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AHHOTaAMSA

Ha crpanumax atoif  MoHOrpamu MBI JIOKaXkeM, YTO
0ECKOHEYHOCTH HE CYIIECTBYeT. BMECTO TOro 4toObl CKMMAThCS B
MaTeMaTU4eCcKyl0 TOUKY-ABIPY, BEIECTBO OCTUTaeT KPUTUUIECKOTO
Trpejiena JIaBJieHusl U coBepinaet a3oBbii iepexon. OHo cOpachiBaeT
JWIIHEe W3MepeHue. 3Be3fla IpeBpaiiaercsi B «renen». He B
30Jy OCTBIBIIETO KOCTpa, @ B WJEAIbHBI JBYMEPHBIA KPHUCTAII
HEBEpOATHOM IUIOTHOCTM, 3allepThlii Ha IUIOCKOCTM TOPU30HTA
COOBITHI. DTO OOBSICHSIET BCE.
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Co3aHo B MHTEJUIEKTYaJIbHOM M3J1aTesIbcKou cucteMe Ridero

IMopzaroaoBok: I'osorpaduyeckasi npupoaa HeBU M-
Moi Macchl. I'paBuTanmonHbIn napaaokc 2D-nenua u ot-
ka3 ot napaaurmel WIMP-uacrTuir.

«Mbvl uwem npuszpakos & nycmome, ROMOMY UMO HAM
CMpPAWwHO NPU3HAMb: UCUE3HYSWIUIL npeOMem He nepecman
CYuecmaosams — OH NPOCMo nepecman 0blinb 00°6eMHBIM.
Iosmomy Heodxo0umo nepesecmu Hokyc ¢ noucka 3K30mu-
UecKux uacmuy, Ha 0CO3HaHue U3MEeHEHUS MONO0A02UL CAMO20
eeuecmaar.



«Bcé, umo evl cuumaeme peanrbHLlM MPEXMEPHLIM MU-
POM, MOdHCem 0KA3ambCsi ML MEHbI0 08YMEPHOIL KEAHMO-
801l neHKU, Opodicauiell 20e-mo HA Kparo 0eCKOHEeUHOCMU».

«lanrakmuka epawaemest CAUWKOM ObICMPO He NOMoMmy,
umo ona msaviceaas. Ouna deaaem 3mo u3-3a moz20, 4mo eé uc-
MUHHBLIL 8eC CNPIMAH 8 U3MepeHuu, Kyoa céem ooumcs 3a-
2190618AMb».

«Ecmb 0sa cnocooa nomepamo sewb u3 8udy: opocums eé
60 MPAK UAU 3aCMAsuUmMs 08U2AMbCs1 OblCmpee COOCMBEEHHO20
OmpadiceHus».

«Yépnaa Ovipa — 3mo He 0e30HA, NoO2A0WANOWASL 8CE
cywee. Imo geauuaiiuuuil 2pasumayuonnblil ymroez Bceeaen-
HOIl, PA321aXiCUBAIOUULL XAOC 3830 00 COCMOSIHUSL UOEANbHOUL
naocKocmu».

B. U. Kuzno6



OT aBTOpA

ApXHMTEKTOPBI TeHel

MBI OCTPOMIIY BETMYECTBEHHBII XpaM COBPEMEHHOUN KOCMO-
JIOTUH, HO B MOCJIEHUE NECATUIETUA (PYHIAMEHT 3TOTO 3/1aHUS
HayaJl IaBaTh Myraloiiye TpemyHbl. Mbl CMOTPUM B HOUHOE HE0O
Y TIOHMMAEM: TO, YTO Mbl BUIUM — CUSIHUE 3B€3[l, CIIUPAJIM I'a-
JIAKTUK, OTHEHHbIE HUTH TYMaHHOCTEW — COCTaBJISIET HUYTOX-
Hble 15% ot maccel Beenennon. OctaiibHble 85% CKpPBITHI OT HAC.

Hayka Ha3Basa 3Ty nponacTb «TEMHOW MaTepuen» M OTIpa-
BWJIA JIyYIIME YMbI YEJIOBEUECTBA HA €€ MOMCKU C TMIAHTCKUMHU
ceTsiMU. MBI BBIPBUIM IITyOOKHE KPHOTEHHbIE TaXThl O AJIbIa-
MU U IOI0CaMH 3€MJIM, HaJEesACh MIOMMATh HEYJIOBUMYIO YaCTH-
1y WIMP. MBI pa3orsaiy npOToHbI IIOYTH IO CKOPOCTH CBETa B
xosutaaepax. Ho cetu myctol. B nieisiHOM THIIMHE NToA3EMeENNA
MBI CJIBIIIMM JIMIIb 9XO COOCTBEHHBIX OXKUIAHUH.

DTa KHUra IpejaraeT COBEPIINTh aKT MHTEJJIEKTYAJIbHOTO
MYKECTBa: MPU3HATh, YTO HAILU CETH ObLIH CIIMIIKOM IPyObIMH,
a cama HJiesl JIOBJIU «ITbUTMHOK» — OIMUO0YHOR. UTO ecim TEM-
Hasl MaTepusi — 3TO He TAWMHCTBEHHas HeOApUOHHAs YacTHIa,
KOTOpoM HeT B Tabnuie MeHaeneesa? UTo eciy oHa COCTOUT U3
caMoro oOBIYHOTO keJie3a, BOJopoaa U yriepona?

[maBHBIM NMAapafoKC 3TOM UCTOPUM 3aKJIIOYAETCA B TOM, UTO
Bcenennas cripsitana MoJOBUHY caMoid ceOst He om Hac, a i HAcC
Ha eudy. OHa POCTO CJIOKWUIIA IIPOCTPAHCTBO.



[Ipencrasbre cede et Oymaru. [t HApUCOBaHHOTO Ha HEM
MYpPaBbs1 3TOT JIUCT — BCs ero BeeseHHast. OH MOXKET JIBUraThCsl
BIIEpe]], Ha3a/1, BIIPABO U BJIeBO. Teneph MpeacTaBbTe, UTO HEBU-
VMBI BEJTMKaH OepeT 3TOT JIUCT U CBOPAYMBaeT ero B TOHYAH-
IIyI0 HUTh WM MPUKUMAET K CTeKJIy TaK, YTO TOJIIIMHA JIMCTA
ucuesaeT. Mypagen Bc€ enie Tam. Ero Macca ocrayiach pexHeu.
Ho 1151 Haiero TpexmepHoro B3IVIsAa OH MepecTal CyIecTBO-
BaTh Kak 00beMHbIN 00beKT. OH CTaj rpaBUTAIIMIOHHOW TEHBIO.

VIMEHHO 3TO POUCXOOUT CO 3BE3IaMU, KOIZla OHA YMHUPAIOT
3a TOPU30HTOM cOOBITUH. TpaguumonHas (pr3rKa roBOPHUT HaM,
YTO WX KAET CUHTYJISPHOCTh — OECKOHEUHO TUIOTHAS TOUKa, IJ1e
JIOMAIOTCSl 3aKOHBI JIOTMKM. DTa KOHUEMIMS BCerja BbI3bIBaja
CHpaBeJIMBbIN CKeNcuc. BeCKOHEUHOCTh B ypaBHEHUSIX — 3TO
OOBIYHO MPU3HAK TOTO, YTO (hOpMYyJia HEBEpHA.

Ha crpanuniax 3ot MoHOrpaun Mbl JOKaXeM, 4To OecKo-
HEYHOCTH He CyIecTByeT. BMecTo Toro 4toObl C:KUMaThCsi B Ma-
TEMaTUYECKYI0 TOUKY-/AbIPY, BEHIECTBO IOCTUTAET KPUTUUECKOTO
npejiena JaBJjieHus u coBepiaet (ha3oBblid mepexon. OHo cOpa-
ChIBA€T JIMIIHEE U3MEpeHue. 3Be3/ja MPEBPAIAeTCs B «IIenes».
He B 3011y OCTBIBLIETO KOCTpA, a B UJEAJIbHBIN IByMEPHBIN KPU-
CTaJIJT HEBEPOSITHOM IUJIOTHOCTH, 3allePThil Ha TIJIOCKOCTH TOPU-
30HTa COOBITHI.

D10 00BACHSET BCE. DTO OOBACHSET, MOYEMY T'aJIaAKTUKU Bpa-
IIAIOTCST CJIMIIKOM OBICTPO: MX TPUTITUBAET HE OONaKo Tyma-
Ha BOKPYT HUX, & KOJIOCCAJIbHBIN IJIOCKUIA AUCK CKPBITOM MacChl
B CAMOM IIeHTpe. DTO OOBSCHSET, MOYeMY MPH CTOIKHOBEHUU



CKOIUIEHW TaJJaKTUK TeMHasi MaTepusl IPOXOAUT CKBO3b OOBIY-
HYI0, KaK HOX CKBO3b MACJIO: TEHH HE MOTYT CTOJIKHYThCS J10a-
MU, TIOTOMY YTO Y HUX HeT TOMIUHBL M 310 Orectsine oObsc-
HsieT 3arafky oobekta 1ES 1927+654, ubsi peHTreHOBCKast KO-
pOHa BHE3AITHO MCYe3Jia Ha HECKOJIBKO MECSIIEB, CJIOBHO KTO-TO
BBIKJIIOUMJI CBET, IIEpEBE/Is1 MATEPHUIO TUCKA B PEXKUM «UEPTEKaA»,
a 3aTeM BepHYJIach OOPATHO.

MBI UILIEM KJTIOUM TaM, TJI€ CBETJIO, XOTA MOTEPSIIM UX B TEM-
HOTe uHOro u3Mepenus. [lopasinsomas yacte Beca BeeneHHom
OTCYTCTBYET B HAIIMX y4eOHMKaX (PU3UKH, TIOTOMY YTO OHA Jie-
’KUT B APYroy FeOMETPUYECKON ITPOEKIINN.

DTa KHUra — MpUITIalIeHHUe CITYCTUTHCS B TOT MUP 1O TY CTO-
POHY 3epKasia. Mup, rj1e nieres CropeBIIrX COJHIL PABUT OaJIoM
IMHAMUKA TaJIaKTHK, OCTaBasCh aOCOMIOTHO XOJIOTHBIM, TLIOC-
KUM 1 0e3MONBHBIM. [IpUroToBhTECH Y3HATH, YTO BEJIUYAMIIAS
TaitHa KocMoca — 3T0 He 9K30THYecKast yacTuia. 1o KJIaa0u-
11e 3BE3]], cTaBilee (DYHIAMEHTOM PEaJIbHOCTH.



Beenenue. IlapagurmajbHbli
CABHUT B acTpo(u3MNKe

Kpuzuc LambdaCDM-moaean

Ha npotskeHuu MOCHIeIHUX COpOKa JIeT CTaHAapTHasi KOC-
Mosiornueckas mozenb (Lambda-CDM) ciyxuiia He3bI0IeMbIM
(ynmamentom coBpemenHo actpodusuku. OHa Onectsiie
OIMCBHIBAJIA KPYITHOMACIITaOHYIO CTPYKTYpy BceneHnHoit, penvk-
TOBOE U3JTy4YEeHUE 1 IBOJTIOIIUIO TATTAKTHK, ONUPAsICh HA JIBA CTOJ-
na: TeMHYI0 Hepruio (JisiMO/1a-4JieH), OTBEYAIOLIYIO 32 YCKOPEH-
HOE pacIiIupeHue MPOCTPAHCTBA, U XOJIOAHYIO TEMHYIO MATEpUIO
(Cold Dark Matter — CDM).

Cornacno napagurme CDM, Hepocratonme 85% maccsl Koc-
MOCa COCTOSIT U3 HEM3BECTHBIX JIEMEHTAPHBIX YAaCTHII, KOTOPbIE
JBVKYTCS MEJIJIEHHO 10 CPABHEHHIO CO CKOPOCTHIO CBETA U MPaK-
TUYECKU HE B3aMMOJICUCTBYIOT C OapMOHHBIM BEIIECTBOM, KpOMeE
KaK yepe3 rpaBUTalvio. Benymumu KaHauaaTaMu Ha 9Ty poOJib
cramu WIMPs (Weakly Interacting Massive Particles) — cia0o-
B3aMMOJIEHCTBYIOIIIE MACCUBHbBIE YACTHIIBL.

YrtoObl OOHAPYXKHUTHh HX, YEJOBEUYECTBO MOOMIM30BAJIO KO-
JIocCaJIbHBIE pecypchl. BplIM MOCTpOEHBI MOJ3eMHbIE KPUOTEH-
Hble sabopatopuu Tydoko mox ropamu Mramum (Laboratori
Nazionali del Gran Sasso) U JeasHBIM IIMTOM AHTAPKTUKU
(IceCube), 3amyIeHsl CITyTHUKOBBIE 0OCEPBATOPUH U CO3/IaHbI



MHoOrokusoMmerpoBblie aeTeKkTopel LUX-ZEPLIN n1 XENONNT.
®U3MKM KCKaM TOT €IMHCTBEHHBIA MOMEHT, KOIJa 4YacTHlla
TEMHOM MaTEpPUU CIIy4alHO CTOJIKHETCS C IAPOM aTOMa KCEHOHA
WY TepMaHusi, BLICBOOO/IMB KBAHT SHEPIUU.

OpHako cerofHs 3ta napajurma HaxoaUTCs B COCTOSIHUU IJTy-
OOvaMIIero CUCTEMHOTO Kpu3uca. Mbl CTOJIKHYJIUCh HE TIPOCTO
C OTCYTCTBHEM JIAHHBIX, & C HAKOIJICHUEM OTPULIATEJIbHBIX pe-
3yJIbTaTOB, KOTOPbIE HEBO3MOKHO UTHOPUPOBATD:

— IIpoBaJy npsIMBIX JeTeKTHPOBAHMIl. DKCIIEPUMEHTHI
HOBOT'O MOKOJIEHUS TOCTUIJIM HEBEPOSITHOM 4YBCTBUTEIBHOCTH.
Hetrexrop XENONNT criocoben 3apuKcupoBaTh €AMHAIHOE CO-
ObITHE B3aUMOJIEICTBUS B pe3epByape, colepKaileM HeCKOJIb-
KO TOHH KMJKOIO KCEHOHA. Tem He MeHee, HECMOTpPSI Ha TOJbl
HETPEePHIBHBIX HAOMIOEHUH, HA OJTUH U3 3TUX TUTAHOB SKCIIePH-
MEHTaJIbHOU (DU3UKU HE 3a(PUKCUPOBATT IOCTOBEPHOI'O CUTHAJIA.
Craructuka coObITUI HIeaTbHO COBMAAAET ¢ (POHOBBIM IITyMOM
OT KOCMMYECKHUX JIyUeil U ECTECTBEHHON paJiuOaKTUBHOCTU TOp-
HBIX 1Opoz. I panuiisl BO3MOXKHOTO ceyeHus paccesauss WIMP-
YacTUl| CABUHYJIUCH B O0JIACTh, IJIe UX CYIIECTBOBAHUE YKE HE
MOXeT OOBSICHUTH 00111y Maccy [ 'anakTuku.

— Mouauanue teaeckonoB ®epmu. Teopus cynepcum-
METPHH, [IOJITOE BpeMs MOCTaBjsBIIAs (PU3MKaM KaHIUAATOB
B WIMPs, npenckaspiBajia, 4TO 3T YaCTULBI JOJKHBI AHHU-
TWJIMPOBATh MPY CTOJKHOBEHUHU JPYr C APYroM, IpeBpalasch
B raMMa-KBaHThI. ['yCTble CKOIUIEHUSI TEMHON MaTepuu B 1IEH-
Tpe Muteunoro Ilyt 1 B KapauKoBbIX C(hepOUIATIbHBIX TajlaK-



THKaX JOJIKHBI ObUTH Obl CBETUTHCS B KECTKOM PEHTI€HOBCKOM
U raMMa-uana3zonax. OpouransHas oocepBatopus Fermi roga-
MU CKaHUPYET 9TU 00JIACTH C BHICOYANIIINM pa3perieHreM. Hebo
ocraercss TeMHbIM. OXHJaeMble CUTHATYPbl aHHUTHIISILIUM OT-
CYTCTBYIOT.

— IIpob6aema wuepapxuun miaotHocreii (Core-Cusp
Problem). KomnbioTepHbie CUMYJISIIIMA, OCHOBaHHBIE Ha 00J1a-
kax WIMPs, nipeckasblBaioT, 4To MJIOTHOCTh TEMHOW MaTepuu
JOJDKHA TUIABHO ¥ OECKOHEUHO PACTH K CAMOMY IIEHTPY TalaKTUK
(mpocpue NFW, «kacm»). OqHako peanbHble HAOMIOAEHNS KPH-
BBIX BpAIIIEHU s KAPJIMKOBBIX M HU3KOKOMETHBIX TaJTaKTHUK TOKa-
3bIBAIOT, YTO B MX LIEHTPax IJIOTHOCTh TEMHOW MaTEpUU MOCTO-
SHHa ¥ 00pa3yeT MsATKoe «sjpo» (core). CTaHmapTHast MOJEb
(usnyeckn He cmocoOHa OOBSICHUT ITO pacxoxeHne Oe3 wc-
KYCCTBEHHOTO YCJIO)KHEHUSI MOJIENIEH TTOBE/IEHNSI OOBIYHOTO Ta3a.

— OrcyrcTrBHe cmyTHHMKOB. MozenpoBaHue (popMHpOBa-
Hust Mneunoro Iyt B pamkax LambdaCDM TtpeOyer Hanuuust
THICSTY MEJIKUX KAPJIMKOBBIX TJIAKTUK-CITYTHUKOB, COCTOSIIIMX
MOYTH 1IEJIMKOM M3 TEMHOM Matepuu. PeasbHble acTpOHOMMYE-
CKHe 0030pbl HAXOMST JIUIIb HECKOJIBKO JAECSATKOB.

HakorijieHHble MPOTUBOpPEUMSI YKa3blBAOT HA TO, YTO MbI
UIIeM MPU3PAKOB B MYCTOTE, MOTOMY YTO HAM CTPAIIHO TMpPU-
3HaTh OoJiee PaJUKAIbHYI0 UCTHHY: MCUE3HYBIIMH MpeMET He
niepecTtasl CylecTBOBaTh — OH MPOCTO mepecTasl ObITh 00bEM-
HbIM. HakomieHrie HyJEeBBIX Pe3yJIbTaTOB TOBOPUT O TOM, UYTO
npoOieMa KpoeTcst He B HeIOCTATOYHON MOIIHOCTY HAIIMX MTPH-



O0pOB, a B (hyHIaMEHTAJILHOM OIIIMOKE CAMOI ApXUTEKTYPhI TEO-
pun. [onbITKa pemmTh mMpodaeMy HeAOCTAIONIEeH MAaCChl HCKJTIO-
YUTEJILHO B MUKPOMHUPE — 3HAYUT MBITAThCS IOUMHUTH CJIOMaH-
HBII MOCT, MEH$Is1 JIUIIb COPT MeCKa B €r0 KUpIMYax.

OTKa3 OT NOMCKAa «<HOBOIO BeleCcTBa» B MOJb3Yy HCCJIe-
JIOBAHMNSI «<HOBOIl reOMeTpun»

Korna ¢u3nku cTajakuBaioTcs ¢ rpaBUTAILIMOHHON aHOMAJTUEH,
NepBbIil UHCTUHKT — OOBUHUTH BO BCEM HEBUAMMBIN Ta3 WU
HEU3BECTHYIO MbUTb. OAHAKO UCTOPUS HAYKU MOKA3bIBAET: vallle
BCEro MpUpojia He MpsAYeT OT HAC HOBbIE KUPIIMYM, OHA JIMIIb
MEeHSIeT MpaBUJIa UTPbl HA CTPOUTEIbHOM I1IoIaake. [lepexon ot
I€OLIEHTPUUYECKOW CUCTEMBI MUPA K T€IMOLIEHTPUUECKON HE TI0-
TpeOOBaJI OTKPBITHSI HOBBIX TIJIAHET; OH MOTPeOOBAII JIUIIIb MTPH-
3HaTh, YTO MBI CAMM HaXOJMMCs Ha Bpalawouiemcs mape. TouHo
TaK ke peltieHue npoOiemMbl TEMHON MaTepyu JIEKUT HE B 100aB-
JIeHuM HOBOM yactuiisl B [leproanueckyio Tabnuiry MUKpOMHUpa,
a B MPU3HAHUM TOTO, YTO CaMO MPOCTPAHCTBO-BPEMsI CIIOCOOHO
MEHSATb CBOIO MEPHOCTb.

HanHasg wmoHorpaguss nocTyaupyer (yHIAMEHTaJIbHBII
CIIBUT: TEMHAs1 MaTepusi — 3TO TONOJOTHYecKuil nedexr
HaIero BocnpusaTusi. Mul uiieM e€ oObeMHBIE CBOICTBA TaM,
e (pusMKa nepenvia B pexxum IJI0CKOW MPOEKIHH.

STOT NOAXOJ ONMUPAETCS HA HECKOJIBKO KJTIOUEBBIX KOHIETITY-
QJIbHBIX CTOJIIIOB:

— Tonorpacdmuecknin npunnun (AdS/CFT-coorBert-
cTBHe). Maremarnueckas 1yajabHOCTb JIOKa3bIBaeT, 4YTo (pU3H-



Ky BHYTPU ONpe/IeIEHHOr0 00beMa MPOCTPAHCTBA MOXKHO TOJ-
HOCTBIO OITMCaTh Yepe3 MPOLIECCHl HA €ro BHEIIHeH rpanule. Ec-
JI SKCTPAIOIMPOBATh STOT MPUHIIMIT HA peaibHyo BeeneHnyio,
TO TOPU3OHT COOBITUI YEPHOU JBIPbI MOXET CIIYyKUTh SKPAHOM,
Kyda 3anuceiBaeTcss HGopMalys o najamlleM BellecTse. Be-
IIECTBO HE UCYE3AET B CUHTYJIIPHOCTH; OHO PACILIACTBIBAETCS O
MeMOpaHe, COXpaHsisi Maccy, HO Tepsisl TOJIIIMHY.

— Tonoaornveckas 3amura. [louemy WIMP-nerekTopbt
Momyar? [Toromy 4TO Hesb3s MOMMAaTh TPEXMEPHBIM CEHCOPOM
curHas u3 ApymepHoro mupa. IpencraBbTe cebe TeHb OT Ba-
1Iel pyKu Ha cTeHe. Bbl MoxkeTe 1BUraTh najibliaMmu, OTOpachiBast
NPUYYUIMBbIE CUITYSThl, HO CKOJIBKO OBl Bbl HU IBITATUCH CXBa-
TUTb 3Ty T€Hb PYKOM, Bbl HUKOI/IA HE MMOYYBCTBYETE €€ IJIOTHO-
cTu i Temreparypsl. OHa CyIIeCTBYET B IJIOCKOCTH CTEHbI, UC-
TOJIb3Y$l BAIll TPU U3MEPEHUSI TOJIBKO KaK XOJCcT. TéMHast MaTe-
pUsl B3aMMOJEWCTBYET C HAMHU MCKJIIOUMTENIbHO Yepe3 IpaBUTa-
L[1I0, TIOTOMY YTO I'PaBUTALMsI — ITO UCKPUBJIEHHE CAMOW TKAHU
npocTpancTBa. Eil HeBaXHO, CKOJbKUMH N3MEPEHUMHU 001a 1a-
eT OOBEKT, JIeKaIuii Ha 3TON TKaHu. CBeT ke TpeOyeT HaInIus
MEKTPUYECKOT0 3apsifia U MOJspU3alUM BEKTOpa B 00bemMe —
MHCTPYMEHTOB, KOTOPbIX Y 2D-ITpOEKLIMKU MPOCTO HET.

— Dxonomusa napamerponB (bpurBa Okkama). Cran-
JapTHAs MOJIENb BBIHYK/IEHa BBOIUTH BCE HOBBIE CYIITHOCTH: aK-
CHOHBI, CTEPUJIbHbIE HEUTPUHO, CYIIEPCUMMETPUYHBIE YACTULIBL,
TeMHBbIH (poToH. Kakgas HOBasi yacTuiia pokaaeT BOIPOC 00
€€ MPOUCXOKJICHUU U CBSI3U C OCTATbHBIMU. [ MTIOTE3a CKPBITOM



Pa3MEPHOCTH PAJUKAJIBHO MPOILE: OHA UCTIONb3YET yiKEe U3BECT-
HOE HaM BELIECTBO (IPOTOHBI, JEKTPOHBI), MOTUMHAIOIEECS U3-
BECTHBIM 3aKOHaM TEPMOAVUHAMUKHU, HO [IOMEILIAET €T0 B YCIIOBUSA
9KCTPEMaJIbHOM KPUBU3HBI. VICue3HOBEHNE TPETHErO U3MEPEHU
CTAaHOBUTCSI €CTECTBEHHBIM CJIEACTBUEM MEpeNoIHeHUs UH(POP-
MAaIlMOHHOW €MKOCTH TOPHU30HTa COOBITHH.

CnenoBaresibHO, MPEAMET HALIETO U3y4deHUs1 MeHseTcs. Mbl
nepecrtaeM ObITh OXOTHUKAMHU 32 YaCTULIAMU U CTAHOBUMCS T€0-
merpamu Bcenennoii. Hac Gosnbilie He UHTEpecyeT COCTaB Tibl-
. Hac nHTepecyer apXuTekTypa KOMHATBI, B KOTOPOY 3Ta IbUIb
cTajia HeBUAMMOM.

Ecim akKpeluroHHBI AUCK BOKPYT YEPHOW JbIPbl BHE3AITHO
racHeT B PEHTI€HOBCKOM /IMaNa30He, TPAJAULIMOHHAS acTpopu-
3WKa MIIeT oOnaka noromnfaoniero raza. Hama monens ropoput
MHOE: ra3 HUuKyzAa He jenca. OH IOCTUT KPUTUYECKOM TUIOTHO-
CTU SHEPIUHU, IPU KOTOPON KBAHTOBBIE (PIIYKTYyallMU CXJIOMHYJIU
METPHKY ITPOCTPAHCTBA BJIOJIb OMHOM OcH. [I1CK OyKBaJIbHO MPO-
JIMCTHYJI CTPAHMILy PEATBHOCTH, TIPEBPATUBIIMCH 13 OOBEMHOTO
IUIaMEHM B IUIOCKYIO CTPYKTYpy. Ero macca ocranace npexsen
— HMMEHHO [03TOMY I'PaBUTALIMOHHOE JIMH3MPOBAHUE COXpPaHU-
JIOCh, — HO €ro CroCOOHOCTh OTPaKaTh CBET MCYE3JIa BMECTE C
€ro TOJIIIMHON.

HccnenoBanue HOBOM '€OMETPUM O3HAYAET NIPU3HAHUE TOTO,
YTO I'PaHMIIA MEKAY BUAMMBIM U HeBUIMMBIM KocMocom npoxo-
JUT HE M0 IlIKaJle SHEPruidl YCKOPUTEJIel, a Mo JMHUU (pa30BOTO
repexoja caMoro KOHTUHyyMa.



OcHoBHas runoresa

TéMmHas maTepuss — 3TO JBYMEPHbIN ronorpapuyecKkum ocra-
TOK (meries1) GapMOHHOTO BeIeCTBA, MOTHOCTHIO YTPaTUBIIUN
o0beMHOe u3MepeHue. YEpHas JpIpa Mpu 3TOM SBJIsieTcs He pu-
HaJIbHOM TOUYKOM KOJUIArCca, a aKTUBHBIM TOMOJIOTMYECKUM IILTIO-
30M (MeMOpaHo#), oOecrieunBaoIuM (ha30BBI TIEPEXOJ1 MaTe-
UM U3 HaIlIero TPEXMEPHOTO KOHTUHYYMA B IJIOCKOCTh CKPBITO-
IO U3MEPEHUS.

Sra KOHLENHUs TpeOyeT paJuKaIbHOTO MEPecMOTpa MPUpo-
JIbl MACChl, TPAaBUTAIIUM M CAMOW CMEPTH 3BE3JHBIX OOBEKTOB.
OHa cTpouTCsl Ha CTPOrOM pasfieJIieHUd IBYX MPUHIUMHAIBHO
Pa3HbIX COCTOSIHUM HEBUIMMOW MACCHhI:

1. Yépunas apipa: AxtuBHbIil Tpancgopmarop (O0b-
ekT-11L1103) YepHas 1pipa — 3TO MOrpaHuyHas 30Ha, TAMOKEH-
HBIM MTOCT MEK1y MUPaMHU.

— Bxoa (3D): AKKpPELUMOHHBIN TUCK HAXOJUTCS B HaIlleM
MPOCTPaHCTBE. 3/1€Ch TOCTIOACTBYET KJIaccuuecKas (pU3MKa: Tpe-
HUE, BBICOKME TeMIIepaTypbl, PEHTTEHOBCKOE U3TyYEeHUE U Te0-
meTpus 1/r"2. BemecTBo 31ech ere 061agaeT 00beMOM.

— T'opu30HT cOOBITHIT: DTO HE MOBEPXHOCTH C(Pephl B IPH-
BBIYHOM MTOHMMAaHUH, & TOUYKa KPUTUUYECKOW TUIOTHOCTU UH(OP-
marmu. [1pu e€ jocTuxkeHun MeTprKa MpoCTPAHCTBA BJOJb BEK-
TOpa paguabHOTO MajieHusl CXJIonbIBaeTcs. TpeTbe n3MepeHue
niepecTaeT CyIlecTBOBATh ISl YIaBIIEro OObeKTa.

— Boixop (2D): 3a ropu30HTOM HET OECKOHEYHO TJIOTHOU
TOYKHU (CHHTYJISpPHOCTH). CHUHIYISPHOCTh — 3TO MaTeMaruye-



CKasl OIIMOKA IKCTPAIoJAUY (popMyst TpEXMEPHOro Mupa (TH-
na 1/r"2) 3a mpezaensl X MpUMEeHUMOCTA. Bmecto Geckoneu-
HOW TOYKM BEIIECTBO MPEBPAIAECTCS B UJCAIbHBIN ABYMEPHBIN
CIIOW — «KBAHTOBYIO CyrnepcyOcTaHimio». Bes macca 3Be3jbl
pacripeniesisieTcst 1o TUIOIIa i roOpru30HTa coObITHiA. MH(pOpMa-
VST O 3BE3/Ie COXPAHAETCs UIeaIbHO, HO OHA OOJIbIlle HE 3aHU-
MaeT MecTa B HallleM oObeMe.

2. Témnasa marepusi: [laccuBubii nenena (OobexT-Nm-
murpanT) Eciiu yepHast ipipa — 3T0 padOTAIOIIHIA 3aBOJ T10 Tie-
pepadoTKe U3MEpPEeHU, TO TEMHAsI MaTepHsi — ITO YKe TOTOBBIN
IIPONYKT, BBIBE3EHHBIM C 3TOTO 3aBOAA. DTO BEIIECTBO, KOTOPOE
OKOHYATeJIbHO HaTypaanu30Basloch B 2D-mupe.

— OTtcyrcTrBue o0bemMa: Y TEMHOW MaTepuy HET TONIIIH-
Hbl. OHa MpeicTaBIsieT COOON CBEPXTOHKYIO TUICHKY KBAHTOBOM
cynepcyocTanimy. FIMeHHO 1Mo3ToMy OHa He MOXeT CpOpMHUPO-
BaTh KOMITAaKTHbIe OOBEKTHI BpoOjie TUIaHeT uiu 3Be3A. s dop-
MUPOBaHUS siApa TpeOyeTcs cKaThe K LEHTPY, HO Y TIOCKOCTH
HET LIEHTpa B TPETbEM U3MEPECHUM.

— Cocrosiane cynepcyocranmuu: B stom 2D-mupe He cy-
IIECTBYET JIEKTPOHOB U MO3UTPOHOB KAK OTHEJbHBIX YACTHUILI.
Tam ecTh eriHasi HelIpepbIBHAsA cyrepcyocTanis. Hamm srek-
TPOHBI ¥ TIO3UTPOHBI — ITO JIMIIH 3€PKATbHBIE BO30YKICHUS
9TOH IMJIOCKOCTH, BHIOPOIIIEHHBIE B TpeThe n3Meperue. [1ockomb-
Ky caMa IUIOCKOCTb JIEKTPUYECKU HEUTPaJIbHA U JIMILEHA BHYT-
PEHHEro TPEeHUsl, TEMHAsl MaTepusi HE CBETUTCs, HE MOIJIONIAeT
(oToHbI U BezeT cedst Kak uaeanbHas TPO3payHasi TCHb.



— I'paBuTanmst npucyrcTBusi: Mbl UyBCTBYEM €€ BEC TOJIb-
KO MOTOMY, YTO Macca HUKyAa He ucyesna. OHa mpocro nepe-
craja ObITh 00JIAKOM U CTaJia TUIOCKOW MemOpaHou. [ paBurtary-
OHHOE T10JI€ TJIOCKOTrO JIMCKA OTJIMYAeTCsl OT MMOoJis I1apa: OHO
yIE€PKHUBAET BHEIIHNE OObEKTHI CTAOMIIbHEE, CO3/IaBasi TE Camble
TUTOCKVIe KPUBbIE BPAIIEHUS TATAKTUK 0e3 HEOOXOIUMOCTH BBO-
JUTh JOTOJTHUTEIbHbIE HEBUAUMBbIC YaCTHUIIHI.

ITouemy 3Ta Moe/Ib peniaeT IJIaBHbIE APAIOKCHI?

— IIpooduema «mbLIecoca»: [louemy T€MHasE MaTepusi He
3acachlBa€T OKPYKAIOIINM a3, Kak yepHas apipa? [loromy yto y
HeE HeT «ropia». YepHas apipa 3arsruBaer 3D-ra3 B ceon 3D-
quck. TémHas marepb — 3TO acalibT, JIeKAUM HA JJOpOre.
Brl MOxeTe ynaputbesi 00 Hero, HO Bbl HE MOXETE MPOBATTUTHCS
enympyw acanpra. EMy HeKyna nmprHAMATh Baill 0ObeM.

— KBaHToBasi 3anyTaHHOCTH: DTOT (DEHOMEH MOJIy4aeT
(pusnueckoe oobsicHenue. Eciu aBe yacTulipl (Hanpumep, 3ary-
TaHHBIE JIEKTPOHbI) Pa3HECEHBI HA KUJIOMETPbI, OHM MTHOBEHHO
pearupylor Ipyr Ha Jpyra, HIOTOMY YTO Ha YPOBHE CBOEro (pyH-
JameHTa (B 2D-u3MepeHnn ) OHU BCE elle SIBISI0TCS YaCTsIMU OfI-
HOW HepaspbIBHON MeMOpaHbl. PaccTosiHue B HaiieM Mupe s
HUX HE MMEeT 3HAa4YeHUsl, TaK KaK UX oOmias MpOeKIys BHU3Y
OCTaeTCsl €MHON TOYKOHM WA OOJIACTHIO.

— Ioawnusa Beesennoii: Beenennas npeacraer He Kak
KJIAIOUITIE YEPHBIX JbIP, @ KAK TUTAHTCKUI AIXUMUYECKUN peak-
TOp. 3BE3/Bl CroparoT, NpeBpamasacs B 2D-nienen (TEMHYI0 Ma-
teputo). Co BpEMEHEM 3TOT Merel MOXKET CIYyKUTh (PyHAAMEH-



TOM J1JIsl HOBBIX ITUKJIOB TBOPEHHSI MJIM OCTaBaThCsl BEYHBIM, a0-
COJIIOTHO YIOPSITIOYEHHBIM CKeJIeToM Mupo3aaHusl.

Takum 06pa3om, Mbl )KMBEM BHYTPU CJIOEHOTO IMUPOTa peasib-
Hoctu. Haia Bunumasi BeenieHHast — 3T0 JIMIb BEPXHUM ITaK.
A Henocraonue 85% maccbl Kocmoca HaxoasTes npsiMo 1noj Ha-
IIMMU HOTaMU, B MUJUIMMETPE OT HAC, €CJIM CMOTPETh Yepe3 YeT-
BEpPTOE U3MEPEHUE — B BUJIE UJIEATTbHOM, XOJIOJHOM U HEABUKU-
MOM TJIOCKOCTHY TIEPBO3/IAHHOTO HETPOSIBJIEHHOT'O CBETA.



Yactp 1. IMnupudeckui
0a3uc: ACTpoHOMHYECKHE
AaHOMAJIUM CKPBITHIX H3MePeHNH

I'naBa 1. I'paBuTanimoHHbIEe
JIMH3bI 0€3 BUIUMOI0 HCTOYHHKA

['paBUTAlIMOHHOE JIMH3UPOBAHUE — 3TO, MOXKATYW, CaMbIi
MOIIIHBIA ¥ TIPY 3TOM OECTPUCTPACTHBI MHCTPYMEHT HaOJTio/1a-
TEeJbHON KOCMOJIOrMH. B oTiimyme oT aHanm3a CKOpoCTel 3Be3,
KOTOPBIN ONMUPAETCS Ha CJIOKHBIE MOJICTIM TUHAMUKY, JTUH3A Pa-
60TaeT Mo 3aKoHaM 4ucTOi reomerpuu OOIIEN TEOPUU OTHO-
CHUTEJIBHOCTU. MacCUBHBIM OOBEKT HA MyTH CBETA OT JIaJIeKOTO
KBa3apa WY TaJJakKTUKU UCK PUBJISIET IIPOCTPAHCTBO-BPEMS, JICH-
CTBYS KaK onTUYecKas npusMa. Ecim macca Benvka, Mbl BUTUM
HE OIMH OOBEKT, a HECKOJIbKO €ro MCKaKeHHBIX M300pakKeHHH,
OyTd WK Jaxe nosHblie «Kospiia DitHinTeriHa».

B pamkax crangaptHoit moaenu LambdaCDM npenmnonaraer-
Cs1, YTO Kax/1asi Takasl TIMH3a UMeeT CBOETO XO3sIMHA — BUJIUMYIO
rajlakKTHKy WK CKOIUIEHHWe, cOocTosiiee u3 OApUOHHOrO Bellle-
CTBa, OKPYKEHHOE OTPOMHBIM C(hepUIeCKUM OOJIAKOM HEBUIH-
MbIX WIMP-uactun. OgHako gerajabHble HAOMIOOEHU OCIIE-



HUX JIECATUJICTUN BBISBUIM KJIacC OOBEKTOB, KOTOPbIE CTaBAT
9Ty Mapajurmy Moy COMHEHHE.

Addexr Dinmreiina-Kpocca m pacxoxjeHue mo-
TeHHuaMoB KiaccuueckuM mpuMepoM sBIISIETCSI CHCTeMa
Q2237+0305, uzBectHas kak «Kpecr DitHinreriHa». KBazap Ha-
XOIUTCS TIOUYTU UJEAJTbHO 32 IIEHTPOM CHHUPATbHON TaJIAKTUKU
ZW 2237+029. I'paBuTanus rajJjakTUKKU pacllEIUIsieT CBET KBa-
3apa Ha 4YeThipe CUMMETpUYHBIX n3o0paxkenus. [Ipodrema 3a-
KJIIOYaeTcsl B KaTMOpoBKe Macchl. UTOOBI CO3/IaTh TAaKOE CHUJIb-
HOE OTKJIOHEHHE CBETa, IIEHTPaJIbHASL YacTh JIMH3HI JIOJKHA 00-
JIaiaTh KOJIOCCAJILHOM MJIOTHOCTHIO. TpaauiinoHHast actpopusu-
Ka YTBEPXK/IAET, UTO STOT AePUITUT BOCIIOTHSET rajio TEMHOM Ma-
tepun. Ho 31ech Bo3HUKaeT (hyHIaMEeHTaIbHOE TTPOTUBOPEIHE:

— CBerumocTh: Mbl HaOMOMaeM OOBIUHYIO CIUPATBHYIO
rajlaKTUKy C TUMWAYHBIM JJi TaKUX OOBEKTOB pachpe/esieHU-
€M 3Be3/l. B Hell HeT MpPU3HAKOB TMTAHTCKOTO SJTUITUYECKOTO
CBEpXTUTr'aHTa, CIIOCOOHOTO yAEPkKAaTh TAKyI0 Maccy.

— Jdnnamuka: M3mepenus CKOpoCTH BpallleHus 3Be3]] B ca-
MO raJIAKTUKe-JIMH3€ TMOKa3bIBAIOT, UTO €€ COOCTBEHHAsI, BHYT-
PEeHHsIsA TEMHAsI MaTepusl pacrpejiesieHa BIOJTHE CTaHAapTHO.

— AHomaJgus: PacyeTsl MOKa3bIBAIOT, UTO JUISI CO3/IaHUS Ye-
ThIpEX BUJVIMBIX N300pakeHWid K BUAUMON Macce HYKHO 100a-
BUTH €I1Ie CTOJIBKO ke HeBUAUMOM. [Ipu 3TOM 3Ta TOMOTHUTEb-
Hasl Macca JOJKHA OBITh CKOHIIGHTPUPOBAaHA UMEHHO B TIJIOCKO-
CTH JIUCKa, YTOOBI 00ECIIEUNTh BBICOKYIO KPATHOCTh JIMH3UPOBA-
HUS, a HE pa3Mas3aHa 10 OrpOMHOMY C(heprUYECKOMY Tajio (Kak



npeackasbiBaetr Mojaesib WIMPs).

Ecnu Obl MICTOYHMKOM JIMH3UPOBAHUsSI ObUTO 00JIAKO IK30TH-
YEeCKMX YacTHII, OHO UMeJIO Obl chepruecKyio (popMy U 3HAYM-
TEJIbHO TPEBBINIAI0 Obl pa3Mepbl CaMOil rajakTUKU. B Takom
cllydae Mbl BUJEU Obl ropa3fo OoJibllle pa3JIBOCHHBIX M300pa-
KEHWUH CITyJaiHbIX (POHOBBIX OOBEKTOB BOKPYT He€. Ho mbI BU-
UM TOYEYHYIO, IOBEJIMPHYIO paOOTy JIMH3bI.

HNuTepnperanus yepe3 CKPbITYIO pa3MepHOCTh [urore-
3a IByMepHOro (¢a30BOro nepexoaa NpeaiaraeT U3sIHoe perie-
HUE 3TOro napajaokca. LieHTp macc, cozgaoniuii JMH3y, JeCTBU-
TeJIbHO 00JIa/1aeT HeOOXOAUMOM T'paBUTAIMOHHON Maccor. Og-
HaKO 3TOM MAcChl TaM POBHO CTOJIbKO, CKOJIbKO Mbl BUJTUM B 3BE3-
Jlax JMCKa IUTIOC Ta YacTh BEIECTBa, KOTOpas yXke COBEpIlna
nepexon B 2D-cocrosHue.

— IliockocTHass KOHIeHTpanus. BenlecTBo, ynasiiee Ha
BHYTPEHHUI aKKPEIMOHHBIA JUCK LEHTPAJTbHOM YEPHOU JIbIPbI
9TOM rajlakKTUKHU, MEPEeIuIio B COCTOSIHUE rojorpadpuuecKor MeM-
Opanbl. OHO GoMbIle HE 3aHMMAaeT 00bEM, HO COXpaHsET BCIO
CBOIO Maccy Ha mIockocTH. i ¢poroHOB (hoHa T2 MeMOpaHa
BBITVISIIUT KaK OECKOHEYHO TOHKHIA, HEBEPOSTHO TSKEJIBIH JIUCT
cBUHIIA. [IOTHOCTH TaKOro JIMCTa CTPEMUTCS] K OECKOHEUHOCTH
IIPU COXPAHEHUY KOHEYHOM MACCBI, YTO CO3/1a€T NACAIbHBIN T€0-
MeTpUUYeCKuil (POKYC AJ1s1 TUH3UPOBAHMUS.

— OTtcyrcrBHe cBedeHHs. [ToCKOBKY 3TO BEIIECTBO Te-
IEPb CYLIECTBYET B 2D-U3MEpEHUH, OHO HE MOXKET W3JIydaTh
ceeT B HameM 3D-oO0beme. POTOHBI OT AKKPEMOHHOTO [IHC-



Ka MPEeBPaTWINCh B BO30OYKAEHUS cynepcyOcTaHiuu. [anakTu-
Ka KaXeTcsl HAM HOPMAJIbHOM M TYCKJIOHM, IIOTOMY YTO €€ IJIaB-
Hasl TSOKECTh MPOCTO YIUIA B TeHb. MBI B3BEIIMBAEM MYCTOTY,
UCTIOJIb3YSl JIyUU CBETA, U YIUBJISEMCS OTCYTCTBHIO IPy3a, XOTs
Ipy3 BCE 3TO BpeMsl Jiexkall IPsIMO NEpe] HAMU, CTaB MIOCKUM.

— MukpoJjuH3upoBaHue. BrICTpble U3MEHEHUS SIPKOCTH
komnoHeHTOB Kpecrta DiiHinTeliHa, BHI3BaHHbIE ABMKEHUEM OT-
JeJIbHBIX 3BE3]] B FaJlaKTUKE-JIMH3€E, TAK:Ke HAXOAAT OObsCHEHUE.
3Be3/1bl B IUCKE JABUKYTCSI CKBO3b ITOT CJIOM TeHeBou 2D-mare-
pun. Korna sy 3peHust MpOXOOUT Yepe3 y4acTok, rae 2D-meMm-
OpaHa 4yyTb OoJjiee IJIOTHA M3-32 HEIaBHETO TOIJIONIEHHS ra30-
NBUIEBOTO O0JIaKa YEpHOM JIBIPOH, N300pakeHue Mopraer. 1o
HE Urpa CIy4JalHbIX Ta30BbIX OOJIAKOB B HAIIIEM MPOCTPAHCTBE,
9TO psIOb HA TMOBEPXHOCTU CKPHITOTO M3MEPEHUSI.

Takum 06pa3zoM, COOBITHSI CUTPHOTO JIMH3WPOBAHMUS, TJIE TIeH-
Tpbl Macc OYKBaJIbHO BUCST B IyCTOTE (TaK Ha3bIBA€Mble TEMHbIE
rajio HU3KOM NOBEPXHOCTHOM SIPKOCTH), SIBJISIIOTCS MPSIMBIM J10-
Ka3aTeIbCTBOM TOTO, UTO rpaBUTaIMs BO BeeneHHol nmopoxkaa-
€TCsl He TOJIbKO TeM, YTO CBETUTCS. 3HAuMTesIbHasl 4acTh Mac-
Chl cocpelloToyeHa B 00BEKTax, KOTOpble MOTepsUId MPaBO Ha-
3bIBaThCSl TEJAMU, ITPEBPATUBIIUCH B YMCThIE T€OMETPUUECKUE
TJIOCKOCTH, MPOELIMPYIOIIUE CBOU BEC B HAIII MUP.

IIpo6JsieMa TeMHBIX raji0 HU3KOIl OBEPXHOCTHOM sIP-
koct (LSBGs)

OnHUM U3 CaMbIX CEPbE3HBIX BHI30BOB JJIs CTAHAAPTHOM KOC-
MOJIOTUYECKOW MOJEH SIBJISIIOTCSI OOBEKTHI, KJIacCH(pUIMpye-



Mble KaK TaJakKTMKU HU3KOM TOBEepXHOCTHOM sipkoctu (Low
Surface Brightness Galaxies — LSBGs), a B 3KcTpeMasbHbIX
ClTy4yasix — «TeMHbIE TAJIaKTUKW». DTO MAaCCHUBHbIC I'PAaBUTAIIM-
OHHBIE CUCTEMBI, KOTOPbIE COIEPkKAT OIPOMHOE KOJIMYECTBO Be-
IIECTBA, JIOCTATOYHOE /ISl yAepKaHUs ra3a v (popMHUpOBaHUS
CTPYKTYPBbI, HO TIPY 3TOM MPAKTUYECKU HE U3TY4alOT 3BE3/IHBIN
CBeT.

B pamkax mapagurmbi WIMP-uactuil Takue oOBEKTH pac-
CMaTPHUBAIOTCS JIMOO KaK HEey/IauHble TIONBITKY 3Be31000pa30Ba-
HHSI, T OOBIYHOE BEIIECTBO €CTh, HO OHO CIIMIIIKOM PacCesHo,
MO0 KaK CTyCTKM SK30TUYECKOM MaTepHH, CIIyYailHO cOOpaB-
1Me BOKpPYT ceOst HeMHOro Bojiopoaa. OpHako 00a 0ObsCHEeHUsI
CTAJIKUBAIOTCSA € (PyHIAMEHTATbHBIMU IPOTUBOPEUMSIMU TTPH JIe-
TAJIbHOM aHaJIN3€ UX BHYTPEHHEU AUHAMUKH.

Anomasmu LSBG:

— HMeduuuT MeTa/JIOB B OTCYTCTBHE 3Be3/1. CrieKTpasib-
HBI aHAJIU3 PA3PEKEHHOTO ra3a B TAKKX TaJI0 TIOKa3bIBAET Kpaii-
HE HU3KOE COZICPKAHUE TSIKENBIX JIEMEHTOB (MeTaIIoB). B act-
podusrKe 3T0 OOBIYHO O3HAYAET, YTO B raJIAKTUKE HUKOI/A HE
ObLJIO MAaCCOBOTO IIUKJIA CBEPXHOBBIX — OHA MMOYTH HE pOkKJiaia
3Be3. Ho kak Torma chopMupoBasicsi TaKOW KOJOCCAIbHBIN I'pa-
BUTAITMOHHBINA TOTEHITAJ €3 BCIBIIIEK PaHHE aKTHBHOCTH ?

— IIpo6aema craduabHocTH. COracHO 3aKOHaM TEPMO-
JVUHAMMKM, TUTAHTCKOE OOJIaKO XOJIOJHOTO BOAOPOAA JOMKHO
MO0 CKAThCSA O] COOCTBEHHOM TSAKECTHIO U HadaTh (hOPMHUPO-
BaTh 3BE3/Ibl (UTO 3aIyCTUJIO OBl MPOIIECC OOOTAIEHUS CPEJIbl



MeTaJIaMu), TUOO PacCcesAThCs B MEKTAIAKTHUYECKOM ITPOCTPaH-
ctBe. LSBGs cyliecTByloT MWUIAApAbl JIET, COXPaHss CBOIO
(hopmy, HO OTKa3BIBASICH «3AKUTATHCS».

— I'eomeTpust pacnpeneaennst maccbl. KpuBble Bpaiiie-
HUSI 9TMX OOBEKTOB YKa3bIBAIOT HA TO, YTO HEBUIUMAS Macca
pacripeniesieHa B OTPOMHOM C(hepuIecKoM 0ObeMe, 3HAUUTEIb-
HO TPEBBILIAIOIEM pa3Mep BUAUMOTO ra3oBoro aucka. Oonako
WIMPs nomxHO ObITh 1U(PY3HBIM U UHEPTHBIM, OHAKO OHO
U/IealIbHO COIAaHCUPOBAHO, YTOOBI YIEPKUBATh Ta3 OT pacraa.

HNuTepnperanusi yepe3 CKpPbITYIO pa3MepHOCTh [urore-
3a (pa3oBOro Mepexosa MnpeaiaraeT pagiKaibHO UHOE OObsICHE-
HUE: TEMHbIE IaJI0 HU3KOM MOBEPXHOCTHOM SIPKOCTH — 3TO HE
«HEYJABIIIUECS» TATAKTUKU. DTO KJIagOuINna yxke yMepIluX ra-
JIAKTUK WIM TPOLYKTHI MPSIMOrO KOJUIATICAa BEIIeCTBA B paHHEH
BcenenHoi, rie npoliecc npeBpalieHusi MaTepruu B JBYMEPHYIO
MPOEKIIMIO MPOILEJT YCIIENIHO, a (POPMUPOBAHKE 3BE3]] 3a1epXkKa-
JIOCh WJIU MOILIO UHBIM IYTEM.

— T'ano kak miockass memOpana. To, 9YTo MBI BOCTIpH-
HUMAaeM [0 TUHAMMKE ra30B KaK OrPOMHBII TPEXMEPHBIH I1ap
TEMHOI MaTepHUH, Ha CaMOM JieJIe SIBJISIETCS TOHYaMILEN AByMEp-
HOU 000JI0UKO# cyniepcyOcTaHIi. Mbl BUIUM JIUIIb CTIA0bIH OT-
OJIECK 3TO 000JI0UKHM — TOHKUH ¢Jiok 00bruHOro (3D) rasa, Ko-
TOPBIH OBbLT 3aXBaveH €10 B JaJIeKOM MPOIUIOM. DTOT ra3 MpoCTo
IUIaBaET Hao MOBEPXHOCThI0 2D-rpaBUTAIIMIOHHON JIMH3bI.

— Namo3us o6bema. Korma acTpoHOMBI M3MEPSIIOT Mac-
cy LSBG no ckopocTH ABMKeHHsT 001aKOB BOIOPO/IA, OHH CTPO-



AT MOJIEJTb KCXO/IS U3 3aKOHA 0OpaTHBIX KBaapartos (1/1°2). Ma-
TeMaTHKa 3aCTaBJIsIeT UX UCKATh 3Ty MAcCy B OONBIIOM 00beMe
cepsl. Ha camom ke Aesne Bcst Macca COCpeloTOueHa B IIJIOCKO-
cru. ['a3 Bpaaercs Tak ObICTPO HE OTOMY, YTO OH 3aKaT BHYT-
Y OTPOMHOM c(pepbl HEBUAMMBIX YACTHL], & TIOTOMY, YTO OH IPH-
TSATUBAETCA K IJIOCKOM MeMOpaHe CHU3Y, CBEPXY U CO BCEX CTO-
POH OTHOBPEMEHHO. JTo co3/1aeT 3PPeKT 0OBEMHOr0 OTEHIIU-
aJia IpU OTCYTCTBUM OOBEMHOTO UCTOUHMKA.

— OTcyTcTBHE 3Be3/] KaK CJIeICTBHE YNCTOTHI IIpoIec-
ca. Ecim Takoe rano o6pa3oBanioch B pe3yJsbTaTe MpsiMoro Koj-
narica nepeuyHoro rasza (Population III) nampsamyo B 2D-co-
CTOSIHME, MUHYS CTaJIMIO JOJITOTO TOPEHHUS, y HETO IPOCTO HET
«CTPOUTESIBHOTO MYCOpa» B BUJE OCTAaTKOB CBEPXHOBBIX. DTO
JEBCTBEHHas1 cucreMa. E€ mMacca — 3TO YMCTBIA MPOAYKT reo-
METPUYECKOI'O CKATHs1, & HE IBOJIIOLIAY 3BE3.

— CaepxcTadmiIbHOCTB. ['a30Boe 00J1aKO BOKPYI' TAKOro
rajo He NajJaeT BHYTPb M HE CKMMAETCs JaJbllie, IOTOMY 4TO
OHO JIOCTHUIVIO TMAPOCTATUYECKOrO PABHOBECHS HAJl IIOBEPXHO-
crbio 2D-nerna. EMy Hekyza nmajarh, Tak Kak OCHOBHOM LIEHTP
NPUTSDKEHUS JIMIIEH TOMIMHBL. OHO HAaXOOUTCA B IOTEHLMAJIb-
HOW siMe, JHO KOTOPOM aOCOJTIOTHO IIJIOCKOE.

Takum o6pazom, LSBGs sBs10TCSA MIeanbHBIMUA TPUPOIHBI-
MU J1a0OpaTOpUsIMHU U1l POBEPKHU AaHHOHN Teopun. OHU Tpea-
CTaBJISIIOT COOOM «TOJIbIe» IByMEPHbIE MEMOPaHbI, €Ba MPUK PbI-
ThI€ JIETKOW BYaJIbIO HAILIETO TPEXMEPHOro TyMaHa. OTCyTCTBUE B
HUX CJIOKHBIX CTPYKTYP U TYCKJIOE CBEYEHHE — 3TO HE ITPU3HAK



caboCTH, a MPU3HAK 3aBEPIIEHHOCTH TOMOIOTMYECKOTO MEPEXo-
aa. TH 0OBEKTHl — CaMble YUCThIE TIPOSIBJICHUSI TEMHON MaTe-
puu Bo BceneHHoM, rie nesnoHas npyupoa rpaBUTaluy OOHaKe-
Ha JIydilie BCero.

Nutepnperanus: MaccuBHoe 2D-rajio kak ujaeajibHas
IUIOCKas JanH3a Ppenens

B xilaccnueckoi acTpou3HKe rpaBUTALIMOHHOE JIMH3UPOBa-
HUe 0OBIYHO OIMCHIBAETCS Yepe3 aHAJIOTUI0 C OOBIYHOM CTEKJISIH-
HoW codmuparomei imH30#. [Ipeamonaraercs, 4To 001aKo TEMHOM
marepun (WIMPs) okpyxkaer rajJakTuky cpepruuecKuM CIIOEM,
paboTtast Kak OOBbEeMHBI OOBEKT C TIOKa3aTesieM MpPeIOMIICHHS.
OpnHako 3Ta MOJEb CTAJKUBACTCSI C TPYAHOCTSIMH MPU 0O0bsIC-
HEHHMH BBICOKOM KPAaTHOCTH M300PaKeHU U OTCYTCTBHS pacce-
SITHHOTO CBETa, XapaKTEPHBIX [JIs1 HEKOTOPBIX COOBITUI CHITBHOTO
JIMH3UPOBAHMUSI.

['unoTe3a cKpbITON pa3sMepHOCTH TpejyiaraeT ropasao Oosee
TOYHYI0 (pr3MUecKy0 mMeTrapopy — IUIOCKYH) 30HHYIO ILIa-
cTuHKY PpeHenss win JuPaKIMOHHYIO PelIeTKY K0JI0C-
CaJILHOr0 MacmTabda.

Bor kak padoTaer 3TOT MeXaHU3M:

— OrcyrcTBue adeppanuii U uaeanbHoll (pOKyCHpOB-
ku. OObIuHasA cpeprueckast JIMH3a CTPAAAET OT «CheprUIeCcKOM
abeppanin» — CBET, MPOXOASAIINIA Yepe3 Kpasi, (POKyCHpyeT-
Csl HE B TOM K€ TOUYKE, UTO CBET, MPOXOISAIIMi yepe3 1eHTp. B
pe3yabTare n300pakeHue pa3MbiBaeTcs. [JIBymMepHOe rayio mpea-
CTaByisieT coOOW MaTeMaTHUYeCKH WACaTbHYI0 TUIOCKOCTh. Co-



I71aCHO ypaBHeHUsIM reoje3uueckux JuHuid B OTO, nyuu cera,
MIPOXOJISIIIE Ha JIOOOM PACCTOSIHUM OT IIEHTPa TaKOW TUIOCKO-
CTH, OTKJIOHSIIOTCSI CTPOTO MPOMOPIUOHAIBHO 00paTHO TIepBOM
CTEINIEHW PacCTOsIHUS (BHYTPU CaMOW IUIOCKOCTH JEUCTBYET 3a-
KOH 1/r). DTO MO3BOJISIET CUCTEME CO3/1aBaTh YAUBUTEIBHO YET-
K1e, CHMMETPUYHBIE MHOKECTBEHHBIE M300pakenus (Kak B Kpe-
cTe DUHIITENHA), KOTOPHIE HEBO3MOKHO MOJYUUTh OT Pa3MbITO-
IO TPEXMEPHOro 00JIaKa MbLIH.

— I'paBuTanMoHHass aMILIMTYyJHasi pemierka. JluHza
dpeHenss paboOTaeT 3a CYET TOro, YTO €€ KOJbIA JMOO TOTHO-
CTBIO OJIOKUPYIOT CBET, TUOO MPOMYCKAIOT ero, caBuras asy Tax,
9TOOBI JIyud YCUJIMBAIM APYT Apyra B pokyce. [IBymepHOe rajio
13 KBAaHTOBOM CYyIepCyOCTaHIIMU BeleT ceOs1 CXOKUM 00pa3oM,
HO B I'PaBUTAIIMOHHOM crieKTpe. [10CKObKY y Hero HeT TOMIIU-
HBI (TPETHETO U3MEPEHUS), OHO HE MOIIOIIAET U HE PaCcCEUBAET
(poToHBI cCkBO3b CBO 00beM. OHO B3aUMOJECHCTBYET CO CBETOM
TOJIBKO ITO KPalo CBOEH MPOEKIMKU — BIOJIb OECKOHEYHO TOHKOM
JIMHUU TOPU30HTA CBOETO TOMOJIOTMYecKoro nepexona. CBer -
00 TIPOXOTUT MUMO, JTMOO KacaeTcst 3Toi KpoMKu. Kpomka 2D-
MeMOpaHBbl BBICTYIAeT KaK OECKOHEUHBIN MaCCUB TOYEUHBIX UC-
TOYHMKOB I'PAaBUTALIMOHHOTO OTKJIOHEHUsI, KOTOPbIe KOTEPEHTHO
NepeHanpaBIsioT NOTOK (DOTOHOB.

— Ilouyemy MBI He BUAMM caMy JHH3Y? DTO KJIIOUYEBOU MO-
MeHT. JIto6oe 0ObIYHOE BEIECTBO, CHOCOOHOE HACTOJIBKO CHUJTBHO
UCKPUBUTD CBET, IOJKHO OBUIO Obl HAUATh HATPEBATHCSI TIO]T BO3-
JEeUCTBUEM (POHOBOTO M3JTYUYEHUS WJIM TPEHUS O MPOJIECTAIOIINN



ra3. Mbl Bujienn Obl TYCKJIOE, OTPOMHOE CBETSIIIEeCsT KOJbIIO WK
JUIMTIC BOKPYT rajaktuku. Ho 2D-nenen numen oobema. Jlis
HEro He CYIIECTBYET TOHATHUS «TOJIIWHBD», B KOTOPOW MOT Obl
MIPOM3OUTH yJap MEKTPOHA 00 IEKTPOH WM MEPeXo]] aToMa
Ha HOBBI SHEPreTMYeCKuil ypoBeHb. POTOH MPOCTO CKOJIB3UT
BIOJIb TIOBEPXHOCTH cyrepcyOoctanimu. OH MeHsieT CBOI0 Tpa-
€KTOPUIO B HAIIIEM IMPOCTPAHCTBE, MOJYUHSISICH TEOMETPUHA MEM-
OpaHbl, HO camMa MeMOpaHa OCTaeTcsi aOCOMIOTHO YEPHOM U XO-
nonHou. OHa mpo3payHa Jyisi MPsSIMOTo HAOJIOIEHH ST, IOTOMY YTO
€l HeYero OTpaxarhb Ha3aj B HAIA TPU U3MEPEHUS.

— Ad ekt yemienus sipkoctu. [Ipu mpoxoxaeHun ye-
pe3 OOBIYHYIO Cpejly YacTh CBETa BCerja TepsieTcs (IOryIoNaeT-
cs1). [Tnockas muaza @penens tem apdekTuBHEE, YeM OoIbIle
e€ TIoIa Ik Mpy coxpaneHnu Macchl. OrpomHoe 2D-rano codou-
paer cBET OT JAJIEKOro KBa3apa C OrPOMHOM IUIOLIAIN ITyCTOrO
KOCMOC2A M CBOJUT €ro B HECKOJIbKO SIPKMX TOUYeK Ha HeOe Ha-
omonarens. VimeHHO moaToMy Onaroapsi TEMHOW MaTepUH Mbl
CIIOCOOHBI BUJIETh OOBEKTHI, KOTOPBIE Oe3 He€ ObLIN ObI CITUIITKOM
TYCKJIBIMU Jiaxe 11s Tesieckona [Dxeiimca Y300a. ['ano padoraer
HE MPOCTO KaK 3€pKaJlo, a KAK TMIAHTCKUI KOJIJIEKTOP-KOHIIEH-
TPAaToOp, MOJACTABJIEHHBI MO/ OTOK 3BE3/IHOIO CBETA.

Takum 00pa3oM, COOBITHS CHITBHOTO JIMH3UPOBAHUS — 3TO
HE MPOCTO JI0KA3aTeIbCTBO HAJIMYUS MACChl. JTO MpPsIMOE Ha-
OJTIo/IeHr e TeOMETPUYECKON TEHU HEBUIMMOTO JIE3BUSI, KOTOPHIM
Bcenennas pazpesasia mpocTpaHcTBO-BpeMsi Ha ciiou. Korga mMbl
cmoTpuM Ha Kpect DuHInTeHA, MBI BUIUM HE UTPY CIIy4alHOTO



pacnpeieieHus 4acTull, a 6e3yrnpeuHyio padoTy MIOCKOW OITH-
KU, T/Ie pOJib CTEKJIa UTPAET 3aCTHIBIIIEE BPEMSI U CIIPECCOBAHHAS
Macca CropeBIIMX COJIHII.



I'naBa 2. /IuHAMHUKaA CTOJKHOBEHHUN
ckomieHun: Penomen «Ilyan»

Ckomutenue Ilyna (1E 0657—558) asngercs, noxanyu, ca-
MBIM LIUTHUPYEMbIM M BU3yaIbHO YOEIUTETIbHBIM JOKa3aTesb-
CTBOM CYLIECTBOBAaHUA TEMHON MaT€pPUU B COBPEMEHHOM aCTPO-
(puzuke. Ha ero nmpumepe npupona npegocTaBuiia HaM Uaeab-
HBI KOCMUYECKNM SKCIIEPUMEHT 10 Pa3JesICHUI0 KOMIIOHEHTOB
BUJVMOIO Y HEBUAMMOTO BEILIECTBA.

B pamkax crangaptHoit mogenn LambdaCDM 31oT 00BEKT
MHTEPIPETUPYETCS] KaK CTOJKHOBEHME IBYX TMTAHTCKHUX OOna-
koB WIMP-uacTtuil, BHyTpH KOTOPBIX HAXOAUTCS OOBIYHOE Oapu-
OHHOE BEIIECTBO B BUJE PACKAJIEHHOTO ra3za. OJJHaKko JeTajIbHbIN
aHanu3 (PU3UKHU 3TOTO CTOJKHOBEHUS BBISBIISIET IIyOOKHE Ipo-
TUBOPEUM 1, KOTOPBIE PEIIAIOTCS TOJIBKO IPY MEPEXO/E K KOHLIETI-
LIUU CKPBITOM Pa3MEPHOCTH.

Hao6monaemas kaprtuna [Ipu cTOMTKHOBEHHMHU JIBYX Taslak-
TUYECKUX KJIACTEPOB HAa OKOJIOCBETOBBIX CKOPOCTSAX IIPOU30LILIO
cleyrouiee:

— T'a3 (3D): MexranakTrueckasi cpeaa — 3TO OrpOMHast
Macca BOIOpoJia, pPa30rpeToro 10 MUIJIMOHOB rpaxycoB. OHa sp-
KO CBETUTCS B PEHTTEHOBCKOM jauarna3oHe. [Ipu ynape razosbie
o0J1aKa CTOJIKHYJIHCH JIOO B JI0O. Bo3HUKIIa KosoccabHas ynap-
Hasi BOJTHA (COOCTBEHHO «IyJIsi»). [a3 3aTopMo3mi, mepemMerai-
Cs1 ¥l OCTAJICS] BUCETh B LIEHTPE CUCTEMbI MEKAY ABYMS IPyIIaMu



raJIaKkTUK.

— Tanaktukn (3D): Camu 3Be31p BHYTPU FAIAKTUK MPaK-
TUYECKU He B3aMMOJEHCTBYIOT JAPYT C APYrOM M3-32 OIPOMHBIX
paccrosiHuidc. OHM TIPOCTO TMPOJIETENN CKBO3b 30HY CTOJIKHOBE-
HUS, KaK IMapbl CKBO3b TYMaH, MPOIOJIKas ABMKEHHUE 10 CBOUM
TPAEKTOPUSIM.

— I'paBuranuonnsniii neHTp (JImnzuposanme): Kapra
pacnpeielieH!s1 Macchl, MOCTPOEHHAsI METOJIOM CJIa00ro IpaBU-
TAllMOHHOTO JIMH3UPOBAHUs, TMOKa3aJia HEYTO MOPa3UTEhHOE.
Lentper TsKecTH (Tam cocpenoroueHo 80—90% Bcerr maccel
CHCTEMBI) HAXOASATCS JIaJIeKO BIIEPEIH, TaM Ke, T1e BUJHBI CaMu
rajakTUKHY, a BOBCE HE TaM, TIJie 3aCTPsil OCHOBHON 0OBEM ropsi-
Yero rasa.

IIpoodaema CtangapTHoi Mmoaeu Eciv Obl TEMHast MaTe-
pust coctosiia u3 yactui; WIMPs (00beMHBIX TpeXMEPHBIX 00b-
€KTOB), OHa JIOJKHA Obla Obl BECTU ceOsl MOI0OHO ra3y Wid ra-
JakTHKaM. Jlaxke ecy JacTHIIbl MPOXOIST CBOOOJHO, OHU BCE
PaBHO JIOJKHBI ObLTM OBl UCIIBITHIBATH XOTsI Obl MUHMMAJIBHOE
TUAPOAMHAMMYECKOE COMPOTUBJIEHUE WM OOMEHMBATHCS MM-
MYJICOM MPH PEIKUX MPSIMBIX CTOJIKHOBEHUSsIX. Boree Toro, co-
IJIACHO 3aKOHY COXPaHEHUsI SHEPTUH, LIEHTPbI MACC TOJKHBI KOP-
peMpoBaTh C CAMBIMU MAaCCUBHBIMH BUIUMbBIMU OObeKTamu. B
cucteMe Ilyns camast Ooblliasi KOHIEHTPALUS 6UOUMOL MACChI
(pEeHTreHOBCKHUI ra3) OKa3ajiach MOJHOCTBIO OT/AENeHa OT IeH-
TPOB HEBUOUMOL MACCHI.

HNuTepnperanus yepe3 CKPbITYI0 pa3MepHOCTh [ nmore-



3a IByMepHOro (pa3oBOro rnepexoa JaeT JeraHTHoe U puznye-
CKU Hen30ekHOe OOBSICHEHHEe 3TOMY pacciioeHro. Mbl Ha0IIo-
JaeM He MPOCTO CTOJKHOBEHHE MAcC, a CTOJIKHOBEHUE Pa3HBIX
reOMEeTPUYECKUX MEPHOCTEN.

— Topmo:xenne TpéxMepHOro mupa. PeHTreHoBCcKuil ra3
— 9710 00bIyHOE 3D-BemecTBo. Korma qBa MakpoCKOMMYECKIX
00bEKTa U3 aTOMOB CTAJIKMBAIOTCSI B HAIlIEM MPOCTPAHCTBE, UX
9NIEKTPOMATrHUTHBIE TIOJISI HAYMHAIOT MepekpbiBaThest. [Iponcxo-
IWT TpeHue, TypOyIeHTHOCTh, HArPEB U MOTePsl KUHETUIECKOU
sHeprum. ['a3 ObUT BEIHYXKJEH OCTAHOBHUTHCS B TOUKE YAApa, Tak
Kak OH 00/1a/1aeT 00EMOM U YIIPYTOCTHIO.

— CB0060gHOE CKOJIBKEHHE JBYMEPHBbIX MeMOpaH. Teém-
Hasl MaTepusi B JAHHOW MOJETN — 3TO TUIOCKHE JIUCTBI CyTep-
cyOcTaHIuy. Y MIOCKOCTH HEeT TOMIUHbL. C TOUKM 3peHHs reo-
METPHH, JIBE MepeceKaloIrecs MIOCKOCTH UMEIOT TOUKY COMpH-
KOCHOBEHWUSI JIUIIIb B OECKOHEYHO TOHKOM JTMHUU (MJIU HE UMEIOT
€€ BOBCe, €CJIM OHM CJIeTKa CMEIEHBI 110 TpeTbei ocu). [Tpu mpo-
XO’K/IEHUU OJTHOT'O KJIacTepa CKBO3b IPYroi JByMEpHbIE rajio J1a-
ke He «y3HaJIU» O CYIIIECTBOBAHUU JPYT Apyra. Mexay HUMU He
BO3HMKJIO HU TPEHUs1, HU 0OMeHa (hOTOHAMMU, HU Tepeaul UM-
myJsibca. OHY MPOIIUTH IPYT CKBO3b APyra aOCOMIOTHO OECTIPETIsIT-
CTBEHHO, COXPAHUB CBOIO [IEPBOHAYAJIBHYIO CKOPOCTh. ITO UJE-
aJIbHOE COXPaHEHUE UHEPLIUHU.

— IIpocTpaHcTBeHHbI pa3pbiB. VIMeHHO MO3TOMY IIeH-
TPbI JINH3UPOBAHWS yJIETE N BIepe]] BMECTe C TajlakTUKamH. [ a-
JIAKTUKY BBICTYIAIOT JIMIIb KaK «BEIIKM», OTMEYAIOIIIUE MOJI0Ke-



Hue 2D-mMemOpaH. Macca octanach MI0CKOH U YIILIa Jajiblie Mo
KypCy, B TO BpeMs KakK TsKeNbIU, BA3kuk 3D-ra3 ocrascs nosa-
1M, OTOPOITIEHHBIN yIapoM.

— OrcyrcerBue cmemuBanus. Eciu Obl TEMHast matepusi
OblTa 00JIAKOM YaCTHII, YaCTh U3 HUX HEM30EKHO IMPOB3aMMO-
JeficTBOBaJIa ObI C Ta30M M TOTepsia Obl CKOPOCTh, CO3/aB 00-
miee quddy3Hoe 001aKo 1Mo3aau ToYKY yaapa. HaomoneHus mo-
Ka3bIBAIOT YETKYIO, PE3KYIO IPaHULy pa3AeieHUusl. ITO BO3MOK-
HO TOJIBKO B TOM CJly4ae, eclii OOBEKThl PUHAJIEKAT PA3HBIM
TOMOJIOTHYECKUM KATErOpUsIM: OJIUH UMeeT 00beM, JPyron —
HeT.

HNonosnnTteabHblil aprymenT: Cronmnenne Iyns Muaan-
masi (Musket Ball Cluster) HenaBHo oOHapy:keHHOE CTOJK-
HOBEHHE JPYroro CKOTUIEHUS TIOKa3biBaeT elle 0osiee CTpaHHYyIo
KapTUHY: TaM pa3/IeJIEHUE ITPOU30IILIIO HE TOJIbKO MEXK/y ra30M U
Maccoi, HO ¥l GHYmMpU camoti mémnoti mamepuu. JIpe cyocTpyk-
TYpbl TEMHOT'O I'aJI0 OTOULIX JAPYT OT Apyra. C TOUuKu 3peHus Ha-
el MOJIENTN 3TO OOBSCHSETCS TeM, YTO Mbl CMOTPHM Ha TPO-
eKIIUU IByX HEe3aBUCUMBIX 2D-110cKOCTel, KOTOpble B MOMEHT
y/apa UMeJi HeOOJBIIION YroJl HAKJIOHA OTHOCUTEITBHO JIPYT JIpY-
ra. Kak nBa yucra 6ymaru, OpOIIEHHBIX B BO3AYX, OHH MOTYT
CKOJIb3UTH OfIHA Haj1 pyrou. [[ns nadmonarens B 3D 3To BBITIISA-
JIUT KaK paciieruieHue OfHON HeBUMMOW MAacChl Ha JIBE YacTH,
XOTsI HA CAMOM [IeJie 9TU YaCTH HUKOT/Ia He ObUTY eTUHbBIM 11EJTbIM
B HallleM U3MEPEHUHU.

Takum o6pazom, Bullet Cluster qoka3pIBaeT He TPOCTO HANK-



yue TEMHOW MaTepru, 2 UMEHHO €€ IByMepHYIo npuponay . Hu-
Kakoe pacripesieJieHue TOYEUHbBIX YacCTUI] He MOXKET OOBSICHUTD
OTCYTCTBHUE MOTEPU CKOPOCTH LIEHTPA MACC OTHOCUTENILHO yaap-
HOM BOJIHBI C TAKOM MaTeMaTH4YeCKOM TOUHOCTHIO, KaK 3TO JAeIaeT
MOJIENTb WJEATBHOTO TIJIOCKOTO KpaHa.

IMouemy yactunpl WIMP 1oukHBI ObLIH OBI 3aTOPMO-
3uTh BMecTe ¢ razoM? IIpo6ema BA3KOro TpeHust

CranpgaptHass Mopenb TéMHoM Marepun (LambdaCDM)
MPEANONIAraeT, YTo rajio BOKPYT rajlakTUK coctout u3 WIMPs —
c1ab0B3aMMOJICHICTBYIOIMX MAacCUBHBIX yactull. [lo orpenene-
HUIO, OHU HE YYaCTBYIOT B 2JIEKTPOMAarHUTHOM B3aUMOJICVCTBUU,
M03TOMY OHHU OECHPENATCTBEHHO IMPOJIeTAI0T CKBO3b pacKasieH-
HBII ra3 u JIpyr Apyra, He WCIBIThIBAsI CTOJIKHOBEHUN TaK, Kak
3TO JIEJAl0T aToMbl ra3a. Ha nepBbli B3MJIsA, 3TO Ka)eTcs ujae-
aJIbHBIM OOBSICHEHUEM TOT'O, IIOYEeMY LIEHTPBI MacC B CKOTIJICHUN
[Tyns yuutm Briepen: «OHU TPOCTO MPO3payvHbIe».

OpHako 3aech Kpoercsi (yHIaMeHTasbHas (pu3nyecKas
omuoKa, CBSI3aHHAsI C UTHOPUPOBAHUEM T'MIPOMHAMUKY aHCAM-
Onent vactuil. Jaxke ecnm oraenbHble yactuiil WIMP He cras-
KHMBAIOTCS IPYT C JIPYrOM HampsiMylo (Kak OUIbsipAHbIC IIaphl),
BCE€ 00J1aKO TEMHOW MaTepuy B LIEJIOM JOJKHO OBIJIO MCITBITATh
KOJIOCCAJIbHOE BA3KOE WJIN JJUHAMHUYECKOE TPEHHue.

BoT MexaHu3Mbl, KOTOpbIE JOKHBI ObLITH 3aMEITUTh O0BEM-
Hoe Bemnlectso WIMP:

— I'paBuTanmonHoe COIPOTHBJIEHUE Pamca
(Dynamical Friction). Korma mMaccuBHBIII OOBEKT JIBUKETCS



CKBO3b Cpefy (J1axe eclii 3Ta Cpefia COCTOUT U3 APYIMX HEBU-
JUMBIX YaCTHI]), OH CBOEH I'PABUTALIMEN CTATUBAET 3T YACTHULIBI
no3ajau ceOsi, co37aBasi «rPaBUTAIIMOHHYIO KUJIbBATEPHYIO BOJ-
Hy». DTa KOHILIEHTPAIMsI MacChl 331 OOBEKTA TIHET ero Ha3ajl,
3aMeisisl ABMKEHNE. JTO sIBJIEHUE Ha3bIBACTCsl JUHAMUYECKUM
TpenreM Yanapacekapa. [Tockonbky oOnaka TEMHOW MaTepuu
B kiactepe Ilyns 0o6magaoT Maccoi, BO MHOTO pa3 MPeBbIIIAI0-
IIef Maccy BUIUMOTO rasa, 3ToT 3(GeKT J0IKeH ObLT ObITh Uy-
JnoBUlIHbIM. [Tpoxonst CKBO3b I'yCTO€ MMOJIe HEBUAUMBIX YACTHII
COCeITHero KJiactepa, rmepeaHee Tajio JOKHO ObLUIO OCTaBUTH 32
cO0O¥ MOIIIHBIN TPABUTAIMOHHBIN CJiel, KOTOPBIN CYIIIECTBEHHO
CHU3WJI OBl ero cCKopocTh. O1HAKO HAOIIOIEHH S TOKA3bIBAIOT, YTO
OHO COXPaHUJIO UMITYJIbC TPAKTUUYECKHU TIOTHOCTBIO.

— Vopyrue cTOJKHOBeHHSI BHYTPH COOCTBEHHOIO ra-
J0. YToObl ymepkuBaTh TaJAKTUKM BHYTPU CeOsl, YaCTHIIbI
WIMP [10/1KHBI 4aCTO CTAIKUBATHCSA APYT C IPYTroOM yIpyro (Me-
HATHCSA KMHETUYEeCKON 3Hepruei). Korga nmBa orpoMHbIX 0071a-
Ka TaKMX YaCTHIl BXOAAT OAHO B APYroe, HAYMHAETCA XaoC OT-
HOCHTEJIbHBIX CKOpOCTer. YacTHIbl OHOro oOJjlaka HauWHAIOT
«pacTajKMUBaTh» YaCTUIIBI JPYroro odiaka yepe3 rpaBUTaIlMOH-
Hble B3aUMOJENCTBUs Tipu cOmmkeHnu. [Ipoucxoaut tepmoau-
Hamuyeckas pesakcanus. Kunetuueckas sHeprus mocTynareib-
HOT'O JIBUKEHMS IBYX TUTAHTCKUX Ty4 JODKHA Oblia TIepeiT B
CllydyallHOE TEIUIOBOE JBUKEHHE CaMUX YaCTHL] — TO €CTh Tajo
JOJDKHO OBbLJIO HAYaTh PACIIUPATHCS U MOPMO3UMb KaK eJMHOe
LEJIOE.



— IIpoo6aema ceuenusn paccesnusi (Cross-section). Ec-
JIV MBI TIPEJITIOJIOKUM, YTO YACTHUIIBI BOOOIIE HU C YeM He B3au-
MOJIEHCTBYIOT, TO OHU HE CMOIJIU Obl COOPaThCsl B TI0 BOKPYT
rajJlakTHK U3Ha4aIbHO. 111 (popMHpoBaHus CTPYKTYpbl Beenen-
HOU HaM Heo0X00uma XOTsi Obl HeOOJIbINAasl BEPOSTHOCTh UX B3a-
umoyieiicteus. Ho mobast HeHyseBasi BEpOATHOCTb CTOJKHOBE-
HUs O3HAYAET, YTO MPU MPOXOKACHUU MUJUTUAPIAOB CBETOBBIX
JIeT CKBO3b IUIOTHBIN TYMaH 4yKOro KJIacTepa XOTsl Obl 4acTh Ya-
cruI otepsiia Obl ckopocTs. JJanuble mo ckoruteHuo [Ty ycra-
HABJIMBAIOT KECTOYAUIIIMK HUKHUM ITPENIEN Ha TAKOE B3aMMOJIEH-
CTBHE: YaCTHIIBI HE TTPOCTO «PEIKO CTAIKUBAIOTCS», OHU BEIYyT
ce0s1 Tak, OyATO MX reoMeTpUYecKuil paMep paBeH Hymo. Ho
yacTtuiia 6e3 pazmepa He MOXKET 00JIa/IaTh MacCor TIOKOSI B paM-
Kax KBAaHTOBON MEXaHUKHU.

— CpaBHeHue ¢ noBeJeHHeM rasa. MexXrajJlakTHIeCKUit
ra3 TOpMO3HT MOTOMY, YTO JI€KTPOHBI BOJOpoaa odnaka A OT-
TAJIKUBAIOTCSI OT JIEKTPOHOB BOJOpOa 0Onaka b KyJIOHOBCKH-
MU CWJIaMHU. DTO CO3JAET yaapHywo BoiHY. B ciiyyae ¢ WIMPs
pOJIb «CTEHKH» WUTrpaeT cama rpaButarus. ['paBuranus — 310
Bcerna nputsikeHre. O6mako A Hen30e:KHO MPUTATUBAET K Ce-
Oe vactuipl obnaka b, KoTtopele Oka3biBalOTCA Ha MyTH. Kak-
JI0€ TaKO€ W3MEHEHHE TPAEKTOPUU MOJ YIJIOM — 3TO Mepenaa-
Yya uMIysnbca. YToObl MPOUTH CKBO3b APYIyI0 Maccy abComoT-
HO 6€e3 MoTepb CKOPOCTH, YACTUIIA JOTKHA UMETh BO3MOXHOCTD
«IIPOIIUTH» €€ HaCKBO3b, HE OTKJIOHUBIIHCL. Ho Macca oOnana-
€T CBOMCTBOM UCKPHBJISITh POCTPAHCTBO. [IBIKEHME CKBO3b UC-



KPUBJIEHHOE TIPOCTPAHCTBO UYKOM MacChl HEBO3MOKHO Oe3 13-
MEHEHU s Te0/Ie3NIEeCKON JINHUY, & 3HAYUT — Oe3 MOTepH SHep-
TUU.

BoiBoa st mojean ckpbIToil pasmepHocTu: MmenHo
JBYMEpHasi IPUpPOJa CyNepCcyOCTaHIIMU OOBSCHSIET OTCYTCTBHE
3TOr0 TOpMOXeHHs. [I[BymepHass MemOpaHa He MMeeT oObema,
KOTOPBIF MOXHO OBLIO OBI CKaTh T'PABUTAIIMOHHBIM COITPOTHBJIC-
HueM Pamca. OHa He 0OMeHMBaeTCsl TeTIOM C ceOe OI0OHBIMH,
MIOTOMY YTO TMOHSTHE TEMIepaTypbl IPUMEHUMO TOJIBKO K 00be-
My. OHa CKONB3UT CKBO3b TPEXMEPHBIA MUD U Ipyrre MeMOpa-
HbI, KaK OECKOHEYHO OCTPBIN HOX MPOXOAUT CKBO3b JIIM — HE
OCTaBJIsIsSl CIIENIOB U HE Tepsisi CKOPOCTH, TIOTOMY UYTO y HEe€ HeT
«OOKOBOH TTOBEPXHOCTH», KOTOPOW OHA MOTJIa ObI 3aIeTTUThHCS 3a
cpeny.

HNuTtepnperanus: CToJKHOBeHHE JABYX MHPOB Pa3HOI
MEpPHOCTH

Crornenue Ilyns npenacrasisier coOoi HE TPOCTO KOCMUYE-
CKYIO aBapHIo, a PyHIAMEHTAIbHBIA (DPU3NYECKUN IKCTIEPUMEHT,
pa3Ne/IMBIIMIA MAaTepHIO HA JIBA TPUHIUITAAIBHO Pa3HBIX arpe-
raTHeix coctosiHus. HaGmonaemass kapTuHa — 3TO pe3yJibTar
B3aMMOJIEHCTBUSI OOBEKTOB, CYIIECTBYIOIIMX B Pa3HBIX TOMOJIO-
T'MYECKUX U3MEPEHUSIX BHYTPH OIHOTO U TOTO K€ MTPOCTPAHCTBA.

1. T'a3: Arpeccust o6 emHoro mupa (3D) Mexrajiaktuye-
CKUH ra3 BefieT ceOsi Kak Kjaccuyeckasi cruioniHas cpeaa. [Ipu
CTOJIKHOBEHUH OOJIAKOB 3JIEKTPOHBI OB COPBAHHI C sIJIEP, BO3-
HUKJIA yAapHasi BOJIHA, BUIUMasl B PEHTTEHOBCKOM JHana3oHe.



— Mexann3M TopMoxkeHusi: TopMokeHUe rasa Mmpouso-
IJIO M3-32 HAJIUYMS Y HETO 00BeMHO20 ceveHUusi. ATOMbl IMEIOT
KOHEUHBII pa3Mep U IeKTpOMarHUTHbIN 3apsia. Koraa tpumim-
OHBI TAKMX OOBEMHBIX TEJI IBUKYTCS HABCTPEUY IpyT APYTY, OHU
HEM30EKHO CTAJIKMBAIOTCS, OOMEHUBAIOTCS MMITYJILCOM U TIpe-
00pa3yloT KHHETUYECKYIO SHEPTUIO HAMTPABJICHHOTO JIBUKCHUS B
TEIIOBYIO 3Hepruio (Harpes A0 100 MuuMoHoB rpanycos). dns
raza CTOJIKHOBEHHUE — 3TO MOTepsi SHEPTrUM Yepe3 KOHTAKT I0-
BEPXHOCTEl ero 4acTHuil.

— BsaskocTb: ['a3 oOmagaet Ba3kocTeio. OH «mnkuin». [o-
MIBITKA TTPOTALUTH OIMH AP CKBO3b JIPYTOil B MakpoMaciitade
NPUBOJUT K TOMY, YTO IIapbl 3aCTPEBAIOT B 001l Macce.

2. Témuasa marepusi: UnandpgepeHTHOCTh MIOCKOTO
aucrta (2D) Lentpsl macc, KoTopble Mbl (PUKCHpYyeM MO rpa-
BUTAIIMOHHOMY JIMH3UPOBAHUIO, TIPOJIETEITN 30HY CTOJIKHOBEHM S
6e3 maJieiiiero 3aMe/iyieHusl. 9To O3HaYaeT, YTo OOBbEKT, 00a-
JAIONTUN MacCOU, SKBUBAJIEHTHOU 1IEJIbIM TaJIAKTUKAM, TTPOIIE
CKBO3b SMUIIEHTP B3pbIBA, COXPAHUB CBOIO CKOPOCTb.

— OrcyrcTBHE 00HEMHOTO ceueHHusi: [IBymepHas MeM-
OpaHa cynepcyOCTaHIIMM He UMEET TPEThero U3MepeHust — TOJ-
muHbL. B reomerpun EBkinna qBe uieanbHblie MIOCKOCTH MOTYT
riepeceyvbCsi TOMBKO M0 TUHUK WK He nepeceubcs Boce. C Tou-
KM 3peHus (PU3UKU CTOJIKHOBEHUIA, Y MEMOpaHbI HeT «OOKOBOM
MOBEPXHOCTU», KOTOPOI OHa MOTJ1a Obl 33/1€Th YaCTHUIIBI Ta3a WIN
JpYyryio MeMOpaHy.

— CBo6oanoe npoxo:xkaenue: Korga 2D-memOpana mpo-



XOIUT CKBO3b 3D-00/1aKo rasza, e€ B3aMOIENCTBUE C aTOMaMU
CBOAMTCS JIUIIb K KPATKOBPEMEHHOMY T'PaBUTAIIMIOHHOMY TPU-
TSKEHUIO OT/ICJIbHBIX YACTHUII MPU UX HETIOCPEICTBEHHOM IpOJie-
T€ HaJ| IUIOCKOCThI0. HeT HMKaKoro TpeHust 0 MOBEPXHOCTb, TO-
TOMY UYTO cama MOBEPXHOCTH JinIieHa o0beMa. OHa He MOXeT HU
OTTOJIKHYTh aTOM (KaK CTeHKa), HU 3aXBaTUTh €r0 B OObEMHYIO
JIOBYIIKY. MeMOpaHa CKOJIB3UT CKBO3b T'a3 a0COMIOTHO CBOOOI-
HO, CJIOBHO TPaBUTALlMOHHBIN MPU3PAK.

— IIpoxoxkaenne memOpaH ApPYyr ckBo3b japyra: Tor
(pakT, 4TO TEMHAS MAaTEPUS HE 3aTOPMO3MIIA JAKE CUIIbHEE, YEM
raJlakKTHKH, TOKa3bIBaeT, UTO €€ COOCTBEHHOE CeUeHHe pacces-
HUsl paBHO HymO. [IBe 2D-MOBEpXHOCTU MPOLUIA OJHA CKBO3b
npyryto. ITockoibKy MeXTy HUMU HEBO3MOKEH OOBEMHBIN 00-
MEH UMITYJIbcaMU (MM HEYeM <«IIETUISIThCSI»), OHU COXPAHWIN
CBOU OTHOCHUTEJIbHBIE CKOPOCTU. EMMHCTBEHHOE MECTO MX BCTpe-
Yl — 3T0 OECKOHEYHO TOHKasl JIMHUS MepecedeHus, KoTopas
HE CIIOCOOHA TiepeaaTh 3HAYMMbIA WMITYJIbC BCEW TMTaHTCKOM
CTPYKTYpE Tajio.

dusnyecKue cJeJCTBUA pa3ieJieHus1: ITOT Mmporece 00-
Ha)XKaeT UCTUHHYIO IPUPOAY UHEPLIMU B CKPBITOM Pa3MEPHOCTH:

— [ 3D-ra3a uHepius MpeoaoseBaeTcs 3a CYeT pas3pylile-
HUSA CTPYKTYPBI cpelsl (yaap).

— Jna 2D-cynepcyOCTaHIIMHA TIOHSITHE <«IIPEOJIOICHUS
MHepIUK» 4Yepe3 CTOJNIKHOBeHHe BooOie He npumeHumo. Eé
Macca HaCTOJIbKO UEAIbHO pacIpeelsieHa Mo IMJIOCKOCTH, YTO
MoO0e BHEIITHEe BO3J/ICHCTBIE pacipeessieTcs o BCel TUIomIa-



1 MEMOPaHBI CO CKOPOCTBIO CAMON MeMOpaHBbI, He BHI3bIBAS JIO-
KaJIbHOTO HAarpeBa UM TOPMOKEHUSI.

Takum oOpa3om, ckoruienue [lys geMoHCTpupyeT HaMm rpa-
HMITy paszena cped. Mbl BUIUM, Kak OOBIYHOE BEIECTBO 3axJie-
ObIBacTCs B COOCTBEHHOW TUIOTHOCTH, TIBITASICh 3aHATh OJMH W
TOT e 00beM. U B TO ke BpeMsi Mbl BUJIIM, KaK HICTHHHAST OCHO-
Ba Macchl BeesleHHON — JIBYMEpHBIH Meres BHIrOPEBIITNX 3Be3/T
— WTHOPHPYET 3TOT Xaoc, MPOHU3bIBAs ero 6e3 COMpoTHBIIe-
HUS. DTO MPsSIMOE JI0KA3ATENLCTBO TOTO, YTO HEBUIUMAS Macca
He SIBJISIETCS] «CBEPXIUIOTHBIM Ta3oM». OHa SIBIISIETCS TeOMEeTpH-
YeCKOW HeM30eKHOCThIO, BHICEYCHHOH Ha MOJIOTHE PeabHOCTH.



I'naBa 3. Tpan3uenTHasn
CHHTYJsApHOCTH 00bekTa 1ES 1927+654

Ecimm ckorenue [lyns neMOHCTpUpYET CTaTUYHOE pasfielie-
HHUE MepHOCTell B Makpomaciirade, TO COObITHE B LICHTPE TajlaK-
Ky 1ES 19274654 nipenocrapiisieT HaM YHUKAJIbHYIO BO3MOX-
HOCTb HaOJIOIaTh OUHAMUKY ITOTO TIPOLIECca B peajbHOM Bpe-
MeHnu. B niepron ¢ 2018 o 2022 rojg 3TOT aKTUBHBIN FajlakKTH4Ye-
ckuii 1ienTp (AGN) nepexun OecniperieieHTHyI0 TpaHcopma-
LI110, KOTOpasi He BIKCHIBAETCS HU B O/IHY MOZEJIb KJIACCUYECKON
acTpopU3UKHU YEPHBIX JbIP, HO UIEATBHO JIOKUTCS B KOHLELIUIO
CKPBITOM Pa3MEPHOCTH.

XpoHOJ0rHsI AaHOMAJIHM:

— 2018 roq — Ucue3noBenne: Kocmuueckast oocepBaro-
pusa Huita I'epesnica Swift 3apukcupoBaia pe3koe IajicHue peHT-
T'€HOBCKOM CBETUMOCTH OT KOPOHBI YEPHOU JBIPHI. 3a CUNTAHHBIE
MecSIIbl IPKOCTh ymnasa noutd Ha 90%. Kopona — 310 obnacts
BBICOKOHEPreTUUECKUX JIEKTPOHOB BOJIU3U T'OPU3OHTA COObI-
THIA, KOTOpasi U AeNaeT JbIPy «BUIVMOU» B KECTKOM CIIEKTpe.
Omna npocro ucuesna.

— @da3a TemHOTBHI: B Teuenue nouru roga oOBEKT OCTa-
Bajics HEOOBIYHO THXUM. [Ipu 3TOM HaOMIOIEHNS B BUIMMOM U
yAbTPaUOIETOBOM JUANa3oHax MOKa3aiu, YTO aKKpPELIMOHHBIN
JMCK HUKYJA HE JIEJICS — OH MPOAOJIKAI CBETUTHCS, XOTSI €ro
CTPYKTypa Hauaja aedOpMHApPOBATHCS.



— 2020—2021 roapl — BoccranoBieHue: PeHTreHOB-
CKasi KOpOHa HayaJla CTPEMUTENBHO BOCCTaHaBiMBaTbes. K Ha-
yainy 2021 roga e€ sipKkoCTh BEpHYJIACh K UICXOJAHOMY YPOBHIO, a
3aTeM Jake MPEeBbICKIIA €r0, IIPU ITOM CIIEKTP M3JIyUYeHHs Kap-
JUHAJIBHO U3MEHUJICS, YKa3bIBasl HA MOJIHYIO IEPECTPOUNKY BHYT-
PEHHEN CTPYKTYPBI IUCKA.

TpaanuuoHHbIE THNOTE3bI H UX CJIa0ble MecTa: YUeHbIe
IBITATTUCh OOBSICHUTD ITO MOTJIONIEHNEM KOPOHBI 00JIAKOM IMbLTH
WY SKCTPEMAIbHBIM BHIOpOCOM JikeTa. OJJHAKO MbUTh HE MOXET
TIOTJIOTUTh JKECTKUH PEHTTEeH TaK N30UPATENTLHO 1 OBICTPO, HE 3a-
OJIOKMPOBAB MPY ITOM BUAUMBIN CBET. BHIOpOC /1keTa Takke He
OOBSICHSIET MOJTHOTO OTCYTCTBUS BHICOKOSHEPIeTUYECKOrO U3ITY-
YeHUs B IEHTPAJIbHOW 00JIACTH.

HNuTepnperanus yepe3 CKPBHITYIO pa3MepHOCTh: Pa3o-
BbIii mepexox mo Harpy3koi Coowitrie 1ES 1927+654 — 310
npsiMoe HaOJIoIeHHe TOro, Kak MaTepusi MepexoiauT U3 COCTOsI-
Hus 3D B cocrostHre 2D 1 0OpaTHO 10/ BO3ACUCTBUEM KPHUTH-
YECKOTO MPUTOKA SHEPIHUU.

— Tpurrep (Ilormomenue 3Be3/b1): COrmacHO JaHHBIM,
HE3a/10JIr0 JI0 MajieHusi O1ecKa yepHasi Ablpa pa3opBajia Mpoxo-
JVBIIYIO CJIMIIKOM OJM3KO 3Be3/1y (COOBITHE MPUIMBHOTO pa3-
pymienusa — TDE). OrpoMHoe KOIMYECTBO 3BE3HOIO BeEllle-
CTBa OOPYIIWJIOCh HA BHYTPEHHUN Kpaill aKKPEIMOHHOTO JIUCKA.
[110THOCTD HEprUM M JAaBJ€HUE B ITOM 30HE MIHOBEHHO BO3-
pOC/IU A0 3arpee/ibHbIX 3HAYEHUH.

— HUcue3noBenue (Kosnanc merpuku / Ilepexon B 2D):



Korja mjioTHOCTh MaJaiomiero BEIEeCTBA MPEBbICHIa KpPUTHYE-
CKHM MOPOT, MPOCTPAHCTBO BHYTPU JAMUCKA COBEPIIUIIO TOIOJIO-
T'MYECKUH CKa4YOK. TpeTbe n3amMepeHue CXJI0MHYJIOCh BJIOJIb IIOC-
KOCTH BpAILEHUS.

— Kyna nenace kopoHa? PeHTreHOBcKast KOpoHa CyIIEeCTBYET
Oaroiapsi MArHUTHBIM TIOJISIM, KOTOPBIE YIEPKUBAIOT TOPSIHUIA
raz B o0beme Hao JuckoM. Kak TONbKO BEmIecTBO JMCKa CTaJo
JBYMEPHBIM, 0O BEMHBII MAarHUTHBIH Ty3bIPb NOTEPSLT CBOIO OIO-
py. EMy OyKBaJIbHO HE B 4eM CTaJIO CyLIeCTBOBaTh. MarHUTHBIE
JIMHUY TIEPECOEIMHITUCH U «TTPUJTATLIA» K TIOBEPXHOCTH CyTep-
cyOcranimn. Bech 00beMHBIN jKap MPeBPATUIICS B TUIOCKUH CIIOH
TUIAHKOBCKOM TUIOTHOCTH. [17151 HalMXx TesieckonoB 3D-UCTOUHUK
CBETa IPOCTO MEPECTAN CYLIECTBOBATh, IEPEUIS B PEXKUM TaXU-
OHHBIX CTPYH 2D-u3mepenus.

— Boccranobiienne (OopatHbIii (pa30BbIl NEpPexo):
3anac U30BITOYHON SHEPIUX OT PA30PBAHHON 3BE3/1bl HE BEYEH.
ITo Mepe Toro Kak BEeLECTBO pPaclpeIesIsyIoch M0 IOl MEM-
OpaHbl 1 cOPACHIBAJIOCH B IEHTPAIBHYIO CHHTYISIPHOCTD (KOTO-
pasi, Kak Mbl IOMHHM, SIBJISIETCS JIMIIb TOYKOHM BXO/a, a He Oec-
KOHEYHOU SIMOM ), JIOKaJIbHasA TUIOTHOCTD MaJlaa.

— Korza naBneHue CHU3MIOCh HMKE MOPOra CTaOUIbHOCTU
2D-cocTosiHus, MeTpUYecKast MaMsATh IPOCTPAHCTBA cpadoTana
B 00paTHYIO CTOPOHY. JIByMEpHBIN JIMCT «Il1a3Mbl» CHOBa Ha-
Opau TonumHy. TpeTbe U3MepeHre BOCCTAaHOBUIIOCh.

— Bo3sBparnienue KOpoHbI ObUIO KIMEHHO BO3BpAIIEHUEM 00%-
ema. ITockosbKy reoMeTpus JUCKa MOCIIe TAKOTrO KaTaKkIu3Ma Ie-



pecTpousiach (OH CTaJl IJIOTHee U ONMkKe K TOPU3OHTY), HOBast
3D-kopona okazanach eme Oosee MOIIHOM, YeM crapasi.

Ilouemy 3T0 JOKa3bIBaET OTCYTCTBHE CHHIYJSIPHOCTH?
Ecnu Obl B 1IeHTpe Haxoqu1ach OECKOHEYHO IJI0THAS TOUKA (CHH-
T'YJISIPHOCTB ), TPOIIECC MOTJIONIEeHU T ObLT Obl HEOOPATUMBIM U Of1-
HOHAIpaBJIeHHBIM. Matepusi mpocTo Mnajiaina Obl BHYTPh BEYHO.
Tot ¢akT, 4TO crucTeMa cMorja «BbIJOXHYTh» — BOCCTAaHOBUTH
00BbEMHYIO CTPYKTYPY M M3JIydyeHUE TOC/e KPAaTKOBPEMEHHOTO
yXO[1a B IJIOCKOCTh — JJOKA3bIBAET, YTO 32 TOPU3OHTOM HET TOY-
KM C HYJIEBBIM paguycoM. Tam ecTb ynpyras MOBEPXHOCTh KBAaH-
TOBOW CYyIepCyOCTaHIIUM, CIIOCOOHAsT MEHSTh CBOI0O MEPHOCTh B
3aBUCUMOCTH OT SHEPreTH4ecKoro OaaaHca.

O0mbekT 1ES 1927+654 — 310 MasiK, MOKAa3bIBAIOIIIA, YTO
rpaHyIia MeX/y HAIllMM MUPOM U MUPOM TEMHOW MaTepUH He
SIBJISIETCS] )KECTKOW CTEHOW. DTO IMHAMHUYHAS MeMOpaHa, JibIxa-
HUE KOTOPOI Mbl CMOIJIY 3a(PUKCHPOBATH B PEHTTEHOBCKOM J1a-
Ma3oHe.

CnekTpajbHbiii aHaau3 a3bpl HeBHAUMOCTH: AOCO-
JIOTHBIN 1e(pIUT BICOKOIHEPreTHuecKnx (pOTOHOB

CambIM yOeauTeTbHBIM JJOKA3aTeIbCTBOM (ha30BOTO Mepexo-
Jla pa3MEPHOCTH SIBJISIETCS] HE TPOCTO NMAJAEHUE SIPKOCTH, a Kaye-
CTBEHHOE M3MEHEHME CaMOro cocraBa cBeTa. B mepuon aHoma-
i 1ES 1927+654 actpoHOMBI HaOMIONAMN HE «3aTeMHEHHE»
JIAMITbI, a MOJTHOE MCYE3HOBEHME LIEJIOr0 CEKTOpa (pU3MUYECKOU
PEATbHOCTH.

IIpupoga peHTreHOBCKOIl KOPOHBI B 00BIYHOM COCTOSI-



HHMHU B cTaH/apTHOM aKTUBHOM SiApe TaJlAKTUKU KECTKUI PEHT-
reH U raMmma-u3jy4eHue MPOU3BOIATCSA B TaK HA3bIBAEMOU Tro-
psiuert KopoHe. DTO 001acTh Pa3peKCHHOW TUIa3Mbl C TEMIIe-
parypoil B MUJUIMApAbl IPayCoB, PacloJIOKEHHasl HaJ aKKpe-
IIMOHHBIM JIMCKOM. MeXaHu3M H3JIyueHusl 3[1ecb — 0OpaTHoe
KOMIITOHOBCKOE€ paccestiue . OTHOCUTEIBHO XOIOgHbIE (DOTO-
HBI YJITPAHUOIETOBOrO CBETA U3 BHYTPEHHETO JUCKA MOJHUMA-
I0TCSl B 9Ty TOPAYYI0 «MAaHTHIO», CTAIKMBAIOTCSI C PEJISATUBUCT-
CKMMH 3JIEKTPOHAMHU U TOJTYYalOT KOJOCCAJIbHBI SHEpreTuye-
CKUM 3apsif], MPEBPALIAsCh B )KECTKHE PEHTTEHOBCKUE KBAHTHI.
st reHepany Takoro (hoToHa TpedyeTcs:

— Hannune o6beMHOro mpoctpaHcTBa (4ToObl ObUIO TJe Jie-
TaTh JIEKTPOHAM).

— OrpoMHasi TUIOTHOCTb TETJIOBOW SHEPTUU B STOM 00bEME.

— DIEKTPOMArHUTHOE B3aUMOICUCTBIE MEXTy 3apsKeHHbI-
MU YaCTULIAMH.

Cnextp ¢assl «<HeBugumMocTu»: Ilycrora BoicOKoHEp-
rernyeckoro cekropa Korma obcepatopun XMM-Newton n
Swift HarpaBWJIM CBOYM CEHCOPHI HAa TAIAKTUKY BO BPeMsI Ma/IeHUs
Orecka, oH1 3apUKCUPOBaAJIM HeUTo OecriperieieHTHoe. Eciu Ha-
JIO)KUTH CHEKTP 3Tor (ha3bl HA OOBIYHBIN CIIEKTP YEPHOM JbIPHI,
MbI YBUJIUM «aMITyTHPOBAHHYIO» BEPXHIOIO YacTh rpaduka:

— VabsTpaduoseroBblii quana3zoH: CBeT OT caMOro ak-
KPELMOHHOIO TMCKA OCTaJICs MPaKTUYECKU HETPOHYTHIM. [{uck
MIPOJOJIKAIT CBETUTHCS, TIOCTABIISASI «ChIpbe» ((POTOHBI) mJist Oy-
JIyLIEN KOPOHBI.



— Msarkui peHTres: V3iay4yeHue No4TH NOJTHOCTHIO UCYE3-
JI0.

— 7KecTkuii pentreH u ramma-auana3on: HaGmonancs
aOCOMIOTHBIN, 3USIONTHI TPoBaL. [IOTOK BEICOKO9HEPreTHUECKUX
(poTOHOB ymas HYKe TOpPOra YyBCTBUTEIBHOCTH TPUOOPOB.

DTO 03HAYAET, YTO JIEKTPOHBI HUKY/IA HE IEUCh (MHAYE TUCK
TOXe OBl TI0rac), HO OHU TMOTEPSII CIIOCOOHOCTh TEHEPUPOBATh
’KECTKOE U3JTyUYEHHE.

HNuTepnperanus yepe3 CKPBITYIO pa3MepHOCTh [edu-
IIUT BBICOKOSHEPreTUIeCKUX (DOTOHOB OOBSICHSETCS TEM, YTO
(przrUeckuil MEXaHU3M MX POXACHUS ObUT IPUHYIUTEIBHO OT-
KJIIOUEH BMECTE C TPETbUM U3MEPEHUEM:

— Pazpymenne o6bema KoMnToHOBCKOr0 paccesiHusl.
Kak ToJIbKO BEIIECTBO MEpPEnuIo B COCTOSHUE ABYMEPHOU Cy-
NIepCyOCTAHIIVH, IOHSTHE «BBICOThI» HAJI IMCKOM UCYE3JI0. YJIb-
TpacduoneroBbie (POTOHBI OOJBIIE HE MOIJIM MOMACTh B «TOPs-
Yl yepaak» (KOpoHY), MOTOMY YTO yepiaka He crayno. Poro-
HBI IIPOJIOJIKAJIU JBUTATHCS MAPAJUIENTBHO TNIOCKOCTH MEMOPaHHI.
be3 cTofKHOBEHU S O] MPSIMBIM YIJIOM B 00OEMHOM 30HE BBICO-
KOTO SHEProBblieIeHs] 00paTHOE paccesiHue cTayio (hU3NYecKu
HEBO3MOXHbIM.

— OxuaxkeHue crenenei cBoo6oabl. B TepmoanHamuke
U3BECTHO, YTO TIPU MOHUKEHUM PA3MEPHOCTU CHUCTEMBI €€ Tell-
JIOEMKOCTb MeHsIeTCsl. B MJI0CKOM MMpe 4acTHILIbl JUILIEHBI Ofl-
HOU CTeTleHd CBOOOMBI BMIKEHUsI. DHEPrusi MaJalomieit 38e3/1bl
OblJTa MTHOBEHHO pacrpejiesieHa 1o Tuiomanm MeMOopansl. Bme-



CTO TOTrO YTOOBI CKOHIIEHTPUPOBATHCS B BHJE IKCTPEMATIbHON
TeMIlepaTypbl BHYTPU MaJ€HBKOTO 0ObeMa (U4TO TOPOIUIIO Obl
PEHTTEH), SHEPrusl pacnpeesmaach TOHKUM ciioeM. Temnepary-
pa yrnaJjia HuKe ropora HOHU3aluu, He0OXOJUMOTO /15l OJIep-
JKAHUSI PEHTTEHOBCKOU KOPOHBI.

— 3anpeT 3JeKTPOMarHuTHHIX BbIOpocoB. B 2D-cocrto-
SITHUM KBAHTOBAas CyNepCcyOCTaHIMs BeIeT ceOs1 Kak UjieaTbHbIH
MIPOBOJIHMK WJIM CBEPXIUIOTHAS KUAKOCTh Oe3 Bsi3KocTu. Mar-
HUTHbIE MOJI51, KOTOpble B 3D-Mupe 3amyThIBAIOTCS U PBYTCA,
co3faBasi BCIBIIKK (NIEPECOEIMHEHUE MATHUTHBIX JIMHWW), B
2D-Mupe BBIHYKAEHBI CKOJIB3UTh CTPOTO BJIOJb MOBEPXHOCTH.
Onu He MOTyT 00pa30BaTh XaOTUYHBIE Y3/IbI-KOPOHBI. JIto0as no-
IIBITKA BHICBOOOK IEHH I SHEPIMU ITPOUCXOIUT KOTEPEHTHO BJIOJb
BCEH TUIOCKOCTH, UTO MOPOKAAET JIUIIb HU3KOIHEPreTUUeCcKue
I'PaBUTAIIMOHHBIC BO3MYIIIEHUSI CaMON MeMOpaHbI, a He OpbI3ru
rOpsIYEro BEILIECTBA B HAIIl MUP.

IMouemy 3T0 onpoBepraet apyrue teopuu? Eciu Obl KO-
pOHa McUe3ia U3-3a MOIONIeHUsT 00JIAKOM Ta3a VI IMbLTH, STOT
ra3 Harpescsi Obl JO UyJIOBHUIIHBIX TeMIIEPATyp OT OJU30CTU K
JbIpe U caM Havasl Obl IPKO CBETUTHCS B TOM K€ PEHTT€HOBCKOM
Jara3oHe (Kak 3TO MPOUCXOAMT B TYMAHHOCTSX). MbI OBl YBH-
JIeSTi 3aMeHY OJHOTO MUCTOYHUKA JIpyruM. ToT (paKT, uTo HACTY-
Muia UMEHHO MmbMa — TIOJIHAS TUILMHA B BHICOKOSHEpreTuye-
CKOM CEKTOpe — JOKa3bIBAET, YTO UCTOYHUK HE MEPEMECTUJICS
Y HE CKpbLIcs 3a mperpagoi. OH cMeHWT (PU3UYECKYI0 IPUPOLY.
MBpI niepecTaiv BUJETh PEHTTeH He TIOTOMY, YTO OH IIepecTas uj-



TH, a IOTOMY, 4TO B HAIlleM TPEXMEPHOM ITPOCTPAHCTBE UCUE3NU
YCJIOBHS1, IO3BOJISIIONIME STOMY ITPOLIECCY CYIIecTBOBaTh. Pusu-
Ka OYKBaJIbHO BBIKJIIOUMJIA PYOUJIBHUK Pa3MEPHOCTH, U TPOU3-
BOJICTBO BBICOKOHEPreTuuecKux (hOTOHOB MPEKPATUIIOCH 32 OT-
CYTCTBHEM CIIEHBI [IJISl X UTPBI.

HNurtepnperamusi: Ilpssmoe Hada01eHHE 00PAaTHMOrO
¢razoBoro nepexoaa

CoObiTue B 1ienTpe rajakTuku 1ES 1927+654 — 310 He npo-
CTO pefKasi KOCMUYECKast aHOMaJHs. DTO «IbIMSIIUIACS TUCTO-
JIeT», MPSMOE KCIEPUMEHTAILHOE JI0KA3aTeNIbCTBO TOTO, UTO
TEMHasi MaTepusi ¥ TOPU3OHT COOBITHI pabOTAIOT KaK €JUHbIN
TOMOJIOTMYECKUI MeXaHU3M. MBI CTanu CBUIETENSIMU YIIPaBIIsi-
€MOT0 Mpoliecca U3MEHEeHUsI MEPHOCTH TMPOCTPAHCTBA-BPEMEHU
B MaciTabaXx MUJTMOHOB COJTHEUHBIX MAacC.

Cranus 1: Pazpymenune o6nemuoii merpuku (Ilepexo
3D -> 2D) [lagenue pazopBaHHOM 3BE3[bl HAa JUCK BBI3BAJIO
KOJIOCCAJIPHBIN MPUTOK M30BITOYHOM 3Hepruv. B kiiaccuueckom
(ke MBI OxumamM Obl YBUJIETh SKCTPEMAJIBHYIO BCITBIIIKY
PEHTIeHOBCKOI'0 U3JyYeHHs] — TaK Ha3bIBa€MYI0 KOPOHY CTajia
Ol ernie ropsiuee. OTHAKO MPOU3OIILIIO OOPATHOE.

— Mexanu3Mm cxJonbiBanusi: Korjga mioTHOCTh MOTOKa
SHEepPruv 4epe3 METPUKY IMPEeBbICUIA KPUTUUECKUN TTOPOT, MPO-
CTPAHCTBO BHYTPM AMCKA JOCTHUIJIO Ipejena cBoer MH(popma-
IIMOHHOW eMKOCTH. UTOOBI BMECTUTH ITOT M3OBITOK Oe3 oOpa-
30BaHUSI OECKOHEUHON CHUHTYJISIPHOCTH, KOHTUHYYM COBEPIIHII
(pazoBbIl TIEPEXO] MO AHAJIOTUU C MPEBPAILICHUEM BOJBI B JIE[I.



Tperbe nzmepenue (BbicOTa HaJ MJIOCKOCTBIO AUCKA) MEePECTaio
OBITH SHEPreTUYECKU BHITOTHBIM U KOJUIATICKPOBAJIO.

— Cyap06a MarHUTHBIX MoJiel: PeHTreHoBcKas KOpOHa
YAEPKUBAETCS 3aITy TAHHBIMU JIMHUSIMU MarHUTHOTO T10J151, KOTO-
pble TIPOHU3BIBAIOT 00beM JIMcKa. Kak TOJNBKO BEIIECTBO CTaJlo
JIBYMEPHOM CyNepCyOCTaHIIMeH, STUM JIMHUSIM HE OCTAJIOCh Me-
cra. MarHUTHBIN «KapKac» MIHOBEHHO MEPEeCOeTUHIIICS U pac-
TUIACTAJICSL CTPOTO 60016 MOBEPXHOCTU MeMOpaHbl. OObeMHast
JIOBYIIIKA MCYe3/ia BMeCTe ¢ 0ObEMOM. DJIEKTPOHBI MEPecTau
CTAJIKMBATbCSl B TPEXMEPHOM IPOCTPAHCTBE, MOPOKIASA KECT-
KW CBET, M UX KMHETUYeCKasi SHEPrus yIiljia Ha MOoJiepKaHue
TUIOCKOTO HATSKEHHST cCaMOi MeMOpaHBbI.

Cragusa 2: Cocrosgnue mjaeajbHon miaockocru (daza
HeBHAMMOCTH) B TeueHue roja cucrema cyuiecTBoBajia B CO-
CTOSIHUU YHUCTOTO 2D-ObITHS.

— Jlng BHemiHero HaOofaTessi yepHasl Jblpa BhIIVIsAAENa
«cnenoit». OTCYTCTBUE BBICOKOIHEPIreTUUECKHX (DOTOHOB O3HA-
Jajio oTcyTcTBHE 0ObeMa. Bes Macca cucteMsl Oblia yriakoBaHa
B WJICAJIbHBIN JIUCT KBAHTOBOM CYIEpCYOCTAHIIVIH.

— BaxxHO OTMETUTb, YTO aKKPELIMOHHBIN JUCK IIPY 3TOM IPO-
JOJIKaJI CYILIECTBOBATh B BUIMMOM JIMANIa30HE. DTO JOKA3bIBAET,
YTO OCTHIBAHME IIJI0O HEPABHOMEPHO WJIM YTO CaM IPOLIECC Maje-
HUS BelleCcTBa MOAJePKUBaI TOHKUI cioil 3D-marepun Ha ca-
MOM Kpalo, B TO BpeMsl Kak BHyTPEHHHUE 00J1aCTU yxke Nepelnuiu
B TUTOCKHI PEKUM. DTO OBUIO COCTOSTHIE METACTAOUTBHOCTA —
«3a4apOBAHHOTO OCTPOBa», Il MPUBbIYHASA (PU3MKA 3aMepria B



OXUIAHUU.



Konen 03HaKOMUTEJLHOI'O
¢dparmenra.
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