Lecture 2.

Cosmic microwave background
observations and data processing

Oleg Verkhodanov

Special astrophysical observatory, Russia




Cosmological tests

* Cosmic microwave background

a) Angular power spectrum
0) Statistical properties (gaussianity)

cosmological
tests




To solve problems, cosmic missions had launched
and probably they are not the last



Wilkinson Microwave Anisotropy Probe

(WMAP, NASA)
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Planck mission, ESA

Low Frequency Instrument: 30,44,70

HFI: 100, 143, 217, 353, 545, 857 GHz

2010-2013

1)
2) Zeldovich-Sunyaev effect
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3) Gravitational waves in the B-mode of polarization ?



What do we analyze ?



Maps




And more maps

WMAP 9, Lmax=100
(Hinshaw et al., 2012)

Planck collaboration, 2013
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And polarization WMAP maps too

K-band (23 GHz)

V-band (61 GHz):
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(I+1)Cyf2m (UK2)

Angular power spectrum of CMB
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And more spectra
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Diescription

Symbaol

WMAFP —only

WMAFP +BAO4+Hy

Parameters for Standard ACDMN MModel #

Age of universe

Hubble constant

Barvon density

Physical baryon density
Diark matter density
Physical dark matter density

Diark energy density

Curvature fluctuation amplitude, by = 0.002 Mpc—!

Fluctuation amplitude at 8/~ Mpc
Scalar spectral index

Bedshift of matter-radiation equality

Angular diameter distance to matter-radiation eq.*

Redshift of decoupling

Apge at decoupling
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Sound horizon at decoupling 9

A coustic scale at decoupling 9

Belonization optical depth

Redshift of reionization
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Parameters for Extended Models =

Total density |

Equation of state &

Tensor to scalar ratio, kg = 0.002 Mpc—1 B.A
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Dark Matter Dark Matter

Dark Energy Dark Energy

Before Planck After Planck



How to investigate ?

1) Theory
2) Observations
3) Simulation




How to observe ?



Phasing Loops

_—Earth




Data analysis of CMB

* Registration: time odered data: T(t)=T(L,b)

* Pixelization: map-making and restoration data in pixels
* Component separation

* Multipole analysis

* Pixel statistics of the CMB map

* Angular power spectrum analysis and determination of
cosmological parameters



Map-making procedure

d=FPm-+n

d is the TOD, m is the map of pixels
P is the pointinx matrix of (INd, Np) elements

To estimate m, the GLS method is used

5

v =n'tn=(d' —m'P")V(d— Pm)

V minimizes variance of estimation of m,
taking noise inverse covariance matrix:

V-!'=N= (nn')



(1)

Pixelization

Intergration on a sphere: S.L..Sobolev (1974)

Some pxelization schemes:

1) Icosahedron (Tegmark, 1996)
2) Igloo (Crittenden, Turok, 1998)
3) HEALPix (Gorski et al., 1999)




Packages for 2 schemes

HEALPix

Hierarchical scheme
pixel calculations
Based on 12*2/An equal pixels

(Gorski et al., 1993, 2005)
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Non-hierarchiacl scheme
harmonic calculations
Based on gaussian quadrature

(Doroshkevich et al., 2005)



Component separation



Emission components (WMAP)

Antenna Temperature (UK, rms)
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Component separation:

Signal = (CMB +Synchrotron+dust+FreeFree+CO+radiosouces)*Beam +
Noise




y (deg)

WMAP beams

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



CMB restoration

Two basic properties of CMB:
1) Black body emission — same temperature at

all wavelengthes;
2) Correlation of CMB and foregrounds should

be close to zero: because CMB is a random
gaussian process




What is the CMB (ILC) map ?

Y wp =1 and Var(cj) — min(wy).
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NASA maps




And Planck maps

Planck 2013 results. XII. Component separation
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Multipole expansion



Multipole expansion
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Quadrupole
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Low multipoles




Formation of anisotropy:

Density perturbations arised in form of sound waves
(A. Sakharov, 1965)

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



Angular power spectrum of CMB anisotropy

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

CMBfast: Seljak & Zaltariaga, 1997
CAMB: Lewis, Challinor, Lasenby, 2000
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Angular power spectrum of CMB anisotropy
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Angular power spectrum
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Binning
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Estimation of parameters



Data analysis of CMB

* Registration: time odered data: T(t)=T(L,b)

* Pixelization: map-making and restoration data in pixels
* Component separation

* Multipole analysis

* Pixel statistics of the CMB map

* Angular power spectrum analysis and determination of
cosmological parameters



Angular power spectrum of CMB

Cy = Co(h, Wh*, Qepah®, Qn, Q,n, ..

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
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COSMOMC: COSMOlogical Monte Carlo

COSMOMC - Mozilla Firefox

Eile Edit ¥Yiew History Bookmarks Ipols Help

=~ @ [ nttp://cosmologist.info/cosmomc/ - | [~[cosmoMC @&
5 Most Visited v #Release Notes FiFedora Project~ FiRed Hatv fIFree Content~
| [e) COSMOMC | & v
Cosmological MonteCarlo |

1.02

80
1l : ) J 78 *
F 76
0.98f
- {74
=" 0.96} L 7T
|70
0.94f
68
0.92
66
0.9 : . . . 64
0.02 0021 0.022 0.023 0024 0.025
2
QD_U h

Samples from WMAFP 5-y1 likelihood combined with deuterium constraint (0805.0594)

Get help H . . Search CD\'JSIK‘T' Customn 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

S

Calculated parameters:

1. Om_b hA2 — density of barionic matter
2. Om_c h/A2 — density of DM

3. theta (Om_L, HO) — sound horizon/angular distance
4. tau — optical depth of reionization

5. Om_Kk - curvatire

6. f_nu — amount of DM in heavy neutrino
7. w — equation of state

8. n_s — scalar spectral index

9

1

. I_t — tenzor spectral index
0,11,12,13, ....
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Diagrams of
parameters




Cemenicteo LCDM-Mmozennen

LAMBDA - WMAP Parameters Matrix - Mozilla Firefox

File Edit View History Bookmarks Tools Help
%A v £ i |#& http://lambda.gsfc.nasa.gov/product/map/drd/parameters.cfm v | *8~ |ras.ru [}
i Most Visited v f@Release Notes EiFedora Project~ EIRed Hatv EIFree Content~
A LAMBDA - WMAP Par... ¥ |[o| Summer School for ... 3¢ <& v
| WMAP Cosmological Parameters Model/Dataset Matrix 2
rview The parameter contraints recommended by the WMAP team may be found here.
m Model [all are WMAPT |WMAP?+
AN +SZHLENS] WMAP7.2|BAO+ ||BAO+ ||SNCONST [BAO+ BAO+ ||LRG+ ||LRG+ LRG+ |CMB BAO LRG HO WMAP7.2+
ware HO SNSALT SNCONST [Ho+ HO Ho+ Ho+ HO
TDEL SNCONST |CMB
ies
[rcom | ® | | ® | | | | | | | | ® | ® [ ® | o |
poomeoerz | @ | | | | | | | | | | | | | |
poomimn | @ | | ® | | | | | | | | ® | | | |
poowitens | @ | | ® | | | | | | | | ® | | | |
o [romiRuNTENS | @ | | ® | | | | | | | | | | | |
ksz
poomusor | @ | | ® | | | o I
poomnsoz | @ | e | | | o ]
i poomny . | @ | A | @ | | | | | ® | | | | | | | A
poomvie | @ | | | | | | | ® | | ® | | | | |
- (oo | @ | | ® | | | ® | o | ® | | | | | |
poomece. | @ | A | @ | | | | | ® | | | | | | | A
[rCOMNREL> | | | | | | | | | | | | | | |
— | ® | | ® | & | | ] N
e | ® | A [ | [ ® | | ® | | A
|owepw | ® | | | | | ® [ o | | | | | | | |
The lcons Indicate what data 1S avallable 10r a model/dataset palr:
el (=] rnangles arameters wi darkow chalns version 4.1, Version 1.
Filled Red Triang| P ters with Markow chai MAP version 4.1, RECFAST version 1 A
Filled Green Diamonds Post Processed Parameters with spectra and/or Markov chains (WMAP version 4.0, RECFAST version 1.4.2)
9 Filled Green Circles Parameters with spectra and/or Markowv chains (WMAP version 4.0, RECFAST version 1.4.2) e
£ |
Done




We were waiting for
Planck results




Cosmological results:
WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

Comparison of Planck-only and WMAP-only Six-Parameter ACDM Fits®

Parameter Planck WMAP Difference
(“CMDB+Lens”) (9-yoar) value WMAP o

Qph* 0.02217 £+ 0.00033  0.02264 + 0.00050 0.00047 0.9
Q.h? 0.1186 4+ 0.0031 0.1138 = 0.0045 0.0048 1.1
f2a 0.693 £ 0.019 0.721 £ 0.025 —0.028 1.1
T 0.089 £ 0.032 0.089 £ 0.014 0 0

to (Gyr) 13.796 = 0.0568 13.74 =0.11 H6 Myr 0.5
Hy (km s~ *Mpe™t) 67.9 + 1.5 70.0 £2.2 —2.1 1.0
o (.823 + 0.018 0.821 £+ 0.023 0.002 0.1
2 0.0481° 0.0463 £ 0.0024 0.0018 0.7
2 0.257" 0.233 4+ 0.023 0.024 1.0

No revolution...



Cosmological results:
WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

Comparison of Planck-only and WMAP-only Six-Parameter ACDM Fits®

Parameter Planck WMAP Difference
(“CMDB+Lens”) (9-yoar) value WMAP o

Qph* 0.02217 £+ 0.00033  0.02264 + 0.00050 0.00047 0.9
Q.h? 0.1186 4+ 0.0031 0.1138 = 0.0045 0.0048 1.1
f2a 0.693 £ 0.019 0.721 £ 0.025 —0.028 1.1
T 0.089 £ 0.032 0.089 £ 0.014 0 0

to (Gyr) 13.796 = 0.0568 13.74 =0.11 H6 Myr 0.5
Hy (km s~ *Mpe™t) 67.9 + 1.5 70.0 £2.2 —2.1 1.0
o (.823 + 0.018 0.821 £+ 0.023 0.002 0.1
2 0.0481° 0.0463 £ 0.0024 0.0018 0.7
2 0.257" 0.233 4+ 0.023 0.024 1.0

No revolution... But there are some strangeness...



Cosmological results:
WMAP9 and Planck data

http://lambda.gsfc.nasa.gov

Comparison of Planck-only and WMAP-only Six-Parameter ACDM Fits®

Parameter Planck WMAP Difference
(“CMDB+Lens”) (9-yoar) value WMAP o

Qph* 0.02217 £+ 0.00033  0.02264 + 0.00050 0.00047 0.9
Q.h? 0.1186 4+ 0.0031 0.1138 = 0.0045 0.0048 1.1
f2a 0.693 £ 0.019 0.721 £ 0.025 —0.028 1.1
T 0.089 £ 0.032 0.089 £ 0.014 0 0

to (Gyr) 13.796 = 0.0568 13.74 =0.11 H6 Myr 0.5
Hy (km s~ *Mpe™t) 67.9 + 1.5 70.0 £2.2 —2.1 1.0
o (.823 + 0.018 0.821 £+ 0.023 0.002 0.1
2 0.0481° 0.0463 £ 0.0024 0.0018 0.7
2 0.257" 0.233 4+ 0.023 0.024 1.0

No revolution... But there are some strangeness,
which we can see in the next lecture




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55

