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ApHOTANMA

HensiMu TaHHOTO MPAKTUKYMa ABJISIOTCS O3HAKOMJIEHME C MPOIECCOM aHAJIN3A TAHHBIX
MHUKDOBOJIHOBOT'O M3JIydeHus Ha HeOecHO# cdepe, uccieoBaHne KapT PeJUKTOBOIO U3JIyde-
HUs, [OCTPOEHUE CIEeKTPa MOIHOCTA. Heoxoaumo cremepupoBaTh COOCTBEHHYIO KapTy pe-
JIHKTOBOIO M3Jly4eHus Ha HeOeCHOH cdepe, UCIoJIb3ys MOJIE/b CHEKTPA B CHEHAPUH IBOJIIO-
uuu Beenennoit ACDM u rumnore3y o ciiydaiiHbIX DayCCOBBIX IOJISX HEPBUYHBIX BO3MYIIE-
HUM, 700ABUTh TOYEUYHBIE UCTOYHUKH, CIVIAIUTH €€ rayCCOBOW IUarpaMMOil U WCCIEI0BATH
TOBEJIEHNE CIIEKTPA MOIITHOCTY B 3aBUCHMOCTH OT 3a/IaHHBIX yCa0BuUil. B pe3yibrare BbIIOJ-
HeHUs PAbOThI OTPAOATHIBAIOTCS HABBIKK PAOOTHL C COBPEMEHHBIMYI METOJAMU ¥ CHCTEMAMU
AHAJIM33 JAHHBIX MHKPOBOJHOBOIO (POHOBOIO M3/IydeHusi HA HEOECHOM cdepe.

3agada:
1. Mocrpours kapry CMB B pamkax ACDM.

2. CrenepupoBarh MabJIOH KapPThl ¢ PAJUOUCTOYHUKAMU U CIVIAJUTh €€ TayCCOBOI JmarpaM-
MO#l HaIIpaBJICHHOCTU.

3. HaiiTu cmeKTp MOITHOCTH CyMMBI 9THX KapT.

Heob6xonuMmbie pecypchr:
[lakeT anam3a JaHABIX (DOHOBLIX W3 Tydennit Ha cepe GLESP! [1], 6ubimorexa pacdera GBICT-
poro upeobpazosanus Pypse FFTW? gepcuu ue panee 3.2, Unrepuer, komnsiorep ¢ OC Linux.

ITpomomKuTe IbHOCTh PA0OTHI: 1-2 jTHS.

IIpoBepoyHbIE BOIPOCHI:

1. Yo Takoe CreKTp MOIIHOCTA KAPThl U3JIyIeHus |

2. Kakoe KOJMYIeCTBO TMATEH Ha cdepe 0bpas3yer MyJbTUIOND ¢ HOMepoM £ 7

3. Ha xakux MyJIBTHIIO/SIX BKJIa/] TOUYEYHBIX UCTOYHUKOB B CIEKTD MOITHOCTH CTAHOBUTCH Cy-
IIECTBEHHBLIM !

4. llouemy npu BBIYUTAHUY JUIIOJBHON KOMIOHEHTHI HE MEHSIETCs OCTAJBHOU CHEKTD 7

5. Ckonbko mukoB Ha, crekrpe momuoctu CMB B momenu Beenennoit ACDM mo £ < 1000 ?

*Ony6mukosano: O.B. Bepxrodarnos. 2012. IlocTpoeHue yrioBoro CeKTpa MOIHOCTH PEJIMKTOBOIO H3J1y 9eHUS.
Jlaboparopnas pabota 1. B ku." Habarodameavras u meopemuyeckas kocmonozusn’, Tpyapt Jlerreit mkoast @oma
Omvurpus Sumuna «Junactuay» (7-oit [kousr cospemennoii acrpodusuku, CAO PAH, Huxuwuit Apxer3, 2011)
(M.:URSS, 2012), ¢.369-380.

fe-mail: vo@sao.ru

'http://wuw.glesp.nbi.dk

*http://www.fftw.org
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1 Omnucanme padoThbl

[Ipegnaraemas aboparopuast paboTa MO3BOJIAT KOHCIEKTUBHO M3Y4UTh HEKOTOPBIE MIPOIE/LY PbI
B 00paboTKe KapT PEJMKTOBOIO M3JIYyUeHUs. JTOT HPAKTUKYM SBJISIETCS BCIIOMOrATe/bHON da-
crbio s Jlekunii 3 [2] u 4 [3] nomoxker nouyBeTBOBaTH 0OCOGEHHOCTH aHAIM3A JIAHHBIX Ha cdepe.
Bajjanre BKJTOYALT B Ce0sl CAMOJOCTATOYHOE OMUCAHUE W [IPUMEDBI UCIIOJIb30BAHUS [IPOLE/LYP.

[oBopst 0 BaxKHOCTU MMOHUMAHWA PACHpEe/IeHUs MUKPOBOJHOBOIO (hOHA M yMeHHs 00pa-
IaTbhCd C MYJIBTUIIOJJIAMA U YIVIOBBIM CHEKTPOM MOIITHOCTHU, HAIIOMHUM, 4YTO HCCJ/IE0BaHUE DE-
JINKTOBOI'O M3JIyYeHUs — IeHTpaJibHas pobjieMa COBPEMEHHO HAO/II0MATEIbHON KOCMOJIOIHH.
Tosnbko opun dakr — ase HobesneBckue npemun: 3a OTKPBITHE CAMOrO M3/ydeHus: (npemus
1978r.) u 3a obmapyxkenue ero ¢uykryarnuii (mpemus 2006 T.) — TOBOPUT O MEKIYHAPOTHOM
[PU3HAHUY BAXKHOCTH STOI'0 HAlpaBJieHud ucciemoBanuii. Kocmuyaeckoe MuUKpOBOIHOBOE (POHO-
Boe u3jydenue, npejckaszantoe [.I'amobim B 1946 r.u obuapyxkennoe llen3uacom u YujibcoHom
B 1965 1., gBjIsieTcsi OCHOBHBIM JI0KA3aTE/bCTBOM Teopuu ropsideit Beenennoit. PesmmkroBoe us-
Jiyuenue obpa3oBajock Ha KpacHoMm cwmerienuu z ~ 1100, korja Bo3pact Beesennoii cocraBiisi
Bcero 0k0/10 380 Thic. jier. B o Bpemst 310 ObLIO OITUYECKOE M3JIy4YEHUE I'OPSYero 1rasa C TeM-
neparypoit ~3000 K, oguopomao 3anosnssiiee Bcio Beenennyto. 13-3a pacmupenuns Beeennoit
U, KaK CJIeJICTBUE, ee OXJIayKJEHUs, [IPOM30ILIa PEKOMOMHAIINS BOJOPOA (sApa U JEKTPOHBI
00bEMHUIINCH B @TOMbI) U U3/IyYeHHUE CTA/I0 PACIPOCTPAHATHCA cBO0OAHO. B x01e pacimmpenus
Bcesiennoit TemiiepaTypa peJiiKTOBOIO M3/IyYeHUs yMEHBIIUIACH IPUMEPHO B Thicady pa3. Ceii-
9aC 9TO U3/IyUCHHE XAaPAKTEPHU3YeTCs OUYeHb BBICOKOH cremenpio m3orpomuu (mo 61/T = 1075
Ha PA3IMIHBIX YIJIOBBIX MACIITabax), T.e. OJUHAKOBOW WHTEHCUBHOCTHIO 110 PA3JIUIHBIM HAIIPAB-
serusiv. Ho Teoperndeckn OHO HE MOXKET OBITH aOCOJIIOTHO OJSHOPOIHBIM, T.K. B HAOJIOLAEMOI
BcesenHoit cymecTByOT CTPYKTYDBI (FaJlaAKTHKHA U UX CKOIUIEHHs ), (DOPMUPOBAHIE KOTOPBIX
JIOJIZKHO OBLIO OTPA3UTHCS HA OJHOPOJAHOCTH KOCMUYECKOro Mukpososinosoro douna (CMB —
cosmic microwave background).

CoBpeMeHHbIE TAJIAKTUKNA U UX CKOILIEHUsI 00PA30BAJIUCh B PE3YyJIbTaTe POCTA HEZHATUTE b=
HBIX 10 aMILIATY/I€ HEOIHOPOIHOCTEH IIJIOTHOCTU BEIIEeCTBA, CYIIECTBOBABIIUX J0 PeKOMOWHA-
nmun Bojopoga Bo Bceesmennoii. B yr060if KOCMOJIOrMIeCcKOi MOIEIN MOXKHO HAHTH 3aKOH POCTa
AMILINTY/Ibl HEOHOPOAHOCTE B X0ie pacimupenus Bcesernoit. st 91010 HaM0 3HATH, KAKOBbBI
ObLIM AMILIUTY/IBI HEOJTHOPOJHOCTU BEIECTBA B MOMEHT PEKOMOUHAIMEM. DTO IO3BOJIAET yCTa-
HOBHUTD, 3a KaKO€ BPpEMA OHU MOIJIKM BbIPDACTU WU CTAThb IIOPAJKA €JMHUIBI. HOC.He 9TOro O6.HaCTI/I
C IJIOTHOCTHIO, 3HAYUTE/IBHO MPEBBIMIAIOINIEN CPEHION, JTO2KHBI OBIJIN BBIJIEIUTHCS U3 O00IIEero
pacimpsroerocss poHa U JaTh HAYAJI0 FAJAKTUKAM U UX CKOIJIEHWsIM. AMIUIUTY/a Hada/ib-
HBIX HEOJIHOPOJIHOCTEN IIJIOTHOCTH B MOMEHT PEKOMOWHAIIUU CBsdA3aHa C ypoBHeM (MJyKTyaruit
OT/IE/IMBIIIErOCs M3JIyYeHUsI: TOCKO/IbKY /10 PEKOMOMHAIMU U3j1ydYeHne OBbLIO YKECTKO CBI3aHO C
BEIeCTBOM (9JIEKTPOHBI paccenBaju (POTOHBI), TO HEOTHOPOJHOCTH B IPOCTPAHCTBEHHOM PAaC-
npejejeanu BemecrBsa nNpuBoAM/IA K HEOJHOPOAHOCTAM IIJIOTHOCTU HEPruu MU3JIydYEeHud, T. €.
K pa3/IM4uio TeMIIepaTypbl U3/y4YeHus B PA3HbIX IO IjI0THOCTU obyactax Bceemennoii. Teopus
[IPEJICKA3BIBAET CYIIECTBOBAHNE IIEPUO/IMYECKONl 3aBUCUMOCTH CpPeJIHENl BeJIMduHbl (DIYKTyaIun
OT yIJyioBoro MaCH.ITa6a " OIIMCBbIBACT UX B PaMKaX (i)I/IBI/IKI/I 3BYKOBbIX BOJIH B ILJIa3ME€. BHepBbIe
510T 3 deKT mogBIenns HeomHOpoaHOCTe OBl mpenckazan A./[.Caxaposbim B 19651 4] u
Ha3bIBaETCs ceiiyac CaXapOBCKI/IMI/I OCHUJLJIATIIVUAMM. OCU;I/I.H.HHI_[I/II/I BO3HUKAIOT B PE3yJ/ibTaTe B3a-
uMojieiicTBUS a/inabaTudecKux (OIyKTyaluil IJ0THOCTUA BEIIECTBA C U3JIYUYEHUEM B 3BYKOBBIX
BOJIHAX BOJIM3M MOMEHTa pekoMOuHanuu Bogopoga. CyIecTByer pasjidine B aMILIUTYJE HEO/I-
HOPOJIHOCTEN B 3aBUCHUMOCTU OT YIVIOBOIO MAcCHITaba, M OHO IPOSIB/IAETCS B IUKAX Ha CIEKTPE
MOIIIHOCTHU PEJIMKTOBOI'O M3JIyUeHHUsl, XapaKTepusyoiiem pacipejeieaue remueparypsl CMB va
uebecHoii cdepe. [losoxkenne u Bejindrna 3TUX MUKOB 3aBUCAT OT APAMETPOB KOCMOJIOITIECKON
MOJIe/IU, B YACTHOCTH, OT BEJUYUHBI BKJIa/1a OAPUOHHOIO BEIIECTBA B ODIIYI0 KOCMOJIOIMIECKY IO
IJIOTHOCTh, IJIOTHOCTH TEMHOI SHepruu, mapamverpa Xab0/a, maccel Heiirpuno u apyrux. [lo-
cjie peKOMOWHAIMY BEIECTBO IIePecTaeT B3aUMOJIEHCTBOBATL C M3/IyUE€HUEM U CTAHOBUTCH JIJIs
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Hero npo3padnbiM. Takum obpazom, Hab/i0/[aeMoe ceiidac PeTMKTOBOE U3/IydYeHre XPAHUT BCIO
nHMOPMAIMIO 0 HEOAHOPOMIIOCTAX IIOTHOCTH BO Beesiennoit B mepuoj; pekomOunammu. Pirykry-
ammu CMB 611 oTKpbITEL B 1992 1. mipu ama/in3e TaHHBIX HAOJIIOMEHNI CIIEUAIN3NPOBAHHOIO
cuyrauka COBE (COsmic Background Explorer), 3anyimennoro B 1989 1. u B reuenue HeCKO/Ib-
KHUX JIET IPOBO/MBIIIEr0 U3MEPEHNE MUKPOBOJIHOBOIO (POHA B PAUO/IUAIAZ0HE HA TPEX IACTOTAX.

Anann3 JAaHHBIX PEMKTOBOTO M3IYUEHWS Ha, BCeil HebecHOi cdepe COMEepKUT HECKOIbKO
9TAIOB, BK/IIOYAIONINX

1. perucrpanuio ITaHHBIX B (pOpMaTE BPEMEHHBIX PAJIOB,
2. THKCeTn3aInio,

npeobpas3oBaHme KapThbl B chepriecKre rapMOHUKH,
pasjejieHne KOMIIOHEHT WU3/1y4YeHusd,

AHAJIN3 CTaTUCTUKU CHI'HaAJIA,

A A

Berauciaenne crekrpa C(€) — MONHOCTH CHIHAJIa B 3aBHCHMOCTH OT HOMepa [apMOHUKA
(MynbTHIIONA),

7. OIEHKY KOCMOJIOTUYIECKUX MTapaMeTpOB.

Kazxgprit sran npejcrasiisier co00it OT/Ie/IbHYIO 3a/a4y, PEIIaeMyi0 pa3/IndHbIM HADOPOM MeTO-
noB. llosicnum yactuuano npuseennnie 1maru. Kaprer CMB crpositca wa mosinoit cdepe Ha oc-
HOBAHUU JIAHHBIX, [TOJIyYE€HHBIX HA KOCMHUYeCKux reseckonax. o 2010 r. Obuin nBe KoCMUYecKue
mucenn — 370 30ua61 COBE [5] 1 WMAP? (6], koTopbie mposogmim 0630p Heba Ha HECKOTh-
KUX 9aCTOTaX C IEJIbI0 IMOMCKA MCKAXKEHWH PeJIMKTOBOr0 (POHA. 3a CYeT BPAIEHUs CITyTHUKA
[IOCJIE/IOBATE/IbHO M3Mepsjiach TeMmieparypa ¢ona Ha Hebe, T.e. CTPOUJUCH BPEMEHHbBIE psIbl
T(t), rae B KaxK/Ablii MOMEHT BPEMEHU B COOTBETCTBUM C BbIODAHHBIM BPEMEHHBIM HIArOM ObLIO
npoejeno u3mepenue. llar 06p19HO BEIOMPAETCH PABHBIM B YIJIOBOM M3MEPEHUU TPETU Pa3Mepa
HOJIYIIUPUHBI JIUArPpaMMbl HarpasjieHHOCTH. [loiydeHHble JaHHbIE [MEPEJABAJINCH HA, 3eMJII0, U
C yUIeTOM 3HaHUs [IBUKEHNS 30HIA CTPOWIACH CeTKa MuKcenmsarnuu. T.e. B KaxKIOM IHKCETe
cdepbl B 3aBUCUMOCTU OT HEOECHBIX KOODJUHAT U C y4eToM (POPMbBI IMHUKCETa TPOU3BOIUIOCH
ocpejHeHue u3MepeHubix 3uadeHuit remreparypsl. B 2010 . Obuia 3amymena muccusi Planck,
KOTOpas MPEeJCTABUT PE3y/IbTaThl U KapThl Heba B 2013 1.

Jitst 06paboTKM TaHHBIX UCIOJIB3YETCs FraPpMOHMYECKHU anain3 Ha cepe, BKIIIOIAIONMi pas-
JIOXKEHHe 10 ¢(PepUIecKuM rapMOHUKAM (MyJIbTANIONAM) U uX anaan3. CTan apTHOe Pa3/I0KeHe
Bapuanuii remneparypsl Ha Hebe AT (6, @) na chepuiueckue rapmoOHUKU Yy, 3aIMCHIBAETCS CIe-
JIYIOIIIM 00pa30M:

co m=~
AT(97 gb) = Z Z aémnm(ev ¢) ) (1)
=2 m=—¢
Vinlt.0) = || C T R e, ©)
T = cosf,

rae P (x) — npucoeuHenHbie moMHOMBI JlexKkanpa.
s wenpepeisuoii dyukuuu AT (z, ¢) K03hDOUIHEHTBI PABIOKEHU Ay, 3AMUCHIBAIOTCA KAK

1 21
G — / do [ AT(z,6)Yp (2, 6)do, 3)
—1 0

*http://lambda.gsfc.nasa.gov
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rae Y, o0003HaYaeT KOMILIEKCHOE COIPSKEHUE Yp,.

Ob6paruMm BHUMaHKE, 4TO CHEPUYECKUE TAPMOHUKU Yy, U KOIMDMUUMEHTHI IPU HUX Gy, AB-
JIAIOTCS a) KOMILJIEKCHBIME, b) nBynapaverpuueckumu. Bapuanuu remneparypel AT(6, ¢) as-
JIAIOTCS, €CTECTBEHHO, BEIeCTBEHHOM (yHKInel Koopaunar. Pazjoxenue 1o cpepuaeckum rap-
MOHUKAM OPTOTI'OHAJIbHO, T.€. €CJU YAAJIUTH KAKYIO-In00 rapMOHUKY M3 KAPTbl, OCTABIIUECH HE
m3mensiorca. Cdeprnyueckas TapMOHIKA Ha3bIBaeTCs My abTumoieM. Eit mpummcsiBaerca Homep £.
Kaxast rapmonuka npejcrasisiercs HabopoM u3 2¢ + 1 Mo, OIMUCHIBAIOIINX [TOJI0KEHUE TATEH
Ha chepe u OTMeUeHHBIX B 0bo3HadeHun unpekcoM m. Hajaudue y KaxXjg0ro MyJabTUIONS JABYX
Moz (£, m) ecThb CoieCTBIE JIBYMEPHOCTH UCXOAHON KapThl. [lepBble rapMOHUMKM MMEIOT CBOU Ha-
3Banus: MOHONOJb (¢ = 0), qunoss (¢ = 1), kBagpynoas (¢ = 2) u okrynoss (¢ = 3). B nazsanun
FApMOHUK TaKUM 0OpAa30M IMPOC/IEKUBACTCH KOJIUYIECTBO IATEH, KOTOPbIE OHU (POPMUDPYIOT HA,
cepe — 2¢. MoHOIOIb — 3T0 (DAKTHIECKH TEMIIEPATYPA PEIUKTOBOIO M3y ICHUS (2.73K), no-
MHOXKEHHAsl Ha IIOIa/1b cdepbl. Jumoas — 910 nBa mdTHA, TOPAYEE U XOJIOIHOE, Pa3MEPOM
¢ nojiycepy, UCIOIb3YEMbIX, HAIPUMED, [IJIsi ONUCAHUS JIBUKEHUs] MECTHOM IPYIIbI IajJaKTHK
(peasibho B m3syuednue GhOHA BXOJAT TAKZKE KOCMOJOIMYECKUI JUIO/b U JIUIIOJIb, CBA3AHHBIH
¢ uzayvenuem nanteit asakrukn). Ipu ananuse weopnopoanocreit hbona 0ObIMHO U3 KAPThI UC-
KJIFOYAIOT MOHOIIOJIb U JIUIO/Ib, TeM CAMbBIM I[PUBOJS CPEJHUIl CUTHAJ K HYJIEBOMY 3HAYEHUIO.
Homep mysnbrunosns ¢ coorBeTcTByeT XapakKTepHOMY yrjioBomy macmrady 27/¢ B pajuanax B
OJIHOMEPHOM IeHTpaJjbHoM ceuennu. Ha Puc. 1 npuBesensl pasjinydnble BUIbI KBAJIPYIIOJIE.

B -
S P L

=0.39 I I 4039 =0.39 T +0.33
-0.39 I S 039 -0.39 I - .39

Puc. 1: Cdepuueckne dynknun (kBagpymomnn): Yai (0, ¢) (cos-kommonent: as; = (1,0)) (Bepxumii
caesa), Yo1(0,¢) (sin—kommuonenr: ag; = (0,1)) (Bepxuuii cupasa), Y22(0,¢) (cos—komuonenr:
azz = (1,0)) (mmxunit cresa), Ya2(6, ¢) (sin-kommonent: age = (0,1)) (muzkaUmii cupasa).

[TonyuuB paszsoxkenue 1m0 chepudecKuM IrapMOHUKAM, MOXKHO IE€peiiTu K IMpOIeaype pas-
JlejleHus. KOMIIOHEHT. Pe/lmKkToBoe u3jydenue, Oyaydu 4epHOTEIbHBIM, UMEET OJ[MHAKOBBIE Xa-
PAKTEPUCTUKM HA BCEX YACTOTAX, B TO BPEMs KakK BKJ/aJbl Haleil [ajakTuku u MCTOYHUKOB
MeHAIOTCA. MOXKHO 3anucaTh JJjis PETUCTPUPYEMOTO CUTHAJIA
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Cuenan = (PH + cunzpompon.H. + U.nviau + c60600no-ceobodnoe U. + PaduoHcmounuru)
* JTuaepamma + Illym,
rje cuMBoJI ¥ obo3HaUaer mporeypy CBEpTKH, a cuMBoJ 'I' — TepMuH “u3irydenue’”.

Bxuiaj nameit Fastakruku Jijisi CHHXPOTPOHHOI'O U3JLyY€HUs, U3JLyYeHust LI 1 CBODOIHO-
CBOOO/IHOI'O U3JlyYeHUs! OIIEHUBAETCS 110 JIONOHUTEIbHBIM HAOJIOAEHUSIM 1 dKciepuMenTaM. s
9TOT'0 U3MEPSIOTC CIIEKTPAIbHbIE HHIEKCHI, IOKA3bIBAIOIINE 3aBUCUMOCTD [I0TOKA H3JIyYeHUs OT
JUIMHBI BOJIHBI U YIVIOBOI'O MacuITaba. 3Hasi JUarpaMMy HAIIPAB/IEHHOCTH, /IO IblBAsCh O CBOM-
CTBAX IIyMa, MOKHO PENINTh CHCTEMbI YPABHEHUIl 1 BBIIEINTH peaukToBoe u3imydenue (PU) u3
PerucTpupyemMoro CUrsajia. 3a/iadad 9Ta HEeTPUBHAJIbHA, U MMEHHO B STOMl HPOIEe/yPe CKPbITb
caMble DOJIBIINE IIOJBOJIHBIE KAMHU, HAIIPUMeD, TaKHe KaK HeTOYHOe 3HAHUe [OBejeHUust (POHO-
BbIX KOMIIOHEHT B 3aBUCUMOCTU OT 4aCTOTbl HAOJ/IIO/EHMSI U YIVIOBOI'O MacuIiTada, JuarpaMMbl
HAIIPAB/IEHHOCTH aHTEeHHA U IIyM CHCTEMBI.

Bb1jiesiuB pesinkToBOE U3/1yd€eHHre, MOXKHO, C O/IHON CTOPOHBI, IIOCTPOUTH €0 CIEKTDP MOIIHO-
CTH 1 110 ero ¢hopMe OIEHUTH KOCMOJIOIHYECKHE [IapaMeTpEl, a, C APYToil CTOPOHbI, HCCIIEI0BATh
crarucruky duykryanuit. Cuexrp momuocru CMB nokassiBaer, CKOIBKO dHEPruu Ha KaKux
YIVIOBBIX MacuITabax COJAEpKUTCH B Lpuxojsdiiem ussydenun. s nosnoit cdepsl on ompejie-
JIeTCsl KaK CpejiHee 3HaYeHUe KBAJPATOB BCEX MOJ, I'apMOHUK

¢
1

C) = —— |jagl? + 2 P2

(€) T lag]” + mZ::lW, |

B namHOM BhIpakeHUU YABAMBAIOTCH TAPMOHUKHU C MOJO0M m > 0, 9T0 00bsICHIETCS KOMILIEKC-
HBIM COIpSYKEHUEM TapMOHUK U, CJIEJIOBATE/IbHO, PABEHCTBOM KBAaJIpATOB UX aMIuaTya. OTMme-
TUM, 9TO IIPDU BBIYHUC/JICHUU CIIEKTPa MOIIHOCTHU MbI ABHO 3aKJjlaJdblBaeM B aHaJIU3 JaHHBIX T'U-
[0TEe3y O CJAy4YailHOM rayCCOBOM pPACIIpE/EJEeHUN aMILIUTY/I [IEPBUYHBIX BO3MYIIEHUI, KOTOPOE
OTPazKaeTCd U Ha PaCIpEeNe/JICHUN aMILJINTY/l TaPDMOHUK PEJIMKTOBOI'O U3J1y4YCHUA. 9TO IruIiore3a
HCIIOTBE3YETCS B MPOTIEIype OCPETHEHUs BCEX MO M IS 3aaHHOr0 My/abTumo st £. Bapuanms
AMILIMTY/] MOJI, TAPMOHUKHU JIjist 3aJaHHOTO £ IPOUCXOIUT BHYTPH JOIYCTUMOIO HHTEPBAJIA OlIpPe-
JeJigIeMoro Kak cosmic variance.

Cuexrp mommuocru C(¢) orpaxaer dusndeckue ycjiosus B panHeil Beesennoii u takum 06-
pa3oM siBJisiercst (PyHKIMEl COOTBETCTBYIOMIMX KOCMOJIOIMYECKUX apamerpos [14],

C(t) = Cy(h, Qbh2, QCDMh2, Qp, Qym,.l).

3/€ech, B 4aCTHOCTH, yKa3aHbl 10CTOsiHHAsA Xabbsua h = Hy/100 km/c/Muk, mwiorHocrs 6a-
puomHOit Marepun (), TIOTHOCTH CKPBITOIl Macchl lopps, TWIOTHOCTL “TeMmHON dHeprum’ ()4,
IUIOTHOCTH MACCUBHBIX HEWTpUHO (), MOKa3are/ib CIEKTPa anadaTudecKux BO3MYIIEHUN 1 u
Jpyrue mapaMerpsl. IloydeHHbIe COBpeMeHHbIe 3HAYeHUsl OCHOBHBIX IIapaMeTpPOB TaKue: MOCTO-
siiHast Xabbsia h = 0.704 + +0.014, wiornocrs Bewecrsa §2,, = 0.2726 4+ 0.0016, Gapuonnas
maoTHOCTh £y = 0.0456 4+ 0.0016, Bo3pact Beesnennoit tg = 13.75 £ 0.11 'uraser, creKTpaabHbIi
uzee ng = 0.963 £ 0.016 na macmrabe k& = 0.05 Mux ', Q,kh% < 0.0076, uro paer BepxHuil
upezen Ha Maccy meiirpuso 0.2 eB |7], ycranosiaenusix Ha kouer| 2011 r., B kombunarmuu WMAP7,
BAO (Bapuonnsre Axycrudeckue OCIUIAnuy B PacIpeseeHny raJlakTHK [8]) U MOCTOSHHOM
Xabb6sa Hy [9]).

Takasg mozmens Beemennoit: ¢ A—wrenom, xosonuoit Temuoit marepueit (CDM — cold dark
matter) u HauabHOMN MHMIAITHOHHOM cTauelt (6bicTphIM pacimpennem 10 Momenta 10737 cex)
— naspiBaercd nuadursaiuonuoit ACDM—-mozenbio. Permenne dyHKImnonama, CBI3aHHOTO C TIOATOH-
KO# KOCMOJIOTHYIECKOM MOJEIN K HAOIOMATEIbHBIM JaHHBIM, B HACTOAIIMI MOMEHT MPAKTHIECKN
aBTOMATU3UPOBAHO U BbImoiHgeTcs porpammoit CAMB [10] CMBFust |11, npuanmatoteii co
CBOEr0 BXO/1a KOCMOJIOTMYECKUE MapaMeTphbl M BbIJAIOIIEH B BUJE PE3y/bTaTa IVIAJKUN CHEeKTD
MOIIHOCTH (DIIYKTyaruii MEKPOBOJTHOBOTO (hornoBoro usmyderus (Puc.2).

Ha Puc. 2 ciieBa npuBejena kapra PeJUKTOBOIO M3J/IyYeHUs, IIOCTPOEHHAS 110 JAHHBIM CILyT-
anka WMAP (htpp://lambda.gsfc.nasa.gov) ¢ paspemennem ¢ < 100. Ha Tom xe pucynke
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Puc. 2: Cnesa: kapra ILC CMB, mocrpoenmast mo mamasiM paborsl Muccuu WMAP 7-ro roma
B TaJIAKTUYECKUX KOOpJMHATAX. PUCYHOK TpmBeseH ¢ pa3pemreHueM 10 fp,q, = 150. Cmopasa:
yruiosoii cuekrp motnocru (€ + 1)C(€)/2m kaprer WMAP cenbmoro roga naborouennii [7]. Ha
PUCYHKE TaK2Ke IPHUBEJEHBI Pe3yJIbTaThl U3MEPEHUS YIJIOBOIO CHEKTPA MOITHOCTH (DIyKTyarumit
remneparypsl B 9kcepumentax ACBAR u QUaD (nokaszaubr apyrum nserom). Crtonisoit -
Huell mokazaH Mofenbubiit crnektp gaa ACDM-kocMmosornu ¢ mapaMeTpaMu, ONpeeIeHHBIMM
Ha ocHOBe pesyibraros Muccuu WMAP. CepbiM mperoM MOKa3aH JMAla30H COSMIC variance.
Pucynok BocunpousBefieH c caiita http://lambda.gsfc.nasa.gov.

cmpaBa mokazaH crmekTp Momuoctn CMB mocrpoennsiit mo gamasiv WMAP u apyrux sxcnepu-
MEHTOB.

B nammoit npakTudeckoii paboTe [0 aHaJIM3y JTaHHBIX PEJUKTOBOIO M3/IyY€HUS MOYKHO BbI-
JEeUTD CJIeAYIOIIE JTAITbI:

1. cumyssnust KapThl PEJIMKTOBOIO M3jydeHust g mogean Beenennoit ACDM.
2. [lobaBjieHne B MOJE/IbHYIO KAPTY PAJHONCTOYHHKOB C PA3JINIHON IIOTHOCTHIO IIOTOKA.

3. CrnaxkuBaHue KapThl JUArPAMMOI HAIPABIEHHOCTHA BHIOPAHHOIO pa3Mepa B 00/1aCTH IPO-
CTPAHCTBEHHBIX T'aPMOHUK.

4. BorunciieHne CIeKTpa MOIITHOCTH.

2 IIponenypst GLESP

Ha mepBom srare HEOOXOAMMO CreHEPUPOBATH KAPTY MO 33JJaHHOMY CHEKTPY MOITHOCTHU. Y TJIO-
BO#i CIIEKTP MOIITHOCTH MOYKHO PacCINTaTh, UCIOIB3yda on-line mporpammy CAMB mo agpecy
http://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm.
s ananu3a u JajbHENIero Mo/IeIMPOBaHus MOXKHO ucioib30oBaTh FITS-dait, comepxkariuit
rabauiy B kojguposke ASCII, yinbo 3apanee paccauTaHHbIil (aii, JOCTYIHBI Ha caiite
http://sed.sao.ru/~vo/cosmo_school/presentations/vo/LCDM.dat,
B KOTOPOM 3alluCaHa JABYXKOJIOHOYHAA CUMBOJIbHAA Ta6.}II/IHa C HOMEpaMunu MyJIbTI/IHOJIeﬁ n co-
OTBETCTBYIOIIMUMU 3HAYCHUAME CHEeKTpa MomtHocTu B Mogesnn Bceenennoit ACDM (24=0.728,
Qopm=0.227, 2,=0.046) |7].
Jlnst MojieiMpoBaHus KapThl HCHOJb3yercs: nporpamma clZ2map’ nakera GLESP, koropas
3AIlyCKAETCs CO CJIEIYIONIUMU [MapaMeTPaMu:

cl2map -Cl LCDM.dat -r 6 -Imaz 1000 -nz 2001 -np 4002 -ao alm.fts -o map.fts

B dopmare 3agaHus 910 KOMaH/IbI IPUCYTCTBYIOT caepyomue kiaoun: -Cl — daar nokasbl-
BaeT, 4To ciejaytoruit mapamerp ‘LCDM.dat — daiin co cuekrpoMm MmorHoCcTH; ‘-1’7 — dar
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[IOKA3bIBAET, UTO OyJ/IeT reHepUpOBaTHCH CJIyYailHbI rayCcCOBBIA IIIyM, COOTBETCTBYIOIIUI CJIy-
YaiiHbIM rayCCOBBIM I10JI9M HaYaJIbHbIX BO3MyIlLeHI/IfI IIJIOTHOCTH, C HEKOTOPBIM CTAaPTOBBIM HO-
MEpOM IOCEBa, 3a/JaHHBIM CJIeTYOIIUM [TapaMeTPOM CTPOKH (Hampumep, 31ech 6); ‘-lmaz 1000" —
KJIIOY ITOKa3bIBACT, YTO MaKCUMaJIbHbIH MYJIbTUIIOJIb, [1J151 KOTOPOI'O 6y,u;eT reHeprupoBaTbCAd KapTa
limae = 10005 ‘-nz 2001 -np 4002 — ko4 ‘-nz’ v ‘-np’ 33Ja0T CETKY MTUKCEIU3AINAN, OIPEIeisi-
FOIIYTO THCJIO KOJIEI U KOJIMYeCTBO MMUKCEIOB B 9KBATOPUATBHOM KOJIBIIE COOTBETCTBEHHO (9IHC/IO
KOJIEI BCEIVIA, JIOJIKHO OBbITh HE MEHbINe Ny = 20p4,, @ YUCIO MHKCEI0B B KBATOPUAJIBHOM
KOJIBIE — 2N, 9TO0BI cyiefioBaTh Teopeme HaiikBrcTa U ceaTh MUKCETbl KBA3UKBAPATHBIMN);
KJIFOY ‘-q0’ TIOKA3bIBAET, YTO CJEAYIONuil napamerp ‘alm.fts’ — daila jjs BbIBOA CreHEPUPOBaH-
HBIX KO3 DUIUEHTOB ChEePUIECcKnX rapMOHUK Gy, B Buje FITS-daiina; kiaou ‘-0’ moka3biBaer,
9TO CIeAYomuil mapamerp ‘map.fts’ — daiisr 1jisi BBIBO/A, CreHEPUPOBAHHON KapThl (DJIyKTyaruit
PEJTUKTOBOTO M3JIyY€HUs.

[Mocmorpers kapry MoxKHO, nepesejs ee B GIF-kapruaky u orobpas3us, HapuMep, ¢ MOMO-
IIBIO IIPOTrPaMMBI ‘Tv’:

f2fig map.fts -o map.gif; xv map.gif

[Tocmorpers K03 uUIUEHTH Gy, MOXKHO, IEpeBejd WX U3 JBOUYHOIO IIPEJCTABIEHUA B
ASCII—rabmmity, ¢ momMombio mporpaMmmbr ‘alm2dl:

alm2dl -g alm.fts > alm.dat; less alm.dat

Ha BropoMm srame paboThbl 10 IPAKTHKYMY HEOOXOAUMO CO3/aTh CBOU (hailjl CO CIMCKOM pa-
JIMOMCTOYHUKOB, KOTOPbIE [TOTOM JIOJI2KHBI ObITH HaHeceHbl HA HeO0. Dails T0KEH COepXKATh
undopMaruio He MeHee, yeM 0 20 ucrounukax, sanucannyio B ciaepyiomnem ASCII-opmare:

hh:mm:ss1 dd:mm:ssl  amplitudel
hh:mm:ss2 dd:mm:ss2 amplitude2
hh:mm:ss3 dd:mm:ss3  amplitude3d ,

[7ie B TIepBOil U BO BTOPOIl KOJIOHKAX MPUBOIATCS IKBATOPUATBHBIE KOODJAWHATEHI PATHONCTOIHNI-
KOB, a B TpeTbeﬁ — IIJIOTHOCTBH IIOTOKa B MHH CHI/ICKI/I PpeaJsibHbIX UCTOYHUKOB MO2KHO ITIOJIy49UTD,
nenonb3ya 6a3y mammbx CATS? [12]. Hampuvep, MOXKHO TOCTPOUTE BEIGOPKY PaIHOHCTOIHEKOB
o630opa NVSS [13] (Puc. 3), uposegentoro na paauounrepdepomerpe VLA (CIIIA).

g nobasnenus kK kapre CMB kapThl ¢ HICTOYHUKAMY HYKHO CHAYA/IA CTEHEPUPOBATEH KAPTY
C NCTOYHUKaMUN KOMaHﬂOﬁ:

mappat -fp src.dat -o src.fts -nz 2001 -np 4002

Paszpenienue obenx kapr (MMUCII0 KOJIEI U TUKCEIOB B 9KBATOPUAIBHOM KOJIBIE) JOJIZKHO ObITh
opunakoBoe. Kiitou ‘-fp’ roBopuT 0 TOM, 4TO CjIeytoIuii mapaMerp ‘src.dat’ — (aiia co cnmckom

‘-0’ MCIIOJIB3YeTC sl JIjIsk BBOJIa UMEHU BBIXOJHOrO (aitia 'sre.fts’.

PaaIroONCTOIHNKOB. Kirioq
Jamee obe kaprel: ¢ CMB u mcrounnkamu, MOryT OBITH CJIO2KEHBI C IIOMOIIBIO KOMAHIBI

‘difmap’:
difmap -sum src.fts map.fts -o map_ src.fts
Ha Tperbem sTame mpaxkTuKyMa HEOOXOIUMO Pa3/IOKUTh Ha C(PepUIecKre TApMOHUKN HOBYIO

KapTy ‘map_src.fts’ u criiaguTh ee rayccoBoil amarpaMMoil Hamnpasjernroctu. g pacuera pas-
JIOKeHus 110 CPEPUYECKUM I'aPMOHUKAM HKCIIOIb3yeM CTapylo HpOoLeaypy ‘cl2map’, HO C HOBBIM

‘http://cats.sao.ru
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+0,00e+00 I - +0,30

Puc. 3: Kapra usnyuenns ot uctoanukos B o63ope NVSS [13].

KJIFOUOM:
cl2map -map map_ src.fts -lmaz 1000 -ao alm_ src.fts > /dev/null

3ech KIII0Y ‘—map’ MOKa3bIBAET, YTO OCYIIECTBISETCS BBOJ KapPThI ‘map src.fts’ mis rap-
MOHHYIECKOTO aHAIN3a.
CriiazkvBaHue TPO3BOJMTCS POy POt ‘rsalm’:

rsalm alm__ src.fts -fw 10 -0 alm__ sm.fts

3uech k09 ‘-fw 100 roBOpUT O TOM, YTO JIJIsi CIVIAXKUBAHWUS OY/JET MCIOJIb30BaHA, I'ayCCo-

Ba JMarpaMMa HalpasaeHHocTH pazmepoM 10/, Pesyasrupyionue rapMOHUKH 3alHUCHIBAIOTCS B
FITS-daitn ‘alm_ sm.fts.

Ucnonssys nporpammy “alm2dl’ MmoxHO Bbraucauth cruekrp Mormuaoctu C(£):
alm2dl -lmaz 1000 alm__sm.fts -cl > cl.dat,

KOTODPBIA Busyajusupyercs kKak JByxkojonouHast ASCII-rabiiuiia, Hampumep, ¢ HOMOIIBIO
nporpammbl ‘zmgr’. Kaprel gjg rapmonuk ‘alm_ sm.fts’ MOXKHO IMOCTPOUTH, UCIIOIB3Ys TAKIKE
‘cl2map’:

cl2map -lmaz 1000 -nx 2001 -np 4002 -ai alm__sm.fts -o map _sm.fts
f2fig map _sm.fts -o map_ sm.gif

3 Pesome

J171s1 BBIMIOJTHEHNS IIPAKTUKYMa HEOOXOIMMO CMOIETHPOBATHL HECKOIBKO KAPT C PA3IUIHBIM yT-
JIOBBIM pazperieHuem, Haupumep, i £pq.— 20, 50, 70, 100, 200, 500. CpaBuurh BKJ/1aJ1 Paiuo-
HACTOYHUKOB B CIIEKTD MOIITHOCTH B 3aBUCHUMOCTH OT Pa3pelleHnsd KapThl U OT pa3Mepa CIUIazKh-
Bammeﬁ AnarpaMMbl HAIIPDABJICHHOCTU aHTCHHDbI.

B manHOM IpaKTHKyMe OIMCAHBI HEKOTOPBIE MPOIEIYPhl, KOTOPbIe MOYXKHO BBIIOJTHUTEH HAJ,
KapraMu U C(hepruIecKuMI TapMOHUKAMU, BKJI0Yas MPeodpa30oBaHne CUTHAJIA, BBEIEHNE ITHKCE-
gu3anun Heba, Crira)KuBaHne, U MPOCTERINNN CTaTUCTHIecKnii anaan3. Ilpu ycaoxxHennn 3amadmu
MOZKHO HOAKJIIOYUTDH NPOUEeAYypPYy YAaJIEHUA PAJUONCTOYHUKOB U3 KaPT PA3/IMYHBbIMU METOJaMU U
CPaBHUTD IOy Ya€MbIil CUTHAJI C ICXOIHBIM, KOTOPBIit OBLIT 33/1aH 0 BBIIIOJIHEHNAA BCEX IIPOTELYP.
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Kpowme Toro, B ujeaabHOM cydae MIPOBOIUTCI MOJETUPOBAHUE THICAY CTYIaUHBIX T'ayCCOBBIX pe-
aJan3alnii B 3aJaHHOI KOCMOJIOTMYECKON MO/1esn (no YMOJIYaHUIO, ACDM) U COOTBETCTBYIOINUX
omepanuii Ha | HUMH. DTO [IO3BOJIFET OIEHUTH JTOBEPUTENbHBIN NHTEPBAJT Oy IaeMbIX ITapaMeT-
POB CIIEKTPa U Ka4eCTBO y,Z[aJIeHHH TOYECYHbIX KOMIIOHEHT 1/13J1yqu1/15{ Ha C(bepe.

it yruyOJIeHHOIO M3ydeHus TeMbl PEKOMEH/IYIOTCH K [MPOYTEHUIO MOHOrpaduu 1o Teopuun
CMB |14, 15, 16|, a Takxke 0630p mo paboram na PATAH-600 [17].

Acknowledgements. B manubIx nccieq0BaHUusIX UCIIOIB3YeTCst OTKPBITHIA apXUB HAOIOASHUI MUCCUAU
WMAP NASA. /Ing ananusa Jannbix u nocrpoenust nzobpaxkenus CMB npumensiercs naker GLESP
[18, 19]. ABrop npusHarenen Ponay HeEKOMMepUYecKuX nporpammM JIvurpus 3umuna “AuHactus” 3a 0os-
JIEP2KKY MCCJIEIOBAHMI 110 JIaHHON TeMaruke. ABrop Takxke npusHaresned H.B.Bepxonanosoii 3a Koppex-
[IUIO CTUJIS TEKCTA.
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