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AsHOTAnUS

JlaeTcs 0030p METOMOB aHAJIN3a PEIUKTOBOrO (POHOBOrO m3jaydeHus. [IpuBeseHb HEKO-
TOPBIE UCTOPUIECKUE CBEJICHUST, CBI3AHHBIE C ODHAPYKEHUEM U U3YYEHUEM MUKDPOBOJIHOBOIO
dbona (CMB). Paccmorpenst npobiembt nocrpoenus kaprbt CMB u nukcenusauuu na cdepe,
pasesenusi KOMIoHeHT B HaHHbix WMAP u onpejenenns KOCMOJOTHIECKUX TapaMeTpPOB.

1 Bsenenune

Ob6uapyzxenue dburyKryanuii peJIMKTOBOrO M3/ 1ydenus (1M KOCMUIECKOr0 MUKPOBOJHOBOIO (ho-
ma — Cosmic Microwave Background — CMB) cnyraukom COBE cramo peBosOrnoHHBIM CO-
ObiTHEM B HAOJIIOATE/ILHON KOCMOJIOIMH, PE3KO CY3UB MHOYKECTBO JIOIIYCTUMBIX KOCMOJIOTHAYE-
ckux mMogedeit. Kak Mbl yke roBopu/in B 11epBoii Jiekiuu [1], orKpbiTue pesimkToBoro usiydeHust
[2] 3adbukcupoBasio Moens ropsueit Beemernoit, a oTKpbITHE (DIYKTYAIHii 9TOM0 U3/IyIeHUs B
skcriepumente COBE noarsepaunio Teoputo odpazoBatusi KpyHOMacrrabHoit crpykrypsl Bee-
qennoit |3]. Obmapyxenue dykryanuit CMB BbICBeTHIO TIyTh JAMBHEHIINM HCCIEIOBAHUSIM,
B pe3yJibTaTe 4Yero KOJIMYECTBO MMPOBOAMMBIX U ILIAHUPYEMbIX SKCIEPUMEHTOB 10 U3MEPEHUIO
ypoOBHS 3Tux (pJiyKTyanuii Ha pas/IndHbIX YIVIOBBIX Macmirabax K Hadajay 21-ro Beka ucuuc-
as10ch necarkamu. Cpesu TecToB pauoKocMosiorun (1 BCelt KOCMOJIONMU B 1IEJI0M) M3MepeHue
[apaMeTpPOB PEIUKTOBOTO U3/IyUeHUs sIB/IAE€TCs IEPBOCTEIEHHBIM 110 3HauuMocTu. Kak Ob1710 oT-
MeveHO B 1epBoii siekiun [1], recror, ceazannbie ¢ CMB, ocHOBaHbI Ha MCCIIEI0BAHUSAX 110 JIBYM
HAIIPABJIEHUSIM, BK/IIOYAIONIAM

1. yrioBoit ciekTp MOIIHOCTH,
2. crarucTHdecKue CBoiicTBa curHasa (rayccoBoCTb).

YIJI0BO#T CIIEKTP MOITHOCTH pesuKToBOoro u3sydenus (PU) u crarucrudeckue cBOiicTBa €ro pac-
npejesienus Ha nebecHoit cdepe mecyT B cebe mambosiee 1osiHYI0 MHPOPMALUIO 0 PUIUIECKUX
CBOMICTBaX U KOCMOJIOI'MYECKUX [TApaMETPaxX B MOMEHT (hOPMUPOBAHUS [IEPBLIX CTPYKTYP BO Bee-
JIEHHOM KaK 110 KOJIMYIECTBY HE3ABUCUMO U3MEPACMbBIX BEJIMYUH, TaK U 10 TOYHOCTHU OLIPpEAE/ICHUA
KOCMOJIOTHYECKUX [TAPaMETPOB.

Viydienue KadecTBa MPOBOAMMBIX HAOJIOAEHUN U MOJEJIUPOBAHUE TEOPETUYECKHUX Iapa-
METPOB I03BOJISET I'OBOPUTH B HACTOSIIEE BpeMs O HPHUOJIMKEHUHN SM0XU TOYHON KOCMOJIOTHUN
(“precision cosmology” — seickaszbiBanue M.JIonreitepa B Manuecrepe B 2000r.). O6a moaxomna
(HabJIIOIeHIS ¥ MOJIEIUPOBAHIE) TPEOYIOT BBICOKOIO KavuecTBa 00pabOTKU MEPBUIHBIX JAHHBIX,

*Omny6nukoBano: O.B. Bepzodanos. 2012. PenukToBO€e M3/IydYeHne: KaK U3MEPUTh KOCMOJIOTHYECKHE TapaMeT-
pol. B xu.“ Habarwdameavraa u meopemuveckan xocmonozusa’, Tpynst Jletrneit mikomsr @Porma Ivmurpus 3umvuna,
«Jdunacrusa» (7-oit [koubr cospemennoii acrpodusuku, CAO PAH, Huxuuit Apxsr3, 2011) (M.:URSS, 2012),
€.293-326.
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9TO BKJIIOYAET YHUCTKY OT IIYMOB M OIEHKY ITapaMeTpOB CHUTHAJIa HA YPOBHE, B COTHHU pa3 IIpe-
BOCXOJIAINEM TOT, 9TO ObLI IBaJANATHL JieT Ha3ad. Mbl MOXKeM IOBOPUTH O TOYHOM H3MEPEHUH
KOCMOJIOTMYECKIX IIAapaMeTPOB, KOIJA WX 3HAYEHWd M3BECTHHI B mpenxenax Jjyume 10%. 11 sTa
9II0Xa Ceiiyac HACTYIINJIa.

O ToM, KaK IPOUCXOJAUT aHaIu3 HabJrogare/bubix Jdadabix CMB, Mbl HoroBopuM B JIaHHOI
JIEKITAH.

2 Hewmnsoro ucropun

Ucropus oTKpbITUS PETUKTOBOIO (DOHOBOT'O M3J/IyU€HUs U, KOHEYHO, CAMO OTKPBITUE UMEIOT IIEP-
BOCTEIIEHHOE 3HAYEHUe JIjId COBPEMEHHOIro ecrecrBo3nanusi. B 1922 1. Auiekcanap @pujmvan Ha
OCHOBE peIlleHus] ypaBHEHUs JUHIITelHa TeOpeTHYeCcKu IpeJicka3asi paciiupenue Bcesennoii.
B 1929r. Oaun Xabbs1 moarBepauma (akT pacmupeHne HaOJIIOMEHUSIMA YIAJSIONINXCA OT HAC
rajaktuk. Oba COObITUSI CTAJU KJAIOYEBBIMU MOMEHTAMU B (POPMUPOBAHUU COBPEMEHHOI'O MU-
POBO3pEHUS ¥ JI0KAa3aTeNbCTBOM aJleKBaTHOCTH (pu3uyeckoro onucanus Mwupa. Ormerum, 4To
ypaBuenve @pujmana OMUCHIBAIO AUHAMUKY U reoMeTpuio BcesieHHOI.

Qusnueckne cpoiicTBa PpunmanoBckoit Beenernoit mpeackaszans! yaernkaMu L'eoprus ['amo-
Ba Pansdom Asbdepom u Pobeprom Tepmanom B 1948 1. [4] Ha ocHoBe cO31aHHON UMK 1LIEPBOI
Teopuu ropsgyero boJibimoro B3psiBa. OHU MpPOBEIN pacder MEPBUYHOIO HYKJIEOCUHTE3a, KOTO-
poiit 00bsacHu HabMOmaemoe cojgepzkanue Bogopoaa (~75%) u reaus (~25%) B HAaCTOSILYIO
SI0XY, & TaKKe IO0Ka3aJid, YTO JOJI2KEH CYyIEeCTBOBATH PEJUKTOBLIN (hbou ¢ Temmeparypoit 5 K.
ITpumepro B 310 ke Bpems cam I.I'amos [5], nosyuni ouenky remueparypst CMB nopsijaka 7K,
Ha OCHOBaHWHU JBYX npubmkenuii B0 @puavanosckoit Beenmennoit: 1) nuHaMuky paciimpenus,
BKJTIOUATOMIEH u Bo3pacT Bceemennoit, u 2) mwrorHocT BermecTBa. 10, KAk 9T0 MOKHO C/e/IaTh,
OCHOBBIBASICh HA MPOCTHIX MPEJIIOJ0KEHUAX U aCUMIITOTUKAX, onucano B 0030pe A.Jl.Yepuuna
[6]. Ormernm, aro B pernernn PpuaMaHOBCKOTO ypaBHeHus (usndeckas kapruaa Mupa dbaxru-
4eCKU 3a/aeTcd HeDO IbIMM 9rc/ioM napaMerpos. llocrpoenne mapamMerpudeckoil KOCMOJIOruIe-
CKOIl MOJIe/I TIPe0CTaB/IgeT BO3MOXKHOCTD IIPeJICKa3biBaTh (pu3ndeckue cBoiictBa Bceesennoii,
a TaK:Ke perarb u 00paTHYIO 33/ad9y — U3MEPATh KOCMOJIOTMYECKHe IapaMeTpbl 110 HabJIio1a-
TEJIbHBIM JTAHHBIM .

Kak BoIsicHu10CH 1103/1HEE, Y2KE BO BPEMsI CO3/I[aHUsI TEOPUM MOYKHO ObLIO €€ TPOBEPUTH HEIIO-
CPEJICTBEHHO, WCHO/b3ys Habmonarenbubie qannbie. B 1941 1. MakKemrap |7| npu usydennn
sHuit norsiomenus mosiekybl ana (CN) B Hanpasaenun Ha 38€3/1y € 3MEEHOCIA OOHAPY KU,
g1o CN B MeK3Be3HOIT cpejie mmeeT Bo30y K/ IeHHbIe BpamaTe bable yposan (J=1), coorBercTBy-
IOIIUe IPUCYTCTBUIO YEPHOTEIHHOIO M3/Iyydenus ¢ Temueparypoit 2.3 K. B to Bpemsa stor daxt
00bsicHuTb He yjasock. Jlumb nozguee M.C. HIkiosekwuii (8], a rakxke Tx.@uiy u P.Taxeym
mokazaju, 4ro Bo3byzxkjaenue CN Bb3BaHO (POTOHAMU KOCMHYECKOI'O MUKPOBOJIHOBOTO (hoHA,
koropbiit [TIk10BCKMiT HA3BAJI PEJIUKTOBBIM U3/IyYEHUEM.

B 1955 . T.A. lllmaonos |9], npoBoag wabmonerus mox pykosogcrsom C.9.XaiikuHa HA Py-
nopuoit anrenne B [lyikoBckoit obcepBaTopuu, u3MepuII paciupeieaieHue reMueparypbl GpoOHOBOTO
uznydenusd Ha BojHe 3.2 cM. OH Ho/Iydns 3HadeHue reMieparypsl, pasaoe 44+3 K| ne 3aBucsimee
OT 3EHUTHOrO paccroghus z BIOTh z = 30° m nocrosunoit no spemenu (IIImaonos, 1957).
XoTs TOYHOCTH M3MepeHus Oblja HEBEJIMKa, ITa TeMiepaTypa oka3asach Ha 2 K Bblie BO3MOK-
Hoit apdexkTuBHO Temueparypsl Tporocdepsl. Pe3ysibrarsl n3MepeHus BONLIM B KAHIMIATCKY IO
nuccepraiuio [llvaonoBa, HO 0cOO0Or0 BHUMAHUS CO CTOPOHBI aCTPO(UBUKHN B TO BPEMS OHU HE
MIOJTY IUJIN.

B 1964 r. A.T". Jopoumkesuu u WN.JI. HoBukos [10] B upeiiosoxenun npaBuibHOCTH T€OPUK
ropsgyeit BeejleHHol paccuuTa/u CIEKTD 3JIEKTPOMATHUTOIO M3/IyueHus Heba C y4eToM SBOJIIO-
MY TAJIAKTUK, KPACHOI'O CMEIEHNS U OYKUIAeMOl TeMIIepaTypbl PEJIMKTOBOTO (DOHA U ITOKA3AIN
Ha/IM4re HaDJIIOIATEIbHOTO OKHA B CIIEKTPE, I/l TeMIIEpATyPa YePHOTEIBHOI0 MUKPOBOJHOBOIO
dona BbIllle MEIMAIONMX KOMIIOHEHT, a TAKYKEe YKA3aJ/Iu THUIl JIBAAIATU(yTOBOM PyIIOPHOI aHTEH-
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ubl B “Bajur JIabc”, Ha KoTopoit MoxkHO ero HabsonaTh. Crarba “CpeHss MI0THOCTD U3/ Y€HUSs
B MerarajiakTuke u HEKOTOPbIE BOIIPOCHI PEIATUBUCTCKOM KOCMOJIOrUK’ BBINLIA B 2KypHAaJIe “/lo-
kiragel AH CCCP” [10] u B TOM 2Ke rojty — B aHIJIHHCKOM epPEeBO/ie, HO OCTAIACh HE3aMEIEeHHOI.

B srom ke rojy amepukanckue ucciegosaresu “bBasn JTabc” Apuo Ilesuac u Pobepr Bujibcon
MU3y4YaJid PAJMOOTK/INK OT adPOCTATOB C TOMOIIBIO CBEPXYYBCTBUTEIBHOM 6-MEeTPOBON PYIIOPHOMN
AHTEHHBI C [PUEMHUKOM, OXJIaXK/AeMbIM KUJKUM rejreM. Bopsdch c mrymamu, ucc/egoBaTe/n
obHapy)kuin HeOObICHUMOE IIpEBbIIeHue mymMoro ¢pona, pasaoe 3.5 K, o gem mostoxuium Ha ce-
munape y bepuapga Bepka 8 MIT. Panee na sToMm Ke cemunape ObLIT Cle/aH JOKJIA]] I'PYIIIOit
Pobepra Hduke u Txoitmca [Tubsica 0 BOZMOKHON TemiiepaType MUKPOBOJIHOBOIO (DOHOBOI'O M3-
JiydeHud. Bjiarogapsa TakoMy yJadHOMY CTedeHuto o0cTosiTe/ibcTB u aruBHocTu B. Bepka rpym-
naM pajuodu3uKOB U acTPO(PU3UKOB YAAJIOCH IPOB3aUMOIECTBOBATEL, U CTAJI0 IMOHITHO, YTO
c/leJlaHHOE CAyYailHOe OTKPBITUE IIYMOI'O CUI'HAJIA MOXKET ObITh O0bICHEHO B PAMKAX KOCMOJIO-
ruaeckoit mogesm ropsiaeit Beenennoit. T'oropusmmmiicss /luke u ap. SKCIIEPUMEHT 0 U3MEPEHUTO
CMB mnorepsit cmbicsi. Ho Teoperuyeckue pe3ysbTarsl ObLIN OIyOJIMKOBAHBI B CTATHE B OJHOM
nomepe Astrophysical Journal ¢ nabsogarensabivu pesyibraravu Ilensuaca u Buibcona [11, 2).
OTMeTI/IM 31eChb BarKHbI MOMEHT, YTO HECMOTDPA Ha CﬂyqaﬁHOCTb OTKDPbITUA PEJIMKTOBOI'O U3J1y-
YeHHUs, TEOPHUS K TOMY BpeMeHU mpejcKazaja cymecrsoanne CMB u ykazaja Ha BO3MOXKHOCTD
ero nabJsirostennsi. MoxkHO cka3arh, 9To paboraer pusndeckuil IpUHIUIT — J1j1d O0bICHEHUS STBJIE-
HIsI HY2KHO [IPUBJIEKATH MOJIE/N ¢ MUHIMAJIBHBIM 9UC/IOM MapaMerpos (B hbumocodCcKoM acmekTe
— 310 npunnun 6pureel Okkama). Mogens Bosbnioro Bapeisa (ropsiuero nauasa Bceenennoii)
ABJIETCd TpocTedinieil (pu3nIecKoil MOJIe/IbI0, MPECKA3aHO0l TEOPETUYECKH U U BIIOC/IECTBUN
[OJITBEPK IEHHOM HabJtoieHusiMu. VIMeHHO 9TumM npocreiimmm myrem u noniia [pupoga. Or-
KPBITHE PEJMKTOBOro m3jaydenue 6oL1o ormederno HobejeBckoit nmpemueir no dpusuke 19781 B
cBoeit HobesieBckoit jiekiuu [lensuac pacckasas u o pabore coBerckux acrpodusukos opor-
keBuya u HoBukoBa, KOTOpas BBIILIA PaHbIle, YeM ObLIH ObLI0 cienano orkpbitue CMB.

[Toareepxkenue Teopun ropsyeit panneit Beesiennoit u Hasimame CTPyKTYP B OKPYKAIOIIEM
MUPE eCTECTBEHHBIM 00Pa30M IIPUBO/IMIN K TIOCTAHOBKE 33/1a4 CJIE/LYIOIIEro YPOBHS: J0KA3aTe /b
CTBY 4YEPHOTEJHLHOCTH MUKPOBOJIHOBOIO (pOHA U MOUCKY (DJIYKTyaIUuil PEIUKTOBOIO M3JIyUEHUS.
JlecaTku 3KCIEPUMEHTOB B MMPOKOM auara3one fAauH BoH oT 408 MI'm mo 300 I'T'r ¢ cepenutbr
60-x ro/10B IPOIILJIOr0 BEKa 0 HACTOsIee BpeMs 03BoJuu ycranopuTh Temieparypy CMB c
BLICOKOIH TouHOCTBIO (T = 2.7356 £ 0.038) M nOATBEPAUTH YEPHOTENBLHOCTH ITOIO U3/LyYEHUSI.
Cricok MpoBeIeHHBIX SKCIIEPUMEHTOB MOXKHO Haiitu B KHure Hacesnbckoro u np. [12].

[Mouck daykryanuit CMB AT /T nocrositHHO moHMzKaJ/I BEPXHIO I'PAHUILY MX CyIIECTBOBa-
aug o1 1073 10 1075 ma pazamuHbIx MacmTabax, IPHBOIA K H3MEHEHHSM TeOPHH (DOPMUPOBAHUS
KPYITHOMACIITAOHOM CTPYKTYPhI U MPEJICKA3aHUI0 COOTBETCTBYIOIIMX HADIIOAATEIbHBIX YD dDeK-
TOB, T/Ie JnepoM Oblia rpynna 3esibaouda |13]. Oxmau 3 Hanbosiee BazKHBIX HAOJIIOIATETBHBIX
skciepumenToB Oblin nposegensl Ha PATAH-600 rpyunoii [apuiickoro [14, 15, 16], u nonnsn-
JII BEpXHIOI0 IPAHUIYY ypoBHA (BuIyKTyamuil Ha 510 MEHYTHBIX YIVIOBBIX Macmrabax jgo 107°.
Crenyer ynoMsiHyTh U KOCMUYECKuUil coBeTckuii sxcrnepumenT Penukr-1, maBiimit HaMeK Ha Cy-
[IECTBOBAHNE HEOIHOPOIHOCTU HA HeOe HA HU3KUX FAPMOHUKAX.

Peanbroe orkpeiTue ayKTyaluil u mocTpoeHne ux KapThl ObIIO CAeIaHO0 KOCMUYECKO MUC-
cueit NASA COBE (Cosmic Backgound Explorer — HccanepoBarens kocmudaeckoro dona). dra
Muccus Oblia IMOJATOTOBJIEHA I MOUCKA (DJIYKTyalluil PeJTMKTOBOIO U3JIyYeHHUT C ITOMOIIHIO
CMOHTUPOBAHHOrO Ha cryTHuKe (¢ opburoit 900 kM) muddepenagIbLHOr0 MUKPOBOJIHOBOTO Pa-
momerpa. B pesyisrare paborsr COBE c Beicokoii Tounoctsio (AT/T ~ 107°) 6b110 moarsep-
JKJIEHO CYIIECTBOBAHME aHM30TPONUK [3] U upejicraBieHa ee Kapra Ha 10J1HOI HebecHoll cdepe.
Ormernym, uro va cuyrauke COBE (Puc.1) 6pumi yeranosmensr Tpu mpubopa: muddepeniu-
asbHbI MuUKpOBOHOBOI pajuomerp (Differential Microwave Radiometer — DMR) ast noncka
daykryarmuit CMB, rae pykoBomuresem mpoekra 6611 [xkop:x CmyT (George Smoot); crekTpo-
doromep B mamexom mnadpakpacaom guamazone (Far-IR Absolute Spectrophometer — FIRAS)
Jist ucenegosanus [Lankosekoro (vepnorensnoro) cunekrpa CMB B auanasone 0.1—10 mm, py-
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Puc. 1: Coyramk COBE ¢ ycranoBiennbiMu Ha HeM mpubopamu. PUCYHOK BOCHIPOM3BEIEH €
caifta http://lamda.gsfc.nasa.gov.
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Puc. 2: Cnesa: kapra duykryanuii CMB no gamnsiv COBE DMR. Yepnore/bmbrii
cuexktp m3aydenns CMB mo gamueiv COBE FIRAS. Pucymku Bocmpomssemenbl ¢ caiirta
http://lamda.gsfc.nasa.gov.

koBoures — JIxkon Marep (John Mather); 6omomerp mis uccienosanus auddysnoro nadpa-
kpacuoro ¢dona (Diffuse IR Background Experiment — DIRBE) — musa usyuenus uszsiyvenus
bl B quanazane 1.25—240um, pykosogurens Maiik Xayszep (Mike Hauser). s mocTpoermst
kaprbl anuzorpouuu CMB ucronb3oBaiuch pajuomerpsl Ha rpex yacrorax 31.5, 53 u 90 ',
IIO3BOJIMBHIME IPOBECTU Pa3/€/IEHNE KOMIIOHEHT CUT'HAJIA U HAWJIYYIIUM Ha TOT MOMEHT 06pa30M
BBIJIEJIUTH CUTHAJ PEIUKTOBOro (hoHa. 3a cepbe3Hble KOCMOJIOTUYECKIE Pe3yJIbTaThl: OIIPe/Ieie-
HUE Y€PHOTE/IbHOCTU CIIEKTDA U3J1yYCHUA CMB " IIOCTPOEHUE KaPThl aHU30TPOIINU PEJIMKTOBOI'O
dona (Puc.2) B 2006 r. Txxon Marep u [Ixxopx CmyT 6b1m Harpazkaersl HobemeBckoit mpeMu-
eil.

Vzmepenne KOCMOJIOTHIECKAX MTAPAMETPOB, KOTOPOe OBLIO MPOBEIEHO TOCIE Ty OMEe MICCH-
eit NASA WMAP [17, 18] B pesysibrare HabJII0/|eHIs] UCKAZKEHUTT PEJIMKTOBOIO W3JLy YeHUsl, CTa-
JI0 (DYHTAMEHTAJLHBIM BKJIAJ0M B KOCMOMUKPOMDU3NKY U 3a(pUKCHPOBATIO COBPEMEHHYIO CTAH-
JIAPTHYIO KOCMOJIOIMYECKYIO MOJIEJIb ¢ HEJIOCTUKUMOM paHee TOYHOCTHIO. Kpome Toro, Takas
TOYHOCTH M3MepeHus PIyKTyanuii (hoHa TO3BOJIIIA HAYATH UCCIETOBAHUS MTPOOIEMbBI HETAYCCO-
BocTu (DOHA, OCODEHHO BAXKHOM /ijisi TOHUMAHUS (PU3MIECKUX IIPOILECCOB B DIIOXY MHQJISIINN.

Tomy, KaK MOXKHO HOJIy9IUTh UHMOPMAIMIO U3 JAHHBIX HAOIIOAEHUN KOCMUYIECKOTO MUKPO-
BOJTHOBOTO (DOHA, MOCBAIIEHBI 9Ta U caeayiomas [19] sekmum.
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3 Muwuccua WMAP

Kocwmunueckas muccus NASA WMAP! (Wilkinson Microwave Anisotropy Probe (Puc. 3) — 3om1
UM. YWJIKHHCOHA JIJIsl MCC/IEOBAHNS MUKPOBOJHOBOI aHU30TPOINH) CTaJsIa SKCIEPUMEHTOM HO-
BOI'O MOKOJIeHMs. Kro 3HAYMMOCTH 3aKJ/IOYEHA HE TOJbKO B YPOBHE PEIIAEMbBIX 3aJ1ad, BKJIIO-
YAIOIIMX OINPEIEIeHe TeOMETPUHN, COCTaBa U OCOOEHHOCTEH 3BoJionun BeeseHHO# 1m0 Kapram
anuzorpornuu CMB ¢ 13-MuHYTHBIM YIJIOBBIM pa3pelieHueM, HO U [0 KAa4eCcTBY aHaJ/M3a JIaH-
wbix. IIporpeccusrnoe mbiiienue Komanjibl WMAP 1posiBuioCh €elie u B LPesoCraB/IeHu ap-
XuBa, HAOJIIO/EHUN, TPOMEXKYTOUHBIX U PE3Y/IbTUPYIONMX KAPT AHU30TPOIUU TeMIIEepaTypbl U
noJsipudanyuu B obiiee nosb3oBanue. s cpasuenus: na Puc. 4 npeacrasisiem kaprsi COBE u

1.4 x 1.6 m primary I upper omni antenna
reflectors el

dual back-to-back
Gregorian optics

secondary FPA box

reflector
feed horns

passive thermal radiator
thermally isolating

instrument cylinder

(RXB inside)
top deck

star tracker

warm 5/C and
instrument
electronics

reaction

wheels (3)

deployed solar array w/web shielding

Puc. 3: 3oug WMAP. Pucynok BocripounsBejien ¢ cafita http://lambda.gsfc.nasa.gov.

WMAP (1-ro roma). Beibop opbuthl muccun, BEIOOD CTpAaTeruu CKaHUPOBaHUs Heba U BBIOOD
Ju3aiiHa CIlyTHUKA, ObLIM OPMEHTMPOBAH Ha HOJy4YeHue 1) HEeKOPPEJIMPOBAHHOTO HMUKCEJIBHOIO
mryma, 2) MEHIMA3AIUH CHCTeMATHIeCKUX OIMMNOO0K, aKKYPATHOW KaJUOPOBKU U 3) MPOBEICHIE
MHOTOYACTOTHBIX HAOJIIOIEHNIA.

Opbura muccun WMAP 65112 BeIOpaHa Tak, 9TOOBI MOTOKEHNEe CIIYy THIKA COXPAHSIIOCH CTa-
6uibHbIM, a uziaydenue Cosaila 6bLIO SKpaHupoBano. Jlisg 3Tux 1eseil moxonauT KBa3uyCToii-
quBast ToukKa Jlarpanxka L2 B rpaBuranmonnoii cucreme Cosane—3emiisi. Touka L2 Haxogures
B L.Oman. kv or 3emsu B Hanpasjeduu ot Cojnia u obparmiaerca Bokpyr CoJiHIla BMecTe ¢
Bemueii (Puc.5). Cnyrauk WMAP obpamiancs Bokpyr touku L2 ¢ nanpasaennoit or Cosnnga,
AHTEHHOIT 1 IPOBOINJI CKAHUPOBaHUe Heba, M3Mepsist TPU MO/IbI Tosisipu3anun (mapamerpbl CTOK-
cal, Q, U) B naru vacrorusix nosocax: 23 (K), 33 (Ka), 41 (Q), 61 (V), u 94Ty (W). Ipuuem
B nojiocax K u Ka ucnonb3oBanuce 2 pajguomerpa, Q u V. — 4, W — 8, KoTopble 3aluchiBain
usmepenust remneparypbl B Buge spemennsix psyto (Time Ordered Data — TOD) ¢ 2001 no
2010 rr. /lamuble onucanbl ¥ OTKPBITHI JI/Isi MUPOBOI'O co0bIiecTBa 3a 1-bit, 3-uil, 5-blit u 7-0if I'T.
Habsirosennii Ha caiite WMAP. B 2012 1. oxkuiaiorcst Takzke JAaHHble 3a 9-blii 101 HabJIF0IeHMiA.

Cpemu Baxkmeiimux pe3yabraroB WMAP — kapra ammzorpormm ¢ paspemennem ¢ < 100
(Puc. 6), yriosoit ciekrp momtaoctu CMB ¢ 1 < ¢ < 600 mig aHH30TPOIMU TEMIIEPATYPBL 1

L Anpec caiita ¢ ormcanmem u apxusom muccum WMAP: http://lambda.gsfc.nasa.gov
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WMAP

Puc. 4: Kapret COBE u WMAP (1-ro roma nabmogenuit). Pucynok Bocnpoussejen ¢ caiira
http://lambda.gsfc.nasa.gov.

Phasing Loops

—— Earth
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Lunar
Orbit
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Swingby

Puc. 5: Tpaekropus mposera u opbura cuytanka WMAP. Pucymnok Bocmpomssemen ¢ caiirta
http://lambda.gsfc.nasa.gov.
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[OJIAPU3AIIY ¥, KPOMe TOro, Tab/iniia BCEX OCHOBHBIX KOCMOJIOTMYECKHUX ITapaMeTPOB, OIpe/ie-
JIEHHBIX HE3aBMCHMO OT OCTA/JbHbIX KCrepuMenTos [20)].

+0,20

WMAP 7yr 3
ACBAR 2
QuaD %

3000

2000

1(1+1)C,TT/(2m) [pK2]

1000

0 I I I I I
10 100 500 1000 1500 2000

Multipole Moment ({)

Puc. 6: Beepxy: kapra ILC CMB, nocrpoensasi o jgasabiv padborer Muccuu WMAP 7-ro ro-
Jla, B TaJlaK THYECKUX KOOpJuHaTax. PucyHOK npusejeH ¢ pasperieHueM J10 Lmq, = 150. Bausy:
yraosoit criekrp Mmoraoctu £(¢ 4+ 1)C(¢) /21 kaprsrt WMAP ceapmoro roga Habmogenuii [20].
Ha PUCYHKE TaK2Ke€ IIPpUBEACHDbI PE3YJ/bTaThl U3MEPEHUA YIJIOBOT'O CHEKTPA MOIITHOCTU (i).}'[yKTy-
aruit Temmeparypsl B skcepumentax ACBAR [47] u QUaD (48] (moka3anbl ApyruM mBeToM).
I'paduk mocrpoen B obsactu mysbrunoseii g0 £ < 2000, rge He CToJib BBICOK BRI M dek-
ta 3enpaoBuda-CiOHAEBA W TOUEIHBIX UCTOYHUKOB. CILTONIHON JIMHUEH MOKA3AH MOMETLHBIH
cuektp g ACDM-kocmosiorum ¢ napaMerpamu, ONpPeJeJeHHbIMUA Ha, OCHOBE PE3yJIbTATOB MUC-
cun WMAP. Pucynok Bocrpoussenen ¢ caiita http://lambda.gsfc.nasa.gov.

OrmeruM TakzKe W IIEepBOE IOCTPOEHHe KapT Heba ¢ OTHOCHUTE/HHO BBICOKHM pa3peIleHneM
st nonspusayuu B Mogax Q u U (Puc. 7) u nossipusanmonubix Kpoce-cuekTpos st E u B-mog
nostsipu3arun (Puc. 8), m03BOMUBIINX, B YACTHOCTH, YCTAHOBUTH STI0XY PEHOHU3AINN, T.€. BPEMS
obpasoBanust nepsbix 38e37 (2 ~ 10).

4 AHaJan3 JaHHBIX

UccnenoBanre kapT MUKPOBOJIHOBOIO (DOHA BKJIIOYAET B Ce0s TPU B3aMMOCBA3aHHBIX U B HACTO-
sIee BpeMsi Hepa3/e/InMbIX HAIllPaB/IEHUs: TeOpUI0, Hab/Io/IeHus 1 MojiesiupoBanue. Vck/ouns
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Puc. 7: Ceepxy: noJisipuzannorsbie gaHHble KaHaa K. CHU3Y: MO/ pU3alluOHHbBIE JIAHHBIE KaHa-
sa V. CjeBa: KapThl MUKPOBOJIHOBOTO U3JiyueHud /i napamerpa Crokca (. Crnpasa: KapThbl /i
napamerpa Crokca U. Pucynkn mocTpoeHs! 1o JaHHbIM ¢ caiita http://lambda.gsfc.nasa.gov.
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Puc. 8: [longpusarmonnsie kpocc-ciekrpel: TE (BBepxy), EE (B meutpe), BB (Buusy). Pucynku

LIOCTPOEHBI 110 JIAHHBIM C caiita http://lambda.gsfc.nasa.gov.

300



OJTHO U3 HHUX, MOYKHO IIOTEPATH CMBICT B Apyrux. Teopus, KOTOpas CTPOUTCA IO HAOJIIOIEHUIM,
JIaeT BO3MOXKHOCTDb IIPOMO/IE/IMPOBATH HAD/IOAaTe bHbIe 3DMEKTH! Ipr u3MepeHun OJIyKTyanuit
dona. A Mozmenn, B CBOIO OUYepeb, IO3BOJIAIOT YUECTh CHCTEMATHKY B HabO/II0aTeIbHBIX JaHHBIX
U, HaJleeMCd, IIPABUJIbHO UX UHTEPIPETUPOBATh.

Texnosornyeckas nemnouka anainza Janabix CMB Moxker ObITh yCJIOBHO pa3jiesieHa Ha HECKOJIb-
KO 9TAIOB KaK JIJId TeMIIEPATyPbl, TAK U JIJIsl OJISIPUBAIIAN:

1. perucrparmms ganaeix TOD kak 3aBECEMOCTH H3MepPSeMOil TeMIEPATyPbl OT BPEMEHN Ha-
batostenust uiaun Hebecubix koopuuuar: 1'(t) = T'(1,b);

2. 1mosiyueHMe KapThl, Ky/Ja BXOJUT BOCCTAHOBJIEHME curHasa Ha cdepe (npouemypa map-
making) uz TOD u ocpesHenue maHHBIX B MUKCeIaX (IpOIeLypa MUKCETU3AINN);

3. pazjesienre KOMIIOHEHT MUKPOBOJIHOBOTO (pOHA: BbI/IEIEHIE PEIUKTOBOIO U3y YeHUsl, KOM-
HOHEHT TAJAKTHIeCKOro (hboHa (CMHXPOTPOHHOE U3JIydeHue, CBOOOAHO-CBODOIHOE M3y de-
HIE€ U W3JIy9IeHNe MbLIN), & TaKyKe BHETATAKTHICCKIX UCTOTHUKOB;

4. aHaJM3 CTATUCTUKN CHATHAJA Ha KapTe, B TOM UHCJIe IPOBEPKU Ha TayCCOBOCTEH;

O. aHaJIU3 CIICKTPa MOIITHOCTH H OIIpeae/ieHne KOCMOJIOTHYIECKUX IIapaMeTpPOB.

Kak mpaBuyio, KayKplil 9Tal BKIIOYAET B CeOs U THICSIN CUMYJIAIMI (MO THPOBAHMIT SKCIePH-
MEHTA) /I BBIIOJIHSIEMBIX [POLE/LYD.
3HakoMCTBO ¢ aHam30M JaHabix CMB HauuHaeTcst ¢ HOHATHI MyIBTAIIONS W TAKCEJTUBAIAN.

5 MyabTunonmn

CrangaprHoe pa3jioKeHue B HOJISPHOIT cucreme koopunar (6, ¢) Bapuanuil n3MepeHHON TemIie-
parypel Ha nebe AT(0,¢) na chepuueckue rapMoHUKU (UM MyaBTHIONN) Yy, 3AIMCHIBAETCS

KaK
oo m=¥{

AT(0,¢) = Z Z a(mn,m(ea ), (1)
=2 m=—¢

rne ¢ — HoMep chepudecKoil TApMOHUKHI, M — MOJLI MyJIbTUIO/sI. OOBITHO MpHU aHAIN3e pac-

CMATPUBAIOTCS TOJBKO KOCMOJOTHIECKIE MYJBTHIIONA ¢ £ > 2, Tak KaK MOHOIOJb TTOKA3bIBAET

CPEHIOI0 TeMIeparypy (hpoHa, a JUII0JIb — HAIPAB/IEHUE CYyMMAPHOIO BEKTOPA JBUKEHIS 3EMJIH.

Cdepuueckre rapMOHUKH BBIYUC/IAIOTCA CAEAYIOMUM 00pa3oM:

20+ 1) ((—m)!
A (L+m)!

Yom(x,¢) = P (z)e™?, = cosf, (2)
P"(x) — npucoesunennsle mosnuHoMel Jlexxanapa. [lna nenpepoisroit dynkimun AT (0, ¢) ko-
s dunmenTs PA3I0KEHUS Gy, PACCIUTHIBAIOTCA MHTEIPUPOBaHUEM HA Cdepe:

1 2T
G — / R /0 dSAT (9, )Y (2, 6) 3)

rae obosHadenue Y, IOKa3blBaeT KOMILICKCHOE COIpsdxKeHue JIad Yy,. Takum obpasom, cde-
pu4deCKue rapMOHUKU 1 KOS(b(i)I/II_[I/IeHTbI Ay, ABJIAIOTCA KOMILJICKCHBIMU BE€JIMYUHAMU, & B CUJLY
BEI[ECTBEHHOCTH CUTHAJIA AHM30TPOINH MOJIbI C OTPUIIATETbHBIMU 1M Oy/IyT CONPAXKEHHBIMU MO-
mam ¢ m > 0. Mynbrumnosu ¢ mogoit m = 0 oT J0Ar0OThl ¢ HE 3aABUCSIT.

MybTuiioibHOe pa3joKeHue OPTOrOHAIBHO, YTO OTJIUYAET ero OT ODBIYHON AIllpOKCHMa-
nuu nosimHoMaMu. Eciu Mbl, HAIPUMED, BBIYATAEM U3 KAPThl HU3KWE TaPMOHUKU, OCTABIIAECS
FapMOHUKN HE U3MEHSIIOTCH.

[Ipumepsl pas/ioKeHust 10 HU3KUMU MYJIBIOJIAM TT0Ka3anbl Ha Puc. 9 (kBagpynonas £ = 2) u
10 (oxrymoms ¢ = 3).
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Puc. 9: Ksagpymnoss (¢ = 2) kapret CMB WMAP 7-ro roga mabionenuii (BBepxy cjeBa) I ero
Moabl Yoo (k03bdunment na kapre CMB agp=(1.18¢-2, 0)) (BBepxy cupasa), Y21 (ag=(-7.7le-
4, 6.21e-3)) (Bumsy ciesa) u Yas (age=(-1.4le-2, -1.79e-2)) (Bum3y cupasa). Kosddurmentsr
npuBejieHbl Jjist anTeHHoi remieparypel CMB WMAP, 3aannoit 8 MK.

6 IlIukcenu3amusa

He yriybassce B nponeaypy map-making, ¢ moMoOIpi0 KOTOPOil U3 BPEMEHHBIX Psi/IOB BOCCTa-
HABJIMBAIOT CUTHAJ Ha cepe, MOKazKeM ee OCHOBHYTO ujero (cuM. HampumMep, |21]). [Ipeamoroxum,
aro TOD d jinHeitHO 3aBUCHT OT peasibHONW KApPThl KaK

d=Pm+n, (4)

rjle N — BEKTOP JIAHHBIX, ONUCHIBBIONIMI 1iyMm, a P — Hekoropast u3specTHasi marpuiia. Byjaem
Ha3bIBATh TAKYIO IPAMOYTo/bHyI0 MaTpuiy P, mverontyio pasmepnoctb Ny X Np, MaTpureii Ha-
Begenus (pointing matrix), rue Ny — koamgecTBo HabMOAeHUI, N, — KOIMYECTBO IHKCEIOB
Ha Hebe (00braHo pasmep mukecaa ~FWHM/3). Takum obpasom, mpuMensist moJ00HbBI MaTPUI-
HbIil oneparop Pk kapre Heba, MOxkHO “packpyrurh’ 31y Kapry Ha TOD B coorBercrBum ¢
IPUHATOI cTpaTerneii ckanuposanns Heba. U1 Haobopor, mpumenss PT k BpemenHBIM psizam,
MOXKHO IIPOCYMMUPOBATH UX B KAPTY. SHAYEHUEM B [IUKCEJIE ITON KapThl OyIeT CyMMa CUIHAJIA BO
Bcex HabJto/leHnsIX, B KoTopbix TOD nepecekasu JaHHBIA MUKCE B PA3JIMIHOE BPEMSI B 3a/[aH-
HOit crpareruu nabsonenuii. Ctpykrypa Marpuiibl P 3aBucut oT TOro, KAKUM IIPE/IIOIAraeTCs
MaccrB m. Ecim m cozepkuT MuKCcean30BaHHOE, HO HeCMa3aHHoe n3o0parkenne Heba, Torma P
JIOJI2KHO YIUTBIBATH PA3MbITHE JMArpaMMOil. DTO caMoe 0obIiee IpeIio/IoKeHrne, 1 OHO IT03BOJIs-
er, HAlPUMED, NPABUJILHO YUECTh HECUMMETPUIHYI0 juarpammy nanpassiaeanoctu (JIH). B srom
ciaydae npuMenenre P kK m o3navaer u cBepTKy KapThl HEOA C OTKJIUKOM aHTEHHBI, 1 “DACKPy -
BaHue” M B IIOTOK BPEMEHHBIX JaHHbIX. FKciu, ¢ apyroit croponst, JIH Oyxer, mo-kpaitneit mepe,
npub/IM3UTETHHO CUMMETPUYHOMN, TOT/Ia TaKasd MPOIle/lypa BO3MOYXKHA, U B 3TOM Cjydae ynobHee
paccmarpuBarh m kak JIH, criakuBaroniyio nukcesmsoBannoe veb6o. Ormernm, uro JITH anren-
ubl B Muccun WMAP cumraforces KBa3urayccoBbIMH, T.e. MMEIOT HCKaxkeHus: ¢opmbl (Puc.12).
Crpykrypa P juist 0HOpYIIOPHOTO 9KCIIepuMeHTa Oy/1eT oueHb npocToii. ToJIbKO OH 3/IEMEHT
B CTPOKe OyJieT OTJIMYEH OT HyJisl - TOT, KOTOPbIN MPUBS3bIBACT HADJIIOJEHUS B j-OM ITHKCEIE K
i-omy ssmementy TOD. Ing BoccranoBieHnss m B ypapHeHuu (4) IpPeIoKeHO HECKOJBKO METO-
108 (cm. Hanpumep, 0630p [22]). Tak kak 3a/jaua HAXOXKJIEHUsT PEIIEHUs JMHENHHA 110 1, MOXKHO
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Puc. 10: Oxrynons (¢ = 3) xapret CMB WMAP 7-ro roga nabmaonenunii (BBepxy c/iesa) u
ero Mozbl Yso (koadpdunument na kapre CMB a3p=(-6.48¢-3, 0)) (BBepxy cmpasa), Y31 (agi=(-
1.22e-2, 2.03e-3)) (mocepenune cnesa) u Yz (ase=( 2.20e-2, 5.91e-4)) (mocepesune cupasa).
Y33 (agz=(-1.17e-2, 3.36e-2)) (Buusy). Koaddurmenrs! npuBeensl 1jisi aHTEHHON TeMIIEPATy P
CMB WMAP, zayrannoii B MK.

IIPUMEHUTDH METOJ] HaNMEHbINNX KBaJApPaTOB, B KOTOPOM MHHHMMH3HUPYETCA BEIMINHA
> =n'vn = (@7 - m’PT)V(d — Pm) (5)

JIJIsl HECUHTYJISIPHOUW CHMMETPUYECKON MAaTpuiibl V. YT0ObI MOJyYUTh MAJIOIIYMSIIINANR CTHMA-
TOP, HEOOXOAMMO HafTH Takyio V, KOTOpas MUHUMUIYUPET BapPUALUAI0 M. DTO JOCTUTALTCH,
KOI/Ia MBI B KadecTBe V BbIOHpaeM 06paTHYIO0 KOBAPHAHTHYIO MATPHUILY InyMma, T.e. VI = N =
(nn”). B pesyibrare MOXKHO IIOCTPOUTDL SCTHMATOP M JI/Is KAPTHL:

m = (PTVP)"'PTVd, (6)
a pelienue Jjig KapThl B mporeaype map-making oymzer
m=Y""'"P'N"!d, (7)

rie
»=P'N"'P.

[Iporietypa MOCTPOEHNUsT KAPThI JeIaeTCs JI/Isk BBIOpAHHON MuKceu3amyu Heba, CBOiCTBa KO-
TOPOIt TakKe 00eCIIeYnBAIOT U TOYHOCTh UHTErPUPOBaHUs Ha C(Depe IIPU BBIYUCJIEHUN Ay, (yPaB-
uenue (3)). IIpobema unrTerpupoBanus Ha cdepe 06cyx 1amach emie B 70-e rOIbl IPOILIOro BEKa
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Puc. 11: Myaprumomn (¢ = 2,3,4,5,6,7,8,9,10) xkaprer CMB WMAP 7-ro roga mabroemmii.

(cm. mampumep paboter |23, 24, 25, 26]). IIpobrema craia akTyasbHON B acTpOdU3UKE C MOIB-
JIEHHEM I0JIHBIX 0030poB Heba M HEOOXOAUMOCTHIO PA3J/IOKeHUs 110 CHEPUIECKUM TAPMOHUKAM
[POTSAKEHHOrO curHaJa. VITak, B HACTOsIIIee BpeMsl aJITOPUTM [TUKCEJU3AI KapT Heba, a nMeH-
HO MeTo/] pa3buenns Heba HA YIaCTKHU, B KOTOPBIX 0 OIIPe/Ie/IEHHBIM [IPABU/IAM HUHTEMPUPYIOTCS
HaDJII0IaTeIbHBIE TaHHBIE, STBJISETCS OJHUM M3 HAanOOJee BayKHBIX MOMEHTOB B Teopun o0padboT-
KU PeJIMKTOBOro m3jydenus. Bompoc mukcenuzaiuu mojuuMasics emie B 3xcinepumente COBE
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Puc. 12: Tuarpammer nanpasiearocta WMAP B dbokanproit mrockoctnu mist kanaasos K (0.88°),
Ka (0.66°), Q (0.51°), V (0.35°), W (0.22°). Pucynku B npaBoM u JIEBOM CTO/I0IaX COOTBETCBYIOT
JIBYM Da3HOHAIIPABJIEHHBIM HHCTpyMeHTaM Muccuu. CBepxy: m3MepsieMble THAarpaMMBbl, [I0CEPe-
AUHE: MOJ€/IbHadA AIIPOKCUMaled, BHU3Y: PA3HOCTL MEZKY Ha,6JIIOﬂ;aGMI)IMI/I u MOJEJIbHBIMU.
Bungbl ocrarounble HeBa3ku. Puc. BocmpoussenieH c caiita http://lambda.gsfc.nasa.gov.

[3, 27], a Ha caMoOM Jiesie U ele paHbllle — B METEOPOJIOIMYECKUX UCCIIEI0BAHMSIX, XOTs TaM ObL/I0
HE II0JTHOE U HEPABHOMEpHOe HOKpbITue Heba. [lo3Hee ObLu pe/ioyKeHbl 3 MeToIa MUKCeT3a-
uuu: pasbuenne 1o ukocasupy (28] (Puc.13 u 14), pasbuenue Uriy [29] (Puc. 15) u anropurm
HEALPix |30, 31| (Puc. 16), misg KOTOpOro mMeercss pa3BUTOE IMPOrpPaMMHOE ObeCIevdeHne — ma-
KeT ¢ oJHOMMeHHbIM HazBanueM. Ormerum, 4ro eue B pabore 1996 1. Termapk [28] nogaumaer
2 BaXKHBIX BOIIPOCA, CBA3aHHBIX C ONTUMAJILHBIM PACIO/IOyKeHneM 11eHTpoB N mukcejioB Ha Hebe
n BI)I60pOM HaWJyqHmiero nyTu BbIYUC/ICHUA CBEPTKU KaPTbhbl CYMMUDPOBaHUEM C UCIIOJIb30BaHUEM
IEHTPOB nuKces0B. Bee, uTo 06Cy)K/1a/I0Ch paHee B CBA3U C NMUKCEIU3aIueil, ObLIO MOCBAIIEHO
PeIeHunIo mepBoii mpob/ieMbl, U OTBET Ha BTOPOI BOIPOC [AETCH TOJIBLKO IOC/IE BHIOOPA CXEMbI
nukcenu3anuu. Ormerum, uro nukceaudanus nanabix CMB Ha cdepe — T01bKO 9acTh OCHOBHOI
IPOOJIEMBI, COCTOAIIEH B OnpeeieHnn KOIMMUIUEHTOB gy, TPU PA3IOKEHUN Ha cheprdaecKne
rapmonuku curaasia CMB.

B 2003 r. MBI mpeIoKuIn cXeMy TUKCeTN3aINN, OPHEHTUPOBAHHYIO IIPEXK e BCET0 HA TapMO-
Huveckuii ananus [32, 33, 34]. B arom ciyuae nepsocrenieHHoe 3HadeHue 11peobperaer TOUHOCTh
BBIYUC/ICHAS WHTerpaJsa B ypasuenut (3). Vcmob3ys 9T70T MOMEHT KaK OTIPABHOMN MYHKT, MOXK-
HO M3MEHUTH IOAX0J K mpobiaeMe 00paboTKM JaHHBIX Ha cdepe, KOTOPHIH, B YaCTHOCTHU, OIpe-
JleJiseT U CXeMy MUKCeau3anun. I TOYHOro BBIYHCIeHNs HTerpaia B (3) IpUMEHSeTCs MeTOJ
layccoBbix kBasparyp, npejgjoxkennniii [ayccom eme B 1814 1. u passursiit Kpucrodderem B
1877 r. OcHoBHAs Wiest HHTErpupoBaHus 1m0 x B (opmysie (3) COCTOUT B TOM, ITOOBI HCIOIB30-
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Puc. 13: Nkocasap. Cxembl numkcenu3aiuu Ha 6a3e Kyba u mkocasnpa. Puc. Bocrpounssesen u3
paborsr [28].

e © ® o 0o o o o & o
e © ® o o o o o
e o o o o o o o
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e o o o o o
e o o o o
* o o o

Puc. 14: Mkocasap. Perynsipuast Tpeyronbaas cerka (caesa) BbiOpana takum o6pasom (crpa-
Ba), YTOObI TOJIyYUTh IIUKCEIbI OAuHaKOBO# mwomasu. [Tukcesnbr umeor GopMy MecTryroabHI-
ka. ['paib TPeyroJibHOro MKocasipa MOXKET ObITh CHMMETPHYHO DA3/IoKeHa Ha 6 OJMHAKOBBIX
IIPpaBUJIbHbIX TPEYT'OJIbHUKOB (Ha, pucC. OJuH U3 HUX 3a,TyH_[eBa,H), a IJIOIIa/Jdb BbIDaBHEHQ JIJIs
cummerpun. Puc. Bocipousseen u3 paborsl [28].

BaTh [IPHACOE/IMHEHHbIE IOIMHOMBI Jlexampa P;™(x) ¢ BecoBoit (ynKImeit w(x) 1Is T0CTUKEHHS
TOYHOrO paBeHcTsa [35]:

1 N
[ dnAT (@ 0V (0.0) = 3 w AT (2,011 (01,0). Q
-1 :
7j=1
3necy BecoBas pymkimsa w; = w(x;), a AT (xj, §)Y (xj,¢) nomkHa GparbCsa B KOPHIX CeT-
kun Py(xzj) = 0, N — makcumasbHblil panr noiamuoma Jlexanapa. MssecrHo, 4ro ypasaenue
Pn(z;) = 0 umeer touno N myseit B uarepBate —1 < o < 1. Jng merona I'aycca—J/lexkanapa
(ypasuenue (8)) Becosble K03 duuuents jaorcs dopmyoii [35]

e )

w; =
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Puc. 15: Urty. JleBblit pucyHOK JIEMOHCTPUPYET MOJAPHYIO MIANKY /s C/Iydae pa30ueHus TUIa
Wriy, Koropoe siBjisiercst HepapXxudecKuM U JaeT MAJeHbKOE UCKAXKEHUs TUKCE/Ia. DTO MMOKA3AHO
HA IIPABOM PUCYHKe C nukceju3anueil tuna 3:6:3, rme kaxk/apiii u3 12-tu 6a30BBIX ITHKCEJIOB
pa3bur Ha 64 nukcesa paBHoil wiomam. Puc. Bocupoussenen uz pabors [29].

1 MOT'YT ObITH BHIYMCJ/ICHBI COBMECTHO C HAOOPOM T; HAIPUMEp, C IOMOIIBIO IPOLEAypbl “gauleg”
[35].

Takyio Cerky NMKCeaU3aluu, KOTJa IEHTPbI MUKCEJI0B COBIAJIAIOT C y3JIaMU B KBaJpaType
laycca-Jlexkanapa, a nukce/j bl UMEOT KBa3WpPaBHbIE ILJIONIAJ/M, Mbl HA3bIBAEM ITUKCEJM3AITIel
ueba mo meroxy laycca-/lexamnpa (Gauss—Legendre Sky Pixelization — GLESP). g cpaBne-
Husi Ha Puc. 17 nmokas3aHbl 1T0JI0KEHUsI [IEHTPOB KOJell Ha ¢depe & = cos 6, uCnoib3yeMbIX Ipu
nHTerpupoBaHnu B AByX cxemax mukcem3anun: HEALPix w GLESP. 3amernwm, uTo Berancienne
unrerpana (ypasuenue (3)) Moxer ObITb IPOBEJAEHO PA3JIUYHBIMU CIOCOOAMM, OJHAKO, TOCTPO-
€HUe CXeMbl TUKCEIU3aIlUU, IPOBOJUTCH 10 (PUKCUPOBAHHBIM y3/1aM, B KOTOPBIX IPOBOIUTCH
OCpE/IHEHUE BPEMEHHBIX PSIJIOB.

B neiicrBurensuoctu, Bce nanubie CMB nMeroT HEKOTODBIM Mpejesl paspelienus u, CJeio-
BaTEJIbHO, Bepxuuii npejgen cymmuposanus 1o £ B ypasuenun (1), £ < lpaq, 1€ Lipge — MaKCu-
MaJIbHBIIl MYJIBTUIONb, IPUHATHIA Ipu 06paboTKe JaHHBIX HA cdepe. DTO 03HAYAET, YTO, IPHU
IIOCTPOEHUN CETKH HyJIeil B TOUKax & u BecoB w; (j = 1,2..N) moxkno ncnons3o8ars N = Npaz,
e Nyaz CBE3aHA C Y-

Wrak, npu anaynmze panabix CMB ma cdepe ceiivac uCHOIB3YIOTCH JIBE CXEMbl ITHKCEJIHU-
3allin, JIjis KOTOPBIX CYIIECTBYET PA3BUTOE MPOIPAMMHOE O0DECIIEUEHUE: MEPAPXUIECKAsT CXeMa
HEALPix?, opueHTHpoBanHas Ha IIHKCEIbHbIC BLIYUCICHNS, I Hemepapxudeckas cxema GLESP3,
OPHMEHTHPOBAHHAsI HA TaPMOHUYECKUE Bbraucjenus. [Ipumep 3amnosenns: nukceamu cepbl st
obemnx cxem mokaszan na Puc. 18.

7 Pa3geireHne KOMIOHEHT

Usmepsiemblit B 9kcriepuMenTe curaan cojgepkut, nomumo CMB, Bkt bl rajtak tuaeckux poHO-
BBIX KOMIIOHEHT W FajlaKTUIEeCKNX W BHETAJTAKTHIECKIX PAIAMONCTOTHUKOB, UTO MOXKHO YCJIOBHO
paciucarb Kak

Curnan = (CMB + cunxporpon + nbuib + cBo60aHO-cBOG0AHOE + ncrounuku) * JTH + [lywm ,

*http://healpix.jpl.nasa.gov
3http://www.glesp.nbi.dk
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Puc. 16: HEALPix. Cdepa uepapxudecku MO3au4yHO paszdbUTa HA KPUBOJUHEHHBbIE YeThIPEX-
yrojbaukn. CaMoe HU3Koe pasperieHue coorsercrByer 12 6a30BbiM nukceiam. Paspemienue Mo-
3aMKU BO3PACTAET IPU JIEJIEHUN KaxKJOro muKcesia Ha 4 HOBBIX. PucyHOK memoncTpupyer (o
JaCOBOIi CTPEJIKE OT MOJIOXKEHHUST CBEPXy—C/IeBa K MOJIOXKEHIIO CHU3Y—CJIeBa) YBEJUICHIEe Pa3pe-
[IeHusi 33 Tpu mara or 6a30BOro yposus, T.e. cdepa pazbuBaercs coorBercTBeHHO HA 12, 48, 192
n 768 mukcesoB. ILmoma m Bcex MUKCENOB C IAHHBIM pa3pelienneM oJumHakoBble. [Tukceabl pac-
II0JIOXKEHbI HQ, JIMHUSX HOCTOSIHHON mMMUpoOThI, 4TO UCIOJIb3YETCAd JJIdA FAaPMOHUYECKOr'0 aHaJIn3a C
BeIUUCIeHnEeM chepriecKnx rapMoHuK. Puc. Bocpoussezen u3 paborsr [30].

rie cuMBoJ ¥’ o6o3Hadaer omeparuio ceeprku. JITH B Muccun WMAP nokazansr wa Puc. 12. dp-
Kue ussydaiomme obsactu B Hanteit Fastakruke, a Takzke BHeragakruueckue ucrounnku (Puc. 19)
MOXKHO y4€CTb, HAK/Ia/IbIBasl MACKH, TO €CThb UCKJI04Yasd U3 PACCMOTPEHUS OIPE/Ie/IeHHbIE YIacT-
ku HebecHoit cdepnr (mampumep, 25% s macku KQT75, ucnonb3yemoi jjist JaHHbIX 7-T0 1012
vuccurn WMAP [36] (cm. Takzke Puc. 20)).

MozkHo oiHaK0 BoccTanoBuTh curaa CMB co Beeit HebecHOoit cdepbl, UCIOB3YsT PE3YIBTATHI
MHOT04YACTOTHBIX Habmomennit muccurn WMAP. Oaua n3 MeTom0B TMOCTPOEHNS TOTHON KapTh
remieparypel CMB npejcrasiisier coboit KOMOMHAIMIO HAOJIIOIATEIbHBIX JaHHBIX HA PA3HBIX
4acTOTaX C JOMHOXKEHWEM Ha, HEKOTOPbie K03(pdUImenTsl, KOTOPhIE MO3BOJISIOT B PE3yJIbTa-
Te YIAJUTh TajJaKTUIeCKUuil CUI'HAJ ¥ TeM CaAMbIM BbIJIEJIUTH MUKPOBOJIHOBBII PE/IUKTOBBIN (hOH
[37]. B rakom 110/1x0/1€ MCIIOJIB3Y€eTCs WIS, YTO CLHEKTPbI N3J1y YeHHsi KOMIIOHEHT [aJIaK THIeCKOro
dona (a UMEHHO, CHHXPOTPOHHOTO, CBOOOTHO-CBOOOIHOTO U3/ ICHUIl 1 W3JTy I€Hs BIII) OT/IN-
yaiorcst or cuekrpa CMB. Tak kak koMmOunanus kanasios B muccuu WMAP npumensierca 6e3
npuBJiedenus HAOJ/IIOEHUNl B JAPYTUX SKCIEPUMEHTaX, METO/] HAa3bIBAETCd ‘BHYTPEHHEe JInHeil-
noit kombunanueit” (ILC — Internal Linear Combination), u nosyuennast 3rum crnocobom kapra
coorBercTBeHHO HazbiBaercd kaproit ILC. KoaddurmenTs MOXKHO OIpeie/inTh MUHUMUA3ATIIElH
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—— HEALPIx cos theta pixel

—— Gauss—Legendre pixel

coD

X

Puc. 17: 2 tuna nukcenusanuu neba mo ocu cos(f) HEALPix (wepras crurommas aumus) u
GLESP (kpacHast yHKTUDHAS JINHMS).

JIUCIIEPCUY B PE3YJIBTUPYIOIIEH KapTe, IPUPABHIB UX CyMMY €IUHUIE, YTOOBI COXPAHUTH OOIITY IO
mopMupoBKy curaajga CMB.

[Ipu omucanuu T0i TPOLEHLYPhl OTMETHM IIPEXKE BCErO, 4TO 110 PE3Y/IbTaM MOJIEJIUPOBAHUS
[37] ycranoBeno, 9T0 HHCTPYMEHTATBHBI IIyM He BJIASET CYIIECTBEHHO Ha, CUTYAIHIO, IIOCKO/Ib-
Ky /IA€T CMEIIEHNE B OlIEHKEe CUT'HAJIa B 1j0cKocTu lasaktuku Jjimmb nopsiaka 10 uK. B npocrom
caydae, KOria HHCTPYMEHTAIbHBIM IIIyMOM MOXKHO IIpeHedpedn, a (POHOBbIE KOMIIOHEHTHI HMEIOT
OJIMHAKOBBIN CIEKTD B UCC/IELyeMOil 00/iacTv 1 Pa3/IMYalOTCd B PA3HbIX €€ MeCTax JIUIIh TEeMITe-
parypoii, nckomyto ILC-Temmneparypy MOKHO 3aliCaTh B BHJIE JIHHEHHON KOMOMHAIINN CUTHAJIOB
KapT HA PA3/IMYHBIX YaCTOTAX Vj:

TiLc(p) = Z GTi(p) = Z GlTe(p) + SiTy(p)] = Te(p) + T'Ty(p) . (10)

Baecw T;(p) = T(v;, p) — kapra HAOIIOAAEMOr0 CUTHA/IA HA YACTOTE Vj, P - HEKOTOPbII MUKCes
u3obpazkenus (MUHUMAJbHAA 00JIACTH KApThl C W3MEPEHHON TeMIepaTypoii), KapTa CHUTHAJa
Ti(p) = Te(p) + SiT¢(p) npencrasiena B Buge cymmbr kapr CMB T,(p) u donoBoit kommonen-
o1 S;Tt(p), koapdurment S; = S(v;) onucpBaeT CyMMapHbIH TaCTOTHBIA CIEKTp (HOHOBOIO
usnydenusi, Tr(p) — remueparypaoe pacupeenerne dborosoro nsiydenns. Kosdbdupentsr (;

Tpebyercs ONpeje/iuTh, IPUYeM OHH MOJYMHAIOTCS HOPMUPOBOYHOMY ycaoBuio » . (; = 1. B
i
ypastenuu (10) BBeseno obosnauenue I' = ) (5.

1
s onpenenennst koadduimenToB (; TPOBOAUTCA MPOLEAYPA MUHUMUBALMKA JIUCIIEPCUT
Tirc(p). Ams sroit mucnepcun nvmeem |37):

ot = (Tie(p)) — (Tie(p)® = (I2) — (T.)* + 2D [(T.Ty) — (T)Tp)] + T2 [(TF) — (Ty)°]

=0, + 2op + [P0} (11)
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Puc. 18: 2 tuna nukcenusanuu Ha chepe: HEALPix (BBepxy) u GLESP (Buuzy).
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Puc. 19: Pajuoucrouynuku, sBujumble Ha kaprax WMAP. Puc. Bocupousseien ¢ caiira
http://lambda.gsfc.nasa.gov.
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Puc. 20: TIpumepsl macok, ucnosab3yembix komangoii WMAP: KQ85, nokpwisatomeit 15%
meba (cmea), m KQT75, mokpeiBatomeit 25% mneba (cmpasa). /lanHble B3aTBI C  caiiTa
http://lambda.gsfc.nasa.gov.

+0,00e+00 I—————— I +0,40 +0,00e+00 I—————— I 0,40

+0,00e+00 I—————— I +0,40 +0,00e+00 I—————— I 0,40

N 0,40

+0,002400

Puc. 21: CieBa HaupaBo CBepxy BHHM3: KapThl HabJ/II0OJaeMOI0 MUKDPOBOJHOBOI'O WM3J/Iy4€HUS] B
gacrorabix kKamamax WMAP: 23T (mosmoca K), 33T (mosoca Ka), 41I'T'n (momoca Q),
61Ty (nomoca V) u 94Ty (nmonoca W) o pnanasim WMAP 7-ro roga. Kaprer nocropenn: B
raJaKTHIECKUX KOODANHATAX.

Baech yrosbie ckobku ()’ 03HAUAIOT yCPEJHEHHUE 110 UKCeaaM BbiOpannoit obiactu. B pesysib-

TaTe MUHUMU3AITNIN O'I2LC

ot 6T 6T
0= % = 250 + 250 (12)
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nosyaercs I' = —o.r/ a? u

TiLo(p) = Tu(p) — 2

ST (p) -

f
B upeanpnom ciydae, xorga xoppendnus mexay CMB u donom orcyrcrsyer, T.e. o.r = 0,
kapra ILC cosuagaer ¢ kaproit CMB. B peasnbnocru, kak nojguepkupaior asropbl [37], kap-
ta ILC cwmeriena B CTOpOHY yMeHblleHus Koppesdiuu Mmexy curaajom CMB u donoBbiMEI
KOMIIOHEHTAMMU.

OTMernM, 9TO CYIIECTBYIOT pasindubie Bapuarunu Meroma ILC Kak B MUKCEBHOM, TaK U B
rapMOHMYECKOM HpocTpaHcTBax (M. 0630p B [38]). Obuacru, jist KOTOPBIX HPUMEHSIETCs METOL,
MOKHO orpanndnuTh (1) Ha cdepe, pa3dbus ee Ha oTAeabHBIE 30HBI |37 (HampuMep, Mpu aHaII3e
sanabix WMAP cdepa pasbusasiach Ha 12 obsiacreii, 60/iblnasi 4aCTb KOTOPbIX PACIIOJIOXKEHa, B
raJaKTHIecKoil II0cKocTH), (2) mo mpasmaam orbopa ycpeamseMbIx nukcesnos [39], (3) misa 3a-
JaHHoro Habopa rapmonuk [40]. MoxKHO uciosib3oBarh u Apyrue KOMOMHALMKM PA3HOYACTOTHBIX
nabsogennii. B pesysbrare mogudukanmii moy4aiorcs caerka pa3jandibie Kaprbl. Kpome Toro,
CYIIECTBYIOT PAa3/IMYHBbIe BEPCUU CaMOU IIPOIEAyphl IIOCTPOCHUA KapThl BHYTPEHHEHR JTUHEeHHO’
kombunanuu (Hanpumep, meroy Lagrange ILC — LILC [41], koropslil jemoHcTpUpyeTr Te xe
pesynbrarel, aro ILC). U, HakoHer, BO3MOXKHO pa3/e/leHie KOMIOHEHT CUTHA/IA M TOCTPOCHHE
kapr CMB ¢ ucnosib30BannemM apyrux METOJNOB, TAKUX, HAIIPUMED, KAK METOJ, MaKCUMAJIbHO
surpornu (MEM — Maximum Entropy Method) [37, 42|, moxronka ma6/10H0B (POHOBBIX KOMIIO-
HeHT 110 Apyrum Haburopenusm [37, 42|, Buneposckast dbunbrpanus (kapra WEM M. Termapka
u ap. |43|) wam B3Bemennoe ygasrenne dona (kapra FCM M.Termapka u np. [43]). C momo-
b0 mocseaanx Termapkom u Jjip. Obwtu nocrpoerbt Kaptbl CMB ¢ 06sbiuM pasperiennem
(Liaz = 600), gem maer WMAP.

Urak, B apxuse NASA WMAP (caiir http://lambda.gsfc.nasa.gov) MOKHO HANTH 3allK-
CM BPEMEHHBIX PsiJIoB M HabJ0gaTesbubie KapTbl B naru nosocax: 23 Ty (nosmoca K), 33T
(mosoca Ka), 41 I'T'r; (mostoca Q), 61 I'T' (mosoca V) u 94 'y (mmomoca W) (Puc. 21) ¢ u3mepe-
HUEM MHTEHCUBHOCTH M NOJApu3anun. MacCuBbl JAHHBIX TPEIOCTABJIEHbI JIJIst T-MU JIET PabOThI
muccun |17, 44, 18, 37, 45, 46|. Takxe umeercsa mocrpoennas kapra ILC WMAP, criaxen-
Hag auarpamMMoil rayccoBoit opmbl ¢ paspemenuem 1° (Puc.6), rabauipl CeKTpoB MOIHOCTH
(cm. Ha Puc.6), a TakKe KOCMOJIOTHYECKUX [TapaMeTpoB. Bee pas3zeeHHble KOMIOHEHTHI MUKDO-
BOJIHOBOT'O M3J/lydeHust BKJIIOUEHbI B apxuB NASA u I0CTyIIHbI HAyYHOMY COODIIECTBY Ha caiire

WMAP.

8 CrekTp MoiTHOCTU (PIIyKTyalmii

CrekTp MOIIHOCTH PEJMKTOBOIO U3/Iy9YeHUs] ONPEILISeTCsl B3BEIIEHHON CyMMOI KBaJIPATOB aM-

IJINTYT TaPMOHHK:!
l

__1 2
Cé—m Zz|aém| . (13)

m=—

Ormerum, uro B Bhipazkenun (13) npeosaraercs rayccoso pacupeienenue 20 + 1 koaddunu-
€HTOB Ay, KBA/APAThI a;MH.HI/ITy,D; KOTOPBIX pre,ZLHHIOTCS{ C O/IMHAaKOBbIMUA BECaMU. B 9TOM Cﬂyqae
JIJIsT IBYXTOYETHOrO KOPPEJISITOpa CIPABEINBO (yCpeIHeHHNe UIeT M0 aHcaM0O/i0 BeereHHbIxX)

(@om @) = Crppr Oy - (14)

st HEerayccoBbIX JIAaHHBIX HPHU YCpeaHeHun Ha, 3aJaHHoM £ cMmbica Bejandudbl Cp CTAHOBUTCS
HEOUYeBUIHBIM. V MBI K 9TOMY BepHEMCHA B 4-Oif JIEKITHH.

Heobxoaumo rTakzke ckaszarb, 4ro Mbl Habumogaem Cyp Ha nawem nebe. Eciaum nomecrurb
Hab/ogare/ss B Apyryio ToukKy Hameil Bceemennoii, Cy Oyaer cierka orimaarbes. Hacrosimmii
cuexkTp Cp MOXKHO OIEHHTH, OCPEIHUB JaHHBIE BCeX Hab/IfoaTeIeii, 4To B rayccoBoii Beerennoii
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AHAJIOTMYIHO OCPETHEHHIO 110 aHcamMburio jpomycruMbix Beenennpix (cm. ypasuenne (14)). Eciu 651
B Hammx Hab/ogare bbix ganabix 10 CMB ma nosnom webe orcyrcrsoBas mywm, ypasHenue (3)
JTaBaJsIo OBl TOUHBIE Ay, U3 KOTOPBIX, COIVIACHO (13), MOKHO ObLIO OBI OTYyYUTH HECMEIIEHHYTO
oneHKy ucTuHaoro cuekrpa Cy, COOBETCTBYIOIIYIO OCPEIEHHOI 110 ancam06sii0. OHaKO y HAC HET
WJIeaIbHbIX JTaHubIX. U1 gaxxe eciam Obl OHM ObLin, TO JyIst HUBKUX MYJIBTHIIONEH ¢ MbI MOXKEM
U3MEPHUTH TOIBKO 2¢ + 1 MO, 9TO IPUBOANT K BHYTPEHHHUM HeBS3KaM (pa3bpocy 3HadeHuii) mpu
OLIPEJIEJIEHUI CIIEKTPA, HA3bIBAEMbIM KOCMHUYECKOil (Jydlle cKa3arb, KOCMOJIOIMYECKOI) Bapua-

nueit — “cosmic variance”:
oy 2
. AP 15
Cy 20+ 1 (15)

DopwMa creKTpa MOIIHOCTH 00yCJ/IOB/IEHA B/IUsAHUEM OOJIBIIIOI0 HAOOPA MPOIECCOB HA PAHHUX
vrarax BoJonur BeesieHHO, TeHepUpYIONMX aHU30TPOIUI0 PEJTUKTOBOIO U3JIy9YEeHUs] B [IEPU-
OJ1 peKOM6HHaHHH BOAOPOJa U CBA3aHHBIX C BO3MYUICHUAMU IIJIOTHOCTHU, CKOPOCTU U METPUKU,
9BOJTIOIIOHUPYIONIIX B PEXKUMEe 3BYKOBBIX BOJH (CM. TOIpobHee 06 9Tux u aApyrux sddexrax
LEPBUYHON ¥ BTOpUYHOl anuzorponun B MoHorpadusx Hacesbckoro n ap. [12], Topbynosa
u Pyb6akosa [49|, Jlykama u MuxeeBoii |50]). AMmInTysa BO3MYIIEHAN PEJUKTOBOIO U3JTyde-
HUs [IOCJIE PEKOMOMHALIMK MOJYJIMPYETCs aKyCTHYeCKUMU MogaMu Ha (aze 10 PeKOMOMHAIMHI
B TOYHOM cooTBercTBuH ¢ mpejackasanubiM A.Jl. Caxaposbiv [51] acddekTom 6apHOHHBIX OCIIHI-
JIS{I_];I/II;'I (HaBBaHHI)IX mosaHee (]ELXELpOBCKI/IMI/I)7 CBA3aHHBIX CO 3BYKOBbIMU BOJIHAMU B ILJIA3ME.
Xapakrepuctukoit annzorpornuu CMB, obyciiosiientoit CaxapoBCKUMU OCIHUIIAIAAMA, U SBJIsI-
€TCsl CIIEKTP MOIIHOCTU (DJIyKTyaluit B HPOCTPAHCTBE Mysbruiiosieii. Takum obpa3om, ycjaoBus
dopmupoBanus daykryaruit CMB, a, ciemoBaTesibHO, U ONPEIEIIIONIe HX KOCMOJIOTUYIECKIe
napaMmerpbl, “‘BiedaTaHbl’ B CIEKTP MOIIHOCTU TOT0 u3JiydeHusd U (PAKTUUECKU OIPEIesIIIN
COBpEMEHHOe cocTostHre BceeneHHoil.

Urak, crekTp MOIIHOCTH Bapualwii peukToBoro usaydenns C'(¢), MoxkeT ObITH OMUCAH KaK
dbyHKIOHA, 3aBUCAIIMIT OT KOCMOJIOIMYECKUX apamerpos [12]:

Cy = Co(h, Wh?, Qepuh?,Qp .Quum, .) (16)

31ech, B 4aCTHOCTH, yKa3aHbl nocrosuHas Xabosaa h = Hy/100 kM /c/Mnc, miorHocts 6apuoH-
HOt Marepun ), JIOTHOCTH CKPBITOW Macchl (doppas, IOTHOCTD “TeMHO sueprun’ {2p, MmIoT-
HOCTH MACCHUBHBIX HEWTPUHO 2, TOKA3aTeN b CIIeKTpa aTnabaTHIeCKuX BO3MYIIEHU N U IpyTHe
apaMeTphl.

Jlns periernst 97010 (OYHKIMOHAJIA, U OLMPEILTIEHIST TapaMETPOB HCIOb3YeTCs IPOrpaMMa,
CAMB?* [52|, ocroBanmag na mpomnenype CMBFast [53] B kauecTBe mpuMepa pacdeToB ¢ MOMO-
mipto nponeypbl CAMB wa Puc. 22, 23 u 24 noka3aHo MOBEJIEHUE YIJIOBOI'O CIIEKTPA MOIIHOCTH
B 3aBUCHMOCTU OT BapUAIUU HEKOTOPBIX TapaMeTPOB.

Ha wmemnosnoit kapre K03QMIUUEHTBI Qg TOYHO BBIYUC/IATH HEJIB3s, U COOTBETCTBEHHO YIJIO-
Boit criekTp MotHOoCTH Cy € TTOMOIIBIO0 HUX He MOy InTh. [109TOMY HCIOMB3yIOT TpubINKEeHnsT K
CIIEKTPY, PACCUYUTHIBAEMbIE C IOMOIIBIO KOPPEJIANMOHHON (DYHKIINN, TOCTPOEHHON 110 MUKCEIAM
Ha Habmonaemoit mwiomaake CMB. B atom ciay4aae ropopar o mceBao—C)p CIEKTPE, sIBJISIOMIIMCS
upubsmkennem Cp. Kak npaBuiio, Touku Ha cepigo—Cy ClieKTpe MMET O4eHb DOJIbIION pas-
bpoc, u /s CrJIayKUBaHUS MPUMEHSIOT IPOIEAyPy OMHUpPOBaHUsA. IDTa MPOIEnypa B 33/ aHHOM
HHTEpBaJjie MyJbTUIoNel (OuHe) mpoBOAUT ocpeaHeHne u3Mepenuii mceBqo—Cy ¢ OIpeTeTeHHbI-
mu Becamu. yist onenku Cy UCHOJIB3YIOT METOJ] MAKCUMAJIBLHOTO TIPABIONOI00US ¢ IPUMEHEHUEM
TeopeMbl Baiteca 1o OTHOIIEHUIO K CIIEKTPY MOIIHOCTU U HAO/II0/IATETbHBIM JTAHHBIM:

L(C¢|d) o< L(d|Cp) P(Cy), (17)

riae L(Cy|d) — BepositHOCh MOzesn (31ech Mogens — 6azosbiit cnektp Cy), npuBojgeil K j1aH-
HbIM d, KOTOpbIE MOTYT OBITH IIpeJ/ICTaB/AEHbl KapToil Heba uju ee mpeobpazoBanreM B K0IDd-
HUEHTBI Gy, L(d|Cp) — BepostHocTh perucrpanuun gannbix d B cayuae cnekrpa Cp, P(Cy) —

* Mocrynna raxxe B pexxume on-line ma caiire http://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm
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I(+1)C(l)/2pi
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Puc. 22: Yrnosoit ciekrp mompoctu £(¢ + 1)C(¢) /27 B 3aBUCHMOCTH OT 3HAYEHUS [1apaMeT-
pa mroTHOCTH TeMHON Marepun Qcopps. 2KupHOM JuHEENH TOKa3aH CIEKTP MOIIHOCTA B CTAH-
napruoit mogesn ACDM (Q¢ppr=0.227). Ilyakrupuoii sunueii nokaszan cuektp ¢ Qopyr=0.17,
mrpuxoBoit — ¢ Qoprr=0.27. s pacdeTos ucnosnb3oBagack mpoueaypa CAMB [52].

3

10

I(+1)C(l)/2pi

10 :
100 1000

Multipole |

Puc. 23: Yrosoit cnekrp momsoctu £(¢ + 1)C(£) /27 B 3aBUCHMOCTH OT 3HAYEHHs [1apaMerpa
nocrossaaON Xabbsta Hg. 2KupHOit jimHMEH MOKa3aH CIEKTP MOIIHOCTH B CTAHJAPTHON MOe-
an ACDM (Hp=70.4km/c/Mux). Ilyakrupnoit sunueii nokazan cmextp ¢ Ho=60xwm/c/Mik,
mrpuxoBoit — ¢ Hy=85&M/c/Mnk. /g pacaeros ucmosb3oBaiacek nporeaypa CAMB [52].

AIPUOPHAsi BEPOATHOCTH peasm3anuu cruekrpa Momuoctr. O6baHO mojgaraior (CM. Haupumep B
[37]), 4ro saHHbIE COOTBETCTBYIOT IayCCOBY paclpeieeHnio (KaK IIPe/iCKa3blBAeTCsl, HALPUMED,
B UHMJIAIMOHHBIX MOJIEIAX ), TOr/Ia (DYHKIHUS BEPOATHOCTH BBILVISIUT TaK:

_1qTc-!
L(Cy|d) ew(% d)P< 0, (18)

rae C — KoBapuaIMOHHAs MATPHIA JAHHBIX, BK/IIOYAIONAA BKJIAJ] HAOIIOZAEMOr0 CHIHAIA K
myma: C(Cy) = S(Cy) + N. Tak kak KoBapualOHHAsi MaTPHIA BKJOYaeT 00a djeHa, J0Be-
purenbhble uaTepBasbl g Cp, morydaemsle u3 L(Cyld), aBroMaTryecku copepKaT Heolpe/ie-
JIEHHOCTH M3 COSINIC variance u MHCTPYMeHTaJIbHOrO mryma. Kpome roro, ec/u Hab/IIo1aTe/IbHbIe
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Puc. 24: Yrnosoit ciekrp mompoctu £(¢ + 1)C(¢) /27 B 3aBUCHMOCTH OT 3HAYEHUS [apaMer-
pa KpuBm3HBI ). 2KupHOil MHMEl TOKA3aH CIEKTp MONHOCTU B cTangapTHON momenu ACDM
(Q=0). IlynkrupHoii ununeit nokasan cuektp ¢ Qx=—0.3, mrpuxosoii — ¢ Qx=0.3. Tna pac-
YeTOB HCIOJIb30Baachk nporeaypa CAMB [52].

JTAHHBIE OTPAHUYIEHBI 0OIACTHIO BHE IIOCKOCTH [amakTuku, TO moBepuTesnbHble nHTEpBAIBl (Y
y4aUuTbIBAIOT U 9TO yCJ/IOBUE. B CTaHAaPTHOM IPEAIOJIO2KCHUN IIPUHUMACTCA TaAKZKEe PaBHOMEPHOe
arpuopnoe pacupeneneane P(Cy) = 1.

Ecsin Mmbl MOxkeMm 1t 3a/JaHHON KOCMOJIOTHH, OIMKUCHIBAEMON HAOOPOM MapaMerpoB, paccyu-
Tarh crekTp Cp, TO MOKHO PEmnTh W 0DpATHYIO 33ady: M0 3aJaHHbIM ToukaM Cy OmpesenTh
KOCMOJIOT'HIO, KOTOPas JaeT Hauiydiiee npubauzkenue. Popma cruekrpa, BK/IOUYaomas pukcu-
POBAHHBIE [TOJIOXKEHUS U aMILIUTYIbl MAKCUMYMOB U MUHUMYMOB, 06ycjioBienHoro CaxapoBCKu-
MU OCHUJLISIIASAME, TTO3BOJIIET OJIHO3HAYHO 3a(DUKCUPOBATH CTAHIAPTHYIO KOCMOJIOIHUIO.

9 OmnpeneseHne KOCMOJIOTUYECKNX MapaMeTPOB

st pacueToB B BEPOSTHOCTHOM IIApPaMETPHUIECKOM IIPOCTPAHCTBE MapaMeTpOB, I I pas3-
JIMYHBIX YKCIIEPUMEHTOB [IPOBEPSIETCST KOCMOJIOMMYECKAs MOJIE/Ib, OMMChIBAEMasi W3BECTHBIMU 3a-
BUCHMOCTSIME (HAmpumep, yrioBbiM crektpom wmomtHoctu CMB, xoppessamuonnoit dynkimei
CKOILJIEHUI, 3aBUCUMOCTBIO “abCotoTHast 3B.BesmunHa — KpacHoe cMernenune” st SN Ta u/uim
JPYTUME TapAMETPUIECKUME TOCTPOCHUSAMIE), B HACTOLAINEE BPEMS [IPUMEHSIETC CTaHapTHAS
npore/aypa onenku mapamverpos COSMOMC® (COSMOlogical Monte Carlo) [54]. IIponeaypa uc-
moss3yer Merox Monre Kapso ais mapkoBckux memneii. /Iy remepupoBannsa BHIOOPOK CJIyHaii-
HBIX BapHAIMil IapaMeTpoB IIPHU al0CTEPHOPHOM PACIIPEIETEHAN C IOMOIIHI0 MAPKOBCKOM eI
npumensiercst agropurm Merponosuca-Xacrunrca (Metropolis-Hastings), koropsrit mo3sosser
BBIOMpATH IIOJIOXKEHIE B IIapaMeTPUIEeCKOM IIPOCTPAHCTBE HA OCHOBE IIPEIbIAYINEero II0I0KEHIS
(cm. peranbroe onmcanue B [54]). IIporpamma uCI0/Ib3yeT BXOJHBIE OLEHKHU I€HTPAJIbHBIX Be-
JINYUH U AIIOCTEPHOPHLIE 3HAYEHUsI OTKJIOHEHWI pa3/ndHbIX mapamerpoB. Ilpemgmaraemas mpo-
ey POl TIOTHOCTD Pa30pPOCa MOXKET yUUThIBATH HH(MOPMALMIO 0 KOPPE/ISIUIX [TapaMeTpoOB U3
PaCCUYATHIBAEMOIl KOBAPUAIMOHHOW MAaTPHIILI, €C/IM OHA, 3HAYNMO yaydmuT padory. Kpome Toro,
JIJTst MAJIOr0 YMC/Ia [POBEPAEMbBIX KOCMOJIOIMYECKUX [TaPAMETPOB MOXKHO CTPOUTH CETKY MOJIe/Iei
1 OBICTPO MHTEPIIOJUPOBATEH 3HAYEHHS /I MPOMEKYTOUHBIX maros. OQHAKO IpPH pOCTe UHC/Ia,
OLIEHUBAEMbIX [TAPAMETPOB, CTOMMOCTH BBIUUCICHUI HA CETKE PACTET IKCIOHEHIMAJBHO.

Shttp://cosmologist.info/cosmomc/
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Bxogubivmu nmapaverpamvu s COSMOMC gBisiiorcs craniapTHble HAOOpPbI HAOJII0ATe b
HbIX BEJIWYUH, HAIIPUMeEp:

1. JamHBIE U3MEPEHUit YTIOBOrO creKTpa MomHoCTH Cy B PA3TUIHBIX HE3ABUCUMBIX KCIIEPU-
MEHTax,

2. abcopbimonHbIe OCODEHHOCTH B CHEKTpaX KBa3apoB (0kojo jmaun Ly—a) mHa Gospmunx
KPACHBIX CMEIIEHUSIX, TO3BOJISIONME BOCCTAHOBUTH PACIPE/IEICHIEe MAaTepU U COOTBET-
CTBEHHO KPYIHOMACIITAOHO! CTPYKTYPHI,

3. abcosroTHbIE 3BE3/IHBIE BEJIUYUHBI U KpacHbIEe cMelnenus g Beioopok SN la,
4. maHHBIE TI0 PACIPEIE/IEHUI0O MATEPUN B IPABUTANMOHHBIX JMH3AX W PACIPEIICHIE 110 2,

5. u pa3/mmdHbIC APpYyTrue Ha60pbl AaHHDbIX, OIIMCbhIBAa€MbIC B KOCMOJIOTUH.

J1st KazKj0ro THNa JAHHBIX MOXKHO IIOJKJIIOUUTH IIPOBEPAIONIYIO POy Py, ChOPMUPOBAHHYIO
u3 KOM6I/IH&L[I/II/I KOCMOJIOTUYECKUX HapaMeTpPOB 1 OIUCHIBAIOILY IO (bHSI/ILIeCKI/Ie IpOoIeCChbl (Har
IpUMep, I TaHHBIX PEeJUKTOBOIO H3JIyUeHUs HCIOJIb3YeTCd YIIOMHUHAEeMasl BBIIIE IIPOrpaMMa
pacuera yryioBoro cnekrpa momuoctu duykryanuii CAMB).

B pesysbraTe BhIUUC/IEHUIT TeHEPUPYETCs TaOIAIE, KOCMOJTOTHIECKIX TaApAMeTpoB (¢ Omub-
KaMU UX ONPEJIE/ICHNs ), YKa3bIBAEMbIX 0/Ib30BaTE/]eM B COOTBETCTBYOHEeM daiiie onucanmii,
HAIPUMeED:

1. Qph? — mnoTHOCTH GAPHOHHOIN MaTepuw,
Q.h? — i
c IJIOTHOCTH TEMHOII MaTepuH,
0(2p, Hy) - 3BYKOBOIi rOPU3OHT / yIJIOBOE PACCTOSHUE,
. T — ONTHUYECKAs TOJIIIA SMOXU PEOHU3AINH,

), — IPOCTPAHCTBEHHAS] KPUBU3BHA,

. W — ypaBHEHUE COCTOSHUS,

2
3
4
)
6. f, - KOJIMUECTBO TEMHOW MATEPUU B TSIXKEJIBIX HEATPUHO,
7
8. Mg — CKaJIPHBIN CHEKTPAJbHBIN MHIIEKC,

9

. My — TEH30PHBLINA CIHEKTPAJIbHBINA UHIEKC.

Baxnoit xapakTepuctukoit, /e gakTo craBiieil CTaH apTOM [IPEJICTABACHUS JAHHBIX 110 KOC-
MOJIOTHYECKUM [ApaMETPaM U yPOBHEM JOCTOBEPHOCTH UX OIPEJECHUS, ABAAIOTCI JUArPAMMbI
napamerpos (Puc.25), onmuceisaembix 1D, 2D u 3D-rpadukamu.

Kak Bummo, w3 Puc. 25 u Tabaume: 1 KoMOMHAIINN Pa3IHIHBIX JAHHBIX IIPUBOSAT K HEOOJIb-
[IOMY CJIBUI'Y JOBEPUTEJIbHBIX HUHTEPBAIOB. KpoMme Toro, jjis OJIHUX U TeX XK€ JIAHHBIX B HACTO-
siIiee BpeMs BO3MOYKHO IpPUMEHEHUE HECKOJIbKUX MOjiesieii, HaIpuMep, IPU OIMUCAHUU TEMHOiT
SHEPrUU MOYKHO HCIOIB30BaTh 60 A—ujen, mubo B Oojee MIMPOKOM MTOHUMAHWA — KBUHT-
sceHimio (naryio cuity). Ilociaenusst OnmMchIBaeT PacHIMPeHre CTaHIAPTHOH KOCMOJIOIMYEeCKOi
MOJIE/I B YPABHEHUU COCTOSTHUS. AHAJTOMMYHO HAPsAY C XOJIOAHON TemHOoil marepueir (CDM)
IPUMEHSIOT Kak jonojaHenue remnyio remuyio marepuio (WCM), u r.1. Bee 910 onuceiBaercs
mensiM cemeiictom ACDM-kocmosoruit n ux pacmupenuavu. B mobom ciaydae, 6a30Boit Mo-
nenpio asagerca ACDM, nocrpoennas no manasim WMAP. Cpasrenne Mozeseil u ux pacin-
peHuii, mojiy4aeMblXx B KOMOMHAIUAX PA3JIUIHBIX SKCIIEPUMEHTOB, MOXKHO HANTH HA CTPAHUILE
http://lambda.gsfc.nasa.gov/product/map/dr4/parameters.cfm (cm. Puc.26). [Ipusesem
HEKOTOPbIE U3 OCHOBHBIX KOCMOJTOrHIecKux mapamerpos ([20]), ycranosienusix na xorer; 2011 .,
B komOunanun WMAP7, BAO (Bapuonnbsie Akycruueckue Ocumiisiiym B pacipe/ie/ieHuu ra-
makTuK |55]) u mocrosunoii Xabbma Hy [56] (Tabmmmal).
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Puc.  25: Ilpumep  nBymepubix jguarpamm  COSMOMC  gng  pa3iaudHbIX —— map

KOCMOJTOTTIECKUX IapaMeTpOB. Kontypamm OTMeYeHbl yPOBHHI JIOCTOBEP-
nocru  68% wm 95%  3Havenmii  napamMerpoB:  JIMHUAMM  —  TOJBKO 10 JIaH-
upiM  WMAP, ¢domoBeivu  oTTeHKaMm < — g Habopa  JAHHBIX  OKIEPUMEHTOB

WMAP-+2dFGRS+SDSS+ACBAR+BOOMERanG+CBI+VSA+SN(HST/GOODS)+SN(SNLS).
Puc. Bocponssezen u3 paborst |57).

10 Pe3mome

B aganrom 0030pe Mbl paccMOTpe i 9acTh NPOOJIeM aHAIn3a JAHHBIX PEJIUKTOBOIO W3J/LyYeHUs .
Ba mpeeiaMu HAIIETO PACCMOTPEHUS OCTANCH HosbInme Hampas/ieHusa B udydernnun CMB, cBsa-
3aHHbIE C aHAJIMU30M IOJJIAPU3AIMOHHBIX JTaHHBIX (HaHpI/IMep7 KpaCHO€ CMEIIEeHUE IMIOXU PEeno-
HUBAIINN OIPEIeIsSeTcs 0 JaHHBIM E-MOIbI MOISpU3aliul, a YPOBEeHbL TEH30PHBIX BO3MYIIEHHMIT,
NPUBOAAIIMI K IPABUTAIMOHHBIM BOJIHAM, — 110 B-MOJI€) 1 CTaTHCTUYECKOH aHU30TPOINY, YaCT-
HBIM CIydaeM MpOSBICHUT KOTOPOl MOXKHO pacCMATPUBATHL HETAyCCOBOCTH CUTHAJIA MUKPOBOJI-
nosoro ¢dona (merayccobocru CMB Gyuner nocssamena yersepras Jekius ). Kpome Toro, dacrn
BONPOCOB (Hanmpumep, map-making uiy BapUaHThl PA3/e/IeHUsS KOMIOHEHT) PAaCCMATPUBAJIACh
HerTybOKO, U JIUIIE 7T TOTO, 9TOOBI IMeTh O HEUX 00IIee mpejcTraBaenne. Tem He MeHee, MOXK-
HO [I0OPEKOMEH/I0BaTh yxKe Lpuse/eHuble moHorpaduu ([12, 49, 50]), a raxkke Gosibiioii HabOP
crareit WMAP (17, 44, 18, 37, 57, 45, 46, 20|, gnocrynueix Takzxke nHa caiire WMAP, rie MmHO-
rme acCIIeKTbl aHaJIN3a JJaHHBIX CMB n u3MepeHnsd KOCMOJIOTMYECKUX ITapaMeTpPOB OIIMCaHbl B
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i TDEL SNCONST |CMB
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i s | @ | [ \ [ | \ [® ] °
" e I [ ® ] [ [ ® [e | @ | | |
ACDM+NREL ) A ® Y A
ACDM+NREL>3
OACDM Y ®
weonm ® r'S LJ e | | | A
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The Icons Indicate what data IS avallable for a modelalaset pair
A FiledRedTriangles  Parameters with Markov chains (WMAP version 4.1, RECFAST version 1.5) s
Filled Green Diamonds Post Processed Parameters with spectra andior Markowv chains (WMAP version 4.0, RECFAST version 1.4.2)
[+ Filled Green Circles Parameters with spectra and/or Markov chains (WMAP version 4.0, RECFAST version 1.4.2) =i
< [ BET|
Done

Puc. 26: Konust Web-crpanunmpsr cafita Lambda st BEIOOpa KOcMOJIOrndecKkoit mojenn. Puc. Boc-
Ipou3BeseH U3 paboTsl http://lambda.gsfc.nasa.gov/product/map/dré4/parameters.cfm

JeTaJjisax.

B macrogmee Bpems (komer; 2011r.) 3aBeprmaercss Hab/IIOJATEIBHBIN TAl SKCIEPUMEHTa,
Planck (Puc.27). IIpu srom mabmiogenust na soicokouacroraom komiuiexce (High Frequency
Instrument — HFI) ¢ momocamu ma 100, 143, 217, 353, 545, 857 I'I'11 y2Kke 3aBepiieHbl, HA HU3KO-
gacroraom (Low Frequency Instrument — LFI) ¢ nonocamu na 30, 44, 70 I'T'y, ocranocs jmib
HECKOJIbKO MecsrieB uaMepenuit. Hecmorps va To, uro muccus Planck Bropuyna 1o oTHOMIEHUIO K
WMAP, noHATHO, 9TO OCHOBHBIE METO/Ibl AHAIN3A JAHHBIX Y2Ke 0IpoboBaHb! Ha, jtaHHbIX WMAP.
DT0 HEe 3HAYUT, UYTO CYIIECTBEHHBIX OTKPBITUN HE Oy/eT, HO, MO-BUIMMOMY, CTAHIAPTHAS KOC-
MOJIOTHYIECKasT MOJIeTb Beemenmoit yxke ompemenena n 3adpukcupoBana B pesyiabratax WMAP.
B 9TOM ILJIaHE€ MOZKHO OXKHJIaTb ;[OCTI/I}KGHI/II.;I B HalIPpaBJICHUAX I/ICC.HB,D;OB&HI/II?I, NCIIOJIB3YIOIIMUX
mpenmytectBa Planck-a mepeq WMAP, cpean koTopsix:

e (oJiee BBICOKOE pa3perienue (B 3 pa3a), 9To MO3BOJJIUT U3MEPUTD YIVIOBON CIIEKTP MOIIHOCTH
210 6osbLnx £,

e (oJiee BBICOKas 1yBCTBUTEILHOCTH (B 10 pas),
e 9 YACTOTHBIX II0JIOC, KOTOPBIE MO3BOJIST YJIyYIIUTh MOIETH (DOHOBBIX KOMIIOHEHT.

Haywunble mein BAKIOYAIOT H3MEpPEHne TOTHO MHTeCHBHOCTH U HOJIApH3anud (B TOM ducie u B-
MOJIbI, OIPEEIAEMOT TEH30PHBIMU BO3MY IIEHUSIMY IJIOTHOCTH ), TI0JIy YEHUE KATAJI0Ia CKOIJIEHU
raJlakTUK C HOMOIIBIO JAaHHbIX 00 addekre 3eibposuia-Cronsiesa, HAOIIOAEHUE IPaBATALMOH-
moro Jsima3upoBanna CMB, a Tak:ke HabromeHus SpKAX TAJAaKTHIECKUX SIIEP, MEXK3BE3IHOI
cpejibl, MarHuTHOro 1osist Lasakruku u o6bekros CosHedHoil cucremsl [58).

[IpencraBaerne KOCMOJIOTHYECKAX Pe3Y/JIbTATOB MUCCHH Ipeamnosaraercd B Kouie 2012r1., a
OTKPbITUE apXUBa, HAOIIOAEHU JIsi acTpoMUYecKoro coobinecrsa — B supape 20131 Oxxu-
maercs, uro Planck ynydmmT TOYHOCTH ompeseseHns KOCMOJIOTHIECKUX ITapaMeTpPOB, IMOKAXKeT
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Tabmuma 1: HekoTopble KOCMOJIOTHIECKHTE MapaMeTpbl TOMBKO mo gaHasiM WMAP u mo xom6u-
nauun jganabix WMAP, BAO u Hy ([20]).

Haspanue mapamerpa, [Tapamerp WMAP WMAP+BAO+Hy
nocrosiHaas Xabosia H 71.0£2.5 km/c/Mux  70.441.4 km/c/Muk
H6apuonHas IJIOTHOCTH Q 0.0449+0.0028 0.0456+0.0016
IJIOTHOCTH XOJIOTHON TeMHON MaTepunl Q. 0.222+0.026 0.227+0.014
IJIOTHOCTH TEMHOW SHEPruu Qa 0.73440.029 0.72840.016
aMIIUTy a2 QUIYKTYaIuii CrekTpa o8 0.80140.030 0.809+0.024
MOIITHOCTU Marepun B oobeme 8 Mk

[TOKA3aTe b CIEKTPa MOITHOCTH Mg 0.963+0.014 0.963+0.012
HEPBUYHBIX (hiryKTyannii

BozpacT Bcenernnoii ceitaac to 13.75£0.13 LI'met 13.75£0.11 I'net
KPAaCHOE CMEIEHNE PENOHU3AIAN Zreion 10.5£1.2 10.44+1.2
YIJIOBOI pa3mep paamyca 0. 0.5952+0.0016° 0.5953+0.0014°
3BYKOBOI'O I'OPUBOHTA,

pasMep paamyca 3B.MOPU30HTA, da(zs) 14116+163 Mok 14073£130 Mok
KP.CMEITeHrEe SI0XU PEKOMOMHAIUN Zx 1090.79£0.94 1090.89+0.69
Bozpact Bcesennoit smoxy ty 379164+5243 sner 3777303205 ner

pekoMOuHaIun
1OJIHAd MacCa HEATPUHO BCEX TUIIOB

< 0.6 B

< 0.58 5B

Puc. 27: 3oux Planck. Pucynok Boctnpou3ssejien ¢ caiita http://www.rssd.esa.int/Planck/.

0CODEHHOCTH MOHU3AIMOHHOI ncropun Beeennoii, mact mHGOPMAIAIO O JHHAMAKE HHQ/IATIOH-
HOIT s110XU U (pyHIaMeHTaIbHOM dusuke 10 uadJssuu. Iro pasbine 7 Tlogoxiem pesyabraros
muccun Planck !

Acknowledgements. Asrop 6iiarogapen csoum Kosieram A.I'. Jopowkesuyay, I[1.JI.Hacenbckomy u 1. 1.HoBukoBy
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3a IJIOAOTBOPHOE 00CYy KIeHne PAabOT 10 TeMe aHAIU3a JAHHBIX Ha cdepe. B JaHHBIX HCCIEI0BAHASAX UC-
[I0JIb30BAJICS OTKPLITHIA apxus Habmonenuii muccun WMAP NASA. /g anain3a JaHHBIX U [IOCTPOCHUS
uzobpazkenus CMB npumensiica naker GLESP® 32, 33]. Asrop npusnarenen @omy HEKOMMEPYECKHX
nporpamm Amvurpus 3umuna “dunacrus’ u PO®U 3a moaaepKKy UCCIeI0BAHUIT IO JAHHON TEMaTUKE.
Asrop rakxke npusnaresen H.B.BepxogaHoBoil 33 KOPPEKIMIO CTUJIS TEKCTA.
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