JTEKIINA 3.

Pe/mMkTOBOE M3/TyUueHUe

WA KaK U3MepUTh KOCMOJIOTHUEeCKHe ITapaMeTphl
CcaMbIM TOUHBIM CIIOCOOOM

One2 BepxooaHos

CneyuanbHas acmpogusuueckas obcepsamopus
HuoicHuti Apxbi3




PajroacTpoHOMHYECKHUH BKJIa/f B KOCMOJ/IOTHIO

1) OToxXaecTB/ieHUe pafguoranakTyk (1947-1951)

2) OToxaecTB/ieHHe KBa3apoB (1961)

3) IloacueTbl paanorcTOYHUKOB log N — log S (1964-1997)
4) OTKpBITHE PeIMKTOBOro u3ayueHus (1965, 1978)

5) Koppekiius Teopuu obpa3oBaHust LSS

6) AneptypHbii cuHTe3 (1967-1974)

7) OTKpbITHE MyJ/ibCapoB (1967-1974)

8) MccnenoBaHre IBOUHOIO IyJibcapa (1974, 1993)

9) OtkpriTe Gaykryauun CMB (1992, 2006)

10) OnpepesneHre KOCMOJIOrHUeCKUX napameTpoB (2003)



MeTobl paIMOKOCMOJIOTUU

z=06

Radio Galaxies




Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

MNASA/WMAP Science Team




KocmMmonoruueckuye TeCThl

* Peaiukmoegoe u3sjsyueHue

a) CrieKTp MOILIHOCTH
0) CraTtucThuecKue CBOMCTBa curHasa (rayCccoBOCTh)

KocMo/iocuyeckoe
mecmo




PenukKToBOe M3/1yueHue



HemHoro ncropuu

1) 5.MakKennap: cTopoHHee H3nyueHue /sl BO30Yy KeHHs
JIMTHUU IThaHa, 1941

2) ITpenckaszanue rpyrmrbl ['amoBa, 1946

3) T.IlImaoHOB: HeygansieMbIu 11yM, 1957

4) A.lopoikeBuu, 1.HoBukoB, 1964

5) A.Ilen3uac, P.BunbcoH: otkpeiTie CMB, 1965

6) Iloucku daykyrtauu (B T.4. Ha PATAH-600, rpyrmna
[TapurCKOro) U KOppeKLysi TEOPUH.

7) CnytHUK Penukr I (1980-e)

8) I)x.Marep, /bk.CmyT, oTKpbITUe (QaykTyauun CMB, 1992
9) 3MepeHHe KOCMOJIOTUUECKHX [TapaMeTPOB U
1ccieioBaHre pobJieMbl HErayCCOBOCTH, ceiluac.



Wilkinson Microwave Anisotropy Probe
(WMAP, NASA) (annomayus aexkyuu)

1.4 x 1.6 m primary

reflectors \
dual back-to-back \

Gregorian optics

&———— upper omni antenna

secondary FPA box
reflector

feed horns
passive thermal radiator
thermally isolating
instrument cylinder

(RXB inside)
top deck

star tracker

warm S/C and
instrument
electronics )

reaction

wheels (3)

deployed solar array w/web shielding

5 frequencies:
23, 33, 41, 61, 94 GHz
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ECTh ellle KapThl IMOJIIPHU3aLINN:

K-nonoca (23 I'T'y)

V-nosioca (61 I'T'y):
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Diescription

Symbol

WMAF -only

WMAF +BAO+Hp

Parameters for Standard ACDDM MModel 2

Apge of universe

Hubble constant

Baryon density

Physical baryon density
Diark matter density
FPhyvsical dark matter density

Diark energy density

Curvature fluctuation amplitude, ko = 0.002 Mpe—!

Fluctuation amplitude at 82~ Mpec
Scalar spectral index

Redshift of matter-radiation equality

Angular diameter distance to matter-radiation eq.*©

Redshift of decoupling
Apge at decoupling

Angular diameter distance to decoupling %

Sound horizon at decoupling &
Acoustic scale at decoupling 9
Belonization optical depth

Redshift of reionization

b

fo
Hy
2y
k2
2
Q-h*
7Y
AR

e
da(z«)
Talzx)
Fa(za)

Treion

13.75 £ 0.13 Gyr
71.0 £ 2.5 km/s/Mpec
0.0449 + 0.0028
0.0225815 50055
0.222 £ 0.026
0.1109 =+ 0.0056
0.734 =+ 0.029
(2.43 £ 0.11) > 10—2
0.801 = 0.030
0.963 =4 0.014
31961133
142817127 Mpe

1000.7910-22
37916412157 yr
141167155 Mpe
146,671 Mpe
302.44 4 0.80
0.088 £ 0.015

105 +£1.2

Parameters for Extended Models =

Total density |

Equation of state &

Tensor to scalar ratio, kg = 0.002 Mpc—1 B.A
Running of spectral index, ky = 0.002 Mpc—1! b
Neutrino density 1

Neutrino mass J

Number of light neutrino families ¥

o

e

T

dng /dln k

2y 12
2

Nag

an-0.093
1.0807° 5 575

—1.12+%4%

< 0.36 (95% CL)

—0.034 & 0.026
< 0.014 (95% CL)
= 1.3 eV (95% CL)

~ 2.7 {05% CL)

13.75 £ 0.11 Gyr
70417 km/s/ Mpe
0.0456 & 0.0016
0.02260 £ 0.00053
0.227 £ 0.014
0.1123 % 0.0035
0.72875 516
(244170055 » 10—°
0.800 + 0.024
0.963 £ 0.012
3232 + 87
142387125 Mpe
1090.8910-5%
777303300 vr
140737150 Mpe
146.2 & 1.1 Mpe
302.40 £+ 0.73
0.087 £0.014

104 4+ 1.2

1.002315- 0550
_0.980 £ 0.053
< 0.24 (95% CL)
—0.022 = 0.020
< 0.0062 (95% CL)
< 0.58 eV (95% CL)

+0.56
4.347 oo







Kak nccienoBarth ?

1) Teopus
2) HabnroneHus
3) MogenupoBaHue



Kak HabmonaeTcs ?



Phasing Loops




Kak ananusupyem oaHHble CMB

* Peructpaums: time odered data: T(t)=T(l,b)
* [Iukcenu3anys: map-making v ocpeiHeHHe
NAHHBIX B MUKCeIaxX

* Pa3neneHre KOMIIOHEHT

* AHa/IM3 CTaTUCTUKU CUTHaJIa

* AHa/u3 CTrieKTpa MOII[HOCTH



(1)

I Inkcenu3aiius

urterpupoBanue Ha cepe: C.JI.Cobones (1974)

CylLecTBYIOILIME paHee CXeMbl MTUKCeIU3alin:
1) Ukocasap (Tegmark, 1996)

2) Urny (Crittenden, Turok, 1998)

3) HEALPix (Gorski et al., 1999)




2 CXeMbI ITUKCeTn3aliiu

HEALPix

rMepapxuueckas cxema
MTUKCe/IbHbIe BLIUMC/IEHUS

(Gorski et al., 2005)

GLESP

— ——

A T W .
.
e e o s s i s o o S o o
b e e e b e b e e e b
il Bl infofor byl Slebofrlafofmfofafads
B i e e e e e
i R e el

S —

Herepapxuueckas cxema
rapMOHHUYECKHe
BBIUMCJIEHUS

(Doroshkevich et al., 2005)



Pa3neneHrie KOMIIOHEHT



Antenna Temperature (UK, rms)
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Pa3nesieHre KOMIIOHEHT:

CurHan = (PU +
CuHXPOTpPOH+MbLIb+FreeFree+ucTouHrkm ) * [Inarpamma + ILlym




HuarpamMmsbl HaripaB/ieHHOCTU WMAP

y (deg)

Degrees:
0.88 (K),
0.66 (Ka),
0.51 (Q),
0.35 (V),
0.22 (W)



> Wk

What is the ILC map ?

=1 and Var(cj) — min(wy).
J-1

(ﬁj? (bpﬂ VR') — Wp (T(ﬁp? (bpﬁ I”k) — T(ﬁp? (bp; L’i))a
1=1
oVar(c
Varle) = 5= X o= fel’s g2 =0









MynbTHUIIO/IBHOE pa3/ioyKeHue



Multipole expansion

oo m=l
AT(Q, (Is) — Z Z aﬂ,mm,m(eaé)

[=2 m=—I
L=2 (quadrupole) | L =3 (octupole)

AR ‘

& <




KBapymno/ib




OKTyno/anb




Low multipoles




dopmMurpoBaHUe (PIYKTyaLIUU:

Bo3myliieHys TIJIOTHOCTA BO3HUMKAIOT B BU/Ie 3BYKOBBIX BOJIH -
Caxaposckue ocyuanayuu (1965)

A\ dgk & A~
Ao = 4(—1)" =0 (k)gri(k)Y, m(k)
J (@2m)



CIieKTp MOILHOCTH (pIyKTyaruu PU

Cy = Cy(h, wh*, Qeparh?, Qu, Q. m, ..

CMBfast: Seljak & Zaltariaga, 1997
CAMB: Lewis, Challinor, Lasenby, 2000
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CreKTp MOIIHOCTH (ayKTyauuu PU

1 - 2 ﬂ 2-
O = 57 [lonl +2 2 Jaunf?
oo m=l
AT(Q:, QEE’) — fg ; fa,gjm}/}jm(ﬂ, QE’)

1 2m «
Alm = f—l dx 0 dgbAT(Q,gb) ﬂ,m(xa gb)



G000

&000

4000

3000

1p+1)Cy2n (UK?)

2000

1000

i

(+1)C2n (uK2)

a0®

Angular Scale
0.5°

0.2°

10

100

Multipole moment (1)



(t+1)C, /2m [uK’]

7000

6000

9
o
o
o

'Y
o |
o
[

W
o
o
o

N
Q
Q
Q

100 200

Multipole moment i



Binning
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O11eHKH [apamMeTpoB



I1pobaembl aHaau3a OaHHbIX PeAUKMO8020
U3/1yUeHUS

* Pervcrpaliysi: BpeMeHHbIe pSi/ibl

* [Iukcenu3aius Heba: HAKOIJIEHHUE
NaHHBIX B ITMKCe/Iax

* Pa3zeneHrie KOMIIOHEHT

* AHanu3 CTaTUCTUKHW CUTHAJIA

* AHa/IM3 CITeKTpa MOII[HOCTHU




CIieKTp MOILHOCTH (pIyKTyaruu PU

Cy = Cy(h, wh*, Qeparh?, Qu, Q. m, ..

CMBf{ast: Seljak & Zaltariaga, 1997
CAMB: Lewis, Challinor, Lasenby, 2000



CAMB On-line: http://lambda.gsfc.nasa.gov

LAMBDA - CAMB Web Interface - Mozilla Firefox

File Edit ¥Miew History Bookmarks Tools Help
L v B # & nhttp://lambda.gsfc.nasa.gov/toolbox/tb camb form.cfm ~| g~ =

[ Most Visited~ f@Release Notes EdFedora Project~ EIRed Hat~ EIFree Contentw

AILAMBDA - CAMB We. .. ]@! "CKa»WUTe HaM, 4yTo . i = v
CAMB Web Interface

Supports the January 2011 Release

+ Overview Mnost of the configuration dornmentation is provided in the sample parameter file provided with the application
+ WMAPViewer This form uses JavaScript to enable certain layout features, and it uses Cascading Style Sheets to contral the layout of all the form components. If either of thﬁse features are
+ Online Tool not supported or enabled by vour browser, this form will NOT display correctly.
+ Overview Achions to Ferform
+ Conversion Utllities « Scalar Cr's <1 DoLensing = Linear
+ Overview Veclor Cp's Transfer MNunctions Mon-linear Matter Power (1 IALOTIT)
. Astro. Coords. Tensor C's Mon-linear CMEB Lensing (HALOFIT)
+ Time Converter
Sky Map Output | None w
+ HEALPix Pixel Info
+ Calculators
+ Overview
+ Wright's Advanced Vootor C's arc incompatible with Scalar and Tensor C's. The Transfor functions require Scalar andior Tonzor C's.

Cosmology Calculator The HEALpix synfast program is used to generate maps from the resultant spectra. The random number seed governs the phase of the aim's generated by synfast. The default of

rarn cAanses synfast tn generate A new see from the system time with each ron Specifying a fived nonzero value will retorn fived phases with sncces=ive rins
+ Wright's Basic

Cosmology Calculator | .. 0 ultipoles and k*eta

+ lcosmo's cosmology Scalar Tensor
calculator
2000 Imax 1500 Imax
+ Educational Resources
4000 k*eta 3000 K eta
+ Teaching Resources —
Tensor limits should be less than
 CME Plotter orequal to the scalar limits.
Cosmological Parameters
Use Physical Parameters? | Yes |~ 0.0226 Qph? 0.24 Heliumn Fraction
/0 Hubble Constant 0.114 Q:h* 3.04 Massless Neutrinos
2.725 Temhb 0 Q.,.h2 0 Massive Meutrinos
o Q. -1 Eqn. of State

Done




CAMB On-line: http://lambda.gsfc.nasa.gov

LAMBDA - CAMB Results - Mozilla Firefox

File Edit ¥Yiew History Bookmarks Iool; Help

€«

Most Visited ~

faRelease Notes EIFedora Projectw

FAUIE N http:.-'.-'Ian'ubda.gsfr._:.nasa.gow‘ca|T|b!0utput!carnb 72927334.cfm

AN LAMBDA - CAMB Res... & ]Iél "CKa»@WTe Ham, 4yTo ... 3% | 9

Scalar Dutput
Lensed Output

FITS Output
7 vs
/'S vs. |

Done

fIRed Hat~ EIFree Content -
camb (292334 scalcls.dat
camb_72927334 lensedcls.dat
camb_72927334_scalclsfits
Scalar Modes Plots
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COSMOMC: COSMOlogical Monte Carlo

COSMOMC - Mozilla Firefox

Eile Edit ¥Yiew History Bookmarks Ibols Help
ﬁ ik | [© nhttp://cosmologist.info/cosmomc/ v| [*8~|COsMOMC @
5 Most Visited~ @ Release Notes FiFedora Project~ FIRed Hatv EiIFree Content~
[ COSMOMC | & S
' ' — P ' . ' ' ' B
Cosmological MonteCarlo =
1.02
80
i 1 Bl7=
1 = vy - *
- {76
0.98(
- 74
=" 0.96) L s
|70
0.94
68
0.92
66
0.9 : . - : 64
0.02  0.021 0022 0023 0.024 0.025
o h?
b.U
Samples from WMAP 5-yT likelihood combined with deuterium constraint (0805.0594)
Get help: | | Sea rch | CD*JgIE“‘ Custemn Search
NEW: (July/August 11) CAMB update (high accuracy default option)
(May 10) YHe from BBN, Union 2 supernovae, new getdist options
See the ReadMe file for program documentation and download. Also the CosmoloGUI documentation. =
Done




Basic input data:

1. CMB (C(l) data (CAMB)
2. SDSS Ly-alpha

3. SN Ia

4. Lensing

Sl

Calculated parameters:

1. Om_b hA2 — nnoTHOCTHL OApHMOHHOM MaTepun
2. Om_c h\2 — n10THOCTh TEMHOH MeTepuu

3. theta (Om_L, HO) — 3B.ropu30HT/yIr/10BO€ paCcCTOSTHHE
4. tau — onT. ToJiila 3MoxXu peoHU3aluu

5. 0Om_k

6. f_nu — konmuectBo DM B TspKeJIbIX HEUTPUHO
7. W — ypaBHeHUe COCTOSHHUA

8. N_S — CKaJISIpHbIN CTIeKTPa/ibHbIM UH/IEKC

9

1

. N_t — TEH30pHbIU CIIEKTPaTbHbIK UHIEKC
0, 11, 12, 13, ....
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i 08 f 1 ®oest 1 @oest Hapa eTpOB
o7+ E 0.90 - E 0.90 4
— WMAP — WMAF — WMAPR
—ALL — ALL — ALL
06 | 1 1 1 0.85 1 1 1 1 0.85 1 1 |
.08 0.0z2 0026 .08 o022 0.026 0.6 or 0g [uRe] 1.0
y,h? [ bl
Dg T T T T T Dg T T
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— WMAP — WMAP — WMAP
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06 | 0.6 | 1 1 1 | 08 | 1
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Cemencteo LCDM-mozenen

LAMBDA - WMAP Parameters Matrix - Mozilla Firefox

File Edit View History Bookmarks Tools Help
ém| v B f# # bhttp:/flambda.gsfc.nasa.gov/product/map/drd/parameters.cfm ~| [#§~ ras.ru @,
5 Most Visited v f@Release Notes fIFedora Project~ fIRed Hatv EIFree Content~
Al LAMBDA - WMAP Par... 3 |l Summer School for ... 3 % o
L WMAP Cosmological Parameters Model/Dataset Matrix 2
rviow The parameter contraints recommended by the WMAP team may be found here.
m Model [all are WMAPT |WMAP?+
Ll +SZ+LENS] WMAP7.2|BAO+ |[BAO+ |SNCONST |BAO+ BAO+ [LRG+ |LRG+ LRG+ ||cMB BAOQ LRG HoO WMAP7.2+
:,:::e HO SNSALT SNCONST #g:EL HO EEEONST EE;B HO
[reom | ® | | ® | | | | | | | EEEREREN
poowseerz | @ | | | | | | | | | | | | | |
poomerin | @ | | ® | | | | | | | | ® | | | |
poomsTENs | @ | | ® | | | | | | | | ® | | | |
o [\COMIRUNTENS | @ | | ® | | | | | | | | | | | |
kSZ
peomusor | @ | | ® | | | L I
poousoz | @ | | ® | | | L I
s poowsiny, | @ | A | @ | | | | | ® | | | | | | | A
E peowe @ [ [ [ [ [ | e[ [e[ [ [ [
e | ® | | | ® | | ® | ® | | | | | |
poomree. | @ | A | @ | | | | | ® | | | | | | | A
[rcomeNREL>S | | | | | | | | | | | | | | |
[oncom | ®o| |e® ¢ | | L I
[ weow | o A [ | | e | | ® | | [ 1 [ A
[oweom | ® | | | | | ® | & | | | | | | | |
The Icons Indicate what data Is avallable for a model/dataset palr:
A  Filled Red Triangles Parameters with Markowv chains (WMAP version 4.1, RECFAST version 1.5) A
Filled Green Diamonds Post Processed Parameters with spectra and/or Markow chains (WMAP version 4.0, RECFAST version 1.4.2)
. Filled Green Circles Parameters with spectra and/or Markov chains (WMAP version 4.0, RECFAST version 1.4.2) 3
<
Done




Old Universe — New Numbers

we-0.78 (95% CL)
Q (. 73%0

Q hz— 0.0224 50000
Q 0.044 5004
n,=2.5x 107 %1x0> cm™
Q h2=0.135%0s

Q 0 2 -I-ﬂm

Q h’< 0.0076 (95%CL)

mvc: 0.23 eV (95% CL)
=2.725% 0

n = 410 o CIM %

n— 6.1 x5 1ERL0 “535i0

QQ'=0.1 *oo0t

G '0 84 1004 Mpt

o, Q“— 0.44 %%

A 0.8373 *ase

n=0.93%5
cfn?/d In k= -0.031:3518
r<‘0.71 (95% CL)
= 1089 1
&dcc— 1955
h= 0. 71_nﬂ3
t,=13.7%2 Gyr
=379 5 Kyr
r_ 180*% Myr (95% CL)
AI = 118 Kyr
.= 232377
T—- 0 17+ﬂﬂ'4
=20% (95% CL)
9 07598 *5003

A

d,=14.0"3 Gpc

A

[=301%

A

r=147% Mpc




Planck mission, ESA

Low Frequency Instrument: 30,44,70
HFI: 100, 143, 217, 353, 545, 857 GHz

Zeldovich-Sunyaev effect

MRS

ﬂ.nu --’ n..'.v. .ur. !'lxr-’

['paBUTaI[MOHHBIE BOJIHLI IO B-Mo1e moisapusaivm ?



Knem pe3ynbTaToB Planck
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Planck mission image




PenukT-1

The Relikt-1 experiment - New results.
Strukov, I. A.; Brukhanov, A. A.; Skulachev, D. P.; Sazhin, M.

V.
 1992MNRAS.258P..37

+30 ~1504K

Described as
quadrupole

+HI0uK

180° 90° 0 270° 160°
A

«With 99% confidence, an anomalous signal is detected in a region of
area of about 1 sr, centered at RA=1h30m, Dec=-10deg (I=150deg, b=-
70deg). The brightness temperature of the signal is -71 +/- 43 micro-K
with 90% confidence, including systematic errors.»



Glon = 150deg , Glat=-70deg
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