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Radiation

Baryons

(Cold) Dark Matter
Cosmological constant
Spatial curvature Q, ~ 0
Hubble parameter

H2
# =Q0(1+2)* + Qo1+ 2)* + Qomo(l + 2)% + Qp + Quo(1 + 2)?
0

where Qk70 =1- Q,«,O - Qb70 - QDM,O — Q/\.
Convenient to use Q0 = Q50 + Qpm,0.



Radiation (CMB)

> We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding
energy density is

pr=agT*~42x10 Berg cm™3.
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Spectrum measured by COBE (1992).
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> We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding

L Wavelength [mm]
energy density is 1 0.67
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T T T T
Pr = ap T4 ~ 4.2 x 10713erg Cmia. FIRAS data with 4000 errorbars |
2.725 K Blackbody

» Converting this to equivalent mass density, we get 800
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Spectrum measured by COBE (1992).
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> We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding

L Wavelength [mm]
energy density is 1 0.67

2 05
T T T T
pr = ap T4 ~ 4.2 x 10713erg Cmia. “oor FIRAS data with 4000 errorbars |
. 2.725 K Blackbody
o
» Converting this to equivalent mass density, we get 3 *°°F 7
=
42 %1013 Z 200} .
PR ——————gmcm S = 4.6x10" 3gm cm 3. 2 o
(3 x 108)2 o
£ oo} 4
» Thus
734 1 1 3
Q 0~ 4.6 x 10 — .45 % 10~5p2 % 5 10 15 20
"0 1.88 x 10-29p2 V [iem]

Spectrum measured by COBE (1992).
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> We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding

L Wavelength [mm]
energy density is 1 0.67

2 0.5
T T T T
pr = ap T4 ~ 4.2 x 10713erg Cmia. “oor FIRAS data with 4000 errorbars |
= 2.725 K Blackbody
o
» Converting this to equivalent mass density, we get 3 *°°F 7
=
42 %1013 3 2 200} e
A~ gmem 3 =46x10"¥*gmem™3. E
"~ 3x108) & € :
£ oo} 4
» Thus
4.6 x 10734 0 L L .
Q. o — 245 % 10~5h2. 0 5 10 15 20
n0 ™ 188 x 10-2942 V em]
» If we include relativistic neutrinos too, then the Spectrum measured by COBE (1992).

value goes up to Q, 0 ~ 4.3 x 107°h72,
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Fraction of critical density
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» Constraints from Big Bang nucleosynthesis: m 107 D E
Pbo =4 X 1073 gm cm~3 which implies 13
Qpoh? ~ 0.02. 3 >
. . . T 1078 He
» Also constraints from CMB anisotropies: o 10 3 3
Qpoh? = 0.02. f:s' 109 ]
2 Li
10710 ]
.

1 2 5
Baryon density (103! g em™)

Tytler et al (2000)



(Cold) Dark Matter

» Virial theorem applied to (Coma) cluster:
(v?) = GM/R.
Measure (v?) from redshifts and also measure size
— calculate M.
Found M ~ 10Mgas.
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(Cold) Dark Matter

» Virial theorem applied to (Coma) cluster:

(v?) = GM/R. i ]
Measure (v?) from redshifts and also measure size . Trzzz,, I
— calculate M. L ll‘ﬂrg frizx |
Found M ~ 10Mgas. - [ II ]
N
> Rotation curve of galaxies: expect v o R~1/2 E 100 [ ] ]
beyond the galaxy (visible) mass = require g

p o< R™2 to fit the flat curve. :{ ]
50 - -

oLL 1 Ll 1
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» Virial theorem applied to (Coma) cluster:
(v?) = GM/R.
Measure (v?) from redshifts and also measure size
— calculate M.

Found M ~ 10Mgas.
> Rotation curve of galaxies: expect v o R~1/2

beyond the galaxy (visible) mass = require
p o< R™2 to fit the flat curve.

» CMB observations (also large-scale structure)
imply Q0 ~ 0.3.
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» Virial theorem applied to (Coma) cluster:
(v?) = GM/R.
Measure (v?) from redshifts and also measure size
— calculate M.

Found M ~ 10Mgas.
> Rotation curve of galaxies: expect v o R~1/2

beyond the galaxy (visible) mass = require
p o< R™2 to fit the flat curve.

» CMB observations (also large-scale structure)
imply Q0 ~ 0.3.

» No viable candidates in the Standard Model of
Particle Physics.



Cosmological constant

SN-la data from various experimental probes
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Padmanabhan & TRC (2003); updated 2013
Data shows that the Universe is accelerating from a =~ 0.6 onwards.
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Cosmological constant
SN-la data from various experimental probes

z
H
2
H

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

No Big ‘i
tiBang

Union2.1 SN la
Compilation

Q

0 ‘}), . 04 10
O

http://supernova.lbl.gov/union/
Require component with w < —1/3, data consistent with w & —1, and Qp = 0.7. 6
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Spatial curvature
Standard “ruler”: the first peak of the CMB power spectrum.

Bond, Jaffe and Knox 19898
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Bond, Jaffe & Knox (1998)
Current constraints are consistent with | o| < 0.01.



Cosmological parameters
Planck collaboration (2016)

TT+owP TT+lowP+lensing ~ TT+lowP+lensing+ext ~ TLTEEE+lowP  TT,TE, TLTE,
Parameter 68 9% limits 68 % limits 68 % limits 68 % limits 68% limits 68% limits
Q. 002222:000023  0.02226£000023 002227000020 002225000016 002226 0.00016 0.02230 +0.00014
[ 01197£00022  0.1186:+0.0020 0.1184 £0.0012 0.1198 £ 00015 0.1193 £ 0.0014 0.1188 +0.0010
1000uc 104085 £0.00047  1.04103£0.00046 1041065000041 104077000032 104087 = 0.00032 104093 = 0.00030
7. 0.078 0019 0.066+0.016 00670013 00790017 00630014 0066 +0.012
In(10%A,) 3.089 £ 0,036 3.062£0.029 3.064£0.024 30940034 3.059£ 0,025 3.064 £0.023
R 09655£00062  0.9677£0.0060 0.9681 £0.0044 0.9645 £ 0.0049 09653 £ 0.0048 0.9667 £0.0040
Ho 6731096 6781092 6790 £055 6127066 6751064 67.74 £0.46
o 0.685+0013 0.692:£0.012 0.6935 +0.0072 0.6844  0.0091 0.6879 + 0.0087 0.6911 +0.0062
Q.. 03150013 0308 £0.012 03065 +0.0072 03156 £ 0.0091 03121 +0.0087 03089 +0.0062
[ R 0.1426£00020  0.1415£0.0019 0.1413 £ 00011 0.1427 £ 0.0014 0.1422£ 00013 0.14170 £ 0.00097
Q. 009597000045  0.09591£0.00045  0.09593:0.00045  0.09601+000029  0.09596+ 0.00030 0.09598 +0.00029
oy 0.829£0014 0.8149 £ 0.0093 0.8154 +0.0090 08310013 0.8150 + 0.0087 0.8159 +0.0086
50l 0.466 £ 0013 0.4521 20,0088 0.4514 £ 0,006 0.4668 + 0.0098 0.4553 + 0.0068 04535 +0.0059
o0 0.621£0013 0.6069 £ 0.0076 0.6066 +0.0070 0623£0011 0.6091 £ 0.0067 0.6083 +0.0066
e 9918 88017 8941 10017 85414 88412
10°4, 2198907 2139 £0.063 2143£0051 2207 0,074 2130 0,053 2142 £0.049
10°4,67%7 1.880 0014 1874£0.013 1873£0011 18820012 18780011 1876 £0.011
Age/Gyr 13.813 £ 0038 13799 +0.038 13.796 +0.029 138130026 13.807 £ 0026 13.799 £0.021
% 1090.00 £ 0.42 1089.94 +0.42 1089.90 £ 0.30 1090.06 + 0.30 1090.00 £ 0.29 1089.90 £0.23
. 14461 2049 144.89 044 14493 £030 14457 £032 144712031 144.81 £0.24
1008, ovcparaeiasmnn 104105000046 1041222000045  LO4126x000041 104096000032 104106 0.00031 104112 £0.00029
Zing 1059.57 £ 046 1059.57 +047 1059.60 £ 0.44 1059.65 £ 031 105962 031 1059.68 +0.29
Faras 147332049 147.60 043 147.63£032 14727031 147.41£030 14750 £0.24
ko 014050£000052  0.14024£0.00047  0.14022::000042  0.14059000032  0.14044 x 0.00032 0.14038 0.00029
IS 3393549 3365£44 336127 339533 3382232 3371£23
keq 001035£000015  0.01027£0.00014  0.010258£0.000083  0.01036+0.00010  0.010322 £ 0.000096 0.010288 +0.000071
1006, 04502£00047  0.4529+0.0044 0.4533 £0.0026 0.4499 + 00032 04512+ 00031 04523 +0.0023
o 299+29 30429 30328 295427 30.2+27 300£27
Fasan 2421 328+2.1 32720 322219 32819 32619
. 1060£2.0 106320 106220 1058519 1062519 106.1+1.8
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Planck collaboration (2016)

TT+lowP TT+lowP+lensing  TT+lowP+lensing+ext TT,TE,EE+lowP  TT,TEEE+lowP+lensing TT,TE,EE+lowP+lensing+ext
Parameter 68 % limits 68 % lLimits 68 % limits 68 % limits 68 % limits 68 % limits
DR . coo... 002222+000023  0.02226 + 0.00023 0.02227 + 0.00020 0.02225 + 0.00016 0.02226 + 0.00016 0.02230 + 0.00014
Bh% sun s 0.1197 £ 0.0022 0.1186 + 0.0020 0.1184 £0.0012 0.1198 + 0.0015 0.1193 £ 0.0014 0.1188 £ 0.0010
1000me < vvv v e v L.04085 £ 0.00047  1.04103 + 0.00046 104106 + 0.00041 1.04077 £ 0.00032 1.04087 + 0.00032 1.04093 + 0.00030
T v mvogs s 0.078 £ 0.019 0.066 +0.016 0.067 £0.013 0.079 £ 0.017 0.063 £0.014 0.066 + 0.012
b T L. T 3.089 £ 0.036 3.062 + 0.029 3.064 £ 0.024 3.094 £ 0.034 3.059 £0.025 3.064+£0023
o s RS 0.9655 + 0.0062 0.9677 + 0.0060 0.9681 +0.0044 0.9645 + 0.0049 0.9653 + 0.0048 0.9667 + 0.0040
T 67.31 £0.96 67.81£0.92 67.90 £ 0.55 67.27 £ 0.66 67.51 £ 0.64 67.74 + 0.46
S wmspiem s 0.685+0.013 0.692 £ 0.012 0.6935 £ 0.0072 0.6844 + 0.0091 0.6879 + 0.0087 0.6911 + 0.0062
Bl sramam s e 0315+ 0.013 0.308 £ 0.012 0.3065 + 0.0072 0.3156 + 0.0091 0.3121 + 0.0087 0.3089 + 0.0062
Qo o niends 0.1426 =+ 0.0020 0.1415 £ 0.0019 0.1413 £0.0011 0.1427 £ 0.0014 0.1422 £ 0.0013 0.14170 + 0.00097
Q. ... ... 009597000045 009591+ 0.00045 0.09593 + 0.00045 0.09601 + 0.00029 0.09596 + 0.00030 0.09598 + 0.00029
LI e 0.829+0.014 0.8149 + 0.0093 0.8154 + 0.0090 0.831+0.013 0.8150 + 0.0087 0.815% + 0.0086



N
N

NCRA+TIFR

Evolution of different components
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