,...,t;) =A

G f ®G OUVOEOT MIKPOV EMTEKTACEDV. O

Afppa IX.3.51. 'Eotw p : B — A évag empuopgiopog omnu Ca. Tote
(i) Op elvar ovoiwdng av Kar uovo av N ELAYOUEVN oUVAPTNON Py : tg — t) elval 100Uop PLoUsG.

(ii) Avp elvar wa pucpn eméxtaon, o p Oev givat ouowdng av Kat LoOvo av o p €xeL pia section,
onAadn evav opopopPilouo
s:A—=B, ueps=1a

Amodeiln. (1) Av o p, eival 1oopopdiopdg, tote andéd 1o Afppa [X.3.48, o p eivat ouciddng.
Avtuiotpégpwmg B€toupe ty,. .., tr pa Bdon tou th, Kat avuypevoupe ta ti, oe otoxeia ti tou
B. ®¢toupe
C=Alty,...,t;] CB.

Tote 1o p endyetl evav ermpopplopo ard o C oto A, apou o p eivat ouvowwdng, C = B.
Zuvenog dimy ty < v =dimy t}, kat ty = t5.

(ii) Av o p €xel pua section s, tote 0 s dev eivat eri kat o p Hev eivat ouo1OdNG. Av o p dev eivat
ouo1wdng, 1ote 0 UTNdAKTUA0G C ONM®G KATAOKEUAOTNKE MAPATIAV®, £ival évag yvr)olog
untodaktuliog tou B. Agpou 1o length(B) = length (A) 4 1, o C eivat 1copopp1kog pe tov A.
O oopopopiopog C ~ A diver ) {nrovpevn section.

O

YroBétoupe ot €xoupe évav ouvaptntr) F Saktudiov tou Artin, toug Saktudioug A, A’ A" €
Ob(CA) rat éva dtdypappa

A/ A//
A
10 ortoio erayet éva véo Sidypappa
F(A/ XA A//)
o
F(A’ F(A”
/( o : ()\‘ o
F(A') F(A")
F(A)
TéAog €xoupe pia ouvaptnon
x: F(A/ XA A//) — F(A/) XF(A) F(AH) (IXQ)

®a B¢Aape n ouvapInon « va Kavorolet pia ogpd anod 1810tteg:



238 KE®PAAAIO IX. MODULI SPACES KAI GEQPIA ITAPAMOP®QYXEQN

(Hp) Twa k = R/mg, 1o F(k) va eivat povoouvolo.

(H1) Twa xdBe Saypappa (IX.7), 6rou A” — A va sival pa JKpy EMEKTaon, o HOPPLoHog
oto ([[X.9) va sivat eri.

(H2) Twa xdbe Sidypappa ([X.7), oriou A =k, A" = k[e], o poppiopdg o oto (IX.9) va eivat 1-1
Kat erm.

(H3) To ouvolo F(k[e]) va €xetl tn Sopr nenepaopévng Sidotaong k-Siavuopatikou Xopou.

(Hy) Twa k@6 Sidypappa (), ormou A’ = A”, A’ - A rat A — A va eivatl ioeg pikpeg
EMEKTAOELS, O HOPPIOPOG & OTO () va eivat 1-1 Kat erti.

(H¢) Ta xabe daypapa ([X.7), o popdpiopog « oto () va givat 1-1.

IIpotaon IX.3.52. 'Evag pro-representable ouvaptntg F tcavornoiei tig ouvdrkeg (Hp), (Hs) kat
(He).

Amnobeiln. (Hp) To ouvvodo Hom(R, R/mg) mepiéxet povo v Kavovikr ouvaptnon rnndikou R —
R/mR.

(Hs) "'Exoupe 6et ot
F(k[e]) = Homa_q1g.(R, k[e]) = Dera (R, k) = tg/a-

Apa gival 0 oXeTKOG £PpATTIOPEVOS XOP0G Tou R rtdve arod 1o A. Adou 1o R eivatl Saktudiog
g Noether, o epamntopevog xwpog ivatl menepaocpévng didotaong.

(H¢) H anédedn eivat arir) kat aprvetal otov avayvootr).
O

Hapatipnon IX.3.53. [Tapapnote ot ot (Hy), (Ho) kat (Hy) elvat e1dikég mepintwoeig tmg ouv-
dnpreng (He).

Hapatfipnon IX.3.54. 'Evag pro-representable functor F = hg wcavomnoiel tig¢ ouvdnkeg (Hy),
(Hs) xat (Hy).

To erdpevo Afjppa sivat n napatipnon X.3.1d.

Afppa IX.3.55. Av F givar évag ovvaptning daxtuiiov tou Artin rings mou ucavornotel tig (Hy)
Kat (Hz), tote 1o ovvoAo F(klel]) xer dboun evog k-bravuouatikov ywpou pue ouvaptnolarxo poTmo.

Ocopnpa IX.3.56. Eoww F : Co — Sets évag covariant ovvaptnig. Tote o F eivatr pro-
representable av kat povo av o F ikavornotet tig¢ ovvdnkeg (Hp), (Hs) xat (He).

Mua anodeiln propet va Bpebet oto [7].

Ze avtiBeon pe 1o napandave Bedpnua 1o oroio arnattet v ouvOnkn (He), 6nAadr) tov éAeyxo
0AwV eV draypappdiev g HopPng (), 10 Bewpnpa tou Schlessinger pewwvet ta draypdp-
pata ta ortoia Oa mpémet va edeyxOouv.
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Afppa IX.3.57. 'Eotw F évag ovvaptning Saktudiov tou Artin rings mou tkavomnolel Tig CUVONKES
(Ho), (H1) wat (Hg) katt: A’ — A a ukpr enéxtaon pe kermt = (t). Tote n ovvdptnon
B rte x F(A)) 25 F(kle] xic A)) — F(AY xp A/) — F(A') xp(a) FAY)
ToU emayetat ano mv
y:k[e] XkA/ — A’ XAA/
(x +ye,a’) = (a’ +yt,a’)

elvat emi. Av emumpoodeta N F ucavornoiel tnuv (Hy), t0te 1 B givat 1-1 kat emi.

Amniddeiln. H ouvBnkn (Hg) diver ot n o : F(kle] x A’) — tg X F(A’) eivat 1-1 Kat €1 Kat CUVENOG
£XOUpE TNV aviiotpopn cuvdptnon & 1. APou n 7 sival pia Pikpn emMéKTact, n 7y sivat 1-1 xKat
erti kat to 1610 eivat kat 1 F(y). Tédog, n F(A' xa A’) — F(A’ xa A’) elvat erti and myv (Hy). Ta
Vv nepimeon nou n (Hy) wavoroteitat, napatnpoupe ot n F(A' xa A’) — F(A') xpay F(A')
eivat 1-1 Kat eru. O

Mapatipnon IX.3.58. I[Iapatpovue, ot n B enayet pia uetabatiky dpaon tou Stavuouatikou
Xwpou ty ato ovwoo F(n)~1(n), omou n € F(A). Mapatnpovus mpota Ot 10 AviUETadetiko Sid-
Yoauua

k[e] Xk A/, — A/ XA A’
\ N

omovu 10 kadeto 6jlog eivar 6eia mpoboAn Kal CUVET®S elval Kat auto avTUETAdETIKO.

F(kle]) x F(A')
F(koEe]1 xx A')
B F(y) \ F(A')
F(A' x A A’)//
F(A') xp(a) F(AT)

AnAdadn avv € tf karn’ € F(A'), 1dte

B(v,n’) = (tlv,n'),n’).

H 6paon biverar ano m ovvapton T kat elvat petabatkn, agouv n B givat eni. Emnpoodeta, av o
F ucavorowei qu (Hy), 10te 1 Spaon sivar efevdepn.
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Ocwpnpa IX.3.59. 'Eotw F: CA — Sets évag ovvapnng dbarxtuiiov tou Artin mou tkavomotei tnv
(Ho), 6nAaén to F(k) eivar povoovvofo. Eotw A’ — A wkat A" — A ououoppiopoi otnu Co kat
dewPOoUuE TN PUOIKN ATEIKOVION

x: F(A/ XA A”) — F(A/) XF(A) F(A”) (IX.10)
Tote

(1) O F &xetr éva semiuniversal TumiKO OToL(€l0 av Kat UOvo av kavomolel tg ovvdnkeg (Hy),
(Hg) xaz (Hs)

(il) OF &xet éva universal otoyeio av Kkat Lovo av emmpoodeta tkavomnoel kat v (Hy).

Anodeiln. [12] O

Mapatipnon IX.3.60. Anjadn, o yAwooa tou Schlessinger, evag ovvaptning daxtuiiov tou
Artin wote 10 F(k) va givar povoovvojlo, €xet €va hull av kat povo av wavornoiet tg (Hy), (Hz),
(H3). Emmiléov, o F givat is pro-representable av kat povo av ukavornotet tnv (Hy).

TOMKEG MAPAPROPPAOOELS KAPITUADV

Mua apapoppeon piag opaAng KaprmmuAng X unepdve ToU pAcHATog VOGS TOTIKOU SaKTu-
Alou Spec(R) eivat évag proper, erntinedog morphism ¢ : X — Spec(R) padi pe évav 1copoppiopo
Tou X pe Vv tva tou X adve anod 1o péyloto 18emdeg m tou R, dndadr)

X = Xo = X @specr Spec(R/m).

Oplopog IX.3.61. 'Evag uop@iouog nenspaopuévov twnov ¢ : X — S avdueoa oe oxnuaia mg
Noether sivar proper av yia kade diaxptto daktuiio extiunong R pe oopa kiaoudiov k kat kade
AVTUETAOETIKO TETRAYDVO UOP PLOUDV
Spec(k) —— X
Lo b
Spec(R) —— S
UTap x el uovadikog uop@ouog Spec(R) — X o omoiog va taipialet ue 1o Siaypauua.

MrniopouUpe va Be®prjooupe Tov ouvaptn napapoppwong Defx kapmuAov pe autopopdil-
poug aro v Katyopia 1@V tormkev adyeBpwv Artin otnv katnyopia t@v cUvoA@v:

Defx(A) = {mapapoppmoeig X ave arnd to A/100p10pPp1op10ug},

ortou &uUo napapopdaoelg Xi — SpecA, i = 1,2 eivat 1006Uvapeg av taiptadouv oTo MAPAKAT®

avtpetafetko Siaypappa

SpecA

X1

Xo

lle] e

Aoopévng plag napapoppwmong Y — Spec(A) kat evog popdplopou A — B, priopoupe va opi-
OOUHE NV EMAYOUEVN TTAPAROPPDOT] Y Xgpec(a) SPec(B) — Spec(B) oe 6poug tou aviipetabetikou
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draypappatog
Y Xgpec(a) Spec(B) ———Y

i

Spec(B)

Spec(A)

Me auto tov Tporto opidetal n €vvola ToU HoPpPIoPoU TTAPAP0PPROEDY.

Oewpnpa IX.3.62. I'a kads kaunuin X o ovvapmtig Defx ucavomnotei ta Hy, He, Hs, Hy TOU de-
wpnpuarog tou Schlessinger.

Amodein. Bempoupe tov popdlopod euyapiwv apapopdeong (A, n’) — (A,n) kat (A”,n”) —
(A,m), orou A” — A eivat erupopgiopog. 'Eote X', Y, X" napapoppwoelg otnv kKAdon 1coduva-
piag v ', n,n” avtiotoixa kat Oswpoupe to Sidypappa

X/ X//
NS
Y

Tote untapyet éva prescheme Z, ertinedo nave ard 1o A’/ x 4 A”, 1o dBpotopa twv X’ kat X’ ndve
ano 1o Y, oy Katnyopia t@v preschemes. Ot kAgiotég immersions X — Y — Z &ivouv oto Z pa
dour) mapapdppeong tou X urepdve ou A’ X 4 A Gote va £€X0UE TO MAPAKATR AVIIPETAOETIKO

dlaypappa mapapopPooemv

Defx(Al XA A//) — Defx( ) X Defy (A Defx( )

Autd arnodelkvuel o1l 1

elvat e, ya kabe erupoppopo A” — A. Zuvenog n ouvOrkn H; kavoroeitat.
YroBétoupe 6t n W eivat pia mapapoppwon ndve anod to B, n onoia enayet tg apapop-
oooeig X' kat X”. Tote untdpyet €éva avipetabetiko diaypappa napapopPoosmy,

\
/u

\

X/

.

orou 1 0 eivat ) ouvbeon

Y 0 %

- :w

X’ ®Spec(A’) SpeC(A) —W ®Spec(B) SpeC(A) — X" ®Spec(A’) SpeC(A)

Av 1 6 propei va avuyeBel oe évav autopopdiopo g 6’ tou X/, dote 6'u’ = u’'0, tote n q’
propet va avukatactabei pe v q’'0’ kat tote W 5 Z.Ta v 181kt mepimoon A =k, Y = X,
0 = Id avt) n aviyeon 6’ untapyet kat n ouvOnkn (Hs) kavoroteitat.
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[a ) ouvOnkn Hy: Bewpoupe évav popdlopo euyapiov apapoppaons p : (A',n’) — (A, n),
orou p eivat pua pukpn erékraon). a évav pop@opo B — A, ot Defy (B) to oUvolo tav ¢ €
Defx(B) wote {®p A = 1. Atadéyoupe pia iapapopdweon Y’ oty kAdon g n’. ®a arodei§oupe
0Tl Ta IAPAKAT® €ival iooduvapa:

(@) Defy (A’ x o A’) — Def} (A’) x Def}(A”)

(i) KaBe autopoppiopog g rapapoppeong Y =Y/ @4/ A endyetatl ano Evav autopoppiopo
g apapopdpwong Y.

[MTpwta amodsikvuoupe ot (i) = (il). Os®poupe TOV EMAYOUEVO HOPPIOPO TTAPAPOPPROOERDV
uw:Y = Y. Av 0 givat évag autopop@lopog tou Y, Tote UIoPOoUE VA KATAOKEUACOUIE TTApapop-
Pooeg Z, W uniepave tou A’ x4 A’ yla va ddooupe «daypdppata abpotong» mapapopPooemy.

VAN
NA N A

Ot apapoppwoelg Z, W €xouv 100p0ppeg MPoBoAEG Kal 0Toug HU0 MAPAyOVIES, UTTAPYXEL £vag
oopopPlopog p : Z =W, o0 011010g £1tayetl autopopdiopoug 01,0, tou Y/ kat évav autopop@t-
opo ¢ tou Y wote

0110 = ud, Ou =ud.

Zuvenng, ub = e;legu Kat 6;162 erayet v 0.

Topa Oa arodeioupe ot (i) = (1). Ano 1o (i) yia I = kerp €netat ou tf ® I §pa edevBepa
oton’, 6ndadr) (n')° =n’ diver ot 0 = 0. Aou 1 Spdor tou tr ® I oto Defy (A’) eivatl petabatikr,
0 xopog Defy (A’) eivat évag principal homogeneous space KAt arno ) dpdon wou tF ® I, 10
ortoio givat 10oduvapo pe o (i).

Topa 6a arodeifoupe ) ouvOnkn Hs. Apou X eival opadn mave amd 1o k, propovpe va
arodei§oupe pe ) xpron ouvopodoyiag Chech ot [1] 6t

tDefX = Hl (X') @)7

ortou O eivat 1o eparttopevo sheaf tng kapmuAng X kat ano v Serre-Duality kat to Bedpnpa
Riemann-Roch amodsikvuetal ot £xel iernepaocpévn didotaon

dimy H!(X, ©) = dimy H°(X, Q®?) = 3(g — 1).
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Mapdptnua

X.1 Eu6ta xai avtiotpoda opra

X.1.1 Eu6ta opla

®a Bewpriooupie éva ouvoldo (I, <) epobiacpévo pe pia oxéon datadng < oote yia kabe i,j € 1
va vnapxet éva ¢ € [ pe a < i kat b < c. Oswpoupe ermutAéov pia owkoyévela {A; : i € I} aro
ouvoAa pe adyeBpikn Sopr) (opadeg, SaxktuAdiol, modules kTtA.) yla ta omoia yua kaBe i < j
UTIApXEL £vag OPOPopP1o0g

fij : Ay = Aj anod 10 PIKPOTEPO OTO PEYAAUTEPO
WotE
1. fi €ival n tavtointa oto Aj
2. fix =fjrofy yiakabe i <j <k

Tote n owkoyévela (Aj, fij) Oa Aéyetal Eva eubu ovotnpa pe deikteg ano 1o 1. Ze éva této1o eubu
oUOTNHA PITOPOUHE VA AVIIOTOXI00UHE TO OUVOAO TINAIKO

A =limA; = 1A/~
iel

orou x; € Ay Kat xj € A;j Bewpouvrat wooduvapa (kat Oa ypapoupe x; ~ x;j) av vnapxet Eva k
oote fix(xi) = fji(xj). Andadn &vo otoixeia otnv §évn vaon Ba eivat wooduvapa, av yivovrat ica
o€ peyalAutepo otorxeio tou eubeog ouotrpatog.

Me 6don 1oV maparndve oplopo UTIAPXOUV KAVOVIKEG ouvaptroelg ¢ : Ay — A Tou otéAvouv
10 ai € Aj otnv KAAon tou a; oto A = lim_, A;.

Mapadewypa X.1.1. 1. Mia ouAdjdoyn vroouvoiwv M; gvdg ouvdiou M umopei va dratayxdei
uepwka pue mg 6ondeia v eykiciopov. Av oxnuatifel eva eudu ouotnua, Tote 10 UdU OPLO
givar n évwon |J M;.

2. A¢ dewpnoouvue €va dratetayuevo ovvoflo Setktwv ue eva ueytoto otoryeio m. To evdu dpio
TOU €UOEDOC OUOTNIUATOS £val I0OUOPPO UE TO Xy KAl O KAVOVIKOG UOPPIOUOG Gy @ Xy — X
glvat 1oo0Uop PLoUog.

3. 'Eote p évag mpwtog apduog. Oswpouue 10 evdU oUOTNUA TOU amotefleitatl ano g ouddeg
Z./p™7Z rkai toug opopop@Lopovs Z/p™ 7 — 7./p™ 1 Z mou enayovtar and tov mroAfaniactacuo
ue p. To evdU dpro avtou tou ouotnuatog divet tig pileg g uovadag ue taén karowa dvvaun
T0U p Kat ot 616 oypagia sivat yvwotog wg n ouada Priifer Z(p™).
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4. 'Eote F éva sheaf eni evdg tomofloyukov xawpou X. Oswpouvue éva onueio x € X. Ot avoyteg
TEPIOYES TOU X amotefouv gva evdu ovotnua dratetayuevo ue tov eykisiopuo U <V av kat
uovo av to U nepiéyet 1o V. To evdu ovotnua sivar 1o (F(U), ry,v) omouv r givat n ovvaptnon
TLEPLOPIOUOU.

To €udvU dp1o ou ovotnuatog ovoualstar to stalk tou F oto x. Kade mepoxyn U tou x bivet
gvav kavovko popgoud F(U) — Fy, evwd n ewcova g section s € F(U) oto Fy ovoualetar
70 QUTPO NG s OTO X.

X.1.2 Avrtiotpoga ‘Opia

‘Eva avtiotpogo cuotnpa arotedeitat anod €va dratetaypévo ouvodo [ <. 'Eotw (Ai)ier pla
owKoyévela amno adyeBpikd aviikeipeva Kat

fij : Aj — A{ arto 10 PEYAAUTEPO OTO PIKPOTEPO
O1KOY£VEld OPOPOPPIoPROV Yia KABe 1 < j pe 1g €€ng 1810tnteg:
1. fi; elval n tavtonta oe KAbs A
2. fix =fyofjryai<j<k.

To avtiotpodo 6p10 tou aviiorpdPpou cuotuatog ((Ai)ier, (fij)igj) lval 1o urocuvoldo tou eubéog
ylvopevou:

A:liln:{aeHAi:ai:fij(aj)Vtctxc'tﬁsiéjEI}.

iel iel
To avtiotpogo 6p10 £pxetatl epodlacuEvo pe PUOIKEG IIPOBOAEG i : A — Aj Ol OITOIEG EMMAEYOUV
TOV i-TIapayovia Tou yivopEVoU.

Mapadewypa X.1.2. 1. O daktuaog tov p-adikdv akepaimv givat 1o avtiorpogo dpto tov ba-
KtuAdiov Z/p™7Z, 0Tou 10 oUvoAo SeIKT@V ival To OUVO0 TV QUOTK®OV apidU®V UE T QUOLO-
Aoyucn Graraln, evo ot popgiouol eivar ot ovvaptriosic x mod p™+l — x mod p™.

2. O éaxtufiog R[[t]] TV tunikdv SUuvauooelP@L Ue OUVTEAEOTEG Ao vav avtiuetadetiko da-
Ktujlo R dartuiiov R[t]/t™R[t], ue ovvoAo SetKT@UL TOUG PUOIKOUSG APIOUOUS UE TN PUOLOfIO-
yukn 6wataén Kair ovvaptioelg

R[]/t IR[t] — R[t]/t"R[t]
va 6ilvovtar ano m guotofoyikn mpo6on.
3. Pro-finite groups kat dswpia Galois
4. Av 10 0UV0f10 beikTwV gVO¢ aAvTIoTPOPoU ovotnuatog (X, fij) £xel éva péyioto otoryeio m, t0te
N @uotkn TPo6oAnN Ty : X — Xy €lvat 1o0pUop PLopog.
X.1.3 ZIUyrplon euBiwv KAl aviiotpoPpwv opicv
Ta eubéa 6pra oxetidovral pe ta avtiorpoda opla PEOK NG

Hom(lig Xi,Y) = I&H Hom(X3,Y).
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