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AsHOTAnUS

B 97011 jiek1iuu Mbl PACCMOTPUM METO/IbL [IOMCKA HEray CCOBOCTH B JaHHbIX Muccun WMAP.
K macrosinemy BpeMeHu yKazaHusi Ha OTKJIOHEHUE OT rayCCOBOCTHU JAHHBIX MUKDPOBOJHOBO-
1o (boHA ObLIX MOy YEHbI PA3JIMIHBIMI METOJAMU B HECKOJbKUX JUAIA30HAX MYJIbTUIIOJNEH.
Pa3nuanbie moaxombl IpU MOWCKE HETayCCOBOCTH B TAHHBIX DPEJIUKTOBOrO (hOHA UYyBCTBU-
TE/IbHBI K PA3JIMIHBIM CTOPOHAM ITOTO SIBJIEHUs, KOTOPOE B HEKOTOPBIX CJIyYasX MOKET
OBITH 00YC/IOBJIEHO ITEPBUYHON HETayCCOBOCTHIO, & B HEKOTOPBIX — OCTATOYHBIM MPOsIBJICHU-
eM ¢oHoBbIx usiyudenuii lanakruku u/uin cucreMarukoii, “llpocouUBILIUMUCH” IPU AHAJIU3E
HAOTIONATEIbHBIX JAHHBIX. B KOHIIE JIEKIIUKA OTIAEIbHO PACCMOTPUM HEKOTOPbIE “TIOIyJIsdp-
uore” anomasmun CMB.
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1 Bsenenue

B Tpex npeapaymux jeknugax |1, 2, 7| Mbl mOroBopmin 0 MeTo/ax, IPUMEHIEMbIX B PAJIHOKOC-
MOJIOTHH, TIETBI0 KOTOPBIX OBIIO MCCIEI0OBAHNE B HEKOTOPOM POE “CTaHIapTHBIX  KOCMOJIOTHYE-
ckux cBoiicTB. Vcxo/ist u3 HUX, MOXKHO [OJIyYUTh 0DIIee IIPeICTaB/IeHre 00 SBOIIONNN, TUHAMUKE
u reomerpun Bceenennoit. HamoMHIM OCHOBBIE TECTHI PAIUOKOCMOJIOTHAN:

® PEeJIMKTOBOE U3J1y4Y€HUE;

— CHEeKTP MOIIHOCTH;

— CTATHCTHYECKHE CBOIICTBA CHI'HA/IA (IayCCOBOCTD);
® pPaMOraIaKTUKWY,;

— 3aBUCHUMOCTDH ‘pasmep - KpacHoe cMmereHne”

— 3aBUCHMOCTDH “TIJIOTHOCTH MMOTOKA, - KPACHOE cMmereHne”

— sasucumoctsb log N — log S (“4mcsio MCTOUHMKOB - IJIOTHOCTD TTOTOKA);
— I'DABUTAILMOHHOE JIMH3UPOBAHUE;

— dopmupoBanue KPynHOMACIITAOHONH CTPYKTYPHI;

— BO3PACT 3BE3/HbIX CUCTEM;
e MYyJIbCAPBHI;

- rZI;BOI‘/JIHbIe IIyJibCapPbl: TECT Ha U3JIyHYCHUE I'DABUTAIIMOHHBIX BOJIH;

— IIyJIbCapHad CE€TKa: PErucCTpanusd IMPOXOzK/JACHUA I'PABUTAIIMOHHBIX BOJIH.

CTaTI/ICTI/IquKI/Ie CBOICTBa CUT'HAJIA PEIMKTOBOI'O U3J1y1CHUA (I/IJII/I KOCMMUYIECKOI'0O MUKPOBOJIHO-
Boro ¢ona, CMB — cosmic microwave background) ciemyer paccmMaTpuBarh B OTAEIBHOlN JIEK-
nuu. He Tonbko u3-3a Toro, 4ro o crarucruke curtajia CMB M0XKHO rOBOpUTH CerojHs, KOrja
U3BECTHO, KaK yCcTpoeHa BcejieHHasi, ¥ Mbl yMeeM MOJEJIMPOBATH €€ MPOIECChl, HO TaKkKe U
[IOTOMY, YTO YyBCTBUTEIbHOCTb HADOJIIO/IEHUI yIKe JOCTHUI/IA YPOBHs, HA KOTOPOM IIPEJIMETOM
nCCJaeq0BaHNA CTaHOBATCA OTKJIOHEHUA OT OJHOPOJHOCTH. CTELTI/ICTI/IK& CUT'HaJIa PEJIMKTOBOIO
¢doHa TeopeTUUIeCcKr ompeseasgercs (pU3NKOoi CaMblX paHHUX dTaroB Bcesiennoii, T.e. m03BOIIET
BAMITHY T 34, Cepy MOCTETHETO PACCESTHUS.
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B nannoit jieKmyun paccMOTpUM OCHOBHBIE METO/IbI TIOUCKA U MCCJIEJ0BAHUS HETayCCOBOCTH B
sanabix CMB WMARP, a tak:ke KOCHEMCsI HEKOTOPbIX aHoMaJ/uii Ha Kaprax WMAP, mmpoko-
00Cy2K/TaeMbIX B Hay4HOI JIUTEpaType B IOC/e/Hee BpeMs. B OCHOBY JieKIuu IOJIOXKEH 0030p
u3 xypuaia “Yeuexu @uszuueckux Hayx” [4]. B Heit Oyjer cokpaiieHo onmcaHue HEKOTOPbIX
METO/I0B, HO J00aBJI€HBI MOMEHTHI, 0OCY2K/[A€MbI€ B HAYYHO-IIOIIY/ISPHOM JuTEeparype.

2 Ilouyemy BakHa rayccoBOCTBH 7

2.1 Pusuka

B cranmapraom KocmostorudecoM crieHapun ¢ Bosbmuy B3psisom u poctoit uadismueii [5, 6, 7,
8, 9] kBaHTOBbIE (hiLyKTyalu CKAJISIPHOIO 11015l TEHEPUPYIOT HEOAHOPOJHOCTH B PACIIPE/ e/ IeHII
BuauMoil u temuoii marepun |10, 11, 12, 13, 14|, uyto npuBoguT K (bIyKTyanusM B PEJTUKTO-
BoM masyuenun Beemernoit. [Ipu aTom oxumaercas — u 9TO MOATBEPKIAETCS HAOTIOMEHUIMIA,
— uro (bIIyKTyaluu TeMIepaTypbl U MOJSPU3ALUE PEJTUKTOBOIO U3J1ydeHnst (MM KOCMUIECKOrO
MuKpoBosTHOBOTO (hoHa — CMB — cosmic microwave background) ¢ ompesesienmoii cremnenbo
TOYHOCTU YABJIAIOTCA I'ayCCOBbIMU C.Hy‘{aﬁHbIMI/I OJIAMU, CTATUCTUYCCKU U30TPOIIHBIMU B IIPO-
crpamcTBe. Tem He MeHee, HEKOTOPBIE MOJTETH TIPEICKA3BIBAIOT HEOOJIBINTE, HO BCE YKe 3aMETHBIE
OTKJIOHEHHsI OT 'ayCCOBOW CTATHCTHKKM CUI'HA/A U/WJM CTATUCTUYECKONH M30TPOIIMU, KOTOPBIE, B
MPUHINAIE, MOTYT OBITH BBI3BAHDBI PAIOM MPUIWH. B MHMIATMOHHON TeOPHN CPABHUTEIBHO CHJTh-
Hasl HErayCCOBOCTH BO3HUKAET B MOJEJSX CO CJ0xKHON undJsauueii [15, 16, 17, 18, 19, 20] (na-
MpUMep, eCJIM UMEeTCs HeJTMHENHAs CBI3b MEXK/Ty KJIACCHICCKUMU (BIYKTYAIUIAMEA CKAJIPHOTO
[10Jis1, TeHEePUPYEMbIMU HA UHMJISAIMOHHON cTainu, u HADJII0IaeMbIM 110J1€M (DJIYyKTyaluil II0THO-
CTH BeIecTBa), M. Takxke (21, 22, 23, 24, 25, 26|. CraTucrudeckas ke aHU30TPONNS MOXKET OBITH
BBI3BAaHA AHW30TPOIHBIM paclInpenneM Ha nHIAHonHOI crauu |27, 28, 29, 30, 31, 32, 33, 34|,
CBA3aHHbIM, HalIpUMEDP, C HaJIUINEM KJIACCUYCCKUX BEKTOPHbLIX 110JIEeTA. ﬂpyI‘I/IMI/I NMHTEePEeCHbI-
MH C TOYKH 3PEHUs KOCMOJJOTHU MCTOYHUKAMU HETayCCOBOCTH W CTATHCTUIECKON AHHU30TPO-
MU MOryT ObITh HETPUBMA/IbHAsI TONOJIOrMs npocrpancrsa [35, 36, 37, 38, 39|, rononornue-
ckue nedexrer |40, 41, 42, 43|, anuzorponHoe paciupenue |44, 45|, mepBuuHOE MATHUTHOE MOJIE
[46, 47, 48, 49, 50| u 1.;. B cBsi3u ¢ nosiBjieHreM HOBBIX JJaHHBIX Ha 110J1HOI cdepe [51] Boupoc
MONCKA, U 00bSICHEHUS HETAYCCOBBIX CBOMCTB PEUKTOBOIO M3/IyUIeHUsT CTAHOBUTCA OCODEHHO aK-
TYyaJIbHBIM.

HerayccoBocTh u cTaTncTHYecKas aHU30TPOINS ABIAIOTCS JTOBOJBHO OJIU3KAMHU, XOTI U Jia-
JIEKO HE TOXK/JCCTBEHHBIMU INOHATUAMUN C TOYKU 3PEHUA KOCMOJIOTUHA. B ,E[a;.HBHeI.;IH_[eM upun O6CY}K-
JTEHUH BO3MOXKHBIX OTKJIOHEHHUI OT MPOCTO# KAPTUHBI TayCCOBBIX M CTATUCTUIECKU M30TPOITHBIX
dyKTyammit MBI JIsT KPATKOCTH OyIe€M TOBOPHUTH O HETAyCCOBOCTH, XOTsS Psf CBOUCTB KapT
CMB, Takux Kak COOCHOCTb MyJbTUIIONEH (CM. pasjesnbl 5.3 u 8), caepyer 00CyxK/aTh CKOpee B
TEPMUHAX CTATHCTUIECKONW aHW30TPOIIHH.

Hajexxroe oOHapy»KeHre HerayCCOBOCTH, BbI3BAHHON MPOIECCAMU POUCXOJUBIIUMEI B PaH-
meit Beenmennoit, mveno 661 BaskHeliIIee 3HAYEHNE JITsT KOCMOJIOTHN. Pa3imaHbie KOCMOJIOTTIeCKTe
CLIEHAPUY NPUBOJAT K Pa3HbIM (hOPMaM HErayCCOBOCTH BO3MYIIEHUIH JIOTHOCTH (CM., HAIIPUMED,
7,53, 54| u [55, 56, 57, 58, 59, 60, 61, 62|, a Takxke ccpuik Tam). Hampumep, BOZHIKAOIIHE TPeX-
TOYEUYHBIE U BBICIIINE KOPPEIANUOHHbIE (DYHKIMA UMEIOT CAMYI0 Pa3HOOOpa3HYyIO 3aBUCHMOCTH
OT KOOPJMHAT WM BOJHOBBIX BEKTOpOB. llosTOMYy mcCeoBaHMe HErayCCOBOCTH MOTEHITHAD-
HO MO3BOJISET BBIJIEJUTH KU3HECIOCOOHBIE KOCMOoJiornueckue mojeau. [lpu srom ucciepoBanue
daykryanuit CMB obocnoBanno cuuraercd nambosiee 3pOEKTUBHBIM CPEJICTBOM IPHU OUCKE
Herayccosoctu [63].

2.2 Cucremaruka

Y mHOrO00pasus BOBMOKHBIX (POPM HEIrayCCOBOCTH €CTh OIHAKO U ODparHasi CTOpOHA: & Priori
HEU3BECTHO, KAKOW CUI'HAJI CJIe/yeT MCKaTh W B Kakux xapakrepucrukax CMB nerayccoBocTb
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[posiBJIsieTCd cujibHee Bcero. /leio ocyioxkusgercd u TeMm, uro K Herayccopoctu CMB moryT mpu-
BOJAUTH TakxKe 3PdeKThl, CBA3aHHble ¢ 1o3xaHel Bceeennoii, Takue kak JjuHsupoBanue CMB
|64, 65|, HEeyuTeHHDbIE TOYETHBIE HCTOYHUKHI U JIP.

ECTb elie JABE IIPUYNHBI, KOTOPbIC IIPUBOAAT K HEIayCCOBOCTU B PEAJIbHOM CHUI'HAJIC, BO3HU-
katorem upu ucciaegosanun CMB. IlepBas — 310 cucremaruka, BKAOYAIOAA HaDJIIOLATe b
abie 3 derTol u/umn 3hderTs 06paboTKY TAaHHBIX (HAIpUMeEp, Herayccoa hopMa TrmarpaMMbl
HAIPABJIEHHOCTH aHTEHHBI, 0COOEHHOCTH HADJIIOJIEHUI MUKPOBOJHOBOIO (DOHA B IJIOCKOCTU IK-
JIUNTUKY U Ap.). Bropas — HecTabM/IbHOCTD aJTOPUTMOB PA3Ze/IeHIs KOMIOHEHT, TPUBO/ A
K OCTATOYHOMY 3arPA3HEHMIO rasiakrudeckumu (ponosbiMu Komnonenramu (Puc. 1), KoTopble Ha
MaJIbIX YIVIOBBIX MAcCIITabax ILUIOXO n3ydeHsl |66).

waar-d

+0.80

Puc. 1: /Ipa npuvepa u3BeCTHBIX HEraycCoBbIX 3(hGheKTOB, 00yCIOBIEHHBIX BBIIEIEHHBIMI KOOD-
JUHATHBIMU CUCTEMAMU: SKJIUIITHYECKON, IPOSBIIIeMOl B KAPTaX YyBCTBUTEIbHOCTU CILy THUKA
WMAP (creBa) u ramakrudeckoii (cupasa). Ilociennuit cBs3an ¢ u3aydennem l'amaktukn (31ech
HOKa3aHa KapTa, CUHXPOTPOHHOrO usiayuenns B K-kanane WMAP), koropoe npuxogut B 0CHOB-
HOM W3 FaJaKTHIECKON IJIOCKOCTH.

2.3 K Bompocy o crarucruke

OrMmeTuM OfMH MOMEHT, O KOTOPOM HEOOXO/JMMO CKa3aTh IpU OOCYXKIEHUN IPOD/IeM HEeraycco-
sBoctu CMB. Ou cBszan ¢ pacuerom yriosoro cuekrpa mommoctu C(£). o onpepenenuio (cu.
Jleknuro 3)

/
1 2 2
= +2 E 1
C(E) 2+ 1 |CL£0| —~ |a€m| ) ( )

a KO3(DDUIUEHTBI Ay, TOJIYUAIOTCH OOpaIeHneM

™ 2
Aoy, = / sin 0df dpAT (z,9) Yy (T, ). (2)
0 0

B Beipaxenunu (1) npemosaraercs rayccoso pacupegesnenne 20 + 1 koabpuumenros agy,, kBaj-
paThl aMILIATYJ KOTOPBIX YCPEIHAIOTCA C OJWHAKOBBIMU BecaMu. B 3ToM ciydae Jjid JBYXTO-
YEYHOr0 KOPPEIATOpa CipaseiauBo (yCpeaHeHHue ujer 1o ancamo,io Beenrennbix)

<a’€maz/m/> = Cybpp Oppny - (3)

st HEerayccoBbIX JIAaHHBIX HPHU yCpeaHeHun Ha, 3aJaHHoM £ cMmbica Bejandudbl Cp CTAHOBUTCS
HEOYEBUIHBIM.

3 IlocranoBka 3ama4um

Jls momcKa M aHaM3a HEeraycCoBBIX CBOMCTB Temmeparypbl CMB pa3BuThl Kak MeTOIBI, HC-
nosib3yonme camo pacnpegesnenne duykryanuii remneparypbl no uebecnoit cdepe, AT (6, @),
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rae 6, ¢ — yrjbl B IOJISIPHOI CHCTeMe KOOPAMHAT, TaK U MEeTOJIbI, OCHOBAHHBIE HA, PA3JI0KEHNN
10 cPepPUIeCKUM rapMOHIKAM:

oo m=¥{

AT(07 ¢) = Z Z aém}/ém(ea (b) ) (4)
l

(=2 m=—

I7e gy — KOMILIEKCHBIE BEJUIHHBI, 00/1aIa01Ie CBOHCTBOM
* j—
Ay = a&_m 5 (5)

cremyronmM u3 BermecrBeHnocTn duykryanuit temmeparypbl AT(0, ¢). Teopermdaecku cBs3b
MEXK/Ty MEPBUYHBIMU HEOIHOPOIHOCTIMU, SBJIAIOMMMUCH 8 nabaTUuIeCKUMU CKAJISIPHBIMU BO3-
MYIIEHUSIME, 1 KO3(DOUIUEHTAMA Ay, ABISETCS JUHEHHON [67]:

3
o = () [ Gz @008, )

riae @(k) onuceiBaer nepBuUHOE BO3MYINEHUE IJIOTHOCTH (TOYHEE, IPABUTALMOHHOIO MOTEHIMA-
na) B @ypwe-npocrpancrse, gry(k) — nepeparounas dbyHKIUS, k — euHIMHBIL BEKTOp BIOMID
HAIIPABJIEHUsI BOJIHOBOIO BEKTOpA. JIuHelHast CBsI3b MMeercss U MEeXy (DJIyKTyallusiMi TeMITe-
parypst AT(0, ¢) u nepsuunbivu daaykryanuamu P (k). [loanas dbyHkus neperoca usiydenus
gre(k) moxer ObiTh paccuurana ¢ nomoupio nporpammbl CMBFAST [68]. IIpocras smneiinast
CBsI3b TO3BOJISET, TI0 KpaifHell Mepe B MPUHITAIE, CBA3aTh cTaTUCTHKY curaaga CMB co craru-
CTHKO} 1IepBUYHBIX BO3MyIeHuii: ecsim nepsuunbie duykryanuu P (k) merayccosbr, 0 Herayc-
COBOCTH MOTEHITHATBHO MOXKHO HAO/IIOIATD W B PEIUKTOBOM U3IydeHun. [l 9yBCTBUTETHHBIX
0630poB BCero neba, nampumep, muccuii WMAP! u Planck?, yaxe MOXKHO MCKAaTh HPOsBJICHUE
OTKJIOHEHHUIT OT rayccoBoii crarucTuku curaana. OTMeTiM, 9To BeipaxKkenue (6) cripaBeInBO He
TOJIBKO [IJIsl aJIMaDaTUIeCKUX [EePBUYHBIX BO3MYIIEHUNH, HO U Jijiss MO/ HOCTOSHHON KPUBU3HBI

[67] (co cBoumu nepeparounbivMu DyHKIUAME).

[Ipocreiimieit 1 HamboJiee XOPOIIO U3YyUYEHHON BEJUYUHON, B KOTOPON MOXKET IPOSiBIATHCH
HerayccoBocTb duykryaruit CMB, siBjisiercst TpexTodednast KOPPeasiuoHHasi (DYHKIUS WA ee
rapMOHMYECKHUl aHAJOr — OUCIIEKT]

<afﬂn1afwn2a@ﬂn3>' (7)

BucmexkTp BECbMa UyBCTBUTETEH K HEKOTOPHIM (OpMaM HErayCCOBOCTHU, CUUTAIONIAMCS “CTAH-
gaprabivMu”. K 11ocjieHuM OTHOCAT TakK HA3bIBAEMYIO JIOKAJIbHYIO (DOpMYy, 1OJIy4aeMyIo B IIPe/i-
MOJTOYKEHUH, 9TO MEePBUIHBIE (DIYKTYAITUH 00/1aIaI0T HeJTHHEHHOCTHIO, TOKAIBLHOW B KOOPIMHAT-
HOM Hpocrpascrse [67]:

®(x) = Pr(z) + fur (DL (2) — (L (2))), (8)
riae O (x) obosnauaer ymueiinoe rayccoso nose, (Pr(x)) = 0, u fNL — KOHCTaHTa, ONUCHIBA-
OITAsl HEJTMHEHHOCTh B BHJE KBAJPATUIHON MOMPABKU B BO3MYIIEHUAX TPABHTAITMOHHOTO ITO-
rennuasa (kpususnbl). Takas (opma HerayccoBoCTH IefCTBUTE/NLHO BO3HUKAET B HEKOTOPBIX
MHQUIAMOHHBIX MOJIEJISX, UCIIO/IB3YOLIUX JOIOJHATEIbHOE CKalsipHoe 1osie (curvaton) [16, 69,
?| u/uaM HETPUBHAIBHYIO ITUHAMUKY MOCT-HHMIATHOHHOrO pasorpesa (modulated reheating)
[?7, ?7]. “Crabnpaprabivn” cuuratorcst rakxke “paBHocroponHss’” [7T1] u “oproronasbhas” Gopmbl
[72] merayccoBoctu. UccmenoBanusiv 9TUX, & TAaKZKe HEKOTOPBIX JPYTUX (DOPM HErayCCOBOCTH Ca-
ma Komana kocmuaeckoit muccun WMAP (Wilkinson Microwave Anisotropy Probe) nocsaruna
HECKOJIBKO pabot [26, 73, 74, 75, 76|, mpudemM OCHOBHBIM HHCTPYMEHTOM ObLT UMEHHO YIJIOBOW
bucuekrp remueparypst CMB. Aprops [76] ycranosuin, uro januble 3a 7 Jsier HaOJI0eHUI
muccun WMAP cornmacyiores mpu ux anajm3e ¢ THIIOTE30i 0 TayCCOBOCTH MEPBUIHBIX (DIYKTY-
anuii Ha yposHe jpocroseproctu 95%. TTocsie KOMOMHMPOBAHUS CBOMX PE3yJILTATOB C JAHHBIMU
SDSS (—29 < fnr < 70 |77]) onn mamm, B 9acTHOCTH, 9T0 —H < fn, < 59.

'http://lambda.gsfc.nasa.gov
“http://www.rssd.esa.int/Planck/
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4 Metoabl mouckKa

B zaBucumocTu oT uCCaeyeMbiX cTarucTuaeckux cBoiicrs curnasa CMB, mapamerpa pasperie-
Hug ¢, OMUCHIBAIOIIETO YIVIOBbIE MacIITabbl Ha cdepe, a TakyKe MOCTABJIEHHBIX TeIell MpUMeHs-
FOTCsI PA3JINIHBIE TIOAXO/IbI [IPU U3YYEeHUN OCOOCHHOCTEH PACIIPe/Ie/IeHUs] N3/ YeHUsT Ha HEOECHO
cdepe. Ba rojpl, npouieme nociae nogsiaeHus Janabix muccun WMAP [78, 79, 80, 81, 82, 83,
73|, 66110 0OBABIEHO O TEJIOM psifie OTKJIOHeHuil B pacmpeenennn curaasa CMB or rayccoso-
cru u crarucrudeckoii uzorponun [84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 100,
101, 102, 103, 104]. st mpoBepKE U U3y9eHHs] HETayCCOBOCTH OBLIO IIPEIIOKEHO HECKOJIBKO
TECTOB: Ha, OCHOBe (DA30BOI0 aHAJIM3A, MYJIBTUIIOIBHBIX BEKTOPOB, (DYyHKIMOHAJIOB NMUHKOBCKO-
ro, BeiiB/IETOB W HU/JIETOB, OUCIIEKTPA M TPUCIEKTpA, a TaKXKe HEKOTOPBIX JApyrux. Huxke mbl
pacCCMOTPUM HEKOTOPbIEC U3 9TUX METO/J0B, IIPUMEHACMbIX B YIIOMAHYTbHIX BbIIIE pa60TaX B 1Ipu-
JoykeHnn K gaHHbiM mMuccnn WMARP, deit BRIMTPBINTHBI MOMEHT 3aK/TI09aeTCs B MHOTOPA30BOM
IIOJTHOM MHOI'O4YaCTOTHOM IIOKPBITUA HeGa. I/IMeHHO 9TOT (i)a,KT AaJI BO3BMO2KHOCTb IIMPOKO IIPpH-
MEHUTH OIUCAHHBIE HUKE aAropuT™bl. Heobxoaumo oTMeTuTh, 9T0 HAD/IOAeHN KOCMIYEeCKOr0
MUKPOBOJIHOBOTO (POHOBOrO uzjrydenusi kocmuaeckoit muccueit WMAP NASA u jajibreiiniee nux
[PEJICTABJIEHNE aCTPOHOMUYECKOMY co00IIecTBy B apxuse Habsrogenuit WMAP crajio peBosio-
[IMOHHBIM I[IArOM B COBPEMEHHOU KOCMOJIOTHH.

CpaBy OTMETUM, YTO OKOHYATE/JIbHOT'O OTBETa Ha BOIIPOC O HAJIWUYUU WJIX OTCYyTCTBUU HEraycC-
COBBIX OCODEHHOCTEWl B CTATUCTUKE IEPBUYHBIX BO3MYIIEHWIl ILJIOTHOCTH IIOKA HE IIOJIy9eHO.
Hexkoropsie ocobennoctu, u3 Tex, 910 Mbl OymemM 00CYK/IaTh, BIOJIHE MOTYT ObITH BHI3BAHBI yIIO-
MSHYTBIMU BBIIIE cucTeMaTudeckumu 3 deKTaMu U HeCTabUILHOCTHIO aJrOPUTMOB Pa3/IeIeHus
KOMIIOHEHT, JAPyI'ue MOI'YT ObITh IIPOCTO CrarucTuydeckumu irykryanusvu. B mociegrem ciry-
Jae, Kak mogaepkuBaer kKomamga WMAP [73], oneHkn craTucTudeckoil 3HAYIMMOCTH aHOMAJIHI
3aTPY/IHEHBI TEM, YTO OHU ObLIA HADJIIOEHBI 8 POsteriori 1 HEPEJIKO ¢ UCIIOIb30BAHUEM TTapaMeT-
POB, 3HAYEHUS KOTOPBIX CIENHUAIbHO HOAOUPAIUCH JIJId TOTO, YTOOBI JOOUTHCH MAKCHMAJILHOTO
HErayCccoBa CUTHAJIA.

Puc. 2: Kapra ILC CMB, nocrpoentast 1o jJantabiM paborsr muccuu WMAP 7-ro roja B rajiak-
THYEeCKHX KOOpAUHATaX. PUCYHOK mpupemeH ¢ paspemenueM 10 £mqr = 150.

Mperi Oyj1emM perMyInecTBeHHO roBopuTh 06 anaaunze kaprbt WMAP ILC, u HemHOro 0 gpyrux
KapTax, IOJy9eHHbIX METOJaMHU, TaKKe yrnoMuHasumMucs B Jlexruu 3 |3].

Ha6topenns WMAP nposoguiucs B nsitu nostocax: 23 T (nosoca K), 33TTn (mosoca
Ka), 41I'T'n (mosoca Q), 61T (mosmoca V) u 94 ' (mooca W) ¢ m3MepeHneM HHTEHCHB-
HOCTH ¥ ToJigpu3anun. MaccuBbl JAHHBIX TIPEIOCTABIISINCH HA CAWTe I UCIOJIB30BAHUS 10
uroram 1-ro, 3-x, 5-u u 7-u jer paborer muccuu |78, 79, 80, 81, 82, 83|. B pesysibrare anain-
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Puc. 3: Yruosoit cuekrp mownocru £(¢+ 1)C(¢€) /2m kaprst WMAP 7-ro roga naburogenuit [76).
Ha pucyHke Tak:Ke IpUBEJEHBI Pe3y/IbTaThl H3MEPEHUs YIJIOBOIO CIEKTPa MOIIHOCTH (hJIyKTya-
muit Temueparypsl B 9xcrepumenTax ACBAR [105] u QUaD [106] (moka3aHbl ApyruM IBETOM).
I'paduk nocrpoen B obsactu mysbrunoseii g0 £ < 2000, rge He CToJib BBICOK BRI 3D dek-
ta 3enbaoBuda-CloHAeBa U TOYEIEUHBIX UCTOYHUKOB. CILIONIHON JMHKUEH TOKa3aH MOe/IbHBI
cuektp g ACDM-kocmosiorum ¢ napaMerpamu, ONpPEeJeJeHHbIMUA Ha, OCHOBE PE3yJIbTATOB MUC-

cum WMAP.

3a JIAHHBIX, BK/IOUaomuX (1) perucrpanmio u 3almch BPEMEHHBIX PsijIoB, (2) co3janue Kaprbl
(map-making) u mukcenusanuio neba, (3) pasmeseHue KOMIOHEHT curHasa. Kpome Toro, mo-
CTPOEHBI JaHHBbIE 0 pacupejeiennn anu3orporuu u nojgpusanuu CMB, ¢doHOBBIX KOMIOHEHT
(CHHXPOTPOHHOTO 1 CBOOOTHO-CBOOOAHOTO M3/IYUCHUS, W3/Ty I€HUs MbLIN), & TAKKE PACCINTAHBI
ux cuekTpbl MorHocTu. [locrpoennast kapra ILC WMAP criaskuBajiach uarpaMmoii raycco-
Boil (popmbl ¢ pazperienueM 1°. Bech apxup Hab/ro1aeMbix u 00pabOTAHHBIX JAHHBIX JOCTYIIEH
U IPeJICTaB/IeH HAay9IHOMY coo0InecTBy Ha caiite WMAP.

Mg we ogens Boicokux rapmonuk (¢ < 150) moxrorosiena kapra (Puc.2) pacmpesenenus
anuzorpornuu CMB, Boccranosiiennast merogom [LC. Ha Puc.3 nokazan yryioBoit CliekTp MOIIHO-
CTH, MOCTPOEHHBII ¢ ucnorb3oBanneM ganubix muccun WMAP u skcrepumentos ACBAR [105]

u QUaD [106].

5 ®a30BbIil aHAJIU3

Bnepsorie 06 obHapyKeHIN HerayccoBbixX ¢BOMCTB B JaHHBIX WMAP 6561710 00bs1B/T€HO B paboTax,
B KOTOPBIX MCCJIE/I0BAJIACH CTATUCTUKA JIAHHBIX LIEPBOro roja paborsl muccuu |78, 79, 80| mero-
mamu ¢azoBoro anamsa curaaia |84, 85, 86]. Xors mocse npegocrasienus kapr CMB komamma
WMAP o6bsiBuia [80], 410 BbIIe/IeHHBLH CUIHAJ SIBJISIETCS TAyCCOBBIM C J0CTOBEPHOCTBHIO 95%),
6pLT0 Takke oTMmedeno, uro ILC-Kapra COmEpKHUT MIyM CO CIOXKHBIME cBoiicTBamu (“complex
noise properties”) 3. YTo6bI mpeCTaBUTEL cebe 3HATMMOCTD (ha30BOr0 OMUCAHNA B HOBCETHEBHOL
JKU3HM, TIOKaXKeM, 4T0 (a3a rapMOHUKHU COMEPKUT WHMOPMAIHMIO O 10JI0KeHur, (hOPMe U Opu-
enTaruu npeamera (cM. mpumep Ha Puc.4). HamomunM, aro (dhasa — 9T0 moKa3are/ib CTEIeHN B
KOMIIJICKCHOM CTEIIeHHOM BbIDA2KCHUW 114 I/ICC.Heer;yeMOI‘/JI (i)yHKI_[I/II/I

®azoserit anann3 curaaga CMB omupaercs wa ot dhaxkr, ato dburypupyromue B (hopmyiie (4)
MYJIBTUIIOJIbHbIC KOS(i)(bI/IU;I/IeHTbI Ay ABJIAIOTCA KOMIIJICKCHBIMU WU MOTYT 6])IT]) npeacTraB/IeHbl B

*http://lambda.gsfc.nasa.gov/product/map/m_products.html
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Puc. 4: Ilpumep npossienus da3 B mzobpaxkenun. Ciesa: moprper Makca Ilranka (B @ypbe
npesicrapiennn: |02 | exp(i®MaX)). Cnpasa: nzobpazkenne annapara muccun Planck (s @ypoe
IPEICTABICHIN: |5,§at|exp(z’<1>2at)). B nenrpe: uzobpazkenue, moaydeHHoe obpaTHbIM npeobpa-
sopannem Oypoe FT1[|67%] exp(i®M*)], rie avmmrya 6epercs n3 mpaoro n3o6pazkenns, a
daza — uz nesoro. Bugno, uro umenno dasosble xapakrepucruku hopmupyior nzobpazkenue (B
[eHTpe), BOCIpUHUMAaeMoe rya3oMm. Pucynok mogarorossen JI.-U. Yuanrom mis geMoHCTparun
dazoBoro anasusza B JI0K/Ia/€ 110 pe3ybraraM pabors [84].

BUJE
Qym = |aém‘ eXP(i¢€m)a (9)

upuvem ¢y, — dasza rapmonuku (€, m). U3 (5) caenyer, uro gusa m = 0 u gys seex £ dasni
00 =0,a ¢p_ym = —dpm. OTHOPOTHBIE 1 N30TPOIIHBIC TAYCCOBDI CJIyYaifHbIe II0JIS HMEIOT MOJbI
Dypbe C HE3ABUCUMBIMU PACIIPEIEJIEHUSIMI BEIECTBEHHOM 1 MEUMOM Yactu. [losromy ecsim nep-
BUYHbBIE HEOHOPOIHOCTHU ILJIOTHOCTHU SBJISIIOTCS OJTHOPOJHBIM M M30TPOIHBIM I'ayCCOBBIM IIOJIEM
B [IPOCTPAHCTBE, TO OHU HPUBOISIT K (haszaM (yy,, HE3ABUCUMO U PABHOMEDHO PACIPEEIEHHBIM
B urrepsase [0,27] [107, 108], uro Kak pa3 u COOTBETCTBYET COOTHOLIEHHIO (3).

Crporoe ompejie/ienne 0JJHOPOIHOIO U U30TPOITHOIO FayCCOBa CAYyJadHOrO 1M0Jjid TpebyeT, YTo-
Obl amiuMTy la MMesia pacupejesenne Pajies, a pacupejesenne daszbl Ob110 ciydaiinbiv [109).
B 10 ke Bpewms, neHTpa/ibHAs [IPEJIe/bHAS TeOpeMa rapaHTUPYeT, UTO CYIEepIO3UuIiusd OOJIbIIO-
ro auciaa Pypee-moj co ciyuaitnoit ¢pazoit Oymer rayccosoit. [losromy TpeboBanue cirydaitHOro
U PaBHOMEDPHOTO pacrpejesenns (a3 camo 1mo cebe ciyRuT ompesenenueM rayccopocru [107].
EC.HI/I AHAJINBUPYEMbIC JTaHHBIC HEr'ayCCOBBI, TO, KaK y2KE€ YIIOMUHAJIOCb, 9TO MOXKET O3HAYaTb,
YTO WK KAKUEe-TO MEXAHW3Mbl B paHHeil BeejleHHON puBe/in K HErayCCOBBIM HEOTHOPOHOCTIM
IJIOTHOCTH, WJIX UMEIOTCA HEYYTCHHbIC CUCTEMATUYICCKUE Sd)(i)eKTbI.

5.1 IIBeroBnie pa3oBbie AuArpaMMbl U HErayCCOBOCTb HA BBICOKUX MYJIbBTH-

noagx (100 < £ < 400)

OpHuME U3 MEePBBHIX MBETOBYIO BU3yaau3amuio (a3 mid geMoHcTparun (ha30BhIX CBsI3eil mpuMe-
s Koyurs u Huanr [110]. He BuaBasics B jieraimn MeTO10B BU3YaIU3aLUK, OTMETHM, 4T0 Hanbo-
Jiee TOAXOSINM I Bu3yanusaiun ¢assl asagerca merox HSB (Hue-Saturation—Brightness,
[Iser-Hacobimenne—pkocTs), NO3BOMSIONMI yIeCcTh 0COOEHHOCTD (ha3bl KAK KPYTOBOil nepemen-
Hoit. B 3TOM MeTosie yucThble 1nBeTa — KpPAaCHBI, 3e/IeHbIll U CUHUN — COOTBETCTBYIOT (pazam 0°,
120° u 240°, a JOMOJTHUTE/IBHBIE [[BETA — MKEJIThIH, I0/1yD0# 1 HPUOJIETOBBI — IPOMEKYTOUHBIM
dazam 60°, 180° u 300°, coorsercrBenno. IIpu usamenennu asbl 1BeTa [JIABHO “lEpPETEKal0T”
IpyT B Ipyra, mpudeM (pHOJeTOBBIM IIepeTeKaeT B KPACHBIM, 9TO COIJIACOBAHO C OTOXKIECTBJIE-
nuem das 360° u 0°.

[Tonxox kaprorpaduposanus das 611 mpumenen B pabore |84 k qarabpiv CMB ¢ BBICOKIM
paspetenuem, nosyderbiv Termapkom u ap. [111]. Ha Puc. 5 nokazana uperosast KoAupoBKa
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Puc. 5: lgerosag dazosas quarpammva rpaauenta Dy qyis kapr FCM (Bepxuuii jieBbiii Tpeyroib-
k) u WFM (Hmkauii npaselit). 256 11BeTOB BOCIPOU3BOIAT (DA30Bble HHTEPBAJIBI B AUAIA30HE
[0; 27] (nmpu uepHO-Gesioil MedaTu 0TOOGPANKAIOTCA OTTEHKAMU CEpOro), Jjisi KOTOPBIX (a3bl Oe-
pyTCd M3 KOMIJIEKCHOI'O IPEACTaBJIECHUA T'apMOHUK. HO BepTHKaJ’IbHOﬁ OCHh OTJIOZKEHBbI HOMEDa
myabrunosieit £ mo ¢ = 600, 0 TOpU3OHTATBLHON — MOIBI MYJBTHIONEH m. BBumy cooTHore-
HUSL Qg = az_m [IPUBEIEHBI TOJHKO MOJBI C HEOTPUIATEIBHBIMEI M. XOTA (DA30BbINH IPAJIHEHT
(MexK /Ty COCeIHIMU MOJAMU) sABJISeTCs Hanbojee IPUMATUBHBIM, HAOI01aeMble “Tpsa3able” mMo-
socel na FCM (cBepxy) yKasblBalOT Ha CUJIbHYIO (DA30BYIO KOPPEIAUIO MO cocequux £ npu
onuuakoBbix M. Jlamasie WEM (cHE3Y) 1eMOHCTPUPYIOT BUAUMOE PABHOMEDPHOE PACIIPEIEICHIe
daz, cooTBercByIoIiee pacipeaeseHnio (a3 rapMOHUK JIJIsl CJIydaiiHbIX rayCCOBbIX moJieii. Cu.
nerasu B [84].

dazosoro rpaguenta Dy = ¢pi1,m — ¢o.m g kKapT FCM n WEM Termapka u 1p. Bepruxanbnas
ochb 3asaer HoMep My abTunoss £ o £ = 600, a ropusoHTaJbHAsT OCb — MOJY MYJIBTUIIOS
m, tme m < {. Xorg (HazoBbIit TPAAMEHT IS COCETHUX MOJ — 5TO HambOjee MPUMUTHBHBIH
[yTh MPOBEPKHU (DA30BBIX KOPPEJSIuil, BUAUMOE TPUCYTCTBHE TI0JI0C Ha (a30Boit kapre FCM
YKa3bIBA€T Ha CUJIbHYIO CBA3b ME2K/Y OJMHAKOBBIMU MO/aMU 1711 COCEJIHUX 110 f MyJII)TI/IHOJIeﬁ. B
TO ke BpeMs, pazoBad guarpaMmma g Kaptel WEM moka3piBaer paBHOMEPHOE PACIIpPE/Ie/IeHIe
da3, COBMECTHOE C TayCCOBOCTHIO CHTHAJIA.

Asropsl [84] mposepusu ‘cayuaitnocts’ dhaz 6osree cTporuM 06pa3oM, UCIOIB3Y MOIETHPO-
BaHME, ¥ [10/1y Y1/IM COOTBETCTBYIOIIME CTATUCTUYECKUE OLeHKY Pa3bpoca 3navennii das [84, 112].
s sroro 6bmu moctpoenst 2000 cumyisnuit cay4daiiHbIX rayccoBbIX IOJjieil, u ObLI10 0bHADY-
2KEHO, 49TO OTKJIOHEHUE OT I'ayCCOBOCTHU /[IJId HECKOJIbKUX JINalla30HOB MyHbTHHOHeﬁ B paﬁOHe
¢ ~ 150, 290, 400 and 500 mabmromaercsa wa ypoBHe mocroBeprocTu Bbimie 95% [84]. [Ipumep
TaKUX T'apMOHUK, Yy KOTODPbIX (1)3,3])1 SHAYUTEJIbHO OTKJIOHAIOTCA OT CTAaTUTHUYECKU O2KHJIaCMbIX
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Puc. 6: Bkias B Bapuanuu remueparypbl CMB ot aByx mysbsrunoseit £ = 350 u 352 jjis kapr
FCM (Bepxuwmii pucynok) u WFM (HukHUil pUCYHOK) B raJlaKTHYECKUX KOODIUHATaX. BIGOp
MyJIBTHIIOJIE 00yc/ioB/IeH o0HapyKeHueMm cBsizu (a3 Jyist rapmoruk ¢ Al = 2 B kapre FCM.
Crpykrypa st o ~ 0 and 7, Bugumast Ha FCM, neprenukysisipaas a0CKocTH [ajlak ik u
[IPOXOJ/IAINAs Yepe3 ee MeHTp, ucuesaer na Kaprax WFM, nojgydennsix Buneposckoit ¢uibrpa-
Lpeit, Jlejas UX HPAKTHYECKU rayccoBoil Ha 91ux Myiabrunossx. Cum. jgeranu B [84].

(¢ = 350 u 352 g kaprer FCM), mokasan ma Puc.6. Ha npusemennoii kapre Habomaet-
Csl CTPYKYTPa, [MEPIEHUKY/ISPHAsT MIOCKOCTH ['aIlaKTUKK ¥ IIPOXO/ISIasi 9e€pe3 ee HMeHTP. IDTO
ObLI0 1epBOe OOHApY2KEHUE HerayccoBocTu B Kaprax muccuun WMAP; takasi HerayccoBocTh MH-
TepIpPeTUPYeTCd KaK OCTaTOYHOe BjusHue (ona lajgakTuku.

5.2 KpyroBoii craTucTuuecKuii anaian3 u HerayccoBocTb Ha 10 < 7 < 50

[Tozree dazoswie cBoiicTBa kapTr WMAP nposepsiiuce apyrumu merogamu. C UCIOIb30BaHUEM
KJIACTEPHOI'0 aHAJIN3a, ¥ KPYrOBO CTATUCTUKM, PADOTAIONIEH C yIylaMu, [IPU aHAIU3e PaCIIpe/ie-
nenns ¢a3 B paborax |85, 113| 6buin HE3aBUCHMO IPOIEMOHCTPUPOBAHBI HETayCCOBBI CBOIICTBA
kapr CMB.

Boutn wzydensr ¢dazer myapTunoseit n3 guamasona 2 < £ < f., = 50 11d KapT, B3ATHIX
¢ Web-caiitta WMAP. Kpome kapt pOHOBBIX KOMIIOHEHT, [OANOTOBJIEHHBIX KOMaH10ii WMAP
J7IsT KazK/JOr0 IaCTOTHOrO Hab/II0aTe/IbHOTO KaHasa, B paborax |85, 113] Takzke uccie 0BaIncy
LSATh KAPT, SIBJIAIOIIMXCS PA3HOCTHIO MEXK/ly CUIHAJIOM B HaO/0gaTesbHoM Kanase (S) u curna-
gom ILC: FF' =S —TLC. Takue KapThl MbI Oy/1eM HA3BIBATH ‘BTOPHIHBIMA (DOHOBBIMU KapTaMu’,
B OLJIMYME OT TEX, YTO MOJIYUYEHBbI [IPU PA3/IE/eHIN KOMIIOHEHT W [PEJCTABJIEHBl Ha CAlTe KO-
manmoit WMAP; nociennme Mbl OyeM HA3BIBATH MPOCTO ‘(POHOBBIME KapTamu’'. Ecau i, u ¢,
— €OOTBETCTBEHHO (basbl HEKOTOPOl dhoHoBOI KoMuoHersl u Kaprbl ILC juist gannoro £ u Becex
COOTBETCTBYIOLIUX BEJMYUH MM, TO ciaedys crarucruke Puinepa [114] mis yriosbix Besudus,
MOYKHO OIpPEIeNTh KPYTOBOH KPOCC-KOPPEIIIMOHHBIN KO(DIUImeHT B Kaxk 10 moje £:

J4
Ryg(0) =71 cos(dm — W) (10)
m=1

Ha Puc. 7 npuBejienbl Kpyrosbie KOPPeIduOHHbIE KOIDDUIMEHTHI, PACCINTAHHBIE MEXK/TY JIaH-
weiMu ILC u donoBbiMu KoMmmnonentamu, a takxke mexay ILC u BropuwaabiMu dhoHaMmu i
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Puc. 7: Kpyrooii koppensaiuonusiii koaddurment mexay dazavu curuana ILC CMB u ra-
JIAKTUYECKUX KoMIOHeHT B KaHasax K-W B 3aBucumocru or nomepa rapmonuku £. Tosicras

(@)
@]

JINHHUSI COOTBETCTBYET Pe3y/bTaTy Koppessuii ¢ ¢aszamu (HOHOBOI KOMIIOHEHTHEI, IIPEICTAB/ICH-
ubiMu WMAP. Tonkast JinHusi COOTBETCTBYET JAHHBIM (DOHA, IOy YEHHOI'O U3 PA3HOCTH O0IIEero
curaajia WMAP B 3amansom kanasie u curiasia, ILC CMB. Cepasi 0bstacTh 1moKasbiBaeT ypo-

Betb lo-omubku, onpesesennbiii u3 cumysupoBanng 200 ciy4aitapix peanmsaruii. CM. Takxke
[85, 113].

ngtu gactoTabix nosioc K—W. Kak Bujgao u3 Puc. 7, s nepBbix Tpex KaHayioB 31 KOdpdu-
[MEHTHI HEBEJIUKN U HE MPEBBIMAIT CIydaitiblii pazopoc (1o), momydennstii B 200 MOmeIbHBIX
peaymzanusx. BugaHo takxke, 4T0 s BCeX 4acTOTHBIX 110710C (opmbl dyrKimun Ry (f) momoo-
HBI JIPDYT JIPYTY, 9TO OTParkaeT CHJIbHYIO KOPPEJANUIo MeXy (asamMu BO BCeX KaHasax [85].
Puc. 7 gemoncrpupyer u 1o, aro koppessiiusi ¢pa3 ILC co BropuanbiMu (pOHOBBIMEU KOMIIOHEH-
TaMW BBITISAUT OOjee 3HAUUTETHHON, deM st ¢poaoB WMAP. Takmm obpasom, moBemeHne
(mo102KkeHME MAKCUMYMOB M MUHMMYMOB) rajiaktudeckoro dounosoro (6e3 CMB) curnana oxa-
3pIBaercs cBga3aHubiM c curaajiom ILC CMB. Ouens 3amerno mnpossjienne koppessiuii B8 11-om
MyJIBTUIOJIE B 9acTOTHBIX mojiocax Ka, Q, V u W, a rmakxke Bo Bcem Kanaje W, B KOTOpOM
u3JIydeHre TbLIN SBJISIETCH JOMUHUPYOMEM. 3aMeTuM, 4T0 11-blii MyJIBTHIIOND TTPUHAJJIEKUAT
JINAMa30Hy TpocTpancTBeHHBIX TapMoHEK 10 < ¢ < 20, B KOTOPOM OCOGEHHO CYIIECTBEHHO W3-
JydeHue 1iockocru Lanakruku, npuxosgiiee us obsacru yios |b| < 10°. Bee s1o rosopur o
CyIIIECTBOBAHUU OCTATOYHOIO CUI'HAJIA FAJAKTHYECKUX KOMIIOHEHT B ouuniiienHoM curuaje CMB.
Ocrarounoe BiusiHue ajakTHKY HA OYUINEHHBI CUTHAJ MOYXKHO MPOJEMOHCTPUPOBATH JIAXKE B
OJIHOMEpPHOM CKaHe, HampuMep, Ha ckjgonenunn § = 41° (Puc.8) [115], rae 3ameren mermyboKmit
MuauMyM temieparypbl B Kapre ILC B obnactu lasrakTuku.
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Puc. 8: Ogunomepubie ckarbl kapr WMAP Ha ckionenun § = 41° B obj1actu rnepecedenust mioc-
koctu lajakTuku (cM. muk Ha 2-oM, 3-eM u 4-om rpadukax). Ceepxy sBum3: ILC, m3aydenue
nbin B W-kaHasie, cB00OIHO-CBODO/[HOE n3/iydeHne B KaHajie V U CUHXPOTPOHHOE WU3JIydYeHUe B
K-kanaste.

5.3 Koppensnuu ¢da3 cocegHux MyabTHNOJel u ciaydaiinoe Oy>knaHue B
npocrpaHcTBe das3

T00BI IPOBEPHUTH CTATHCTHYECKYIO HE3aBUCUMOCTD (Da3 ¢y, JJIS HEIeTHBIX U YeTHBIX £, XaHCeH
u ap. [104] ucnosb30Bain TPUrOHOMETPUYECKUE MOMEHTHI:

J4 4
Si(0) =71 ) " sin(ggm), Ci(l) =L cos(¢um), (11)
m=1 m=1

U PACCUUTHIBAJIN CPEIHUN YOI JJIsl 33JaHHOI0 MYJIBTUIIONSA £ KAK aPKTAHI'EHC OTHOIIEHUsT CPE/I-
HUX 3HAYEHUN CUHYyCa W KOCHHYCA JIT MYJBTUIONEH ¢ PUKCUPOBAHHBIM {:

O(¢) = arctan (Sl(g) > . (12)
Ci(¢)

[Ipu 3TOM /151 OJTHOPOIHOIO U M3OTPOIHOTO CJIYUYANHOIO rayCccoBa, MOJisd, TEHEPUPYEMOTO IEPBUY-
HbIMU (DJIYKTYAIUsIME, OJIHOPOAHOCTD B Pacipe/eiennn (a3 IPUBOIUT K OJIHOPOJHOCTH CPETHUX
yriios ©(¢) u orcyTeTBUIO KOoppessnuii Mex 1y yriaamu O (), XapaKTepu3yonuMu MYJIbTUIIO NN
¢ pasubivmu £. B 1o ke Bpemsi, Xauncen u ap. [104] obnapyxuiu takyio xoppessuuio. [Ipex e
BCEro, OHU MOATBEPAUIN (DAKT COOCHOCTH KBA/IPYIOIBHON U OKTYIOJBHO KOMIOHEHT (CM. pa3-
nen 8), Haiigennoit B pabore |104]| kax 6im3octs 3uadenuit ©(¢) ma £ = 2 u £ = 3. Bosee Toro,
OHM TI0KA3aJ11, ITO 11000HbIH (hakT (COOCHOCTH) He yHuKaaeH. AHajorudHoe sBjeHue 6m30cTu
suadennii O(¢) mabiomaercsa s a3 HEKOTOPBIX map Mysabrumoseil ¢ Al = 1 (T.e. mmeercs
KOPPEJISIs MEXKJIy COCeJHUMU YeTHBIMU W HedeTHbIMU MyJibrunosmvu £—1819; 28 29; 33,34
U JIp.) B TQJAKTHYECKOl CHCTeMe KOOpIuHAT, a Takxke ¢ Al = 2 (¢=5,7; 23,25; 33,35 u ap.) B
SKJIUITUYECKON CUCTEME KOOPMHAT.

Kpowme toro, Xancen u p. [104] mpeayioRuan aaropur™ CIydaitHoro 061y K aHust it CPeJl-
Hux yrioB O(£) u 00HAPYKUIN 3HAYUTEIHHOE PACXOKICHUE MEXKJy OBEJEHUEM CPEHUX YIJIOB
JIJIsl 9eTHBIX ¥ HEYETHBIX I'apMOHUK, KOTOpOE 0CODEHHO OCODEHHO sIPKO IIPOSBJIAETCHA Ha KapTe
ILC CMB, 1ocTpOoeHHO# B rajlak THIECKOi cucreMe Koopauaar. Hapsity ¢ pazinuusmu B 3Hade-
HUSX MY/JIBTUMONBHBIX KO dunmenTon Cy st TADMOHUK C Y€THBIMA U HEIETHBIMA £, 0 KOTOPBIX
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moiizieT pedb B paszgene 11, 3TOT pe3yabTaT yKa3bIBaeT HA HAPYIIEHWE TPOCTPAHCTBEHHON deT-
vocru B jJanabix WMARP. [Ipoucxoxkjenre 00HAPYKEHHOI'O TIPOSIBJIEHUS] HErayCCOBOCTHA aBTOPBI
O00bACHSAIOT KAK UHCTPYMEHTAJIBHBIMHU, TAK U BO3MOXKHBIMU KOCMOJIOTMYECKUMU [IPUYUHAMHU.

6 HecrabuabHocts BoccTtaHoBJieHna CMB Ha HU3BKNX MYJIbTUIIO-
asax (2 <4 <10)

Puc. 9: ®yukuua pacupezeserus P(K) s KpoCC-KOPPEJIUU CIyYailHbIX peajiu3aluii Cur-
Hasta CMB u ¢donoBoit kommoneHTsl B mojioce V. CBepxy BHU3 CJIEBA HAIPABO: JAHHBIE JIJIsi
¢ = 2,3,...,10. Yepnast crjomHas JUHUS COOTBETCTBYET BXOJHOMY CHUIHAJLy, KpacHas (mpu
qepHO-OeJIOl TevIaT — cepasi) JIMHAS COOTBETCTBYET BBIXOAHOMY curHasry. Cwm. Takxke [97).

Yrobbl nousarh cBoiicrBa Kpocc-koppessiuit kapr “ILC—don” Kak BO3MOXKHOR IIPUYKUHbI
HerayccoBoctu, ObuT mpoBeseH |97| auciaenusiii Tect ¢ ucmosb3oBanneM 10000 MOTETBHBIX pe-
aqm3anuii Bxogubix kapt CMB co ciywaiiabsiv rayccobim curaamom |90]. 13 10000 mexommbix
kapr mogean CMB B kocmosiorun ACDM (HazoBeM MX BXOAHBIMM KapTamu) ObLIM 1LOJIy4YeHbl
CTOJIBKO 2Ke KapT myTeMm jobasjenus ¢oHa l'ajmakTuku u gasibHeiiniero Boccranosjienus CMB
merogom ILC (nazosem Takme kaprbl Bbixognbivu). Ha Puc.9 npusegensr rucrorpammbl aucia
cobbrtuit P(Ky) B 3aBUCUMOCTH OT BeJUYUHBL Ky, SIBJISIOIIECH KOPPEISIIUOHHBIM K03 buriu-
EHTOM MEKJIy BXOHON (MM BBIXOJHON) KapToil 1 KapToi POHOBON KOMIIOHEHTBI Jijisi KazKI10M
CUMYJIANAN ¥ TAPMOHUKY £.

Jlitst BXOMHON KBaJAPYHOJIbHON KOMIIOHEHTh (hopMma (DYyHKINUHU PACIPE/IE/IEHU XOPOIIO CO-
orsercrByer dbynxmun P(K) = A(l1 — K?), e A — MHOXKATeTb> HOPMEpPOBKH. 110 MaHHBIM
sasucumoctun P(K), npusenennoit na Puc.9 (cBepxy ciiesa), OnpenessiioTcs nepBblii MOMEHT

(K) = —0.00043 u Bropoit moment (K?) = 0.19934 ama dbymkmmn P(K) [116, 117]. 3atem
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JI7TsT BBIXOJIHBIX KapT MOYKHO IIPOBECTH aHAJOrWIHbIH aHan3 (Ha Puc.9 mokasano KpacHBIM W/IH
npu 4epHo-6es10ii nevarn — cepbiM). Ha JJaHHOM PUCYHKE MOXKHO yBUJIETH, YTO (DYHKIMS Pac-
[peJiesieHus JJisi KBaJIPYIIO/is 3HAYUTEIbHO CABUHYTA, Tak 4ro (K) ~ —0.254 npu nucnepcuu
02 = (K?) — (K)? ~ 0.1454. JIyis KBaJAPYHOJILHON 1 OKTYIOJBLHOA KOMIIOHEHT HE TOJILKO CMe-
IIEH [EHTP TIKeCTU (PYHKIUU PACIPEIe/IEeHNs [IJId BBIXOHOIO CUI'HAJIA, HO UCKAKeHA u popMma,
sroit pyukiuu. na ¢ = 4 mabmaromaerca MpaKTUIECKH TOJHOE COOTBETCTBUE (DYHKITHI pac-
[peJIe/IeHrsT JIJIs BXOJHBIX M BBIXOJAHBIX KaptT. st rapmonuk ¢ = 5,7,9 BHOBb HaOJ/IIOMAETCH
uckakenre (pyHKIIUU pacipejesienns, o0yC/goBjeHHOe BiusgHueM (POHOBbIX KoMoHeHT. Kak cire-
ayer u3z Puc.9, B pesysbrare npumenus meroga 1ILC (tounee LILC, sasiomerocs oxHoit u3
momudukarmeit ILC [90] u Trouno Bocmpomssomsmero kapry ILC WMAP) B BoIxogHBIX KapTax
[IOJIy 9AIOTCH OTPUIATE/IbHbIE KOPpe/siuu ¢ (poHOM ¢ OO0JibIeil BEepOATHOCTHIO, Y9e€M I0JI0KU-
TesibHbIE. [1jig KBaJAPYIOIBbHON U OKTYIIO/JIbHON KOMIIOHEHT XapaKTepHble MacCIITabbl pa3HOCTell
MEK/ly BXOJIHBIMU U BBIXOJIHBIMU KapTaMu CpaBHUMbI ¢ Bejmaunnoit curaaia CMB. Kak mokazano
B [118], 3Tu pazHOCTH CBA3aHBI C (DOHOBBIME KOMIOHEHTaMU. TOOBI 3TO MPOJEMOHCTPUPOBATH,
MOKHO PacCUdTarb, Hcxoad u3 ganabix WMAP, kombunamuo dy,, = ay;a) — a%z, B KOTODPYIO
JlaeT BKJIAJ TOJIBKO (DOH, U IPOKOPPEIUPOBATDH ee ¢ Kodddunmenramu ag,;n ISt BI;IXO,ZLHI)IX KapT
LILC (mampmmep, mis peammzaruu 00008 [97]). dist wernbix mysnprumoseii £ = 2,4, 6,8, 10 sroit
peasmmsatuu CMB coorsercrsyiomue xoppesisiuontsle kodddunuents: pasusl K ' = (.183,
0.421, 0.323, 0.136, 0.139, B TO Bpems Kak mis HedeTHbIX ¢ = 2n + 1,n = 1,...,4 mosydeno
Kﬁdd = 0.908, 0.732, 0.732, 0.686. Takum 006pazoM, BUIHO, 9TO CUTHAJ TOC/IE BOCCTAHOBJIEHUS
OKTYIOJIBHON U JIPYI'MX HEYETHHIX KOMIIOHEHT XapaKTePU3yeTCsd BBICOKUM YPOBHEM KOPPEJis-
uuu ¢ douom. pyras BarkHas XapaKTePUCTUKA — BEJIUYMHA KOPPEJILANUH OCTATOYHONW KAPThI
(IoTygeHHO#t KaK Pa3HOCTH MEK/Iy BXOHOW U BBIXOJHON KapTamu) € BXOJHOI. [T deTHBIX
myabrunosieit £ = 2n,n = 1, ..., 5 koaddunmerTsr coorBercTBeHHO paBHbl K V" = -(0.218,-0.458,
0.0152, -0.223, -0.130, a a1 HeueTHbIX Myabrunosei £ = 2n 4 1,n = 1,...,4 nonyuaiorca K%
=-0.172, -0.116,-0.128,-0.011.

Kpome Toro, onucaHHblii 110JX0/, LIPOBEPKU Crabu/ibHOCTH BOCCTaHoBJeHus curtasa CMB
BeIsBUIT (97| erre ofiHy BasKHYIO OCOGEHHOCTH MeToja pasdzenenus kommonorer ILC, nmerornryro
orHoterune K mpobseme kBagpynosig. Ucnonbdyem Te 2ke 10000 BXOAHBIX M BBIXOJHBIX KapT U
PacCMOTPHM KB3JIPYTOABHYIO MOJY G2, IPHMEHHB SCTHMATOD S = 33?0 : sg%t, r/le BeJIMYrHA,

in,out in,out

S99 = 1 mwmm —1 [y NOJIOXKATEILHOrO WM OTPUIATENIBHONO 3HAKA aMIUITYABL Ay, CO-
OTBETCTBEHHO, & 0003HaUYEHUsI in 1 OUt OTHOCATCH K BXOAHOM U BbIXOAHOM KapraMm. [Ipu npasuib-
HOM BOCCTAHOBJIEHWN CHUTHAJIA JOJKHO moaydarbea S = +1. Tem me memnee, 3nauenne S = —1
nonygaercs s 2148 xapr uz 10000 peasumzaruit. MoKHO TPEIIIONOKUTH, YTO TAKONH CHJIb-
HBl 9 dEKT BbI3BaH M3MEHEHHEM 3HaKa G20 y TeX peaausalnuil, s KOTOPbIX OH N3HAYaJIbHO
ObLI TTOJIOYKUTETBHBIM, sé’?o = 41, a cBgA3aHO 3TO M3MEHEeHWEe 3HaKa C ‘mpocovuBinumca’ Ho-
HOBBIM CUI'HAJIOM. rZLeI.}'ICTBI/ITeJ'H)HO7 y BCEX (bOHOBbIX KOMIIOHEHT BO BCE€X YaCTOTHBIX KaHaJlaX
K-W ymccun WMAP 3nax @ () OTPUIATEIEH, 3570 = —1. Ecsiz Takoe mpenooyKeHne BEPHO, TO
cusIbHOE BiausgtHue (boHa Ha 00CYKAAeMYyI0 XapaKTepPUCTUKY cymecrByer s 43% peanusanmit, y
KOTOPBIX sé’?o = +1. Bamerum, 9YTO FAPMOHUKH C YETHBIM 3HATECHHEM BEJTHIUHBI £ 4+ M sABISIOTC
OCODEHHO CJIO2KHBIMU [y BOCCTAHOBJIEHHS C Yy9eTOM TOr0, 9TO HamboJiee MOIHAsd 9acThb (Po-
HOBBIX KOMIIOHEHT CKOHIIEHTPUPOBAaHA B ILJIOCKOCTH l'ajlaKTHKM, & OHA B OCHOBHOM JIaeT BKJIAJ]
B MOJbl C derHbiM 3HadenueMm [ + m. TakxKe JH0OOLBITHO OTMETUTH, YTO CU/I0BOE MU3MEHEHUE
3HAKA B KBa/PYIOJILHON KOMIIOHEHTE MeHseT (DOpMY BOCCTAHOBJIEHHOI'O KBA/IPYIIOJis U PelIaeT
upobsemy cymecrsoanust “Ocu 3u1a” [95]; B 9T0M OTHOLIEHNM Takasl IIPOLELyPa aHAJIOINYHA
MO UMUIMPOBAHHBIM METOAaM pasjesienns Kommonent [119].

7 Mo3audHada KoppeJdaiusd

B paborax [120, 121] GbL1 HpeiiozKeH MO3anUHBI KOPPE/IALMOHHBIA METO/ aHAIM3a PACIPE/Ie-
JIEHHOT'O CHUTHAJIA, TIO3BOJISIONINI 0OHAPYXKUTH U UCCJIEIOBATH BO3MOYKHOE OCTATOYHOE BJIUSHUE
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(hOHOBBIX KOMITOHEHT (KaK MPOTIKEHHBIX, TAK ¥ OMPE/IE/ISIeMbIX TOUCIHBIMUA HCTOTHIKAMH ), KaK
BO3MOKHOW IIPUYUHBI HEIAyCCOBOCTU B 33/ IaHHBIX ODJIACTHAX IPU 33a/JaHHOM YIJIOBOM MacIITade.
Meton peann30BaH B MUKCEIBHOM MTapaMeTPUIECKOM IpocTpaHCcTBe. Vccaeayiores e KapThI €
JIOCTATOYHO BBICOKMM Pa3PeIleHreM U OJIMHAKOBBIM pas3buenuem HeOECHON cdephbl HA MUKCEIbI:
kapra remneparypbl AT (6;, ¢;) u kapra donosoro usmyuenust S(0;, ¢;), rae i — HOMED IHUKCE-
sia. Ha ux ocnoBe crpoutcd mMo3anvdHas KOPpeIdlnOHHAas KapTa ¢ 00/iee HU3KUM pPa3pelieHneM,
KazK bl 1IMKCes1 KOTOPOoii (HazoBeMm ero M-1MKCeoM) COMepKUT HEKOTOPOE YHUCIO TIMKCEI0B UC-
XOaHBIX KapT. M-mukceny ¢ momepom p (p = 1,2,..., Ny, rme Ny — mosaOe wmcao M-nukceios
Ha cepe) MPUCBAMBALTCS 3HAYEHUE KOPPEJSIMOHHOrO Kod(bduimenTa Mezk 1y 00/1acTsiMu JIByX
UCCJIeIyeMbIX KapT 0oJjiee BBICOKOIO pa3pelleHus, MOKpbiBaeMbiMu 3TuM M-nukcenom. Muage
FOBOPsi, PACCYUTHIBAETCH KOPPEISIUOHHBIN KOIMDMUIMEHT ABYX KapT BHYTPH TEJIECHOTO YIJIa
Ep, craruBaromiero JaHabli M-mukcen. Benmdmnel TesecHBIX yIvioB =, BBHIOMPAIOTCH OMHAKO-
BbIMU M PaBHbIMEH = i BCex M-nukcesios; 3nauenune Z (BeJMUMHA KOPPEIANMOHHOIO OKHA)
OIIpejie/isieT YIJIOBOI MacIiTad, Ha KOTOPOM u3ydaercsd Koppessdiusd. [loubiit KopperaiinoHHbii
k03bduiuenT /i AByX MCXOAHBIX KAPT HA yIJIOBOM Maciirabe = paBeH

Y 2 (AT(0:¢i) — AT(Ep))(S(0i, ¢5) — S(Ep))

(0i,9:)€Ep

OAT,OS,

rae U2ATP n O'%vp — COOTBETCTBYIOIIUE AUCIIEPCHH.

0.4

o
w

Relative number of pixels
°
4

0.1

0
Correlation coefficient

o

0.004

+0.08

| 0,03

Puc. 10: Pesynbrarer mozaununoit koppessinust kapr CMB ILC WMAP u dhonoBOro usiryueHust
bl B KaHaste W ¢ KOppesanuonHbIM OKHOM Z,=540"x 540", Beepxy ciieBa: Mo3amdHas KapTa
M.; BBepXy clipaBa: CILJIOIIHOW JIMHUEH MOKA3aHA THCTOMPAMMA, PACIIPEJIE/IEHUS] TIUKCEJIOB 110 KO-
spburmentam KapThl M.; BHU3Y CjieBa: yIJIOBOI CIIEKTP MOITHOCTH KapTbl M.; BHU3Y CIIpaBa:
KapTa KBaJPYIOJbHON KOMIIOHEHTHI curnaja M. ¢ HaJI0KeHHOU CEeTKOW dKBATOPUAILHON Cu-
creMbl KoopauHatT. [lyHKTUpHAst, KOpOTKAas U JJIMHHASA IITPUXOBBIE JIMHUU HAa IIPABOM BEpXHEM
U HUKHEM JIEBOM PHUCYHKax 0003Had4aloT coorBercrBeHHO F10, £20 m +30 ypoBHu pazdpoca
B MOJEJIbHBIX MO3aMYHbIX KapTax KOppeasiuii, paccuuTanHbix jd 200 ciydaifHbIX rayCcCoOBbIX
nosteii B kocmostorndeckoit mogean ACDM. Cwu. rakzxke [120, 121].

JlaHHBIA MeTOo/l 1103BOJISeT IIPOBEPUTH KadecTBO pasjesenus komuonent CMB npu muoro-
JaCTOTHBIX HAOJIIONEHUAX B IIPEIIIOIOKEHUH, ITO KOPPEJSnsd CJIYyJailHOTO raycCcoBa CHIHAJIA,
PEUKTOBOTO M3JIyIeHUA C (DOHOBBLIMK KOMIIOHEHTAMH JOJ/XKHA OBITh MUHHMAaJbHOMI. [Ipumcyt-
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CTBHE OCTATOYHOI'O KOppejupoBaHHOro curHasa B jganubix CMB moxer mpuBectu K cucrema-
THYECKUM OITUOKAM B OIIPEJEJEHUN YIVIOBOTO CIEKTPA MOIIHOCTU B PA3HBIX JUANABZ0HAX MYJ/Ib-
tunosteit |97, 116] u, kax cireacTBUe, K yMEHBIICHHIO TOTHOCTH OIIPEIeTCHIsT KOCMOJTOIMIECKIX
napamerpos. [Ipumenus pasmdHble KOPPEILANMOHHBIE OKHA, MOYKHO YBUJIETh, 9TO B PACIIPe/Ie/ie-
Huu KoppeJsiimontbix kg duimenroB kapr WMAP ILC u poHOBOIO u3JiyueHus bLIT UMEETCs
capur Ha Bejguauay —0.26 mgag ==540"x540° oTHOCHTEILHO 0XKMIAEMOr0 HYJIEBOI'O 3HAYEHUS,
[OJIyYaeMOro IIPU MOJEJIMPOBAHUU C YYETOM I'ayCCOBOIO CIVIA’KMBAHUsI B OKHE pajuycoMm 1° u
MacKupoBaHug objacTu l'ajakTuku. DTO TPOU/IIIOCTPUPOBAHO HA puc. 13, r/ie npuBejieHbl Mo-
3aM4Has KapTa KOPPEeIANMOHHBIX KOI(M@MUIUEHTOB /I KOPPEIAIMOHHOr0 OKHa Z,=540"x 540",
CUCTOTPAMMBI PaCIpejie/IeHus TUKCeI0B 1Mo Koddduimentam it 3Toil KapThl. Kpome Toro,
MOKA3aHbI KAPThl MOJENBHBIX rayccoBbix Bosmymenuit 8 ACDM-kocmostornu, yryioBoit cnexrp
MOITHOCTH U KapTa KBaPYIOJbHONH KOMIOHEHTHI MO3am4dHON kaprel M. (cM. meramu B [121]).
[TomMumoO cOOCTBEHHO CIIBUIA, B PACIIPEIE/IEHUN IMKCE/IOB 10 KOPPEIIIUOHHBIM KOdd duimenTam,
obpaiaer Ha cebg BHUMaHUE 3HAYUTE/ILHOE MCKaxKeHue (DOpMbI 3TOr0 pacipesenenus. Meu-
aHBbI PACIpPEIe/IeHNsT MUKCET0B MO3AUIHBIX KapPT IS KOPPEISIuOHHBIX Macmirtabos 1607, 300’
u 540’ paBubl coorBercrBenno -0.219, -0.233 u -0.274. UnrepecHo ormMeTuTh, YTO CABUI' B Pac-
[peJIe/IeHNN TTUKCE/I0OB KAPT KOPPEJI[Iuil 110/100€H CABUTY, BOZHUKAIOIIEMY DU CTATHCTUYECKH
HecrabusibHOM Boccranosenun curnasa ILC B kBajpynosbHoit komuonenre [97].

Pesynbrarsr mpumenenus ganHoro merona K kapram CMB WMAP u nbiin mokasbIBaioT Cy-
[IECTBOBAHME 3HAYUTEIBHOIO CUTHAJA B KBaJAPYIOJbHON KOMIIOHEHTE MO3aUYHON KapThl, IIPU-
BOJIAIINErO K IHUKY B YIJIOBOM CIIEKTPE MOIIHOCTU. DTOIO [MUKA HET B CJy4Yae BHIYUCJIEHUsT KOD-
peJisiiuii KapThl CUMYJIMPOBAHHBIX ['ayCCOBBIX BO3MYIIEHUI C PACIIPE/IE/IEHUEM U3/Iy YeHUs ITHLIH.
[Tonoxkenue nsaTeH Ha KapTe KBA/IPYIIO/isi TOBOPUT O IIPUCYTCTBUM CUTHAJIA, CBA3AHHOIO HE TOJIb-
KO C SKJHUNTHIECKON CHUCTEMON KOOPAWHAT, HO TAaKXKe W SKBATOPHUAIBHON, 9TO HADIIOIAETCT U
[IPU UCIIOJIB30BAHUA JPYTUX MeTosioB [122, 123].

8 MynbTUnNOJbHBIE BEKTOPBI

Yixe B pabore [94] Op1a oTMeUeHA KOPPETIANUs HAIPABICHHN, 33/ [aBaeMbIX KBAJPYIIOIbHON 1
okrynossHoit Kommonentamu CMB (Puc. 11). IIpocroe xonmdecTBennoe omucamme 9TOrO sABIIe-

o) %y,

— 0,02 0,04 40,04

Puc. 11: ®opma kBaapynons (ciaesa) n okrynoss (cupasa) na kapre WMAP ILC 7-ro roga.

HUsI COCTOUT B HAXOXKJIEHWH, OTIEJbHO i KBAJPYIO/sd U OKTYIIOJS, €IUHUIHOIO BEKTOPa N,
MPOEKTIS YIJIOBOTO MOMEHTA Ha, KOTOPBI MMeeT MaKCHMAJIbHYIO TUCIEpCH0. A MMEHHO, pac-
CMOTPHUM BKJIJ|, MYJIBTUIIONEH ¢ 3aJaHHbIM 3HadeHueM ¢ B aHu3oTponuio remieparypsi CMB:

l
ATy(0,6) = Y amYim(0, ) (14)
m=—/

U IIOCTPOUM JuCIepcuio — MYHKIUIO HAIPAB/IECHUs N:

V4
(AT; (A-L)* AT) = > m’lag ()], (15)

m=—/
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rne L — oneparop yrioBoro momenta, ‘( )’ obosHauaer ycpeiHenue no HebGecHoit cdepe, a
K03 punmenTor gy, () BBIMUCAAIOTCH B CUCTEME KOODAMHAT, TPEThsl OCh KOTOPOH COBIIQJIAET C
. Vcnone3ys mamubie nepsoro roga muccun WMAP, apropsr paboter [94] Halwm, 970 BEKTOPHI,
AAIOINE MAaKCUMYMbI JUCIIEPCUUN J1JIdd KBAAPYIIOJId U OKTYIIOJId, BECbMaA 6.HI/IZ3KI/I:

fiy = (—0.1145, —0.5265, 0.8424)
fiz = (—0.2578, —0.4207,0.8698) .

Ux ckangpHoe npousBejieHne, KOTOPoe MOMIO Obl ObITh JI0ObIM 4ucaoM u3 unarepsaaa (0, 1)
(mucnepcus (15) He u3MeHsAETCS IpU U3MEHEHUH 3HAKA 0, M03TOMY il MOXKHO CIATATH II0JIO-
KUTEJIbHBIM ), PABHO

o3 = 0.9838 .

BeposiTHOCTD TAKOr0 COBHAIEHUs JIJIst I'ayCCOBON KapThbl OHM OneHuan kax 1/60.

Mg 6ostee moapobHOTrO W3yUeHUs BOIpPOCca O COOCHOCTH Mysbrumoseir Komu u ap. [98, 99|
[IPE/JIOKUJIN UCII0/IB30BATH (POPMaIN3M MYJIbTUIIOJIBHBIX BEKTOPOB, BIIEPBbIe BBeAeHHbIX Makc-
BesioM [124], u mpomeMOHCTPHUPOBAIN €r0 WHCTPYMEHTAPHil JJIs MCC/IeIOBAHUS AHIN30TPOIINN
PEJMKTOBOrO W3JjiyueHust Ha OoJibiiumx Maciirabax. Cpeju CBOWCTB 3TUX BEKTOPOB MOXKHO OT-
METUTh WX HE3ABUCUMOCTH OT BHIOOPA CUCTEMBbI KOOPAMHAT, 9TO JIEJIAET UX HPUMEHUMBIMU JIJIsd
IIPOBEPKU HYJIEBO! TMIIOTE3BI O CTATUCTUYIECKON M30TPONINH, & TaKXKe JJId MONCKA BBIIeTeHHBIX
Hanpas/eHuii Ha Hebe, 00yCJIOBJIEHHBIX PA3JIMYHLIMU IPUYNHAMU, MPUBOJAIIMMU K HErayCcCo-
BOCTHU: HECTAH/IAPTHON (PUBUKOM, CUCTEMATUKON, OCTATOYHBIM BJIMAHUEM (DOHOBBIX KOMIIOHEHT,
rounosiorueii Beestennoit u r.ar. [100].

Cnenya Komu u ap. [99|, Bkiax Mynbrumosieil ¢ 3aJaHHBIM 3HadYeHHeM ¢ B aHU30TPOIUIO
remneparypsl CMB moxkHO npejcraButh B 9kBuBasienTHOM (hopmydie (14) Buge:

AT(0,0) = > Kiy..ip e (0,0)...€,(0,9)

r/1e IPOCTPAHCTBEHHBIE UHJIEKCHI i, IpoOeratoT 3uadenus ot 1 10 3, e(f, ¢) =(sin 0 cos ¢, sin 0 sin ¢,
cos ) — eaunuunbli TpexMepHblit BekTOp B Haupasienun (0, ¢) na chepe, K; ;, — Geccie-
JIOBBIIl CHUMMETPHYHBIA BEIECTBEHHBIH TEH30p /-r0 paHra B TPEXMEPHOM IIPOCTPAHCTBE. DTOT
TEH30D, KaK ¥ HADOP AMILIATY]] G, uMeeT 20 + 1 He3aBUCHUMBIX BEIIECTBEHHBIX KOMIIOHEHT.
Unes cocrouT B TOM, 9TOOBI 3alUCATH 3TOT TEH30P B BUJE KOMOMHAIMU ¢ €IMHUYHBIX BEIIE-
CTBEHHBIX TpexMepHbIX BekTopoB V6@ a = 1,... /0 (Bcero 2/ He3aBHCHMBIX KOMIOHEHT) I
obmeit amTyapr Ay:

2,1 0.0
Ko = A o]

rie ‘[ ]TF’ 0003HaYAET BbIJIE/IEHNE CUMMETPUYHON OeccsienoBoit yacru. V3BecTHo, 4910 Takoe

(£,9) pyvecre ¢

[IPEeJICTAB/IEHUE CYIIECTBYET U €/IMHCTBEHHO, TAK YTO HAOOD €/IMHUYHBIX BEKTOPOB V
aMILIUTYI0i Ay MOJHOCTBIO XapakTepusyer MysabTuioabhyio kommnouenty ATy (6, ¢). Ormernm,
aro Bekropbl v(GY)

N3 3TUX BEKTOPOB MO2KET OBITD CKOMIIEHCHPOBAHO U3MEHEHHNEM 3HaKa aMIIJIUTY/IbI Ag. Ormernm

OoIIpeae/IAroTCd C TOYHOCTBIO /10 3HaKa, TaK KaK HU3MEHEHHE 3HaKa KazKJI0I'0

ere, 9T0 MYJIBTUIIOJBHBIE BEKTOPBI HE 3ABUCST OT MOIHON MotHOoCTH Cyp MyJIBTUIOJNEH TeMIepar-
TYPBI ¢ (PUKCHPOBAHHBIM £: €CJIH BCE Uy, IPHU 33 TaHHOM £ TOMHOXKAIOTCS Ha, OOl MHOKUTE/Ib,
10 Besmuuna Ay Takxke Oyger yMHOXKEHA, a v(be) OCTaHyTCs Hem3MeHHbIMU. B gacTtHOCTH, eciin
HCIIO/Ib30BATh BETUIUHY Agrm = Qg /+/Ch, TO MYJIBTUIIONBHbIE BEKTOPBI v(£:2) 3appear To1bKO OT
g, HO HE 0T Cy. B 3T0OM CMBIC/IE MY/IBTUIIOIBHBIE BEKTOPHI HECY T MH(OPMALIMIO, JIOTIOJTHUTE b=
HYIO K TO¥, 9TO 3aKOJAMPOBAHA B YIJIOBOM CIIEKTPE MOIIHOCTHU. Vl Ha 9TO He BIAUIOT Kakue-audo
[IPE/IITOJIOKEHUsI O TayCCOBOCTH M CTATUCTUYECKON W30TPOIIHHN.

CpaBHUTEHHO IPOCTOI AJITOPUTM HAXOXKIEHUS MYIbTHIIONIHHBIX BEKTOPOB IIPEIJIOXKEH B pa-
6ore [98], rue ucxoust U3 u3BECTHBIX KOIDMUILMUEHTOB gy, IPOBOJAUTCS UX HOCTPOEHHUE C LHPUME-
HEHMEM CTaHJAPTHOIO FAPMOHUYIECKOTO pal/oxKennsd. I1oHbe BRIKIAIKN U peKyppeHTHbIe (hop-
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Mytbl uts Haxozxaerms vIG®) B Takom momxome mpusenens B [98]. MMeeTcs: Takzke OTKpPBITHIL
HPOIPAMMHBIN KO/ 4,
Komwm u ap. [99, 100| BBe/H eme BEKTOPHI ILIOIMIAIN

wltad) _ yta) o J(th)

Omu OpTOrOHAIBLHBI TIOCKOCTSM {-T0 MYIBTUIIONS, B KOTOPBIX JIE?KAT Mapbl BEKTOPOB (V(Z’a) , V(Z’ﬁ)),
" TaKzKe OIIpeaesieHbl C TOYHOCTBIO J0 3HaKa. rZLJ'IS{ KBa/JIpynoJid uMeercd JABa MYJIbTUIIOJIbHBIX
sekropa v(31) 1 v(22) i peero omun BekTop mwiomamu w(12); okTymons xapakrepusyercs Tpems
MYJIBTUIIOJIbHBIMU BEKTOPDAaMU U TPEMA BEKTOPAMU ILJIOIIA/IN.

Hab6mrozenne, caemannoe B paborax [99, 100] cocrout B TOM, 9TO MIOCKOCTH KBAAPYIIOJIs U
OKTYIIOJI OJIM3KY APYT K JIPYTY, TO €CTh HAIIPAB/IEHUS BEKTOPOB w(2’12), W(3712), w3 13)  w(3:23)
CKOPPEIUPOBaHbl Ha ypoBHE gocroseproctu 6osee 99%. Tounee, BekTOp w212 jexkur nourn
nocepetuae Mexx 1y Tpemst Bekropamu w312 w(®13) i w(3:23) 5 ng cramspHbIX Mpo3BeTEHMIt
u3 pesysbraros paborst [100] cieayer (ncnosbzoBasucs jgannbie Tpex jer muccun WMAP)

w(212) . w(3.12) w(212) . (3,13 w(212) . (3.23)

|w(2:12) ||w(3:12)| = 0838, |w(2:12) || w(3,13)| = 0.804, (w(212)||w(3.23) | = 0.872 .

Bce 11 Besmumnbl 6sim3KkK K 1, 4T0 M 03HAYAET COOCHOCTH KBRJPYIIOJs U OKTYH0/Is. OTMernM,
ar0 BekTOph! OKTymoMsE W12 w(313) 5 w(3,23)
HOCTB” OKTYIIOJIsA).

camu 1o cebe 6sim3Ku ApyT K apyry (“rmockoct-

Kpome Toro, Bce "ernipe BEeKTOpa ILIOMALEH CKOPPETHPOBAHBI C ILIOCKOCTHIO SKJIUITHKH,
a rakxke (Ha ypoBHe jocTroBepHOCTH Gosee 95%) ¢ HANpPABJIEHUEM JMIOJA U [OJOXKEHUEM TO-
4YeK paBHOJEHCTBHI. Bce 3TO BHINIAANAT KaK MPOTUBOPEYHE C IPEIIOIOXKEHHEM O rayCCOBOI H
craructTuiecku u30TporHoit kapre [LC.

9 ®dysknuoHaJ bl MUHKOBCKOTO

Oyuxrronaasl MuakoBckoro [125] apisrorces ek TUBHBIM METOIOM /It KCC/IETOBAHUS MOD-
dosorun cosokynuocrn obsiacreit B npocrpancrse (B cayuae CMB — obsacreii na nebecnoit
cdepe). Ux akKTUBHO IIPUMEHSIIOT /I U3y9€HHs] CTATUCTUKY CHUTHAJA. VICTOpHYIeCKie acleKThl
U aJICOPUTMUYECKUE JIeTaju ITOrO 110/X04a OIUCAHbl B KHUI'€ [52]. Koporko ormernm, 9To B
KOCMOJIOTHH TPeXMepHas BepPCHUs 9TOT0 MeTOa MpUMeHsIach eme B 1990-x rogax npu n3ydeHnn
pacupesesenusi 00bekToB Bo Beesiennoii [126, 127]. Mnest upuvennts MOpgO/IOrHyecKue Xapak-
TEPUCTUKM KAPThI JIJIsi OIMUCAHUSI CTATUCTUIECKUX CBOMCTB aHuzorponuu curaaia CMB ObLia
OINCaHa U Pa3BUTA B 1esioM psizie pabor |52, 128, 129, 130, 131, 132, 133, 134].

B kauectBe paccmarpuBaeMoil BejuuuHbl yI00HO BHIOpATH HE CaMy TEMIIEPATYPY, a IO0Jie C
€JUHUYHON nucrepcuei

v(o0) = S0

9]

rje oo — jucuepcus GUyKTyanuil remieparypsl,

02 = (AT?) = ﬁ ZZ:(% +1)C() . (16)

Kax u panbire, ‘( )’ obosuauaer ycpeaaenue no nebecuoii cepe. 3adbukcupyem HEKOTOPOe 3Ha-
YeHue UV ¥ I JIAHHOW KapThl IOCTPOMM BCe CBsiHble oOjactu R;(V) Ha eauHuaHON HEOGEeCHOM
cdepe, BuyTpu KOTOpLIX (0, ) > 1. Boobuie rosops, obmacru R;(v) He SBISIOTCS OTHOCBSA3-
HBIMM, TO €CThb B HUX MOUYT ObITb JbIPbI (& BHYTPU TUX JIbIP CHOBa MOryT ObITh O61acTh C

*http://www.phys.cwru.edu/projects/mpvectors/
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v(0,$) > v, KoTOpble TOXKE HyKHO BKI0UNTH B HaGop {R;(v)}). Tenepb MOXKHO ompemesnTh
Tpu 1106anbHbIX (T.e. OTHOCAIMXCA KO Beeil cdepe) dynkumonana MuHKOBCKOrO:
(1) HOpMUPOBAHHYIO ILTOIMIAIH

rae A[R] — nomaup obsacru R;
(2) HOPMUPOBAHHYIO TIOJIHYIO JIIMHY W30/JMHUIL

L) = 1= S LR
A 4
7
riae L[R] — miuna rpamuisl obiactu R;
(3) renyc G(v) — pasnocTs yucaa CBa3HbIX Ob1acreii ¢ (0, ¢) > v u uucia cBasubix obsacTei
c v(0,¢) < v (9KBUBAJIEHTHOI TeHyCY BEJTMYMHOI SBJISETCS SHIepPOBa XapaKTEPUCTUKA).
SaMeuareibHO, 9TO 9T TPU (PYHKIMOHAJIA TOJTHOCTHIO OIUCHIBAIOT MOP(MOJIOTHI0 HAOOPa 00-
nacreit {R;(v)} (B d-mepHOM mpocTpancTBe nMeeTcs d+1 Takux PYHKIMOHATIOB). AHAIOTHIHBIM
00pa30M MOXKHO OIPE/IEUTH TPHU JIOKAJIbHBIX (PyHKIMOHAIA MUHKOBCKOIO, OTHOCSIIIUXCS HE KO
Bceil cdepe, a K OT/Ie/ILHOI ee 4acTu.
B npunoxkennsax k anasmn3zy CMB BMmecTo remnyca 9acTo UCHOAB3YIOT APYTYIO XapaKTEPUCTH-
KYy:
G(V) = Nmam(y) + Nmzn(V) - Nsad(y) ’

t1€ Ninaz (V), Nin (V) 1 Ngq(v) — auciio MakCuMyMOB, MUHUMYMOB U CEJ[JIOBBIX TOYEK (DyHKIIUK
v(0,¢), nexamux Buyrpu Beex obsacreit R;(v). Hus cdeprr G(v) = G(v) — 1.
[no6anbable GyHKIMOHAIL MUHKOBCKOTO I rayCCOBa IO/ BEIYHCISAIOTCS AHATATHICCKH.

Ha miockocru HopMupoBatHble (DyHKIMOHAIbI PaBHbL [52]

AQ) = % - %cp <%> L) = 8iecexp (-?) . Gl) = W%exp <—V;> Coan

rne ®(z) = (2/v/7) [y e~ dr — Qynkuus ommboK, f, — KoppensmonHas A 1oy 1o-
CJIe/iHsIsl OLPEe/IAeTCst CIe/[yIOMuM 00pa3oM:

_ o1
g1 — i
C O_O Y
rae o1 — OUCIEepCUda IpaJgueHTa TeMIIepaTyphl,
1
2
= — L0+ 1)(2¢+1)C(¥) . 18
ol 47r§£(+)(+)() (18)

Takum 06pa30M, MOUCK OTKJIOHEHUI OT rayCCOBOCTU MOXKHO BECTH ITyTeM IIPOBEPKU BBIIOTHEHWS
coorHouenuii Tuna (17).

OyuKIUoHAIB MUHKOBCKOTO HCIIONIB30BAINCH I MTPOBEPKU rayccoBocTr manubix WMAP.
Dpukced u aAp. [89] upumennsn rpu OyHKIMOHAIA, OIUCAHHBIX BBIIIE, & TAKZKE Psijl JIPYIUX Xa-
paxkTepucTuk Aja anaan3a kaptel CMB WMAP mepBoro roma Muccun, u CpaBHUIN PE3YTBTATHI
¢ TAHHBIMU MOJIEJTMPOBAHUS TAYCCOBBIX BO3MYIIEHNU ¢ yuaeToM mrymoBoro curaana WMAP. As-
TOPBI OOHAPYKUJIM, YTO IPU aHa u3e Bceit cepbl Ha YIVIOBBIX MaciiTadbax mexay 1° u 4° Bce
BU/IbI CTATUCTUKYU B OOIIEM-TO COIVIACYIOTCS C MPEAINONo)KeHneM o rayccoBoctu curaana CMB.
B 10 ke Bpewms, 66110 mIposeMoHCTpUpOBaHo, 4To cBoiictea CMB, npuxojgiiero u3 ceBepHoit u
FOXKHOW TaIAaKTUIECKUX oJrycdep, CuibHO passmdaiorcs. CTaTrucTuKa, CUTHAJE, U3 FOYKHOM 110-
Jiychepbl Ha UCCJIEJIOBAHHBIX YIVIOBBIX MaciiTadax 1° — 4° B 1eJI0M corjiacyercst ¢ THII0Te30ii 0O
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rayCCOBOCTH, B TO BpeMsl KaK JjIsi CEBEPHOI mosycepsl HaOmMomaeTcs psaj ocobernocreit. Ecmm
dbyukponas miomam v Jymasl A(v) u L(v) BLOJIHE BUMCBIBAIOTCS B TUIIOTE3Y O 1ayCCOBOCTH,
TO TeHyC Ha CEBEPHOI MOTycdepe IMpeBBIaeT 0KUAAeMbIil Ha BCEX yIJIOBBIX MAaCIITabax, a Ha
Macmrabe 3.4° or mMeer CTOJb DOJBIIYIO AMILIATYHLY, 9TO TOJABKO ojHa u3 5000 peasmzarmii
umMeer OOJIBIIYIO aMILIATY/y i OTPULATE/bHBIX 3HadeHuil nmoporos V. Bo-Bropwix, ucCoib-
3ysd CTaTHCTHUKY, BBeJEHHYIO B padore [135| (mamHa ckeseTHO JuHWN), U APyrHe CTATHCTUKY,
aBToOpbl [89] oupeesnin 3HadeHust napaMerpa

2
01

gp02 ’

rje 0g U 0] — JUCIHEPCUM TEeMIIEPATYPbl U ee rpajuenta, npejeaennsie B (16) u (18), a oo —
JICIIEPCHS ITPOM3BOHBIX BTOPOT'O MOPHA/IKA, KOTOPas OIpe/iesisdeTcs BrojHe anajgoruydno. [lapa-
METP 7y OKazaJ/Cs Ha ceBepHoit rnosycdepe 6oabuie, uem B 99% cumyssinmii, B TO BpeMsi Kak J1/1st
FOXKHOM 11os1ycdepbl 110100HbIH 3 derT orcyrcrByer. Ormernm, 4To ere 10 paboTbl JPUKCEHA
u ap. |89] ITapk [88] Takzke coobimt 06 aCHMMETPHN aAMILTATY/T [eHyCa MEKIy CEBEPHOM U 10K~
HOMt nostychepamvu. OiHako pesyabrarsl [Tapka moiydenbl it 3HAYUTETbHO MEHBIINUX YIJIOBBIX
MacmTabos, deM B [89], Tak 9TO HpPAMYIO CBI3b MEXKJy STHMHU BYMs TPYIIIAME PE3YJIbTATOB
YCTaHOBUTH TPYyIHO. B jr000M ciydae uccienoBanue renyca, MUHKOBCKOIO HPOJEMOHCTPUPO-
BaJIO, UTO TAayCcCcoOBa MOJENb (DIAYKTyaruit mMeerT mpobjeMbl ¢ omumcanneMm ganabix WMAP ma
OOJIBIIINX ¥ CPEJIHUX YIVIOBBIX Maciirabax.

Oyukruona bl MIHKOBCKOTO MPUMEHSINCH U Jjisl OIEHOK 3HadeHus mapaverpa fnr, [136]
B MOJIEJIM HErayCCOBbIX NEPBUYHBLIX BO3MYyINeHuii, 3amasaemoit dopmysoit (8). C sroit nenbio
aBTOpbl renepupoBasin kKapTel CMB B pamkax 9Toil MOje/in U pacCMaTPUBAIU UX OTJIMYUE OT
KapT, PACCYMTAHHBIX B MOJIEJU C rayCCOBBIMU EPBUYHBIMU HEOAHOPOJAHOCTAMY (B JeHCTBUTE b
HOCTHU, KaK IIOJYEPKUBAIOT aBTOPbI, IIPU HE CJAUIIKOM 6OJI])L[II/IX 3HAYCHUAX fNL BbIPa2KC€HUA 1A
dyuxnmrona/ 0B MUHKOBCKOIO B HErayCCOBOI MOJIE/IM MOTYT OBITH C XOPOIIIell TOYHOCTHIO IOJIY-
YeHbl AHAJIUTHYECKH). ABTOPAMU TAKZXKe YUUTHIBAIUCH PA3JIMIHbIe HAB/ 0 aTeIbHbIe 9(DdEKThI,
3aIlyTHIBAIOIIUE CUTYAIUI0, TakKue Kak (PyHKIUsS OKHA IMUKCeNa, ‘3aMa3blBaHUE’ [UarpaMMmoii
HAIPABJIEHHOCTH, HEOIHOPOHBIN I[IyM, SKPAHUPYIOMINE MACKU HA, KapTraX U JIPyrue. 3Hasi 110-
Bejienne (PyHKIMOHAIOB MUHKOBCKOIO HA pPa3/IMYHBIX MacmITabax U Jjid Pa3judHOro YpPOBHS
HErayCCOBOCTH B MOJIEJIbHBIX KapTax, aBropbl pabors! [136] mosyuuin orpaHnyeHnst Ha ypOBEHb
HerayccoBocTu Ha ocHoBe maHHbIX WMAP Tperbero roma mumccnu. A MMEHHO, OHHU TIOJIYIMIN
—70 < fnr, < 91 ma yposue jgocroseprnoctu 95% u3 kapr, CKOMOMHMPOBAHHBIX M3 JAHHBIX Ka-
aamoB Q+V+W muccum WMAP, crimazkenubix rayccoBeiM (uabTpoM Ha Macmrabax 107, 207 u
40°. st kombunanmu kapt V-+W ObLia mojiydeHa CMeIeHHasi B OTPULIATEIbHYI0 CTOPOHY OIEH-
ka —108 < fn1, < 64, owm4garonasicst, HallpUMep, OT CMEIIEHHbIX B IOJIOKUTEJIbHYI0 CTOPOHY
pesiesioB Ha fNr, MOJMydYeHHBIX B pabore [137| mig Tex ke MaHHBIX C IIOMOIIBIO GUCIEKTPA,
27 < fnp < 147.

10 Cdepuieckne BeiiBIE€THI

10.1 HerayccoB 3kcnecc

Cpemn mepBBIX paboOT, MOCBSIMEHHBIX OOHAPYKEHWIO HerayccoBoctn B maHHbx CMB WMAP,
nMeercs OJI0K UCCIeOBAHMI, OCHOBAHHBIX HA METOJUKE aHA/IM3a C [MOMOIIBIO BeiBaeros (87,
138]. IlepBble HOUBITKN MCIIOJIBL30BAHUS 9TOM TEXHUKK JijIsi [IOUCKA HErayCCOBBIX OCODEHHOCTEN
npoBoguuchk B 1990-x romax s garabsix COBE-DMR [139] ¢ momormpio BeitBieros Jloberm
(Daubechies), oz auee co cepuueckumu seiisneramu Xaapa (Spherical Haar Wavelet — SHW)
[140]. OcobeHHO TyBCTBUTEIBHBIMA K MIPOSIBJICHISM HETayCCOBOCTH SIBJISIIOTCA C(hepHIecKIe Beii-
BJ1eThl TUIa “Mekcukanckas nuisina” (Spherical Mexican Hat Wavelet — SMHW) [141, 142, 143].
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SMHW wmozkeT ObITH ITOCTPOEH C IIOMOIIBIO €BKJIN/I0BA, BEHB/IETA THUIA “MEKCHKAHCKAL IS
na” (Mexican Hat Wavelet — MHW) ¢ npumenenunem crepeorpadudeckoii pOeKIuu, mpeio-
xkennoit B [144]. SMHW 3aBucur ot Tpex mapamerpoB — obmiero Mmacmraba R u KoopauHaT
(0, ¢) Touknu nHa cdepe, BHIIOJHAIONIEH POJIb MOIIOCA, OTHOCUTEIHLHO KOTOPOrO OCYHIECTBIISIETCS
crepeorpaduyeckas mpoekius. Jlas kaxaoro BeiOopa nenTpa BeiiBjiera y100HO BBECTU HOBYIO
(IITPUXOBAHHYIO) CHCTEMY KOODIMHAT, B KOTODOil IEHTP SBJSIETCS CEBEPHBIM mojocoM. Torma
siBablit Byt BetiBjera SMHW — ciemyrormumii:

- OT B ]

N(R) — HOpMUPOBOYHBI I MHOKHUTE/Ib:

2 4\ 1/2
1 R> . (20)

NR)=R|1+ —+ —
2 4
Paccrosinne Ha kacaresibHOM 1IJIOCKOCTH 33/1aeTCs BEJIMYUMHON Y, KOTOPasi COOTHOCUTCS C I10JIsiP-

HBIM YIJIOM KaK
/

= 2tan —
Y an2,

rje 6/ — nonsipHblil yroJ B IITPUXOBAHHOM cucTeme KoopauHar. Pazioxenue duyKryaluii rem-
epaTypsl O BeliBjaeTaM UMeeT CTaHAAPTHBIA BU;

w(R;0,0) = / sin 0'd0'd¢/ U g(R; 0)AT(0',¢')

[7le MMEeTCd B BUJy, 9TO TEMIIEPATYpa IMEePeCINTAHA B IITPUXOBAHHYIO CHCTEMY KOODINHAT
(nmenHO M3-3a 9TOrO W 3aBuUCHT OT O u ¢). Ha mpakTuke s Kax/10ro mMacuiraba R BeiGuparor
KOHEYHOE€ KOJIMYeCTBO IEHTPOB BeI.}'IBJ'[eTOB7 TO €CTb UMEIOT JeJI0 C KOHEYHbIM YMCJIOM KOS(b(i)I/I—
ueHToB BeiiBsiernoro pasnoxkenus wi(R) = w(R;0;,¢;),i=1,..., Ng.

Koaddunuenrsr Beiisiernoro paznoxkenus: w;(R) auneiinbiM 06pa30oM BBIPAKAIOTCS 1epe3
daykryanun Temmeparypsl. llosromy g rayccoBa curnasa CMB stu koadduimenTsr Takke
JIOJIZKHBl MMEThb T'ayCCOBY craTucTuky. [ljis momcka OTKJ/IOHEHWT OT rayCCOBOCTH HA, 33IaHHOM
MmaciiTabe R MOXKHO OIpEeJeTnTbh HECKOJbKO BenumdnH. Buensa u np. [87| ucmosb3oBasm 1Ba
HIPOCTBIX 3CTUMATOPA HerayccoBocTu: koadbdunuents acummerpun (skewness) S(R) u sxcuecca

(kurtosis) K(R):

Ngr
S(R) = 5~ Y wh(R)/o*(R), e
i=1
1 &
K(R) = - Y wl(R)/o"(R) - 3, 22
i=1

rje Ng — uucio Beitsiernbix Ko3ddunuentos na macmrade R, a o(R) — qucnepcus BelB/IETHBIX
K03 PUIMEHTOB HA STOM MacIITade:

o*(R) = > wi(R) (23)

[0JIb3Ysl JAHHBIN 1T0/IX BTOPbI oIy Ym/id U30BITOK 3K Ha JIBYX IIOCJIE/I0-
Ucnons3 a OJIXOJT, aBTO 87| mo 36bITOK 3KCcIilecca K (R) Ha oCJIeI0
BaJibHbIX MacmTabax Rg = 4.17° u Rg = 5° B ganubix CMB WMAP. [lonyuennas Bejimunta
skcriecca Ha Rg = 4.17° peanusyerca Tosbko B 40 ciygagax u3 10000 nmpu Moie/iupoBaHuy MeTO-
J0M MOHTe Kapﬂo. STOT pe3ysbTaT aBTOPbl HPUHUMAIOT KaK IIOKa3aTeJ/Ib HErayCCOBOCTU KaPThI
WMAP, uto cupasegmuso u mjisa Macmraba Rg. Bueasa n ap. 00HADY KU HETAyCCOBBIN CUTHAT
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BO BCceM wacroTHOM guanazone muccun WMAP (ot 23T mo 94 I''n) u mpogemoHCcTpHpoBain
€ro 9aCTOTHYIO HE3aBUCUMOCTD. Takzke ObLIO ITOKA3aHO, YTO MOC/Ie J00aB/IeHN 3arPA3HEH IO~
ro CUrHAaJIa B BHJE IEPEOIeHeHHOro (poHa K MOJe/IbHBIM rayccoBbiM KapTamM CMB, HerayccoBbrii
curnas He obHapyzkupaercs. Vexoas u3 nocsueHero HaburoeHust, aBropsl [87] 3akiouaior, 4ro
JnobaBieHre rajsiakTudeckoro ¢gora k mogeasim CMB He npuBoauT K BOBHUKHOBEHWIO HErayc-
COBOCTU IIpU IIOUCKE BeiiBjieT-aHan30M. Takike, 4To rajakrudeckue (hOHOBbIE KOMIIOHEHTHI HE
CJIy2KaT MCTOYHUKOM 0DHapy2KeHnHoi HerayccoBoctu Kapthl ILC CMB. Kpowme Toro, B pesysibra-
Te IpUMEHEHUs MEeTO/Ia I0KA3aHO0, YTO CUTHAJ Ha CEBEPHON 1mo/Iycdepe COOTBETCTBYET I'ayCCOBOIA
MOJIEJIN, B TO BpeMsl KaK Ha I0XKHOI noJtycdepe, kKak u Ha 1oJiHoM cdepe, B Janabix CMB na-
6J110/1aeTCsl HErayCCOBOCTb.

10.2 XoJgoauoe Ilaruo

[Ipumenss seitBiaerst Trma SMHW, Kpys u ap. [138] Beiaesinim B MUKPOBOJTHOBOM (hOHE XOJIO/-
noe nsarao (Puc. 12), nmeoniee cioxuyio crpykrypy. CylnecrBoBanneM 3Toro nsiTHa OHU 1 00b-
SICHSIFOT HErayCCOBOCTH CHUTHAJIA Ha IOXKHON mosycdepe. [asmakTudeckne KOOpAHHATH 00IaCTH,
nazsanHoilt Xosogubim [Taraom (Cold Spot — CS), rakue: (b = —57°, 1 = 209°). BeposirHocrsb
COOTBETCTBUsI TAyCCOBOM MOMEIN pachpese/eHns CArHajaa mpu ucroas3osann SMHW cocras-
asier okoo 0.2% [138]. Hacrornas 3aBucumocts curaasa B obsacru CS aHajsoruuna Jpyrum
nsitiam CMB. ABropsr Tak:ke obHapykuju, 9ro npu yiajsenun uz SMHW-ananusa jgannoit
30HBI, OCTABIIANCST MACCUB JAHHBIX COOTBETCTBYET TayCCOBBIM IIPEIITOIOKEHUSIM.

Puc. 12: Cnesa: noJioxkenue nerayccoa Xovionuoro llarna na cdepe B l'ajmakrudeckux Koop-
aunarax. B mearpe: Xosonnoe larao wHa kapre ILC WMAP kpynabiv mianom. Crpasa: 30Ha,
Xosmozmoro Ilarma ma kapre 408 MI'm 1982 1. [145].

Ciepyer ormerutsb, BupodeM, 410 BbiBOAbI Kpysa u ap. [138] kpurukosanucs 2Kanrom u
Xyrepepoum [146] Ha TOM OCHOBAaHWUE, YTO UCIIOJIb30BAHIE BECOBBIX (DYHKITHIT, OTTHIAIOIINXCS OT
SMHW (B yacTHOCTH, rayCCOBBIX BECOB C M3MEHSIEMOI IMUMPUHOTT), HE TPUBOIUT K OOHAPY KEHUIO
HerayccoBoctu curtajia. Takum obpazom, Bompoc o craructuyeckoil 3unadnmoctu CS 10 KOHIA
HE PEIIIEH.

[Tocyie mostyyuenus: yka3aHus Ha HEraycCOBOCTH curuaja B Xojoauom llsarre, a Takke coob-
IIEHUs O IIOHMZKEHHOI 1I0THOCTH nCTOYHUKOB [147] B crulaxkenHbix Kaprax pajauoobzopa NVSS
[148| (xoTopas TOXkKe OFZHAKO MOCTaBaeHa oA comHenue [149]), OBITIO BBLABUHYTO HECKOJIBKO
TUIIOTE3 O €r0 MPOUCXOXKICHNN, CBA3aHbIX ¢ ruraHTckuM 3¢ dektom Cakca-Bombda [147], Tomo-
jorudeckuM jedekrom [43], apredakrom ananuza ganubix [150], npocTbiM CirydaiiHbIM OTKJIO-
merneM 151, 149|. Ormernm, aro takoe narao Ha kKapre CMB WMAP ne yrukansuo [150, 151],
a ero CBOMCTBA OLPEIEeJSIIOTCst B OCHOBHOM Hu3kuMu rapmonukavu (2 < ¢ < 20). Crarucruxa
BHera/JaK THIecKnX o6bekToB B objiactu CS B pasHbIX Jualia3oHax JJIMH BOJH B paMKax IIO-
I'PEIIHOCTH HE OTJIMYAeTCst OT APYrux obJsacreil B JaHHOMN 110J10Ce rajlakThudeckux mupor [153].
Nwmetorca m mpyrue MsaTHA, HErayCCOBBI CBOMCTBA KOTOPBIX TAKIKe OIPEIEISTIOTCS HU3KUMU £
[152]. Kpome Toro, ciejyer orMeruTh APyroii MHTepecHblii MOMeHT, npuBeieHHblil B [150] u 3a-
KJItouaroruiica B oM, uro CS obHapyzKuBaeTcd u B JaHHbIX 1982 1. Ha KapTax HU3KOYaCTOTHOIO
o630pa (408 MI'u) [145] (cm. Puc.12), B koropbix 60sib10il BK/Ia/ B (DOH JaeT CUHXPOTPOHHOE
u3JIy9eHue.
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10.3 Huanerst

B zakiodenne 3Toro pasjesa ynoMsHEM O BTOPOM HOKOJeHuU CPepruIecKux BeiiB/IeTOB — HU/l-
JieTax, KOTopble ObLIN BBeIEHBI B (DYHKINOHAJBHBIN aHaiu3 B paborax [154, 155], cm. puc. 13.
Cdepuueckuii Huyier oupejensiercs kak [156]

0
00.0) = VA 00 (5 ) X Vi (6.0 Yin (01 0), (24
4 m=—/

rue (6, ¢) — koopaunars: Ha cdepe, j — HOMEP HUJIET-TAPMOHUKY, \jj — HOPMUPOBOUHBLH MHO-
wkureab. Touku (O, ¢r) (BepIIUHBI HUIJIETOB) MOIYT ObITH COBMEIIEHBI C IEHTPAMU [IUKCEI0B B
3aJaHHON cxeme muKceam3anuu. ducio B 3amgaer 6a3uc HUUIETOB TaKO#M, 9TO B HErO BKJIIOYE-
HBI TOJIBKO Myabrunosu u3 guanazona ¢ € (B!, BIH] re. dynxuus b(¢/B’) coorsercrayer
byHKIIT OKHa W paBHa Hyro BHe qumamaszona [B/~1 BITY [157).

Needlet shape: B = 2, j = 8

Awplitade
°
T
!

-0.5 L L L L L
-0.6 ~0.4 -0.2

Puc. 13: [Ipumep nuyiera ¢ B =2 u j = 8 B nukcenbHoMm npocrpancrse [157].

[Moaxom ¢ HUAIeTaME UCITOTB30BAJICS [T OTIEHKHU TIEPBUYHOM HErayCCOBOCTH, XapaKTepU3ye-
MOii apaMerpom fNr, ¢ HoMolpio Huier—ouciekrpa [156]. Ero npeumyiiecrso 1o cpasuenuto
€ OOBIIHBIM MOJIXO/IOM, HCIIOIB3YOMINM rapMOHIIecKuii buctekTp (7), cocrout B HosIee ajTeKBaT-
HOIT paboTe ¢ 00J1aCcTsIMU, 3aKPbITbiMU MACKOi. OneHKa BeJuduHbl fy[, MOJydeHHas B pabore
[156] ¢ yueroM BiMsIHUS TOUEYHBIX UCTOYHUKOB, paBHa fNni, = 84 + 40.

11 YryioBoii CIeKTP MOHOIHOCTU

OpHuM U3 3aMedare/bHbIX HPOsiBIeHU Herayccobix ¢BoiicTB Kaprel CMB WMAP gasisercs
aCHMMeTpHs 9eTHOCTH, Ha KOTOpyio obparmin BanManne Kum u Hacensckmit [103]. IIpocroTa
[PEJJIOKEHHOTO MU OJIX0/[a CBA3aHA ¢ BO3MOXKHOCTHIO MCIOJIb30BAHUS JIUIIB YIJIOBOIO CIIEK-
tpa momuoctr CMB C), 6e3 npuBietderns KapT U WHANBUIYATBHBIX TAPMOHUK gy, . [T Taycco-
Ba CJLy4aiiHOrO 1mojis nepBuanbix Bosmyinennit @ (k) ¢ miockum crekTpom MONHOCTH OXKHUJIAeTCst
CyIIeCTBOBAaHUE IIJ1ATO B yIjIOBOM criekTpe Mormaoctu CMB Ha HUBKUX MYyJIBTUIONAX, 00YC/IOB-
aennoro sddexkrom Cakca-Bosabda, a umenno, £(¢ + 1)Cy ~ const. Cdepuueckue rapmMoHuku
IPH OTPAKEHMH KOODJUHAT MEHSIOTCH KaK Yym(0) = (—1)"Vp,(—1). IlosTomy acmvumerpus
B YIVIOBOM CIIEKTPE MOIIHOCTH Jijis YETHBIX W HEYETHBIX MaPMOHUK MOXKET PaCCMaTPUBATHCSH
KaK aCMMMETPUsI MOLIHOCTH Y€THBIX U HEYETHBIX KOMIIOHEHT KapT. ABropsl [103] obuapykuim,
YTO MOIIHOCTh HEYETHBIX MYJIbTUIIOEH CHUCTEMATHYECKU IIPEBBINIAET MOIIHOCTb YETHBIX IIPHU
HeboJibIuX £, u Ha3Ba/u 10T (beHoMmeH ‘acummerpueil yernocru’. Yrobbl KOJMYECTBEHHO OlU-
CaTh TAKyI aCUMMETDPHIO, IIPejIaraeTcs PacCMOTPETh CJIEIYIOINTUE BEJTMINHbI:

Pt = > 00+1)Cy/2m

YETHbIC <lmax

P~ = > (0 +1)Cy/2m .

HEYETHDBIE (<liaqs

349



Ucnons3ys marnbie crektpa mormaoctd WMAP u pe3yabrarsr MomeaupoBanust MeTonom MomTe
Kapuio, asrops [103] paccunranu ornomenne PT /P~ g puanazonos mysabrunosei 2 < £ <
lmaz, 1€ Lnaz nexxur Mexay 3 u 23. Cpasausas Pt /P~ nna nanabix WMAP ¢ anajioruasbiv
OTHOIIEHUEM, IIOJIyYCHHBIM JIJId MOJAEJ/IbHBIX KapPT, MO2KHO OLICHUTHL BEJIMYUHY P, PABHYIO 10JI€
MO/IC/IbHBIX CHEKTPOB, B KOTOPBIX 3Haudenue PT /P~ MeHble ujin PaBHO 3HAYEHUIO JIJIsi KAPThI
WMAP. Boiio 0bHAPYZKEHO, 9TO HUKHSIA TPAHUIA, 3HAUCHUST P MONYIACTCA TPH £pper = 18, T
p pasua 0.004 u 0.001 st jgasabix gty u rpex Jer muccun WMAP coorsercrsenno. Dror
dbakT 03HAUAET, UTO CYNIECTBYET IPEIIOYTEHHe [ HeYeTHBIX Mysabrumnoseii (2 < ¢ < 18) B
nanabix WMAP na yposue 99.6% (¢ nasoxkenoii skpanupyromeit Mackoit B ganubix) u 99.76%
(6e3 Macku). ABTODBI IIPEAIIOIATAIOT, YTO Hu3Kasg aMianTy1a keagapymnoas CMB WMAP moxer
6bITb 4aCTbIO TOH 2Ke AHOMaAJINHN, 9YTO U aCUMMETPpHA YeTHOCTH. C yd€eroM aCUuMMETPpUN MOITHOCTHU
curaajia CMB Ha ceBepHOii 1 10)KHOIT 1OJTycdepax, CU/IbHee MPOsiBIAIONIENCT Ha MY/IBTHIIOIX
2 <0 <19, gyem Ha 20 < £ < 40 [90], aBropst [103] Takxke npejioaraor ob1Iee HPOUCXOXK ICHHE
aHoMasmit B 00JacTH Majbix £, TAaKMX KAK aCHMMETPHs MOIIHOCTH Ha Moaycdepax, HU3Kasd
AMILJINTY/Id KBAAPYIIOJId U aCUMMETPUA YeTHOCTU, KOTOPOE MO2KET MMEThb KaK KOCMOJIOI'MYECKOe
O6'])5[CH€HI/I€7 TaK " 6bITb BbI3BAHO CUCTEMATUKOI B Ha6J’IIO,ZI;eHHHX n aHaJIU3€ JaHHBbIX MHCCHUHN

WMAP.

12 AnxomaJjsuu

Ocoburit maTepec mpexacrapiagaor anomaann Kaprel CMB, obmapyxemnunie B mamubix WMAP.
OrMernuM, 9T0 UMEHHO UM HOCBAIIAETCs OGJIbIasi 9aCcTh CTaTel B HOIYJIsIpDHOM 1Ipecce, rje pac-
CKa3bIBAETCd O HOBOIl (busmKe, IPU3BAHHON OOBIACHUTH OCOOEHHOCTH PACIIPE/IEIEHUS CUTHAJIA.
Haubosiee uzBecTHblE U3 HUX CJIEIYIOIIUE:

® AHOMAJINU KBaJPYIOJisd: HU3Kad amiuTyaa u Och 371a;

® HEOJHOPOHOCTH B pacupesenenuu curnaiga CMB Mexy 10KHBIM U ceBepHBIM mOJTycde-
pamu;

e Xomonuoe IlarHo;

e “gerbipe maJbIEA”;

® “TeMHBII MOTOK”;

e koJjiblla Ha Kapre CMB.

O HEKOTOPbIX aHOMAJINAX Mbl Y2K€ I'OBOPUJIN BbIIIE, OCTAJIbHbIC OIIUIIIEM HUZKE.

12.1 Amnomajiuu KBaJIpyHoJs

C xBagpymnosnem ILC WMAP cBazambr n1Be npobsemser: (1) HemoHATHA IPUYUHA €r0 HIU3KON aM-
winryasl (Puc. 3) u (2) ner oueBunoro obbsicaenns npoucxoxgenus Ocu 3ua (Puc. 11). Ocbio
371a HazbiBaeTCs cpe s gunaus |95, 158|, coenuHsaomas SKCTpeMyMbl KBIPY OIS HJIH OKTYIIO-
JId. TaKI/Ie JIMHUU Yy KBA/JIPDYTIOJIZ U OKTYIIOJIA OKAa3bIBAIOTCA COHAIIPABJ/JICHHBIMU (I/IJII/I COOCH])IMI/I).
B s1oMm ciyuae roBopsar o npobseme BoipasHuBanug (alingnment) wim COOCHOCTH KBaJIPYHOJIs
u okrynosg. Kpome sroro, nabsromaerca “BbicTpamBanue’ IMATEH BJOJIb OCH, a He CAyJailHbIi
pa3bpoc ux 1o chepe. Do gBjieHrne Ha3bIBAIOT HPpobsemoii mwianapaoctu Ocu 3uta. OcobernHocru
CTPYKTYPBI KBaIPYIIO/IsS U OKTYIIOJA 00Cy K Aaiuch Biepsbie Termapkom u ap. B 2004 1. [94] (cm.
soite pasgest 8). Cam repmun “Ockb 3ua” nosiBuisics B 20051, B padore JIsnyx u Marysiixo [95]
(cm. mpenpuaT B astro-ph) B xyprase Physical Review Letters u 6vicTpo cran ¢dbusmaeckmm
TepMUHOM (HAPs/Ly, C TeMHOI Marepueil u remuoit sneprueii). CyniecrBoBaHusi TAKOTO KOCMOJIO-
rudeckoro 3¢dekra oueHb MAJIOBEPOSITHO B rayccoBoil u m3orponHoit Beemennoii u orBepraercs
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-0.20

+0.20

Puc. 14: Xonogubie nsiraa Ha kKapre ILC CMB, dopMmupyiomiue crpykrypy “derbipe mnaJjibia’.

¢ BeposaTHOCTBIO BbImre 94% (95, 158]. Bouto mHemaso pabor Mo UCCIETOBAHUIO MPOUCXOK TCHUS
Ocu 3u1a u BO3MOXKHOIT ee cBsi3M ¢ IKJMNTUKOI 1 ¢ aukennem Cosinednoit cucremsr [93, 99), ¢
0COOEHHOCTBIO pa3/ie/IeHnst KOMIIOHEHT 1 BoccTaHoBenus curaasa CMB |97, 119 u ¢ nooii du-
BUKOI, CBSABAHHON € OCODEHHOCTSIMW DAHHWUX HTAMOB Bosonmn BceemeHnod: anm3oTpomnueii pac-
[IUpEHs, MArHATHBIME TToJisMu 1 T.71. [44, 45, 159]. ABrops! [160] ormedator, 9T0 mIaHAPHOCTH
KBa/JApPyHnoJid U OKTYHOJIA HE ABJIACTCA CTATUCTUYICCKU 3HAYUMOI. OHI/I TaK2Ke€ ITOJYEPKUBAIOT,
4ro octarouHoe uzjydenue pouos B kapre ILC me Biausger cyiecTBeHHO Ha ypoBeHb 3(ddek-
ra. Ipyrue aBropst [161] 3akio4aior, 4T0 XapakKTePUCTUKU HU3KUX MYJIBTHIIOJEH aHOMAJIBHO
CUJIBHO OTJIMYAIOTCH OT CJIYYafHBIX, M CYUTAIOT, YTO 3TO MOYXKeT OBITH 00YCJIOBJIEHO CTATUCTUYE-
CKOI Henm30TPOIHOCTHIO Beesiennoit Ha 60/ibIux macimrradax, jaudo npobsieMamu BOCCTAHOBICHUS
curaaja Mmerogom ILC. Kpome Toro, KBajpyrosb MMeET aHOMAJIbHO HU3KYIO aMILIUTY/Ly, YTO
JIOTIOJIHUTEJIBHO yCyrybJisgeT npobjemMy 3Toro Myabrurosid. [losromy d4acTb yrnoMsaHyThiX paboT
yBA3bIBAET HU3KYIO aMILJIUTYJLy KBaJPyI0Jis ¢ 00iieit 1pobsieMoil HUBKUX MyJ/IbTIiojeil Boob1e.
OrMmeruM, 9TO TEOPETUYECKU IOSIBJIEHNUE MYJIBTHUIIO S C MAJIOi aMIJIUTY/ 10 /IjId rayCCOBBIX pe-
aymzanuit CMB He 3amnpereno.

12.2 Heoauopoauocts curaagsa CMB B pa3ubix mosaycdepax

Pacopesenenne curuasa Mexay mosycdepamu (0XKHO U ceBepHOit) ob/agaer HabIIOIaeMOit
AHM30TPONMEN KaK B IaJAKTUYECKOll cucremMe KOODAMHAT, Tak ¥ B dK/auiTHyYeckoil [162, 123].
Heusorpornnocts curnajia na cdepe BujHA U ‘HEBOODPYKEHHBIM  [JIa30M: KOJUYECTBO SPKUX,
KOHTPACTHBIX IISIT€H B I0KHOW 110J1ycdepe IPEBBIINIAET COOTBETCTBYIOIIEE HUC/IO0 B CEBEPHOM.
D710 pazamane 0OHAPYKUBACTCS IHCACHHO U IIPH pacdere crekTpa MormuocTr [162, 123|, u mpu
BbruncjaeHnn GyHKIMoHa 08 MUHKOBCKOTO (CM. BbINIE pasjen 9).

Kpowme Toro, Bkj1a/i B aHH30TPOIIMIO PACIIpe/ie/ieHns CUrHaJIa Ha cepe /aeT TakxKe 0b6Cy K-
nasumiica seie (cm. pasgen 10.2) adbdexkr Xomomuoro Ilsarua, yacruuno dgpopmupyonero
oxuu u3 “gernpipex masibien’ (cm.14). Dra crpykrypa Takike cBsg3aHa ¢ OKTynosem [73].

HecmoTps Ha npusHnanme CyniecTBOBAHUS aHOMAJIbHBIX CTPYKTYD, CBI3aHHBIX, KAK [IPABUJIO,
¢ muskumu mysabrunossiva (0 < 20), komanga WMAP nosnaraer, 410 ux cyuiecrBoBaHue He
nporusopednt u3orporuu dpoua CMB [73].

12.3 TemHbIl IIOTOK

OpHuM U3 HalpaB/eHUil HOBOW (DUBMKM sIBIASIETCS IMIIOTE33 O BO3MOXKHOM IIPOSIBJIEHUU 4€Pe3
B3auMO/eiicTBIe cocenHell OpamHbl, IpU3BAHHASA OObLICHUTL CTaTHCTHYecKuii 3ddekT, odHapy-
JKEHHBIN [IPU MCCJIEIOBAHUN KPYITHOMACIITAOHBIX MOTOKOB Marepuu. [ljisg moucka moroka Ipu-
MEHIACh OJIHA U3 COCTABJSIOMUX KoMmmoHeHT 3ddexra 3enprosuda-Cronsesa (3C) [163] —
kunemarudeckuit 3pdexr 3C, 00yca0BIEHHBI COOCTBEHHBIM JIBUYKEHMEM CKOILIEHUsI KaK Iie-
Jioro 1o orHoriennio K cucreme orcuera CMB. Mcmosb3ys gaHHbIE O CKOIIEHUSIX TAJIAKTUK
u Bequuuny Guaykryanuii curdasa, CMB B HampapjieHur Ha UX [HEHTPbI, BBI3BAHHOIO 3(Mdek-
oM 3esbaoBuda—CroHAEBa, MOKHO OIEHUTH KOCMOJIOTHIECKHE MapaMeTphl (ITOCTOSHHY 0 Xa00-
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1a Hy n mapamerp mioraocTr o) [164]. ABTOps! ncciemosanus [165, 166| ncronp30Banu qanmbe
WMAPS u karajiora, moCTPOEHHOTO 110 PEHTTEHOBCKUM JA@HHBIM U cojepzKatiero csbime 1000
CKOTTeHnil. ABTOPBI pacCcuuTaan MUMOIL MO 3HadeHuaM mukcenoB CMB, ompemessembrii, mo
ux MHeHUuI0, kuHeMarudeckuMm ddpdexkrom 3C U 1eMOHCTPUPYIOMHI TOCTOSIHHYI) CKOPOCTh, 110
kpaitueit mepe, B macmrabe ~800 Muk. U, kak npe/noaralor aBropbl, OH MOXKET ObITh CBA3aH C
“reMHBIM TTOTOKOM” MaTepuu. Jljis MpoBEPKHU Pe3ysIbTaTOB OHU U3MEHSIN YUCJI0 UCIO/IH3YEeMbIX
ckomeruit or 150 o 700, a takxke npoBoauin mopesupoBanue aunojisi CMB, u B pesynbrare
paccMaTpuBaioT OOHADPYKEHHBIN JUITO0/Ib KAK HAJIEZKHO YCTAHOBJIEHHBIM.

B paGore [167] Oblia npoBepeHa BO3MOXKHOCTH OOHAPYZKEHMsI TAKOIO JMIOJS B JIAHHBIX
WMAP. Ormernm cpasy, aro paspemrerne ILC WMAP (~ 1°) me mo3Bo/isgeT MaccoBO HCCITe-
noBarh 3dpdexr 3C uz-3a majoctu maciiTabo Ha kapre CMB. Ho moxHO, cobpaB 60JibIIyI0
BBIOOPKY 00BEKTOB, n3ydarh 3bdeKT (Uan BepXHUil mpesie/) CTaTUCTUIecKu. Vbl HCIoIb30Ba-
J BbIGOPKY, cojepxaityio 2442 nasekux pajguorasakruk (z > 0.3) [167], u B npejuosnoxe-
HUU, YTO PAJUOTAJAKTUKU $IBJIAIOTCA WHIUKATOPAMU CKOILIEHWUN, U3MEPUJIU BeJIUYUHy (JIyK-
ryauuit CMB WMAPT B Hanpas/jieHun Ha 3TH 00BbEKTHI. DTO MO3BOJUT HAM OIEHUTH CUI-
Hast (MM OBGHAPYKUTH) BO3MOXKHOTO “TeMHOro” moroka. I10JIE3HBIM MOMEHTOM $BJISIETCSA TOT
dakr, uro curnan CMB na kapre daykryarnuit ILC Bblgensercd ¢ UCHOIb30BAHUEM KaHa-
Ji0B, Ha KOTOpbIX ahderr 3C, ecim OH eCcrhb, DyJeT MMETh OTPUIIATEIbHOE 3HAYEHHUE. Ylad-
HO, uTO yrioBoii Macmrab addekra 3C, obnapyxennoro komanmgoit WMAP [76], coorsercTBy-
er paspewenuio kKaprbl ILC 7-ro roga nabsirogenuii. VI3mepeHHble HAMKU LapaMeTpbl JAUIIOJIs
(Tz, Ty, Tz) = (0.003£0.016,0.001 £0.018,0.002 £ 0.010) ¢ ammiuTymoii T)e; = 0.012 1 Moze-
smpoBanurem 200 cirydaliHpIX rayCccOBbIX (DIyKTyaluil CBUIETEIbCTBYIOT, YTO 00HAPYKUBAEMbBIT
o s oramdaercs ot aunoag WMAP CMB u or maiigensoro B paborax [165, 166|. Ilo mammmv
AAHHBIM aMIJIATY/1d JUIIOJIA HAXOJUTCA HUZKE 10'-ypOBH5[ nrymMma MOAEJ/IbHbIX BapHaHHﬁ, u jaeJiaTb
BBIBOJI O CYIIIECTBOBAHUU ‘TeMHOro moToka’ ere pano. [lo kpaiineit mepe, B BujiuMoit Beestennoii
poMuHUpPyeT Xab0J/I0BCKUil TOTOK.

12.4 Koubna na kapre CMB

JlrobonbiTHOE uccienosanne CMB, ocHoBanHoe Ha CTATHUCTUKE CHUTHAJA, [PUBOJAUTCHA B Pabo-
re I'ypsajgana u Ilenpoysa [168]. OHo akTuBHO 00CYK/IAM0CH B HAYYHO-IOLYJISPHONR U OKOJIO-
HOITYJIIPHON IIPecce, MOTOMY 9T0 ObLIO MHTEPIPETUPOBAHO KaK MOATBEPXKJIEHNE KOH(MOPMHO
[UKJIMIECKOl KocMostorun. ABTOps [168] obuapyuan #Ha cdepe TOUKH, BOKPYT KOTOPBIX MOK-
HO nocTpourh kounerpuueckue koabia (Fig. 15) ¢ ruybunoi (15uK), oupenensiemoit aucnep-
cueil TeMIIEPATYPbI, MEHbBIIE 0XKUJAEMOIl HA YPOBHE JOCTBEPHOCTU 60, T.e. BEPOATHOCTH TAKOI
ciydaiiHOl Bapualuyu TeMieparypbl (poHA B KOJIbIe Oyier mopsijiKa 1077. 1 ¢ emie menbueit
BEpPOsITHOCTHIO IMEHTPhI TAKUX KPYTroB OY/IyT COBIAIATH.

[To runorese asropos [168]| rakoit dbeHomen (curHast), roBOPUT O TOM, Y4TO B HPOLLIOM B
JPYTUX 0HAX (IIUK/IAX PACIIMPEHUsI-CKATHS BCeTeH oI ) MPOMCXOINIO B3aNMOIiIeliCTBIE CBEPX-
MaCCHUBHBIX YEPHBIX JIbIP. DTO MPUBOAUIO K BCIBIIMIKAM IPABUTAIIMOHHOIO U3/1yYeHUs, KOTOPbIE
[OSIBJIS/IACH “He B (pOpMe IrpaBUTAIIMOHHBIX BOJIH, HO KaK cheprdecKkue, B 3HAYUTEIbHON CTereHn
U30TPOIHBIE, PACTAJKUBAIOIINE BCIBIIIKA YHEPIUU B IEPBOHAYAILHOM BelnecTBe BeejeHHol, B
Ka4ecTBe KOTOPOro Mbl [aBropbl| Gepem HEKOTOpYIO (hOpMY IEPBUYHON TEMHON Marepuu ¢ UM-
[yJIbCOM ¥ CKOPOCTHIO CBETA, HAIPAB/JEHHLIMHU K HAIllell TTOBEPXHOCTU IIOC/IEHETO PaCCedHus’
[168]. [TyGuukanus Bbi3Basa OOJILIION PE3OHAHC, KOTOPBIH OTPA3U/ICH B aPXUBE CTATEl, HEOXKU-
JIAHHO CTABIIAM aHAJIOrOM (popyMa, ecjid CYJIUThH 10 MOABUBIIUMCS CChLIKAM:

e Moss et al., arXiv: 1012.1305
o Wehus & Eriksen, 2010, arXiv:1012.1268

e Gurzadyan & Penrose 2010, arXiv:1012.1486
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Puc. 15: IIpumepsr koser Ha kapre CMB. Bocrnpoussenero u3 paborsr [168].

Deweiu i Symbul
Fattern A: The happy-face
smiley.

Toclubed Lo it widde culiugal
and scientific nsage.

Unicode symbol 0x263a

Pattern B: The sad-face
amiley.

Includad for comparison with
synlmel &

Unicode smhbol 0x2639

FPattarn C: Thae face of Jasas
from the Turin shroud.

Included becanse it seems to
crop up all over the place.

Does not have a unicede
symbol.

Pattern I): The satamie
pentapram symbol.

Tnelnderd for compariaom anth
=symbaol C_
Umnicode & symbol (x26E6.

Fattern E: The Jook of
disapprowal.

Included for recent cultural d 5
sigmfieanea.

Unicode symbwols 0xCAD and
0x05E.

Puc. 16: Ilpumepsl pa3aundHbix 111ab/I0HOB, UCIOJIB3YEMBIX U OOHADPYKEHHBIX Ha cepe Ipu aHa-
sm3a Heba CMB. Bocnipouseejieno us nepBoalipesibckoii paborsl Zuntz, Zibin, Zunckel, u Zwart,
2011.

e Hajan, 2010, arXiv:1012.1656
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Puc. 17: Cumsosbt 'S’ u '"H’ (Stephen Hawking) na xapre ILC CMB.

e Zuntz, Zibin, Zunckel, and Zwart, 2011, arXiv:1103.6262
o ..., 2011, etc...

He BraBasicb B 0cobble KOCMOJIOTMYECKHE MOIEIN, OCTAHOBUMCSI IIPOCTO HA CTATHUCTHUKE CHUIHA-
ga. Ilpu amanuze ganabix CMB cymecrByer oueHb BakHast mpodJieMa eMHCTBEHHOCTH HAIIei
CAIyYaifHOM pean3alyu, yCyryO Iaromasics eme u TeM, 9T0 MbI ee He 3HaeM. i e uHCcTBeHHOIT
peajim3any Mbl MOYXKEM I10700PaTh 3CTUMATOPBI KOTOPbIE “Jerk0” OyayT HaXOAUTh Pa3/IUIHbIE
HeOXKMIaHHBIe ocobennocTr. IIpuMmep TakuxX 3CTEMATOPOB M MIAO/JIOHOB IMOMCKA IIOKA3AH B IIEp-
Boalpesbekoii crarbe [169] (cm. npumeps: mabdsuonos va Puc. 16). B pamkax 1101061010 noucka,
[IO-BHINMOMY, MOKHO HAfTH W ONTHMAJILHOE ITOJIOKEHHE IIa00HOB B BHIAE KOHIEHTPHIECKIX
KOJIEII,.

12.5 pyrue sadpdeKTol

13-3a ocobeHHOCTEl pacIpesie/ieHns CUTHAIA (UIOIBHO KOMIOHEHTH W3jIydeHus Miednoro
ITyru) ocHosroit Briag Nanakruku nonagaer B yerusie (€ +m) rapmonuku. Hedernsie My/ibru-
[IOJIM B 3TOM CJiy4ae cojepzkar nouru uuctoiit curuags CMB. Torna npu pa3zesienuyn KOMIOHEHT
BO3MOYKHO IOSBJIEHUE MIATEH, CAMMETPUYHBIX OTHOCUTEIHHO TaJaKTHYECKON IIJIOCKOCTH U BO3-
MOXKHO MMEIOLIMX [IPOTHBOIIOJIOKHBIN 3HAK, HA BOCCTaHOBJIEeHHON kapre [170]. Ananoruunas
curyalus OyJIeT u Jjid SKJIUITUYeCKOi 1aockocTu. OCcoDeHHOCTH HEeYeTHBIX TAPMOHUK, JTAOIITIX
nouru uucrelii curnan CMB u uccnegosanbix B [171], B yacTHOCTH, 10CTABUIIM BOIPOC O “HEYET-
woctu” Hameil BeeneHHoil.

CI/IMMeTpI/II/I IATEH TEeCHO CBA3aHbl C BBIAC/JICEHHOCTBIO CUCTEM KOOD/JAMWHAT, B KOTOPbIX 9KBATO-
puaibHas [JIOCKOCTH UJIU TIOJIIOCKHI JIE2KAT B 0COOBIX TOYKAX: MUHUMYyMaX, MAKCUMyMaX U CejIax.
Kpowme nByx “oueBuppbix” HEOECHBIX CUCTEM KOODIMHAT: I'aJaKTUYECKON M IKJIUINTUIECKON, OT-
MeJaeTcs ele U 9KBaropuasbHasi, npuBa3anHas K 3emse ([121, 122, 172]).

U nocnepnee, 4ro Mbl OTMETHM, — Ka3yC ¢ nposisjaenuem cumbosioB 'S’ u "H’ (Stephen
Hawking) (Puc.17), koropsie 6piin obnapyzkensl Ha kapre ILC WMAP u obcyxmanucs fa-
ke B pabore komamasl WMAP [?]. Coracuo pykosomurento muccun Planck f. Taybepy, sra
0CODEHHOCTH OCYTCTBYeT Ha Kaprax skcrepumenta Planck. 9ddekr oOHapykeHust TaKux CuM-
BOJIOB aHAJIOTWYEH MOUCKY I1abJ/IoHOB, npuBejieHubix Ha Puc 16.

13 3akJrouyeHue

Wrak, Mbl jajiu obiiee ONuCaHuEe HEKOTOPBIX TECTOB, MHTEHCUBHO UCIIOJIB3YEMBIX B IIOC/IE/HEE
JlecaTuIeTne I TMTONCKA M W3YUeHWs HerayCCOBOCTH M CTATUCTUYIECKON AHW30TPOINH TAHHBIX
CMB, umeronmx pasjinaayo IpUupoLy.

Heobxoumo ciiesiaTh HECKOBKO 3aMeYaHUil K yHOMAHYTHIM METOaM:
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Kak 0b110 mmoKa3aHO /I Pa3/IMYIHBIX JUAIIA30HOB MYJIBTUIIONEH B OOJBIIOM YHCIe paborT,
B jfanabix CMB WMAP umerorcst ykazaHusi Ha OTKJIOHEHUsT OT I'ayCCOBOCTH, OOHAPY KB~
eMble MeTojaMu (ha30BOr0 AHAIN3A, KPOCC-KOPPEIANUSIMA C FaJTaKTHIeCKIMU (DOHOBBIMUI
KOMIIOHEHTAMU, C MOMOIIBI0 CHEPUIECKUX BEHBJIETOB, (DYHKIMOHAJIOB MUHKOBCKOIO, yI-
JIOBBIX CIEKTPOB MOIIHOCTH M JIDYTUMHU METOIAMHU.

Pazimanbie MeTompl TeCTUPOBAHUS HErayCCOBBIX CBONCTB 4yBCTBUTE/HHBI K Pa3IUIHOMY
THILY IPOSBJIeHUs 3TOr0 (heHOMeHA, HApuMep, (a30Bblil AHAIU3 BUIUT OCTATOYHBIE IIPO-
SIBJIEHUS] TAJIAKTUYECKUX (DOHOBBIX KOMIIOHEHT (MJIM CUCTEMATUKK) B OYMIEHHOM CUIHAJIE
CMB, B TO BpeMms Kak OUCIEKTD M CXOXKHE METOJ/Ibl HEe UYBCTBUTE/JbHBI K TOMY THILY
HeraycCcoBOCTH.

Huzkwe myaprunonn ganasix WMAP CMB meMoHCTpuPYIOT OTKJIOHEHWE OT TayCCOBOCTH
I/I/I/IJII/I CTaTUCTUYECKOM N30TPOIINU MPAKTUYICCKU JJId BCEX METOA0B TECTUPOBAHUA I3TOrO
deromeHa.

VpoBenb 11epBUYHON HErayCCOBOCTU HEKOTOPBIX THUIIOB, HAIPUMED, TAKOI'O, KOTOPBII Orm-
CBIBAETCS TAPaMEeTPOM fNI,, OTEHIBAETCSI METOIAMHI, HEIYBCTBUTEILHBIMEI K OCTATOTHOMY
curnaJty rajgakruaeckoro dpona. Hampumep, “capunys” naraa dona 6e3 u3mMeHeHus: pa3me-
pa, MOYXKHO HOJIYIUTh KapTy € FayCCOBOM CTATUCTUKON PACIpee/eHds CUTHAJIA, OIleHNBAe-
MOIi 10 PACIpEIEIeHII0 TEMIIEPATYPhI, HO CO CBA3aHHBIMU (hDa3aMy PA3HBIX MYJIBTUIIOJIEI.

MogenupoBanue B paMKax IPEJCTAB/IEHU O TayCCOBBIX U CTATUCTUYECKU H30TPOITHBIX
nepBUYHBIX Bo3MymeHusax u cragaapTaoil ACDM-—kocMon0rum CiayKuT BazKHBIM HHCTPY-
MEHTOM /Ijid IOHUMAHWS [IPOIiecca HabJIIO/IeHUil, aHaIIM3a, JAHHBIX U OIEHKH YPOBHS JOCTO-
BepHocTu. ITos1e3HO U MOJIE/IMPOBAHKME C HErayCCOBBIMU /UM CTATUCTUYECKH AHU30TPOL-
HbIMU MMEPBUYHBIMU BO3MYIIECHUAMU C TEMU WJIU UHBIMU KOHKPETHBIMU IIPEAIIOIO?KEHUAMUN
06 ux cpoiictBax. Oxmako ecau CMB nmeer HerayccoBbl CBOiCTBa JApyroil (erme HeBBISC-
HeHHoﬁ) OPpUPOAbI, OTJIUYHON OT 3aJI02KEHHOI B MO/I€/11, IPUMEHEHHUE IOCJICJHEr0 II0AX0/1a
MOZKET HAC OFPAHUYUTH B UHTEPIPETAIUN TaHHBIX.

Y HaC UMEETCH eJIMHCTBEHHAs Peasin3aliust JaHHbix peajbaoro CMB, xapakrepucruku Ko-
TOPOr'0 TOYHO HE M3BECTHBI, TaK Kak ucTuHHbI CMB curnasn ckpsiT rajakrudeckum ho-
HOM, CIVIaXKEH HEerayCCOBOMH JiMarpaMMOil HAIPABJIEHHOCTH, CJIOXKEH ¢ mymom. Jljist ejuH-
CTBEHHOI1, Jlaxke rayccoBoii, peaysm3anuun CMB, B mpuHiiume, MoKHO 10700paTh TECT, KO-
TOPBIN BbIABUT €€ “JIOKHYI0  HErayCCOBOCTb, XOTsi Obl B cujty Toro, uro (1) mabmomenus
JA0OT OTPAHMYEHHBIH HAOOD MAHHBIX, U (2) 5TH JaHHBIE IOJYYEHBI U3 UCXOTHOTO MACCH-
Ba, ABHO COZEP2KaIIlEro0 HErayCCOBbl CUCTEMATUYICCKUE TTOTPEHTHOCTU U BKJIA/bI (i)OHOBbIX
uzjydennii. Borpoc o KOppeKTHOIi OlleHKe CTATUCTUYECKOI JOCTOBEPHOCTH OCODEHHOCTEIA,
obHapy KeHHbIX a posteriori, 10 cux nmop pedbarupyercsa. U B aTom ciryuae odHApyKEHUE OT-
KJIOHEHUs OT T'ayCCOBOU CTATUCTUKU JIJI €IUHCTBEHHON U KOHEYHON peasin3alluu CUTHAJIA
MO2KeT ObITh JIUIIb BOIIPOCOM BPEMEHMU.

[lepciekTHBBI Pa3BUTHS HALIPABJIEHNS, 32ATPOHYTOTO B 9TOM JIEKIINN, CBSI3AHBI C MTOBLIIIIEHAEM
TOYHOCTHU IKCIIEPUMEHTOB U elie 00J/iee aKKyPaTHON OLEHKOM 3arpsa3usaommx pakTopoB, CHUKA-
IONUMU HAIY 3aBUCUMOCTH OT alPUOPHON MHGOPMAIUKA B MPOIECCE MOJIETUPOBAHUS METOIOM
Moure Kapsio. KcrepuMeHTbl ¢ XOPOIIeil 4y BCTBUTEIbHOCTHIO, Takue Kak muccusi Planck, mo-
KPBIBAIOIINE IMTIPOKWI JUATA30H YaCTOT U UMEIOIINe JIYUIlee pa3pelleHne, IT03BOIST IPOBEPUTH
pesyabrarel, nojaydeHabie muccueit WMAP u, Mmoxker ObITh, yTOUHSAT PE3Y/IbTATHI OUCKA, [IEP-
BUYHOU HErayCCOBOCTH.

Acknowledgements. Asrop Gaarosapen csoum Kosuieram A.IIopoumkesuuy u I1.J[.Hacenbckomy 3a

JIOJOTBOPHOE 00CY K IeHue paboT Mo Teme HerayccoBocTu. OraebHas nmpusHareabHocTh B.A. PybakoBy

3a JUCKYCCHUHU U 3aMedYaHusd, IIO3BOJIMBIINE 3HAYUTE/IbHO YJ1y1lIINTb HCXOILHbIﬁ TEKCT, a TaK2Ke€ PaCIINPUTb
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psin pa3nenos, ocobenno “@usnka’, “My/TbTUIIONbHBIE BEKTOPDL , CIIHCOK JUTEPATYPhl. B JaHHBIX nccie-
JIOBAHUSX MCITOJIb30BAJICS OTKPBITHIN apxuB Habmoaennit muccun WMAP NASA. [lina anaansa JaHHBIX
u nocrpoenus uzobpazxenus CMB npumensica naker GLESP® [173, 174]. Asrop npusnarenen ®outy
HekoMMepuaeckux nporpamm Jdvurpus Sumuna “/Aunactus’ u PODPU 3a nommaep:kKy HUCCIEI0BAHUN IO
naHHOM Temaruke. ABTop TakKe npusHareaen H.B.BepxomaHoBoii 3a KOPPEKIUIO CTUJIS TEKCTA.
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