Jlekius 1.
Kocmonozus ¢ paduomeneckonamu.
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Heckonbko c/10B 0 riporpamme CaxapoBa-3e/ib0BrUUa

Kocmomukpodusvka: meMopaHayMm 10-TU UHCTUTYTOB




MeToabl paIOKOCMOJIOTUU

z = 1000
CMB

.~ cMym§oe epemsi

z=06

Radio Galaxies




Tecmbl paduokocmono2uu

* Peaqukmosgoe u3siyueHue
a) CriekTp MOILIHOCTH
0) CraTtucThueckKue CBONMCTBa CUrHasa (rayCCoBOCTD)

* Paduozanakmuku

a) 3aBHCHMMOCTbB “pa3mep - KpaCcHOe CMellleHue”
0) 3aBMCUMOCTBH “IIJIOTHOCTB IOTOKA - KpaCHOe cMelljeHue”
B) 3aBUCHMMOCTb Log N - Log S (“umc/io MICTOYHMKOB - TTIOTOK”
r) I'paBUTAL[MOHHOE JIMH3UPOBAHUE
n) dopmupoBaHMe KPYITHOMACIITaOHON CTPYKTYPbl
e) Bo3pacT 3Be3HbIX CUCTEM
* Ilyabcapwl
a) [IBOViHbBIE T1yJ/IbCaphl - U3/TydeHHe I'PaB. BOJIH
0) I[IynbcapHasi ceTKa — permcTpaijys rpaB. BOJIH



PajroacTpoHOMHYECKHUH BKJIa/f B KOCMOJ/IOTHIO

1) OToxXaecTB/ieHUe pafguoranakTyk (1947-1951)

2) OToxaecTB/ieHHe KBa3apoB (1961)

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

5) Koppekuus Teopuu obpa3zoBanus LSS (1970e-1980e)
6) AneptypHbii cuHTe3 (1967-1974)

7) OTKpbITHE MyJ/ibCapoB (1967-1974)

8) Kuntmarurka rasaktuk B HI (21cm): DM

9) NccnenoBaHre ABOMHOIO ITyabcapa (1974, 1993)

10) OtkpsbiTHe Quykryauun CMB (1992, 2006)

11) OnipeneneHre KOCMOJIOTMUECKUX TTapameTpoB (2003)
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YTo Takoe paguoTe/1eckorn ?




YTo Takoe paguoTe/1eckorn ?

ACTPpOHOMHUYECKHUM UHCTPYMEHT Ji/Is1 TIpUémMa

COOCTBEHHOT'O pa/InOM31yueHrsi HeOeCHbIX 00BEeKTOB

NMeeT 2 OCHOBHBIX 3/IeMeHTa:

aHmMeHHOe YCmpoucmeo u paduomemp.




I1lapamMeTpbl paguoTe/1eCKOIOB
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JuarpaMma HanpaB/IeHHOCTH
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Knaccudukanus paguoTe/1eCKornoB

(EcenkuHa, KoponabKos, Ilaputickuii, 1973)

1) c 3amomHeHHOM anepTypoli (e.g. mapabanon/ bl BpailjeHus)
2) C He3aro/JHeHHoH ariepTypou (e.g. untepdepomMeTpsl, AIIIT: PATAH-600)

1) pednekrtopsr (vaim, ATIII, ...)
2) pedpakTophl (peleTku, KpecTsl, ...)

1) mocsegoBaTe/IbHOTO CUHTE3a
2) napa/uieIbHOTO CUHTEe3a



PaauounTepdepomerp

Opgxo Habmogenue - 1 Touka Ha UV-nimockocTu

H'rl.ﬁ,JlIU,'],H.E‘.l-'II:xIF’.l “y"l',.llli}lil{}l‘fi pasMep HCTOYMHHKA

B 1 B 1
- 2Au 20AD/N)’

Ps

e Au HPOCTPAHCTBEHHAA HaCTOTd,

AD — mar upu cmene Has.

A
o
Y




Paguonnrtepgepomerp
CO CBepX/l/IMHHON 0a30H

Very Long Baseline Interferometry
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repeated for several
different quasars

separation (ccur'afe to 2 cm)



Kakue paduomesneckonbl no/ae3Hbl 0151 UCCAe008aHUl
8 obsacmu Kocmono2uu ?




Kakue paduomesneckonbl no/ae3Hbl 0151 UCCAe008aHUl
8 obsacmu Kocmono2uu ?
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PajroacTpoHOMHYECKHUH BKJIa/f B KOCMOJ/IOTHIO

1) OToxXaecTB/ieHUe pafguoranakTyk (1947-1951)

2) OToxaecTB/ieHHe KBa3apoB (1961)

3) IloacueTbl paanoncTOYHUKOB 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) KrHematuKa rasakTuk 1o 21cm (HI)

9) NccnenoBaHre ABOMHOIO ITyabcapa (1974, 1993)

10) OtkpsbiTHe Quykryauun CMB (1992, 2006)

11) OnipeneneHre KOCMOJIOTMUECKUX TTapameTpoB (2003)



AnTeHHa KapJsia IHCKOro

Carl Jansky

1933, New York Times,
paJron3aydeHue 13 LieHTpa ['anaktvky, lambda=14m

AHCKUM - Terepp U eIMHMIIA U3MePEeHMs TVIOTHOCTH MOTOKaA:
1 Jy = 10A-26 Wt / (m/2 Hz)
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D=9.5m,
lambda=1.9m

IlepBas kapta, ApJ, 1944

Mieunbiv [1yTh,
Jlebenn,Kaccuornes



Nutepdepomerp Maptuna Paunna

Hauaso 3pbl ucciieoBaHUsI paloraaakKTUK

2 elements, 440m

Fi1G. 1.—Spaced-aerial interferometer used on a wave-length of 37 m.

(Ryle, Smith, Elsmore, MNRAS, 1950)

/N‘MM‘* _ , | Cygnus A

1 1 1 J 1
16.00 17.00 18.00 19.00 20.00 U.T.

FiGg. 3.—Section of record obtained with spaced-aerial interferometer, showing the intense
radio stars in the constellations of Cygnus (16.20) and Cassiopeia (19.30).

OtoxpaectBnenue (Baade, Minkowski, ApJ, 1954)



Nutepdepomerp Maptuna Paunna
KemOpumpKckuii niHTep(epoMeTp

The Third Cambridge Catalogue
157 MHz, 178 MHz
(Edge et al., MNRAS, 1959)

3C -> 3CR, 3CRR, >9 Jy, 550src
(Riley, Longair)

http://www.jb.man.ac.uk/atlas

4 (hUKC. 371eMeHTa

CTaTUCTHKa paJuOMCTOUHUKOB
(Log N - Log S)

Kgazap 3C273
(OtoxpgectBnenue: M.Schmidt, 1963) 3C33 3C315



Nuatepdepomerp MapTtrHa Pauna

OpnomunbHbIM PT M.Panna
(M.Paiin, Y®H, 1969)

3 napaboJsionza (20m):
2 3aKperieHbl, 1 TOABUKHBIN,
74cm, 21cm

Pajguoresieckon DJHTOHU XbIOHUIIIA
. b “ R & )

: ; F '_,,“"5-:1 \
By - MRS _, SN ]~ aKpOBbIﬁ PT

Nobel Prize: M.Ryle, A.Hewish, 1974



Nutepdepomerp uM. MapTtuHa Pania

BT e

Mullard radio observatory
8 elements of 13m, 18m-5km,
2cm

ITepepopMaTHpOBaH B

* ZS ---> HO
* Radio sources for deg-scale CMB with VSA
* Early galaxy clusters

Arcminute
MicroKelvin
Imager



PATAH-600 1 mouck aHU30TPOITUU

ITaputickuti, Kopoabkos, 1986
Berlin et al., 1975-1984
Iaputickuti u op., 1976-1982

* dT/T < 10/(-3-5),

* Log N - log S (cm-dm sources)

* 7S (Coma)

* Radio galaxies

* alpha (dT/T) for synchrotron (“Gene” Project, new equipment)



27 antennae of 25m

NVSS (New VLA Sky Survey, Condon et al., 1997), 45”, 2.5 mJy
FIRST (Faint Images of Radio Sky at 20 cm, Becker et al., 1998), 5”, 1mJy

*Log N -LogS
* Clustering
* Source structure

* Standard Rod

£
Owens Valley, CA’ M.
* Grav. lenses Mauna Kea. g |0 oM L RS Hancock, HH

~ Horth Liberty, 1A

* Distant AGNs VLBA M AT

+10 antennae ek




Arecibo radio telescope

Cdepuueuecku pediekrop, D=305m
3cm-1m, radar

* Hulse, Taylor, 1974: PSR B1913+16
* 1st ms pulsar: PSR B1937+21
* Spectroscopy of local Universe

- B, | gt T
(N o, P




A.Penzias and R.Wilson antenna

HauaJsio 3ps1 ucciegosanva CMB

._'_JI---..- ='_-‘:._ _...__. [

Hoimdeﬂ horn antenna, 1965 — CMB discovery
15m length 1978 — Nobel Prize
4.08 GHz (Wilson, Penzias, Science, 1967)



Westerbork radio telescope

14 antennas of 25 m, E-W, 27 km
120 MHz - 8.3 GHz
WENSS - 325 MHz, 18 miu

* Distant radio galaxies
* Protoclusters
* Low frequency Log N - Log S



Green Bank Telescope

90 m, 6 cm
GB6 survey, >18 mJy

* Log N-LogS
* No clustering
* Condon: Bce PI' y>xke otHab/mogeHbI B GB6



Green Bank Telescope

by

[Toce 16 Hos16pst 1988r.




Green Bank Telescope

+$100M

110 m,

290 MHz-100 GHz
Since 2002




Cosmic Backgound Explorer (COBE, NASA)

DIFFUSE INFRARED

'BACKGROUND EXPERIMENT o INFRARED ABSOLUTE. Differential Microwave Radiometer

: : SPECTROPHOTOMETER =
MICROWAVE RADIOMETERS  \ Z (DMR)

%) MICROWAVE RADIOMETER (GeOI”ge SmOOt) -CMB ﬂuctuations

_ INSTRUMENT AND

SPACECRAFT ELECTRONICS

Far-IR Absolute Spectrophometer
(FIRAS) - CMB Planck spectrum
0.1-10mm, (John Mather)

, Diffuse IR Background Experiment
. - IR  (DIRBE) - dust emission, 1.25-240mc
(Mike Hauser)

31.5, 53, 90 GHz
Orbit: 900 km

map BB spectrum



CKOJIBKO 3KCITepUMEeHTOB I10 ucciaenoBsanuto CMB ?



CKOJIBKO 3KCITepUMEeHTOB I10 ucciaenoBsanuto CMB ?

> 60! http:/lambda.gsfc.nasa.gov/product/expt
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LAMBDA - Data Products

Done

+ NASA Mission Data
+ WMAFP
+ COBE
+ IRAS
+ SWAS
+ Related Data
+ Planck 5Z
+ ACT
+ SPT
+ More CMB
=
+ Images
+ Foreqround
+ LSS Links

CMB Experiments

LAMBDA - CMB Experiments - Mozilla Firefox

v| ¥4~ hwer speclra B-mode@,

Below is a list of known CME experiments, with links to their home pages (if available), a brief description, and, whenever possible, links to internal LAMBDA pages
which provide the publicly available data from these experiments. LAMRDA serves as a long-term repository for these archives. If an experiment of interest to you is
missing from the list, or there is experimental data you would like to provide, please contact us via the suggestion form.

The left-most colum contains links to the individual project websites, which will typically provide the most comprehensive collections of data. The second column
contains links to project data held at LAMBDA. Initially the data at LAMBDA might be a subset of the data at the project website, but the LAMBDA holdings will grow
with time and they will be maintained as a permanent archive.

Cosmic Microwave Background Anisotropy Experiments

Links to Project | Data rull Year Status I-min 1- miax Frequ- Detectors Polariz- | Type
Website At Name ency ation
LAMEBDA (GHz) Values
ABS - Atacama B-mode [ 1 | Active - - 145 Bolometer Yes | Ground
Seaich 2011-date
ACBAR FPower |Arcminute [ B (Completed |80 2700 150, 219, |Bolometer Mo Ground
Spectra [Cosmology 2001-2008 274
Bolometer Array
Receiver
ACME/ HACME - Advanced [ 1 |completed|10 120 26-35 HEMT Mo Ground
Cosmic and
1988-1996
Microwave 38-45
Explorer /
HEMT+ACME
ACT DATA  |Atacama [ W |Actve - - 148, 218, |Bolometer No Ground
Cosmology 2008-date 277
Telescope
A Arciminule [ H |Aclve - - 12-18 Intermeromeler Mo Ground
MicroKelvin 2005-date
Imager
AMIBA - Array for [ Wl |Active - - 20 - Yes Ground

RAlCToNAIS S




Degree Angular Scale Interferometer (DASI)

13 element interferometer

26-36 GHz
NSF Amundsen-Scott S.Pole station

! T ! ! !

LOOF -+ oeooee O N e ]
= ) e I T rrrrrrrrrrrrrrrrrrrrrrrrrrrr
] i
= i,. o T

o ——— e —y

0 200 400 600 800 1000
I (angul le)

E-polarization discovery (2003)



Cosmic Background Imager (CBI)

Chajnantor Observatory
Chealiean Andes, 5080m
26-36 GHz,

Sarcm<th<ldeg, 300<1<3000

CBI (1999-2006yr) CBI 2 (2006-208yr)
13 antennas of 0.9m 13 antennas of 1.4m
: - 14h
— L - :___: o i I)QyU
% 2000 |/ \g \'\.\ ™ S Tclﬂ \‘.— W‘/A‘}}'v_
= 1000 ‘qg_j)\? \@7\75 S J Y/ i WEWF{



Baloon Observations Of Millimetric Extragalactic
Radiation and Geophysics (BOOMERanG)

Baloon, 1.2m - mirror,
16 horns, 145, 245, 345 GHz

1)e, /or (1KY

i+

* Universe geometry (1998)
* CMB T-anisotropy (2003)




Wilkinson Microwave Anisotropy Probe

(WMAP, NASA)

1.4 x 1.6 m primary
reflectors

dual back-to-back
Gregorian optics
secondary FPA box
reflector
feed horns

passive thermal radiator

thermally isolating

instrument cylinder
(RXB inside)

top deck

star tracker

warm S/C and
instrument
electronics )
reaction

wheels (3)

deployed solar array w/web shielding

5 frequencies:
23, 33, 41, 61, 94 GHz

Jlyuiiiee oripezesieHue

Kocmosiornueckux rmapaMmeTpos !

2001-2011

I(1+1)C /2 [uK?]

(H1)C /27 [uK?]

Swingby

—Phasing Loops

7 . Earth

Angular Scale
20 0.5°

0.2°

L

Lo 1 1 1 L

10

100 500
Multipole moment 1



Planck mission, ESA

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

Zeldovich-Sunayev effect

MR

ﬂ.nu --’ n..'.v. .ur. !'lxr-’

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



Minimum Detected Flux Density (Jy)

107”0 H v Ton.1 1 101000000% 0% 0°

Moore's law for RT's

Radio Telescope Sensitivity History

« Jansky
« Raber
« CIiff Int,
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«2C
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s .Goldstone
5 ]
%é 2 * WSR‘II;.-’-‘-.T.-’-‘-.N
+300 ftpr &ibo WSRT
JArecibo .
. sAregibdiho)
VAL "
« (EVLA)
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Atacama Large Millimiter Array (ALMA)

ESO, NRAO, NOAJ, Canada, Taiwan
50 anntenas of 12 m

Compact array: 4x12m, 12x7m

Size: 150m — 14km

Resolution: 10mas

Wavelengths: 0.3-9.6mm

Till Sept.2011 opening: 1000 obs. proposals

* ALMA deep field
* Star formation epoch




Low Frequency Array (LOFAR)

LOFAR core Station of dipole antennas

Phase array of 20000 dipole antennas

48 stations

Wavelengths: 1.3-30m

D=1000 km, Aeff = 1sq.km
* Reionization: 6<z<10 RG (HI)
* Massive Galaxies: 1.5<z<7
* Cosmic rays: 10N6-10A11 GeV



Square Kilometer Array (SKA)

SKA Cenlral Region

Dense LiShcs

Aperfure Arrays

Sparse
Aperture Arrays

Australia or South Africa
Construction 2016-2024
Regions: 5 km - 0.5area of 3 arr.
180 km - mid & low stations,

3000 km — stations of 20 dish ant.

* Gravitation: pulsars

* LSS at 21 cm, galaxies & cluster for DE

* Dark ages

\;‘\\ N "\\\ »\\\\\ b \\\'\,

\\ :

Low Band
Dipole antenna
70-200 MHz
90 el., 100m

Mid Band
3m-3m tiles
200-500 MHz
60 m groups

Dish Array
0.5-10 GHz
thous.of 12m




Radioastron mission

IlnvHa BoJiHbL: 1.2, 6.2, 18, 92cMm
UysctBuTe/ibHOCTH: 10,1.3,1.4,3.2 MAH
HIupuna I'JI: 540, 106, 37, 10 yria.mc
Amnoren 340000km, nepuren 640km

1 EIeprIe AbIPbI, dAKKPELIMOHHbIE JHUCKHU




Bce To/1IbKO HAUMHaeTCAa !
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