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J—IGKHI/IH 1. BTOpaH 2KI3Hb KBAHTOBOM TEeopuun I10JIA

KsanTosoit Teopun nosist yxke 6os1ee 90 j1ieT u J10 cux 1mop B pUpo/ie Ha PyHIaMeHTAIb-
HOM ypOBHE He HaOJII0JIAI0Ch HU OJTHOTO (PU3MIYECKOIO ABJIEHUs, KOTOPOE HE OIMCHIBAJIOCDH
ObI KBAHTOBOI Teopueil moJid. DTo caMasdg PyHIaMeHTabHasd U3BECTHAs Ha, CErOIHATITHII

JIeHb 00J1aCTh.

Hauano kBaHTOBOI Teopun I10JId

B nagasie XX Beka MIPOU3OIILIN JIBE PEBOJIIOINH, KOTOPbIE TIEPEBEPHYIN 3HAHKIE O MUPE.
[lepBast peBoIIONINSA — 3TO CHEIUAJIbHAS U O0INasi TEOPUN OTHOCUTEILHOCTH DWHINTEHHA.

BTOpaH PEBOJIIOINA — 3TO KBaHTOBagd TEOPUA, KBaAaHTOBasd MEXaHUKA.

KsanToBast Mexannka BO3HHKJIA B Hadajge XX Beka. CHadaja 9T0 ObLIa YIPOIIEHHA
KBaHTOBas MexaHnka bopa-3omMmepdenbia, gamee — oobsicaerne ¢porodddexTa, mpeio-

JKeHHoe DifHmTeiinoM n BbiBegerHoe Makcom Ilmankom.

OcHoBHas PeBOJIIONKSA IIPOM3OILIA B HAYaJE JBAAIATHIX 10/10B. C 9TO0i peBoJIIoImeit
accoruupytorcd nMmena ['eiizenoepr u [lpeaunrep. KBantoBas Teopus 1oJisi y2Ke He OblLIa
PEBOJTIOIIMOHHO#, IOTOMY YTO CKJIaJIBIBAJIACH KaK 3a/lava COeJIMHEHN KBAHTOBOW MeXaH!-
KU ¥ TEOPUU OTHOCUTEJIHLHOCTH. Y2Ke B 1926 rojy KBaHTOBas MeXaHWKa ObLia IIPUMEHEeHa,

K IIPOTIeCCY U3JIydeHus: (hOTOHOB.

IMEKTPOH  (horon

Puc. 1.1. N306pazkenne aToMa BOJAOPOIa U TIEPEXOJT, ¢ BO3OYKIEHHOT'O COCTOSHUS B OCHOB-

HOE C U3JiydeHueM CbOTOHa

DJIEKTPOHBI HAXOIATCA B KBAHTOBBIX COCTOSTHUSAX T.€. OCHOBHOW YpOBEHb, 1-€ BO30y K-
JieHue, 2-e Bo30YXKJIeHne, ITO COOTBETCTBYET KBAHTOBON MEXaHHUKe, TaK KaK B KJIaCCUUe-
CKOIl MexaHuKe HeT cocTosgauil. OTCyTCTBUE COCTOSHUN B KJIACCUIECKON MEXaHUKE IPUBO-

JIAJI0 K HeCTaOUJILHOCTH aTOMOB.
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BBejienne KBaHTOBOI MEXaHUKH — 3TO IPEJIOTBPAIEHUE PACIIala aTOMOB U UX HECTa-
ounbHocTH. [lepBas pabora, B KoTopoii paccMmaTpuBaJics poTon Harmcana 1926 rogay Bop-

oM, leitzerbeprom u Mopaarnom. OHE onmca n 9/1€eKTPOMArHUTHOE TIOJIE.
UcTopuyeckass cnpaBka

Bopu u Tetizenbepe na momenm navara XX eexa Goau yoice ussecmmns, Hopdan 6o
MAAOUBBECTHOIM MOA0OBIM Pusurom. On cuumancs ocrodsweli 36e3001 meopemue-
ckol Pu3uUKu U MG HE20 B803402aAUCH Dorvwue Hadescdv. Ceoro Kapvepy yuéHvil pa3py-
WA, K020a 8CMYNUA 8 HAUUOHAA-COUUAAUCTIUYECKY) HEMEUKYIO Pabouyo napmuto (Ha-
yucmexras napmua) 6 1933 200y, koeda lumaep npuwén x eaacmu. Kozda eotina 3aron-
YUAACH eMYy ObLA0 MPYOHO B0CCMAHOBUMBCA HA GKAJEMUYECKYIO PabOMY, NOCAE 80CCMA-
HOBAEHUA OH He Mo2 “Doznamb” COBPEMEHHYIO NOCAEBOEHHYIO PUSUKY U 6CKOPE YWEA 6
NOCAEBOEHHYI HEMEUKYI MOAUMUKY. F20 umsa 0cmasocs moivko 6 mamemamuke (I7Iop-

darosa anzebpa).

Puc. 1.2. OcnoBarenu coBpemenHoit KBanToBoit Teopun mojsi Make Bopu, Bepuep [aii-

senbepr, [Tackyame Vopman u ITox Tupak

[Ton dupak — arrnmiickuit ¢pusnk. OH OBLT IEPBBIM, KTO PACCMOTPEJ B3aNMOJIEHCTBUS
9JIEKTPOHOB C KBAHTAMK CBETa U HAIUCAJ YPaBHEHHE JIJIs ITOBEJICHUS 3JIEKTPOHOB B 1927
rony (Ypasuenue Iupaka).

[Toceanne mrpuxyu Ha KBAHTOBOM TeOPHUHU I10JIA ObLIN j00aB/IeHbI B paborax [eiizen-

6epra n Haym/{. Onn BbIBEJIM, 9TO HE TOJILKO 3JICKTPOH U (1)OTOH CcJIieIyeT pacCCMaTpuUBaTb

KaK KBaHTBI II0JIgd, HO 1 JI100BIE MHKPO4YIaCTHUIIbI TaKOI'O THUIIA (HpOTOHbI, HefITpOHbI).
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Pa3BuTnme KBaHTOBOIA Teopuu I10Jid B IIOCJI€EBOCHHOE BpeMAd

[Tocste BoftHBI KapMHAIbHBIEC TPOIBUKEHIS TCOPHH T10/Is1 TTPOU3OIILINA OJ1aroaps IByM

mongam — Puaapay ®eitanvany u JIsBy laBunosuay Jlangay.

Qeitnman pojuica B 1918 roay. B nocieBoenHoe BpeMsi MOy 9InI JIOJIKHOCTE B Kop-
HeJIbCKOM yHuBepcuTere. OH BBIBEJI pelieHne Jjis BO3HUKAIOIIN OECKOHEIHOCTH B pe-
3yJIbTaTe BBIUYUCJIEHUN B KBAHTOBOI 3JIEKTPOINHAMUKU. Kro BBIBOJI COCTOSAI B TOM, 9YTO B
KBAHTOBOI 9JIEKTPOANHAMUKE, €CJIN JIeJIaTh BIYUCICHUS JjIsi (PU3MIECKNX HAOJIIOIaeMbIX
BEeJINYMH U BbIPaXKaTh UX PE3yJbTaThl Uepe3 pu3ndecKnii HabIr01aeMbIil 3apsl 3J1eKTPO-
Ha, TO HUKaKUX OeCKOHEIHOCTell He OyJieT, OHU MOAB/IAIOTCA TOJHKO Ha, ITPOMEXKYTOUHBIX
sranax. Takyke OH HpUIyMaJ OYeHb IMPOCTON A3BIK JIJIS OIMMCAHUS STUX BBIYUCJICHUN —

auarpamMma PeitHmaHa.

Caemyromuii mpopbIB mpou3soies oarogaps Jlangay B 1953-1954 roger. On upuriesn
K BBIBOJLY, YTO B KBAHTOBOIl 9/IEKTPOINHAMUKE Ha PYHIAMEHTAILHOM YPOBHE CYIIECTBYET
1pobJieMa, Ha3BaHas HyJieM 3apgaaa. [Ipobsiema cocTosijia B TOM, 9TO €CJIu B3Th J11000it
3apsJ1 Ha OY€Hb MAaJIbIX PACCTOSHUSX, BBECTU ITPOOHDBIE 3JICKTPOH M ITO3UTPOH U PA3BECTU
UX Ha OYeHb OOJIbIINE PACCTOAHHS, TO 3apsi/l MOCTEIEHHO yMeHbImaeTcs 0 Hyss. Viam
€CJI B3STh 3apsi/ Ha OOJIBIINX PACCTOSHUSIX M IIOTOM CBECTH IIPOOHBIE 3apsi/ibl HA MaJIble
PACCTOSIHUSA, TO 3apsA]] B3PbIBAETCA — 9TO SIBJICHUE CTAJIO HA3bIBATHCs MoJirocoMm Jlaraay.

Jlantay npuiiésr K BbIBOJLY, UTO U3-3a ITOTO ABJIEHUS KBAHTOBAS TEOPU IOJISI YMEPJIA.

JlanHast TpyJHOCTH He Oblja pelleHa, U Ha 3TOM 3aKOHYHUJIACH IIepBasi »KU3Hb KBAHTO-
BOIl TEOpHH TOJIA. Y YEHbIEC TOJIyYaIu Pe3yIbTaTbl, CPABHUBAJIN C SKCIEPUMEHTATHHBIMEI
JIAHHBIMH, PE3YJIbTAThI CXOJIMIUCH, HO TEOPETHIECKH OOOCHOBATDH HE IOJIYYasoCh. Y Ue-
Hble, U3yJalolue KBAHTOBYIO TEOPHIO II0JIsd IePeXoJuan B Japyrue obsactu. BeeacTue
MIOCTaBJIEHHOTO HMTOoTa JlamHgay, o TOM, YTO KBaHTOBas TEOPHS IOJA yMepJia, HCCJIeI0-
BaTeJIN IIepecTa/ii 3aHUMAThCAd KBAHTOBO-IIOJIEBBIMU IOAX0odamMu. Kak pesyiabrar Takoro
nepexojia Bo3HUKaeT Teopusi Pejke, n3 Koropoit B Kouie 60-X romoB chopMupoBasach

Teopus CTPYH B BUJle aMILJINTYybl BeHeluaHa.

Hagamo BTOpOit »KN3HU KBAHTOBOI TEOPUM IOJISI
IlepBas cramus

Hawaso BTOpoOil *KU3HM MPOU3OINLIO ¢ OTKpbITUA fAHrom m Musicom Teopum, 0600-
MAIOIIEH KBAHTOBYIO 3JIEKTPOINHAMUKY. B KBAHTOBO 9/IEKTPOMHAMUKE ITEPEHOCTUKOM

B3aUMOJIEHCTBUS MEXK/Iy JIEKTPOHAMU SBJIACTCA €JIMHCTBEHHBIN HEUTPAIbHBIN (DOTOH.
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O06o0061IeHNEe KBAHTOBOW 9JIEKTPOJIMHAMUKN COCTOUT B TOM, YUTO HPUHIUIILI €€ TTOCTPO-
eHUsl TaKue »Ke: eCTb 10Jisi MaTePUU IIPOTOH, JEKTPOH, HEUTPOH, KOTOPbIE COCTOAT U3
KBApKOB, & BMECTO 3apsiJIOB BBICTyHAET I[BeT. B3anMojeiicTBus MexK 1y KBapKaMu, OCy-
IIECTBJIIETC OOMEHOM 8 YacTHI] CO CITMHOM, paBHBbIM 1. Kark bl KBapK MOXKeT ObITh B
TPEX I[BETOBBIX COCTOAHUAX. B3ammojeiicTBue MexK1y KBapKaM#, WM B3aUMOJIEHCTBUS
MEXKJTy JIEKTPOHAMU, OCYIIECTBJIAETCA depes3 mepegady 0oJiee CJI0OKHBIX 00bEKTOB — Ka-

JIMOPOBOYHBIX OO30HOB, KOTOPHIE TaKKe NMEIOT I[BET.

Hacrosimum orkpeiBatesiem teopun Aura-Mwuica caunraercsa [laymu. Ou npumén k
TEOPUM CO CTOPOHBI TEOMETPUIECKUX COOOPAKEHUI IPUMEPHO 3a T/ JI0 €€ OTKPBITUS, HO
1o0osJICA €€ TeYaTaTh, TaK KaK He ObLI YBEPEeH B MIPABUILHOCTHU MPEJICKA3aHNs CyIIeCTBO-
BaHUs KaJIUOPOBOYHBLIX DO30HOB MJIN IJIIOOHOB, KOTOPbIE BCJIEJICTBHE CBOEi 6e3MaccoBOCTI

HE MOTJIA OBITH OOHAPYKEHBI B SKCIIEPUMEHTAX.

Cnenyromuit kpurndeckuii mar — padora /Issuma ['pocca, @psnka Buraeka u [ysuia
[Monumepa (1973 r). B pabore npoanasmsupoBana Teopusi fnra-Musica, paccMorpena

pobJIeMa B HYJIEM 3apsijia U KaTacTpoda co B3PbIBOM 3apsjia ¢ mojcoM JlayHaay.

Onu obHApYXKUIU, YTO HYJIS 3apsjia HET, & BMECTO HYJIs 3apsjia UMeeTcs obpaTHOoe
nosejienue. [Ipu mpubmmkennu MpoOHBIX 3apsA/I0B BCE OJIMKe U OJIMKe, TO 3aps] MEJJIEHHO
cIajiaeT, Ho He obpaIlaeTcs O HOJb. JlaHHas Teopusi IMOJHOCTHIO coryiacoBaHa. Ha 3Toit

TEOpUU 3aBePINAETCs epBas CTa /M Havdasa BTOPON »KU3HN KBAHTOBOW TEPUU TIOJIS.

Bropas cranust

1) OTKpbITHE CyIEPCUMMETPUH, IEPBOOTKPHIBATENH CyTepcuMmmMeTpun — 310 FOpmii
Tonbdang u Esrenuit Jluxman. Cynepcummverpust (reoMerprudeckas CHMMeTpust) 060011a-
eT CUMMETPHIO IIpocTpaHcTBa. [lycToe mpocTpaHcTBO CHMMETPUYIHO — 0OJIaIaeT CUMMET-
pueil OTHOCUTE/ILHO CJIBUTOB B IIPOCTPAHCTBE T.€. MOYKET CABUHYTHCS U3 OJIHOW TOYKHU B
JpyTryio 0e3 Kakux-11ub0 n3menennii. Havasio orcuera BpeMeHn Tak»Ke He UMeeT 3HAYCHUSI,

a BazKeH TOJIbKO MHTepBaJl BpEMEHU.

Ha nanmyto Temy mpejicraBieHa No-go TeopeMa (TeopeMa He IPOMJIEINTH), COrIacHO
KOTOPOIl HUKAKUX JIPYTUX MEOMETPUYECKNX CHMMETPUIl B MPHUPOJIE HE CYIIECTBYET. DTy

TeopeMy J0Ka3aJl Kosnman n MaH,ZLyJIa.

lonmbdana u JIluxman oOHAPYKUIN, ITO €CTh €I JIOTOJHUTE/IbHAA TeOMETPUIeCKasd

CHUMMeTDpUsI, KOTOpasi FeHepupyercs (hepMHUOHAMU-0IIEpATOpaMy (HEKJIACCUIEeCKasi TEOPHs ).

Cuycrsa maBa roma cymepcumMerpus ObLTa mepeoTkpbita FOmmycom Beccom m Bpymo

Symuno B llepnue. ajee mocienoBas JaBHOOOPA3HbBINH BBIITYCK pabOT Ha 3Ty TeMy, W Ha
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CeTrOJIHAIIHUN JIeHb ¢J10BO "cynepcummerpus" urypupyet npumepno B 50 000 omy6/iuko-

BaHHBIX PAOOT.

Becc, Bpyno u Canam npuymasiu WHyCTPUATBHBIH METOJT U OObSICHUIN IIPUIHHY CY-
IIIECTBOBAHUS JIOTIOJIHUTE/IBHON cyrniepcuvMerpun. CymecTBoBaHUE CyTIEPCUMMETPUN TP~

BOJUT K YBEJIMICHUIO KOJIMIECTBa KOOpAUHAT (,B;O6&BII€HI/IG KBaHTOBBIX KOOp,HI/IHaT).

2) HapaﬂﬂeHbHO C 9TUMU C06bITI/IHIVH/I pousomesT CABUTI' B KOHICIIITNU KBaHTOBOI T€O-
pUU TI0JIsi, U HEKOTOPhIE KJIOUEBBIE IMPOOJIEMbI CTau TexHudecKumu. Taxk PeffHMaHOB-
cKas 1pobJieMa ¢ OECKOHEYHOCTSIMU, Telleph He ABJIgeTCs IpobJieMoil, 06CKOHEYUHBIX SHEP-
Ui W OECKOHEYHO MAaJIbIX PACCTOSHUI He cyimecTByeT. EcTh mpeaesbHOe paccTOsSHHE,
HA3BAHHOE JJIMHOM IIAHKa pasHoe 10733 M U U3BECTHDIE 3aKOHBI CETOMHSI JTOJIZKHDI

IIPUMEHATHCA Ha 3TUX PaCCTOAHUAX.

3) [Ipe/moaraaock, 9To B KBAHTOBOI TEOPHUHU OJI BAKYYM €JIMHCTBEHEH W YHUKAJIEH,
1 Ha 3TOM OblLjIa IMOCTPOEHA aKCHOMAaTHYecKasl Teopud IoJjisd. Tenepb M3BECTHO, UTO 3TO
He Tak. BakyyMm — 9TO HamHuU3IIee SHEPreTUIeCKoe COCTOAHUE 10 Teopuu mojisd. Hannns-
MIUX COCTOSHUN MHOT'O, OHU MOI'YT ObITH JIUOO BBLIPOK/IEHBI 110 SHEPIUH, JTUOO HE COBCEM

BBIPO2KJICHDBI (KBaSI/ICTaHI/IOHapHI)IG COCTOHHI/IE{).

CytnepcumMMeTpus U Teopusi CTPYH

Teopus crpyn u cynepcuMMeTpusi BO3HUK/IN B cepeaune 80-x rogoB. B ciydae cyrep-
CUMMETPHUH OYKUJIAJIOCH, UTO y KaKJOi M3BECTHOW YaCTUIIBI OYyIeT CyleprnapTHED, KOTO-
PBIii TTOXOK BO BCEM Ha YaCTUILY, BKJIIOYAs MACCy, BEC U T.JI., 3a UCKJIIOUYEeHNeM crimHa. Heamn
OObIYHAs YaCTHUIA UMEET IEeJIbI CIIMH, TO CcylepHapTHEpP mnoJryresbiii. Hampumep dhoron
nMeeT IeJIblil v, a dartuHa cnuH 1/2, WM 9JeKTpoH uMeeT crmHa 1/2 ero cymep-
napTHep c31eKTpoH nmMeet cnuH 0. BeseneTsue 910t Teopun ObLa BBIIBHHYTA IPOOJIEMa
9KCIIEPUMEHTAIbHON (hU3MKU — IMpobJjieMa mepapXuu — B IPUPOJIE BCE JIOJIKHO OBITH
€CTECTBEHHO, HE MOYXKET ObITH 0CO00 DOJIBIINUX 1 0CO00 MaJIEHHKUX UUCE]I, BCE OTHOIIECHUS

JIOJIZKHBI OBITH TTOPSIJIKA €IUHUAIIBI WA OJIU3KH K €UHUTIE.

Teopus cTpyH mo/zKHA ObLIAa TPAKTOBATHCS KAK TEOPUs BCETO, O0bSICHSIONIAs BCE TIPU-
pojiHbIe siBieHud. Teopus Bcero cosjana He ObLIa, CyIIepCHMMETPHUs TaKxKe OblLIa 3aKpbl-
Ta, TAaK KaK Ha COBPEMEHHBIX YCKOPHUTESAX CJIe/Ia CYyIePCUMMEeTPUH 0OHAPYKEHO He OBLIO.
CTpouTeIbCTBO HOBOTO YCKOPUTEJIA ¢ OOIBITUMU SHEPTUAMU HEBO3MOYKHO BCJIEJICTBUE €TI0

JOPOrOBU3HEI.

O,ILH&KO Teopud CTPYH U CylIEpCUMMETPpUA OKa3aJ/JIMCh IIOJIESHBIMU MHCTPYMEHTaMU JIJId

pemennsd 3aJad9 TEOPpHUHn I10JId CUJIbHOI CBA3MU. TGOpI/Iﬁ C CUJIbHOH CBA3BIO JO0CTaTOYHO
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CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OIINBKN
PAHYYYU J2KOAKUHO CJIEJUTE 3A OBHOBJIEHUSMUM HA VK.COM/TEACHINMSU
IMINPMAH MUXANJI APKAJIBEBIUY

MHOTO, 0CODEHHO B 00J1acTH (bI/I3I/IKI/I KOHAECHCHUPOBAHHOI'O COCTOAHUA 1 d)HSI/IKI/I BBICOKHUX

SHEPTUN.

KondaiimeHnT

KondaiitmenT — 310 gBjieHne HeBbLIETAHNS KBAPKOB WJIM HEBbLIETAHUs IIBeTa. Bes ma-
Tepusl COCTOUT U3 aTOMOB, BHYTPU KOTOPBIX HaXOJUTCA AJPO, COCTOAINEE U3 IPOTOHOB U
HeTpOoHOB. KazK/IbIit MPOTOH U HEATPOH COCTOUT U3 TPEX KBAPKOB, OJ1aromaps TOMY, 9TO
OH COCTOUT U3 HEYETHOI'O YHC/Ia KBAPKOB, MUP CYIIECTBYET CTAOWIBHO U HUYErO HE Pac-
coirtaercs. C JIpyroit cTOpOHBI KBAPKK He HADJIIOIAINCH TPpUpo/Ie psiMo. JlanHoe sgBieHme
HasbiBaercs Koudaiiment. KBapku 3akimodenbl B "TiopbMy'"'n3 MPOTOHOB U HEHATPOHOB,
BHYTPHU HUX OHU CBODOJIHBI U HE B3aUMOJICHCTBYIOT, HO KaK TOJBKO J0JIeTaloT 70 "cTeH
TIOPBMBI ' BBINTH HApPy Ky He MOTYT. EIMHCTBEHHBIH aHAJI0T Teopuu KoH(aiiMeHTa Hali1eH

B (usuke.

Superconductor
of the 2nd kind

Puc. 1.3. CynepnpoBoHUK B CUJILHOM MarHUTHOM IIOJIe

PoszoBbiM 11BeTOM m300parkéHn obpaserr cyneprpoBojdinero mMarepuasa. [Ipu HU3KOiM
TeMIlepaType IMPOBOJNMOCTh MaTepuaJja CTAHOBUTCA OECKOHETHO OOJIBINON, 9TO dABJIEHUE
n3BecTHO ¢ HadaJia XX Beka. B korie 20-30-x rogoB Hemerkuii husuk Baabrep Maiicaep
0OHapPYKUJT YTO, €CJIU IOMECTUTDH CYNEPIPOBOIHUK B MAIHUTHOE I10JI€, TO MArHUTHOE T10]1€
BHYTDb HE MPOHUKAET (MIPH MAJIbIX Pa3Mepax MarHUTHOE MoJie OrubaeT CyneprupoBOIHUK ).
Ecim obpasert 60JIbIII0#, TO TOJIIO SHEPTETUIECKU HEBBITOIHO 00XOIUTH 00pa3ell, Tak Kak

1Ipu CUJIbHOM YAJIMHCHUN Mal'HUTHBIX JIMHUI CUJILHO paCTéT QHEPIrus CUCTEMBI.

Anekceit AGpUKOCOB BBIIBUHYJI UJIEI0, UTO €CJIU CyIepPIPOBOIHUK OOJIBINON, TO Mar-

HHUTHDbIC JIMHUN JOJI2KHDbI Jbo 3aMKHYTBCA Ha IIPOTHUBOIIOJIO2KHOM IIOJIIOCE, JIbo yﬁTI/I B
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HAYYHBIE JOKJIAABI

H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

6eckoneunoctb. Ho yxoi B GeckOHEIHOCTH 9TO OoJiblias 1orepst sHepruu. CjiemoBareib-
HO, BHYTPH CYIIEPIIPOBOJIHUKA B MArHUTHOM II0JIe ODpa3yercs y3Kas TPyOKa MexKJy ce-
BEPHBIM U I0KHBIM TIOJTFOCAMH U BECh MAIHUTHBINA TIOTOK KOJUIMMUPYETCS BHYTPU TPYOKH,
KOTOpasi UMeeT MOCTOSHHBIN IMONEePEeYHbI pa3Mep U MOCTOSHHYIO HAIllPAKEHHOCTDb. Kciun
HOIIBITATHCS PA3BECTH CEBEPHBIN 1 I0YKHBIH TTOJTIOCA, TO TOTPpedyeTcs OeCKOHeTHAasT SHEPIUs

T.K. SHEPI'Usd COCTOAHUSA OyJIeT PacTH JIMHEHHO ¢ PACCTOSHUEM.

Cuycra 20 jier Haran 3aitbepr u Dasaps Burren mgokaszaim cripaBeyInBOCTb BbIJIBU-
HYTBIX TUNOTE3. JlaHHasg Teopusi — 9TO CylnepcuMMeTpuydHoe 06001IeHre KBAHTOBOIM /1K~
tpoguHaMuki. OHE J00aBUIN K 9JIEKTPOJANHAMUKE (B KOTOPOil ecTh POTOH U JIEKTPOH )
ele HEKOTOPble YaCTHIIbl U CyNEPCUMMETPHU30BAJIN 3TO, T.€. BMeCTe C KaxKJION JacTHIleit
et e€ mapruép. Teopus HazpiBaercss N=2, 4To o3Ha4UaeT 4TO B Heil ObLIO 8 cyliep3apsi/IoB.
Baitbepr u Burren mokaszaju, 9To B HEKOTOPOM IIPEJIE/ie CUJIBHON CBI3U MEXK/Iy KBAPKOM
1 AaHTUKBAPKOM HATATUBAETCA TPYyOKa U3 3JCKTPUICCKOro 10Jsd. Jlannas Teopust — nepBoe

aHaJIUTUYECKOE J0Ka3aTe/IbCTBO ABJICHUA KOMd)afIMeHTa.

YeT1uipexMepHas TeOpUs CUJIbHOI CBA3U

B aroii Teopun j1okasbiBaeTCs CylnecTBoBanne Tpybok (Buxpeit). Jlannast reopust cuiib-

HO CBsI3aHHasl, TaKxKe Kak u Teopud fHra-Muica.

CWIbHO CBABAHHBIE JIBYMEPHBIE TEOPUU MOYKHO TOYHO PEINIUTh, JIajIee ¢ IIOMOIIBIO Cy-
IIEPCUMMETPHAN JOKa3bIBAETCH, YTO MEJIbIA pal IPEeACKa3aHuil B JIBYMEPHOR TeOpun TOYHO
COOTBETCTBYET /JIJIsl BEJIUYUH B YeThIPEXMEPHON TEeOpUH.

HoBnbie MeTOAbl N3y4YeHu#d CIJILHOI CBSI3U

Ceiivac MpONCXOUT PacCBET BTOPOH »KM3HN KBAHTOBOW Teopun. BbIIBUTAIOTCS HOBBIE

MEeTO/Ibl CHJIbHOI CBSI3H.
1) OrkpbITh! HOBBIEe anoMmasmu (1-form aHomannm) u UX CJIEICTBHS.

2) Haﬁ,ﬂeHbl HEO2KH/TaHHbIC I1I0/[aBJICHUA IHEPI'UU BaKyyMa 110 ILV B HECylIEpCUMMETPUYI-

HBIX TE€OpUAX.

Kapra Teopuu ¢pusnkm BLICOKUX IHEPruii

leorpaduaeckas puBs3Ka He UMeeT OTHOIIEHUs K jesry. Ha Assicke (2) mserér ma-

TeMaTndeckas usnka. Acrpodusuka (Kocmosornst) Haxogutest B ['pernanaun (1), ona

10

SUINHECKNA -
@AKYNLTET

MIY WMEHIA
M.8. NOMOHOCOBA NEWUMM YHEHBIX MTV



HAYYHBIE JOKJIAABI
= = KOHCIIEKT IIOAIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI

CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY ITIPO® PEJAKTYPY N MO>KET COAEP>KATBH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUSMUM HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

—— C e

Puc. 1.4. Kapra Teopun dusuku BbICOKAX SHEPIHUil

cefivac 1BeTéT ropaso Gosiee cusibHee dem 10 sier Ha3a)| (HOBbIE PE3YJIBTATHI, SKCIEPU-
MEHTBI, U300PETA0TCsl HOBBIE TEJIECKOIIbl, HEJABHO OOHAPYZKEHbI I'DABUTAIMOHHbBIE BOJI-
ubl). Jncenenrsr kBanTopoii rpasuranun (10), KBAHTOBas IpaBUTAIUS €IIE HE CO3/AHA.
Akcunonnasi dusuka (9). IIpobiema rémuoit snepruu (8) u rémuoii Mmarepuu CynepcuMmer-
pust (4) — cyniepcuMMeTprIHasl CTaHIaPTHAS MOJIE/Ib, Ha JAHHbIA MOMEHT He DA3BUBACTCS.
Teopust cunbroit cBsasu (5) u Koudaiinment (6). [Ipobrema koudaiinmenTa pasBuBaercs,
HO MeJIeHHo. B cepiie KoHTHHEHTA Teopust cTpyH (3). 3a HOCIeHUE IeCATh JIeT BEeTBb
TEOpHH, HAIIPABJICHHAS HA CO3/IAHUE TEOPHU BCETO MOJIHOCTHIO rcuessa. CTpyHbI OCTAINCH
TOJIBKO KaK MaTeMaTHIeCKUil alapar Jyis 3ajad ¢ CHJILHON CBs3bi0. HOBbIe aIbMbI B
AHTapKTHIE — 3TO KBAHTOBAs TE€OPU II0JIS, [OJIYIUBINAs BTOPYIO XKU3Hb U AKTUBHO Pa3-

BUBAIOIIALACA ceirdac.
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H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

JIekimg 2. HackoJ/bKo JIErKoil MOXKeT ObITh TeMHasd

MaTepnud N1 KakK e€ 1CKATb

SKCHepI/IMeHTaJIbeIe AdaHHbI€ YKa3blBalOlllye Ha HaJIN4YHue TEMHOI

MaTepun

1) Bpamaresbubie KpuBble rajgakTuku. OOGbIYHO 9TO JIMCKOBBIE TAJAKTUKE. B IMCKOBOI
rajakTUKe eCTb 3BE3JIbI U T'a3, U Mbl MOXKEM M3MEPUTH CKOPOCTH BPAIEHUS 3BE3]]
BOKPYT IIEHTPa B 3aBUCUMOCTH OT paccTossHud. VI3BecTHO, 9TO y TraJJaKTUKH BCsT Mac-
ca CKOHIICHTPUPOBaHa BHYTPH, 3TO JIOKa3biBaeTcs €€ ceTuMocThio. Ha nepudepun

raJlakKTUKM CKOPOCTDL OIIpeae/ideTcd 3aKOHOM Hrerorona.

A

3BE3/IbI

Puc. 2.1. /Iuck BpallleHUd rajlaKTUKU

GM
r? r
1
2~ =
r

2) CkoruieHre raJakTHK, KOTOpble 00pa30BaJNCh U3 CJIUSHUS JIPYTUX CKOILJIEHW.

Memﬂy ABYX CKOILJICHUI HaXOIUTCA I'a3. PacnpegeneHHe MaCChbl B 9TOM CKOIIJICHUN

COOTBETCTBYET pacCIpeIeIEHNI0 TaJaKTUK T.e. CYIIEeCTBYeT HeKasd MaTepus, KOTopast

12
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H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU J2KOAKMHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

[ | [ | | [ | | |

= HabnofaeMble CKOPOCTH -
ﬂnnﬁﬂuﬁﬂnﬂﬁgg gnﬂﬁ“ﬁ'ﬂﬂa 0-00-go0

200
|

KennepoBCkue
CKOpPOCTH

100

0

CKopocTb BpalweHWs (KM/cekK)

| I I
10 20 30 40 50
PaccToAHWe OT LieHTpa ranakTuKn (Kunonapcek)

(=]

Puc. 2.2. Teoperndeckuii (critontaasi) 1 SKCIEPUMEHTAIBHbIH (IIyHKTUPHAs ) rpaduKn 3a-

BUCHUMOCTH KBa/IpaTa CKOPOCTHU OT paJuycCa I'aJJaKTHUKH

Puc. 2.3. Ckomnenne ramaktuk [lyms

HE CBETUTCA M HU ¢ 4eM He B3anmMozeiicTeyer. Hanpumep, ckorurenue rasakruk [Tyss
(Bullet cluster).

DuosteToBBIM N300paKaeTCsI MOJIHAST Macca, PO30BBIM — FOpsUnii ra3 (PEHTTeHOBCKOe

M3JIy ICHHE).

3) Pacmpeesierne remiepaTypbl peJIMKTOBOIO U3JIyY€HUsI 1O CIEKTPY.

oT
T — — Peauxmosoe U3AY“UEHUE

C‘{I/ITaeTCH, Y9TO 9TO U3JlydeHHue IIPOUCXOIUT OT PaHHUX 3TallOB PaCIIUPEHNA BCEJICH-

HOIi (¢ Tex BpeMeH, KOorjia BCeJieHHas Oblia ropsdeii).
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A A KOHCIIEKT IIOATIOTOBJIEH CTYIEHTAMU, HE ITPOXOANJI
CUBUPSIKOB CEPTEN MUXAMJIOBUY ITPO® PEJAKTYPY U MOXKET COIOEPXKATH OILIINBEKN
PAHYYYU J2KOAKMHO CJIEJUTE 3A OBHOBJIEHNAMU HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

Puc. 2.4. PenmukroBoe nsiydenue

Paznabiv 11BeTOM oMedeHa TeMIepaTypa peJIMKTOBOIO U3JIyYeHUs B PA3HBIX TOYKAX.
B cpennem Temneparypa pasua 3 K, ypoBenb iiyKTyarun TeMiepaTypbl HaXOIUTCs
B nnanaszone 100 MxK. IIpoduns temmepaTypbl COOTBETCTBYET 3BYKOBBIM IOJISIM B

FOpH‘{efI IIJIa3MeE. ,ZLHH 00 bICHEHUSA JaHHBbIX Tpe6yeTC$I XOJIOoJHad TeMHad MaTepud.

CorytacHO 9KCIIEpUMEHTAIbHBIM JIAHHBIM, J0JIsT TEMHO MaTepuy B TOJHOM OaJiaHce
MacChl BO BCeJIeHHOI cocrabiser 25%. Jlona Bcex 6apMoOHOB BO BeeseHHoit pasHa 5%,

cJieI0BaTEJIbHO, TEMHaAd MaTC€pud JOMHUHUPYET.

Kpome penmkToBOoro msiaydenns: TakkKe HaOJIIOJAeTCsl pACIpe/iesieHNe Pa3HbIX TaJjlak-
THK BO BcesieHHoM. Ha m300parkennn Kaxkjas Touka — rajaktuka. Jlanuoit crpykTypbl He

obpa3zoBaJioch ObI 6€3 TEMHOI MaTepuu.

Puc. 2.5. Pactipesienenne rajakTuk BO BCEJIEHHOMN

14

DUINHECKNA 7



HAYYHBIE JOKJIAABI

H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

E,ZI;I/IHI/IIJ;I:)I n3MepeHmd B aCTpOHOMMN

1) Paccrositnme. Paccrosinue npunsaTo usmepsiTh B nmapcekax (pc). 1 mapcek = 3 cBe-
TOBBIX I'OJa.

1 pc~3x 10"8cnm
1—10 kpc— pasmep sudumoti wacmu 2a.1aKMUKY

100 kpc—1 Mpc— pazmep 2a.10 2aAaKMUKY

2) Macca. Tak kak nmeeM J1eJ10 ¢ (PU3UKOI JaCTHIl, TO paboTaeM B CHCTEME U3MEPEHNS,
e h=c=1.
m~ leV

leV ~ 1.78 x 107 3g
eV 1 ~2x10 e~ 7x 10105

Mg =2 x 1033 g — macca Connua

3) IlnoTHOCTB.

GeV M@
p cm?’ pc3
GeV M
1220~ 0.026—2
cm pc
GeV . .
p~03+-04 3 — NAOTMHOCTD MEMHOT MAMEPUL 2AAUKMUKY 6 palione Semau
cm

@axTbl 0 TEMHOW MaTEpPUU: OHA CYIIECTBYET, OHA 'PABUTAIIMOHHO JJOMUHUPYET C OOBIY-
HOIl MaTepueil, HO He B3aMMOJIEHCTBYET HU C Heil HU cama ¢ coboil. Temuas marepus —
9TO HEKHuil ra3 6eCcCTOJIKHOBUTEILHBIX JacTull. Pasdopoc Macchl TéMHOI MaTepun mpud.in-

3uTeJIbHO 80 TOPSIKOB.

Nneu popmupoBaHusa TeMHOII MaTepumn

1) Cnabo B3ammogeiicryiomue maccuhble dacturpl (WIMP — Weakly Interacting
Massive Particles). Wmest coctout B TOM, 9TO Marepusi — 3TO CJIabD0O B3aMMOJIEIi-
CTBYIOIIHE MacCUBHBIE dacTuIllbl. Macca qacTull Tskesee Macchl OapuOHOB, B3aUMO-
neficrBue ¢ Gapuonamu ciraboe. PoxkieHrne MacCUBHBIX 9aCTHUIL BO BCEJIEHHOM ITPO-
HCXOJIUT Y€epe3 CTOJKHOBEHME MeXK Ty cOOOil 4acTuIl CTaHIapTHON MOJIE/N, KOTOPOe
pPOXKIaeT JacTUIbl TeMHOM MaTepun. JlaHHast THOTE3a Ha JAHHBIIT MOMEHT He I10JI-
TBEp:K/IeHA.

m ~ 10GeV = 10TeV — macca wacmuy
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H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

N
SM / \DM

Puc. 2.6. CronkHOBeHME YacTUIl CTAHJIAPTHON MOJIE/IN, MTOSB/IEHIEe TEMHOM MaTepun

2) CoryacHo wjer Marepuu u3 cjabo B3AMMOJICHCTBYOMMX MACCUBHBIX YACTHIL, IO~
cleJIHAe OrpaHWmYeHbI 10 Macce. Ha camMom jese 9acThIbl MOTYT OBITH ¢ MAaCCOit
namuoro Gosbire 10 TeV, a mmenno 109 GeV — WIMPZILLAs.

3) Témuast MaTepust MOKET COCTOATEH U3 YEPHBIX JBIP ¢ Maccoii cpaBauMOil co 100 M.

Buapl n€rkoii TeMHOII MaTepun

1) ®epmuonnasi TéMHass marepusi. PepMUOHBI OTIHIAIOTCS OT GO30HOB TEM, UTO

X HeJIb34d C2KaTb J0 OECKOHEYIHOCTH COTVIACHO IIPpUHIUITY Haym/l.

Pmax

d’p 4T 43
psm J Qnp  30n)p " me

0

Tak Kak Yy raJlakKTHUKHU KOHEYHBII FpaBI/ITaHI/IOHHbIﬁ IIoTeHIaJI, TO KHHEeTHUYIeCKad
QHEPIrusd, CBA3aHHasdA CO CKOPOCTBIO I'aJJaKTUKHN JTOJI2KHAQ OBbITH MEHBIIIC XapaKTepHoﬁ

HOTGHHH&HBHOﬁ QHEPI'un B raJlaKTUKE.

Vinax < T

4T 5

1

4w\ 4 1
3] (GR¥)

—
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HAYYHBIE JOKJIAABI

H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

HO,ZLCT&BI/IM YUCJICHHbIC 3HAYCHUA, XapaKTepPpHbIC JIJId I'aJJaKTUKHA:

V= 30@
s
R ~ 1kpc

m ~ 170eV — nuotcnee oeparuvenue na Maccy Gepmuona meEmMHot Mamepu

2) Boszonnas TémMHas Mmatepus. Bo3onnas reMHas MaTepusi HAMHOI'O Jierde (pepMu-
OHHOI1A.

m<«1

PaCCManI/IBaQM CBO60,ZLHO€ MaCCHUBHOE€ CKaJIAPpHOE II0JIE. Sanuiem ,HeﬁCTBI/Ie HaJ I10-

JIEM. 5 5
| B m
S= Jd4xv —8 (Eg“ Ouplip — T(P)

1, m?@? 1 )

BamnucanHoe ypaBHEHIE — 3TO [IPOCTeiiiiast Mojieib TEMHON MaTepuu. B maHHOM city-

Jae BBIOPAHO CKaJIsipHOE I10JIe BCJIEJACTBUE €ro IPOCTOTHI BhIYuC/IeHus. JIErkue cka-

JIAPHbBIE I10JIA 9aCTO BO3HUKaAIOT B T€OPUU CTPYH.

2n
U(p) =p* COST(p — 1| — Hepuoduueckut nomenyuan

rje A — XapaKTepHbIil MacIITad TeOPUH CTPYH 1016 —10"7Gev, U — 9KCIOHEHIINAJIBHO

MaJIo€ YHCJIO.

I[IpejicTaBuM, 9TO €CTh BCEJIEHHAs M B HEll eCTh OJHOPOJIHOE 110Jie BbIparkeHus [2.1]

ds? = dr* — a*(1)dx*

10
;E(GS‘P) +m’e =0

¢+3Hp+m*p=0

rae H — mocrogaHas XaboJa.

=
I
|

17

SUINHECKNA -
@AKYNLTET -

MIY WMEHIA

M.8. NOMOHOCOBA NEWUMM YHEHBIX MTV



HAYYHBIE JOKJIAABI

H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU

IMINPMAH MUXANJI APKAJIBEBIUY

JIBa pexkmMa NoBeJ/IeHUsI CKAJISPHOT'O I0JIs

a) m < H. Bcenennas pacmpsiercsi 6bICTPO, 110 CPABHEHHIO C MACCON CKaJISIPHOIO
T1OJIST.

¢ = const

_
”~
b

Puc. 2.7. Ocruisnum moTeHnuala B KOOpmHATAX

6) H < m. Ilojile HaunHAET OCIU/ITUPOBATH.

¢ = ft)o(m)

m2f2
p= on

p = —pcos(2mt)

OCHHJ’IJ’IHL{I/H/I IPUBOJALAT K UISMCHEHUIO JTaBJICHUA, IIPU HEU3MEHHO IIJIOTHOCTMU. pre,ZL—

HEHHOE€ II0 BpeMeHu OCHI/IJIJIHL[I/Iﬁ PaBHO HYJIIO.

foc

( )1 — UBMEHEHUE AMNAUMYIL PAYKMYaUUT cO 8pemeHem
a(t)?
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MexaHu3M reHepalii: BHaYaJje I0Jie HaXOJUTCS B JIIOOOM MecTe IIpocTpaHcTBa. B
cIydae, eCcJIu I0Jie TTPOU30II0 OT MEPUOINIECKOr0 MOTEeHITnaIa, OHO HaXOJUTCd BHYTPH
eproJia Ha pacCTOAHUN 70 OiuzKaiiiero MuHumyMa nopsaka A. /lo Tex mop, moka pac-
IMpeHne MeHbIIe Macchl I10JId, OHO cTaruvHo. [locje oHo HaUYMHAET OCHUIIUPOBATL U

BeCcTU ce0d KaK TEMHasd MaTepus.

Hons TémuON Marepuu B HOJHOM OajiaHce Macchl BO BeesienHoii (ultra light dark

matter) :

2 1
fo m 3
o) ~0.05 ( )
ULbM 107GeV ] \10-22¢v

3amMeuaHMe: ec/ii 10JIe OJHOPOIHO PACIIPEIeJeHO BO BCEJEHHON, TO OHO BEJET cebst
KakK TeMHas Marepus. J[jist Toro, 9Tobbl 0Ka3aTh, 9TO IMOJI€ ABJIAETCA TEeMHOW Marepueit

OHO OOJIZKHO CKallJIUBaTbCA B I'aJlJaKTHKaX 1M CO3daBaTb HpaBI/IJIbeIfI HpOCbI/LHb raJio.
JlokazaTeabCcTBO

['pajmuenT 1moJist paBeH HYJII0, HO 3a CYET IPABUTAIIMOHHON HECTAOU/IBHOCTU BOZHUKAIOT

CTPYKTYPbI KOHEYHOI'O pasMepa, UTO BeJIeT 3a cOOON M3MEHEHHe I'PaUeHTa IOJIs.

@ = y(x,t)e”"™ + h.c.— fopma noas

e W(x,t) — BOYHKIUA OT KOOPJAMHATH U BPEeMeHH, e~ "™ — GBICTPO OCIMLITHpPYIONTHi
daxTop.
[Ipubsmmkenne MaJibIX 4aCTOT:
V< my
V< my

Bes yaéra masbix aieHoB, noiaydaem ypasaenue [peaunrepa i1 BoIHOBON (DyHKITUN

B I'paBUTallMOHHOM IIOTCHI[AJIE:

—iy— Ay +my =0
AP = 47G|y|?

rie © — HeHy/IeBOit TPaBUTAITMOHHBIN TOTEHITHAT

,ZLHH TOro, 9TOOBI y6e,ZLI/ITbCH, 9TO BhIBEIEHHadA JUHAMHKa II0X02Ka Ha JUHAMUKY 9aCTHUIL

zanuiieM npeodpasosanne Majenynra.

Ve p, v

3[R

Y= \/ﬁei67‘7:
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HAYYHBIE JOKJIAABI
H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI

CUBUPAKOB CEPI'EN MUXAMJIOBUY ITPO® PEJAKTYPY U MOXKET COIOEPXKATH OILIINBEKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHNAMU HA VK.COM/TEACHINMSU
IIINMPMAH MUXANJI APKAOIBEBUY
AD = 4xrho
) o
p+d(pV)=0

v+ (VA + & = 515 61 (M>

NG
L St AW
2m? VP

KsanrtoBoe jasienune npenstcrByer obpasosanuio ("cxsanbiBauio") CTPYKTYD da-

~ Keanmosoe dasaenu e

CTHUIL I'PaBUTAIIMOHHOI'O BSaHMO,ZLeﬁCTBHﬂ.

A
V2

S
L

RS Rhal 0 R

Puc. 2.8. KpuBas Bpamenust rajgo TéMHOI MaTtepuu u cojuToHa CHadasa JJOMUHUDYET

BKJIa/J COJIMTOHa, IIOTOM JOMUHHUDPYET BKJIA L TEeMHOI MaTepuun

OHeHKa CTPYKTYPHI raJjio

Ecmu ecthb raso uz TéMHOI MaTepum, TO JOJKHA BBINOJHATHCI Teopema Buseara —

InoTeHnuaJbHad HEPTrud IIopdaKa KUHETUYIECKOI.

GM 2

L= ~yp

R

mvR > 1
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CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
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— —0auna 60NHDL wacmuy, 2an0
my

1
vVGMR

BosonHasi TeMHAs MaTepusi He MOXKeT ObITh jerde 107 23¢V.

m= ~ 107 2ev

B nentpe rajio obpasyercss KOrepeHTHOE COCTOSHUE I0JIsi — COJIMTOH, HEe MEHSIOIee
CBOIO (POPMY 3a CUYET I'PABUTAIIMOHHOIO IOTEHIIAAIA.

1
3
M COJINTOH CMrano

BHast CTPYKTYPY COJIMTOHA, KpUBasl BpalleHusI OyIeT BBIMISIIeTh CAEIYIONIIM 00pa3oM

N3y4denmne cTpyKTypbl JETKO MaTepuu

1) Usyvenue obmacru Mueanoro Ilyru.

2) Usyuenne cTpyKTypbl 6oJiee paHHel BCEJTEHHOIN.
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Jlekmusa 3. PusuKa HENTPUHO M acTpodU3UKa

JUNO experiment

The initial concept behind the JUNO experment is mainly determination of the
neutrino mass hierarchy with a large mass liquid scintillation detector, which is located
at medium distance (few tens of km) from a set of high power nuclear reactors. It is
also an experiment about astroparticle. In addition, precise measurements of oscillation
parameters can be performed in order to test the unitarity of the neutrino oscillation
matrix.

The distance of the experiment from the reactor is shown on the X-axis, and the Y-
axis shows the ratio between observed and expected count rate. In practice the oscillation
phenomenon means that detecting antineutrinos from reactor, the oscillation which converts
such electro antineutrinos to 7 or any other flavor is such that at the certain distance from
the reactor this phenomenal conversion is sizable enough to depress the counter rate in
the detector. There is a distance so called magic distance which has maximal effect. By
purpose choice JUNO is located just at this distance from the reactor which is exactly
between 50-60 km, precisely 53 km.

Residual atmospheric effect can be studied which is about arrival of mass hierarchy
of neutrino particle. There are several other experiments listed starting from the most

recent:
1) Mass hierarchy
2) Precision measurement of 3 mixing parameters
3) Supernovae neutrino
4) Geoneutrino
5) Sterile neutrino
6) Atmospheric netrinos
7) Nucleon Decay
8) Exotic searches

The way to this experiment was paved by measuring one important parameter. The
dimension is very challenging due to 20 kton LS detector which is mush larger than any

other instrument. The energy resolution that is 3% is the greatest challenge technically
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speaking of the experiment. It is one of the greatest challenge because the low resolution of
liquid scintillator makes it difficult to reach such level of resolution. Most of the technical

development of the experiment is devoted to assure that this level of resolution can be

achieved.
14F D. Bay&RENO&D.C. Normal Inverted .
o |- b kemLAND m;
8 v == .\ ; | solar: ','.5><10'5 EV2
10— #'&** i 7 St ' m?
g . v A atomospheric:
Z 9B am Y "‘ll '
B ek x savannanRiver YOIl 2 4x107 eV?
= . S \ | atomospheric:
. X Rovno | pheric:
)4 + Goesgen L BN
A Krasnoyark 1 | 24x107 eV
0.2} O PaloVerde | W .
W Chooz ® KamLAND ‘.#;' :r(u 2
00 | L L m3
10' 10° 10° 10* 10°
Distance to Reactor (m) | Ve /= y I

Puc. 3.1. JUNO experiment

A large LS detector

The concept of the detector is very simple. The idea is to put together the large
mass of liquid scintillator in the simplest arrangement in order to get a large volume of
liquid scintillator contained in a spherical detector. The spherical detector is huge. In
total we have about 18000 PMTs which observe the scintillation light from this volume
liquid scintillator. Stainless steel tank is no more existing. The dimension of the system
is limited to the acrylic tank surrounded by photo-multiplier tubes (PMT). The coverage
is 77%. This means that the photo-multipliers are closely packed together. This is an
important ingredient in order to reach high light. The number of photons that can be
collected depends on the resolution that can be achieved.

The entire detector is diploid in water pool. In this case there is 20 kt of water around
which is on one end shielding neutros and y from the rock. On the other hand can be kept
by photo-multiplier tubes and can act as a Veto to tag the muons.

The experiment has been started in 2013 with the approval of China and later of

several other countries mostly from Europe with additional funding:
o [taly
e Germany

e [rance
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% | : _\— Muon detector
I ‘L Steel Tank

X 20ktLS ! L Water seal
i 17— ——
s Acrylic tank: ®34.5m / - . 6kt MO

. inless Steel tank : ®37.5 E

I E

~15000 20” PMTs
coverage: ~80%

o “

e e S R P T e 1500 20” VETO PMTs

Puc. 3.2. LS detector

e Russia
e Belgium
e (Czechia

The location of JUNO is in the South of China. This place is chosen because it is equal
distance from two sides: Yangjlang and Talshan where the sets of nuclear power core are
being installed.

There are in total 71 members equally split between Asia and Europe. There are also
some members from America, from Brazilia and etc. In addition to these 71, there are 2
institutions which applied to enter: Department of Physics (Jyvaskyla University, Finland)

and Insitute of Electronics and Computer Science (Riga, Latvia).

Approach to infer the Mass Hierarchy

Approach to infer the Mass Hierarchy is fundamentally based on the classical reaction
that occur in liquid scintillator when antineutrion interacts with proton that produces
an electron and positron. Then the delayed coincidence, enuacleation of positron, occurs.
The total energy is the sum of ¥y and kinetic energies. This is the prompt signal which
occurs within a few seconds.

On the other hand neutron thermalizes and with the delay which depends on the
characteristic of liquid scintillator is captured by protons. This produces distinctive 7.
The time coincidence between these two signals is very characteristic. These events can

be picked up even for a case when there is high correlated background.

24




HAYYHBIE JOKJIAABI
H = KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI

CHUBUPSAKOB CEPI'EIl MUXANMJIOBUY IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
PAHYYYU JI2KOAKUHO CJIEJUTE 3A OBHOBJIEHUAMUN HA VK.COM/TEACHINMSU
IMINPMAH MUXANJI APKAJIBEBIUY

In practice the positron spectrum can be observed in liquid scintillator by observing
the light produced by positron through photo-multipliers. The spectrum in this example
is shown as a ratio of distance and energy. In practice this spectrum is distorted by

oscillation. The survival probability can be shown as a formula:

AlejL
Aij = 4E,

2 _ .2 2
Amj; = mi —m;

The approximation can show the difference between normal and inverted hierarchy:
Am%z ~ Am%l
3 2

m2
P, = ZUeiexp (—iﬁ) Uy

i

1— COS4 913 Sin2 2912 Sin2 (A21)
= { —cos? By 5in> 203 sin%(A3;)

—sin® 6y, sin? 26,3 sin?(As»)

1-— COS4 913 Sin2 2912 Sin2 (A21)
- SiIl2 2913 sin2(|A31 |)
{
—sin® 0y, sin% 20,3 sin%(Ag1 ) cos(2|As;|)

4 sin22012 sin®26;3 sin(2Ay1 ) sin(2|Az|)

\

The big suppression is the solar oscillation. The ripple is the atmospheric oscillation.
Am?Z,| from frequency MH encoded in the phase high value of 63 is crucial. The phase of
31

the ripple can tell if hierarchy is normal or inverted.

rarchy
—— Inverted hierarchy

Arbitrary unit

L L L L
B 2 25 30
L/E (kn/MeV)

Puc. 3.3. MH and survival probability
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Neutrino and positron spectra

There is no energy resolution when there is spectrum in term of neutrino energy.
However, there is energy resolution when the spectrum is described in term of positron
visible energy. In practice the positron energy is measured with the resolution typical for
mass spectra. If there is assumption of 3% there is washing out effect of resolution. The

energy resolution is fundamental to preserve the information on the mass hierarchy.

> 200}
2 ‘ —— Normal Hierarchy
el
P . 'w Inverted Hierarchy
S 150/ f
s> } |
B A%
100 / A ,\/\f \
[ I \ll..‘j
/
50/ ‘
B
ol S,
0 1 2 3 4 5 6 7 8 9

e’ Energy [MeV]
Puc. 3.4. Neutrino spectrum

In practice in order to extract the information it is necessary to perform y? analysis.
This test can be used to compare true hierarchy with both reference hierarchy (normal

and inverted), and then look for minimum by moving \Am%ll.

AY* = Ymin(NH) = Yo (IH)

The best fit for NH minimum value is 1.6- 1072 (practically 0), and fit for Th minimum

value is 4.0. The difference of true and false data is:

Ax2 ~ 4.0

The best fit |Am§1| is different in the two cases. Fit almost succeeds in accommodating
[H spectrum to NH data. The two solutions are fully degenerate but in a limited range of

distances.
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> 3 x1 04 10° Signal IBD Events - Baseline 52.5 km - 3% Energy Resolution
g Osc. Parameters — NO
~ 92 5 |- Capozzi+ 1703.04471 — |0
2
c
g
w 2
15+
1
05
0 | L " L . " L h
1 2 3 4 5 6 7 89
Visible Energy [MeV]
Puc. 3.5. Positron spectrum
%‘ 80
g 70
g0
soF-
wf
305—
20
10
I{ TR b P I T I '
P2 224 226 228 23 232 284 236 238 24 242

2
Amg,

Puc. 3.6. Best fit

The special relation between ¢ and mean value of the two distributions implies that

the median sensitivity according to the frequentist framework is automatically equal to:
A/ Ax?o

This means that if the actual outcome of the experiment is more extreme than the

expected mean value one get a positive indication for one of the two hierarchies (IH if the

outcome is positive or NH if the outcome is negative) with a CL better than 4/Ax?0 i.e.
with a probability of making a mistake equal to corresponding one tailed p-value on the

Gaussian curve. In summary for JUNO:

e If the outcome is as typically expected, then the MH will be determined rather
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30— ———————————

6 years
Ideal distribution
E_res=3%

0 20 40 60 80 100 120 140 160

L (Km)

Puc. 3.7. Optimum distance to maximize Ay2

005
o /\ |H/\
Mean value and

<X ~"50% threshold"

0

-50 -40 30 -20 -10 0 10 20 30 40 50
—AY? L i OB W) Ay ?
1,}Azzsigma
Puc. 3.8. Gaussian curves
unambiguiously

e Even better if there will be an upward fluctuation

e A downward fluctuatuion will produce an ambigious result

With next characteristics JUNO declare a 40 sensitivity with above meaning:
e Baseline: 52 km
e Fiducial Volume: 20 kt

e Thermal Power: 36 GW
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e Exposure Time: 6 years
e Proton content: 12 % in mass, energy resolution 3 %

The important characteristic that have to be taken into account while constructing the
detector is the fact that the distance to the cores must be very precise. Otherwise, there
can be destructive interference due to having several reactors on one site. Calculations
show that 50 km which is the spread with which the reactors will be located with respect
to JUNO site is already an important effect to depress slightly the sensitivity of JUNO.

Interference
200

> F
@ -
ESUOp—
S r
el NH Single Core (tot 20GW)
5 - NH Two Cores (tot 20GW) -
Constructive o
Interference \Uu: )
300 Destructive

1 2 3 4 5 3] 7
Positron Energy (MeV)

Puc. 3.9. Constructive and destructive interference

o
(=]

-
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[[ll][[[ll

Penalized ¥?
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-
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Puc. 3.10. Multiple cores
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Sensitivity loss is measured through the new 2 minimum. If A_xz between IH and NH
is reduced from 4.0 to 2.6 in the JUNO set-up the spread of the cores is 500 m. The A_xz
reduction is about 5.

There are adverse effects:

e Non linearity of the energy scale. This clearly impacts the ability to distinguish the
true from false hierarchy since distorts the experimental spectrum, therefore a very
careful calibration is required better than 1%, as well as the long term stability of

the detector.
e Reactor shape uncertainty (1%)

e The statistical and shape uncertainties of backgrounds

The favorable element for analysis is improved knowledge of Amsz; to 1% by other
experiments specifically T2K and NovA. Exploited by adding a pull in the )2 definition

thus increasing y2. This is better done using the effective parameter |Am|.

JUNO 100k IBD Events

—
%

?‘.’ 200} S Am,

o 150
@ - ,
5 100F \

1 i A rngolar

50

2 250f
S

2. 48
E

0 5
MeV)

prompt (

Puc. 3.11. Precision measurements

Supernova neutrinos

One of the vast physics reach beyond reactor neutrinos is Supernova neutrino. The
typical case: huge amount of energy (4 x 10°3erg) emitted in neutrinos at 10Kpc. Three
phases of this experiment are eqaully important.

Another topic that gained visibilty is Geo-neutrinos. Geo-neutrinos are produced by
uranium and thorium. Geo-neutrinos can be used to get more precise measurements for
multiple geological insights such as, fraction of heat flow from radioactive sources nature
of mantle convection energy needed to drive the plate tectonics. The same can be said

about Diffuse Supernova Neutrino.
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KOHCIIEKT IIOATIOTOBJIEH CTYAEHTAMMU, HE ITPOXOOMNJI
IIPO® PEJAKTYPY U MOXKET COAEPXKATH OLINBKN
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Puc. 3.12. Supernova Neutrinos
Process Type  Events (Ev=14MeV
Vet+p — *+n CC 5.0x103
V+D = V4P NC 1.2x108
v+e — v+e ES 3.6x102
v+12C — v+12C” NC 3.2x1072 -
Vet+12C — e+ 12N cC 0.9x102
Vet 12C — e+ 12B ccC 1.1x102

Puc. 3.13. Expected events in JUNO for a typical SN distance of 10Kpc
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Puc. 3.14. Geo-neutrinos

Solar Neutrinos

The fusion reactions in solar core are powerful sources of electron neutrinos. In JUNO

experiment the neutrinos are from ’Be and 8B chains. It investigates transition between
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ﬁmn-:mm

U+Th 0.96 17% 10% 8%
Fix ratio

U (free) 1.03 32% 19%  15% 11%
Th (free) 0.80 66% 37%  30% 21%

Puc. 3.15. Combined shape fit of geo-v and reactor-v

vacuum and matter dominated regimes.
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Puc. 3.16. Cosmogenic background for

Proton decay

Proton decay into KV can be shown as:

p—Kv

kaon visible in liquid scintillator

fast coincidence signature

siignal efficiency

remaining background: < 0.1ev/yr

After several design iterations it has been decided that in the water pool surrounding

the detector the acrylic vessel surrounded by steel truss will be stored. The steel truss
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Puc. 3.17. Proton decay into KV

substains the photo-multiplier between 18000. There will be compensating coil around
the water pool in order to compensate the magnetic field. The photo-multipliers are very
sensitive to magentic field. All the problems of shrinkage and shape variation were resolved.
Three companies had good practices.

Muon veto is critical to reduce backgrounds. Muons can be tagged and tracked by
top tracker using OPERA plastic scintillator. Three layers are used to ensure good muon
tracking. There is partial coverage due to available modules. Only 50% of the muons are
tracked. The sample of tagged muon is provided to study reconstruction and background
contamination with central detector.

The arrangement of the photo-multipliers is studied in order to maximize detection
efficiency of Cherenkov light.

The central detector distinctive feature is resolution. This will be obtained with high
coverage 78% and it will be the central detector with the highest precision calorimetry
ever built.

Detector resolution can be calculated as:

)

JUNO electronics layout

The PMT front-end electronics will be installed very close to the PMT, underwater.
The high voltage power supply will be placed very close to the PMT, underwater. Back-

end electronics will be located outside. Two different ADCs are being developed and will
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be tested with the electronics prototypes.

The vast potential physics reach of very large liquid scintillator detectors — MH
determination and beyond — is the foundational motivation of JUNO conceived and
planned to mark significant breakthrough for the ultimate quest of the neutrino properties.

The collaboration is rapidly progressing toward the construction of the detector with
all the important design decisions already taken and with the excavation progressing

rapidly.
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