Cosmology

and Large Scale Structure
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Cosmological Parameters

The search for two parameters has become six, maybe seven

two parameters siX parameters
® Hubble expanSlon rate ° Hubble expansion rate
° H()
. Ho

* Power spectrum index and normalization

* Mass density

o, —

* n [P(k) < k"]

* oy (amplitude of mass fluctuations in 8 Mpc spheres)

* Mass-energy density

Or simply H,, g, * Normal matter (baryon) density €,
but in the absence of dark energy, + Dark matter density Q
i CDM
qdo = Egm * Dark energy density (cosmological constant) €2,

* Neutrino mass density £2  (they’re mass as well as energy)



CMB power spectrum ,
2 Baseline model

Detailed shape of the acoustic power spectrum 2.1  base_plikHM_TT lowl_lowE

depends sensitively on cosmic parameters. | | |
p y p Parameter Best fit 68% limits Parameter Best fit 68% limits Parameter Best fit 68% limits
Qp,h? 0.022126  0.02212 £ 0.00022 | g2 0.6116 0.611 = 0.012 H(0.15) 72.23 72.25 +£0.78
Q. h? 0.12068  0.1206 =0.0021 | os/h"® 0.9938 0.993 + 0.016 Dy(0.15)  647.8 647.7 £ 7.9
1000nc 1.040748  1.04077 £ 0.00047 | raragh 98.40 98.5+ 1.6 H(0.38) 82.50) 82.52 + (.56
T 0.0523 0.0522 = 0.0080 | (d*)'/* 2.4537 2.454 + 0.038 Dy(0.38) 1542.6 1542 + 16
In(10'°A,)  3.0413 3.040 £ 0.016 Zre 7.54 7.50 + (.82 H(0.51) 89.310 89.32 + (.44
. n 0.9635 0.9626 +0.0057 | 10° A, 2.0933 2.092 + 0.034 Dy (0.51 1996.8 1997 + 18
Multipole moment, ¢ . ‘ . M(0.51) ‘
Yeal 1.00046  1.0004 £0.0025 | 10°A.e > 1.8853 1.884 + 0.014 H(0.61) 94.998 95.01 +0.35
- 2 10 50 500 1000 1500 2000 2500 - . . A e , o L
- 6000 — , v : : : : ASIE 18.5 48 + 7 Dy 1231.7 1234 + 15 Dy (0.61) 23223 2322 + 20
§ /{ £ESZXCIB 0.32 Do 5710.4 5713 + 42 H(2.33) 23675  236.7+13
. 5000 | | Atz 7.03 5.1 +2.0 D51 2538.2 2536 + 14 Dy(2.33) 57778 5778 + 16
“:’ 254.9 263 + 28 D120 815.5 814.4 + 5.1 fos(0.15) 04642 0.464 +0.012
._g 4000 | 19.8 19 + 8 Daooo 229.94 229.5 + 1.8 o5(0.15) 0.7500  0.7492 = 0.0075
g 47.3 14+9 Ne.0.002 0.9635 0.9626 = 0.0057 | fos(0.38)  0.4804  0.4798 £ 0.0095
-
‘5’ 3000 F i 119.9 115 £ 10 Yp 0.245295  0.245297 ) ooooss | os(0.38) 0.6638  0.6631 = 0.0060
S—= 0.00 < 4.84 0.246621  0.246617 ) oooose | fos(0.51) 04779 0.4773 £ 0.0082
() _
= 2000 8.86 8.0 +18 10°D/H 2.6321 2.634 + 0.042 os(0.51) 0.6208  0.6202 = 0.0055
o 10.80 10.7+ 1.8 Age/Gyr 13.8300 13.830 = 0.037 o<(0.61) 04722 04716 =0.0072
8_ 1000 f i AdustTT 19.43 18.3 + 3.3 z, 1090.292  1090.30 = 0.41 | 04(0.61) 0.5904  0.5899 + 0.0051
- AJostTT 94.8 933+ 74 r, 144.442 144.46 + (.48 fos(2.33)  0.29733  0.2971 £0.0025
()]
= 0 : : — — - €100 0.99965  0.99961 = 0.00061 | 1006, 1.040956  1.04097 £ 0.00046 | 04(2.33) 0.30613  0.3059 = 0.0027
90° 1° 0.2° 0.1° 0.07° _ _ , , o . |
Ca17 0.99825  0.99826 + 0.00063 | Dy(z.)/Gpc  13.8759 13.878 + (0.044 143 30.49 31.2 £3.0
Angular scale | e o 1axa17
H, 66.86 66.88 + (.92 Zdrag 1059.437  1059.39 + 0.46 o 33.34 33.6 £2.0
0x 0.6791 0.679 =0.013 Tdrag 147.182 147.21 + (.48 £ SN 107.77 1082 +1.9
2. 0.3209 0.321 +0.013 kp 0.14058  0.14054 = 0.00052 | 2.1 305.88 397.0 1.7
O h? 0.14345  0.1434 £0.0020 | 1006p 0.161051  0.16107 £ 0.00027 | &1 23.60 23.9 +1.3
Best-fit cosmology obtained from multi-parameter fit. Qi 0.095909  0.09589 £ 0.00046 | = 3412.7 3411 + 48 Clis 758.7 7714 +£55
Well Constralned, but not unlque - lots Of parameter Os (0.8126 0.8118 = 0.0089 keq 0.010416 0.01041 = 0.00014 Xprior 1.35 7.3 3.7
S 0.8405 0.840 £ 0.024 1008 0.8106 0.8109 = 0.0089 1178.2 1192.3 +5.5
degeneracy. o ’ ! XCMB ‘ -
o Q0-5 0.4604 0.460 £ 0.013 1000 o 0.44817  0.4483 = 0.0046

Best-fit y2; = 1179.58; y2; = 1199.58; R — 1 = 0.00927

XZg: CMB - simall 100x143_offlike5_EE_Aplanck_B: 395.88 commander_dx12_v3_229: 23.60 plik rd12_ HM v22_TT: 758.75

https:/wiki.cosmos.esa.int/planck-legacy-archive/images/b/be/Baseline_params_table_2018_68pc.pdf


https://wiki.cosmos.esa.int/planck-legacy-archive/images/b/be/Baseline_params_table_2018_68pc.pdf

78

76

74 -

Hubble constant tension

; 1 73.01 £0.99 (Riess et al. 2022)

72
70
= 63
66

64

Planck (2018)

| |

|

-—

0.26 0.30

(2,

0.34

0.38

® 75.1 £2.3 £ 1.5 (Schombert et al. 2020)
75.0 £0.8 £ 3 (Tully et al. 2022)

0.992

0.984

0.976

0.968

0.960

0.952

0.944

0.936

covariance between parameters

Q,h° =0.0959
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Cosmology today: tension in Ho ...and €2y
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The CMB best fits have marched away from the original concordance region
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McGaugh (2024) Universe, 10, 48


https://www.mdpi.com/2218-1997/10/1/48
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LCDM correctly predicted the location of the first peak, which is consistent with the expected flat geometry (| €2, | < 0.005)
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The amplitude of the second peak was the driver of the increase in the baryon density over the expectation of BBN ©
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Does it have to be CDM?
CMB acoustic power spectrum

6000 [ ' — room | ' ' ' 3rd peak strong evidence for physics beyond baryonic drag.

0(0+1) CTT Cosh : Kg = 0.5, Qo = 0.1, Ko = 7.5 x 103, Zp = 107
5000 2z € 4\ e Higgs: Kp = 0.3, Qo = 1, K3 = 8.5 x 108
-== Exp: Kp =0.1, Qo =10"%, K3 = 9.5 x 103, Zp = 1017
4000 { Planck 2018
ool This 1s usually interpreted to require the existence of non-
ool baryonic cold dark matter, which Planck requires at over 50 o:
2 _
Qepngh? = 0.1206 + 0.0021
i .
090 : ‘ I | * Residuals 4 60
300 | [ - { Y 0 R 30 * : : 3
L :| SEi A ettt 1", However, the interpretation remains ambiguous - could also be
1 —60 o (oo . . . . .
00 EL - - . amodification of gravity (e.g., AeST gives an identical power
( | w Sspectrum.) (Skordis & Zlosnik 2021, PRL, 127, 161302)
— ACDM
os 102 10~1
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“Cosmologists are often wrong, but never in doubt™

- Lev Landau
Cosmological parameters by decade
“Standard CDM” “Concordance model”
Quantit SCDM LCDM WMAPS Planck
Hantity 1988 1995 2008 2018
Q. | 0.35 0.258+0.027 0.315 +0.007
Q/\ 0 0.65 0.742 0.696 + 0.009
0O, h2 0.0125 0.015 0.02273 0.0224
b +0.0025 0.009 - 0.020 +0.00062 +0.000 |
“reasonable range”
H, 50 65 71.912.7 674 +£0.5
dark matter CDM CDM CDM CDM
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t~107% s Planck scale (speculative)
t~ 10738 s GUT scale (speculative)
t~ 107> s Inflation (speculative)
t~ 107175 Standard Model forces emerge
t~107%s WIMPs decouple (speculative)
t~107s quarks condense into baryons (baryogenesis)
t~107%s proton-antiproton annihilation ends
t~1s neutrinos decouple
t~4s electron-positron annihilation ends
t~10%s Big Bang Nucleosynthesis
t ~10° yr Matter-radiation equality

t ~4x10°yr Atoms form, CMB emerges
t ~5%x10%°yr Gas temperature decouples from radiation

t ~ 107 yr Dark Ages
t ~5%x10%yr Cosmic dawn (first stars)
t ~ 107 yr Galaxies form
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Next frontier: 21 cm absorption at high redshift

"N

- \

time
. - L .o. .’;, " 4 ‘ L g
-« * S . .", e - . s
5 )".' . \. \. ® . o L |
» . - |
. . @) 3 D 2
X ©— * g » V3
- - = - U5 QP wEE
Bice . T i S, N i O W © 8.
s g W =y St ol
> - ne R T D S
| o o' & SRS L o O = o]
- . ™ — Q bd. o
. " W - | O
¢ P A
. . r . - _ ‘ .\'.. 1 1
redshift Z ~ 10 200 100 1000

Radio wavelength photons traveling to us from the epoch of
recombination can be absorbed by neutral gas during the dark
ages and at cosmic dawn

ionized plasma



Three Temperatures:

)
-
—

T, radiation temperature (the energy of the relic radiation field that is now the CMB)

T, kinetic temperature (gas kinetic motion - what we normally think of as temperature)

T spin temperature (21 cm line - statistical distribution of levels in atomic hydrogen)

Cosmic Dawn

Can get
absorption

when T < T,

~1 ~1
T}, + x; 17,

1+.xi




Prediction for 21 cm absorption at high redshift

Spin temperature bracketed by the radiation temperature and the kinetic gas temperature:

T+ xTg, y. y Darkages: atomic collisions
T = '
> 1 + x; l { Cosmic dawn: Lyman a photons
x; couples the spin temperature to the kinetic gas temperature fo=20m¥
w, = Q h*
21 cm brightness temperature: f = %
- 1 172 : "
T absorption when
— @ a)b . _7/ Xgp neutral hydrogen fraction
T21(Z) - TO I)Z (1 T Z)ﬁ? ( 0.02 ) (1 TS) TS < T}/ (Xgg &~ 1 during the dark ages)
H(z) H*(2) = Hj[Qp + Q,,(1 +2° + Q.(1 + 2)* — Q(1 + 2)°]
I)Z - ﬁ(Z) H(Z) = HOQ;?(} + 2)3/2 o—— (This is an approximation)

Expansion history specifies path-length photons must traverse.

This usual approximation H(z) may not suffice.



Rep. Prog. Phys. 75 (2012) 086901 J R Pritchard and A Loeb
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Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as 1t evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates T, = 0). The frequency structure within this redshift range 1s driven by several
physical processes, including the formation of the first galaxies and the heating and 1onization of the hydrogen gas. There i1s considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.



