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+ Cosmological parameters from CMB measurements
Planck results

Focus on Planck Hyp measurement
+ Local Ho determination using SNIa
+ Beyond FRW and homogeneous universe
* 03, Sg : a measure of matter inhomogeneity level
# og from weak-lensing / shear
+ og from CMB lensing
+ og from clusters

+ DESI results , a biased selection
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https://royalsociety.org/science-events-and-lectures/2024/04/cosmological-model/
https://www.sciencedirect.com/science/article/pii/S2214404822000179?via=ihub

Cosmological parameters from CMB

+ Planck results

+ Focus on Hy

l.ocal Hp measurements



Planck 11" spectrum
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Planck 2018 results (Cosmological Parameters)
A&A 2020


https://www.aanda.org/articles/aa/full_html/2020/09/aa33910-18/aa33910-18.html#T5

Base-ACDM cosmological parameters from Planck TT,TE,EE+lowE+lensing.
Physical densities

N

Fitted
parameters

Derived
parameters

Parameter Plik best fit Plik [1] CamSpec [2] ([21-[1]1)/ o Combined
QphH? ... 0.022383  0.02237 +0.00015 0.02229 + 0.00015  -0.5  0.02233 +0.00015
QM ... 0.12011 0.1200+0.0012  0.1197 + 0.0012 -0.3 0.1198 + 0.0012
1006y ... 1.040909  1.04092 + 0.00031 1.04087 + 0.00031 -0.2 1.04089 + 0.00031
T.. 0.0543 0.0544 +0.0073  0.05367 0057 -0.1 0.0540 + 0.0074
In(1010A,) ... 3.0448 3.044 + 0.014 3.041 +0.015 -0.3 3.043 + 0.014
N ... 0.96605 0.9649 + 0.0042  0.9656 + 0.0042 +0.2 0.9652 + 0.0042
Qnh? ... 0.14314 0.1430+0.0011  0.1426 + 0.0011 -0.3 0.1428 + 0.0011
Ho[kms™ ' Mpc™ '] ... 67.32 67.36 + 0.54 67.39 + 0.54 +0.1 67.37 + 0.54
Qp, ... 0.3158 0.3153+0.0073  0.3142 +0.0074 -0.2 0.3147 + 0.0074
Age [Gyr] ... 13.7971 13.797 + 0.023 13.805 + 0.023 +0.4 13.801 + 0.024
g ... 0.8120 0.8111+0.0060  0.8091 + 0.0060 -0.3 0.8101 + 0.0061
Sg = 0g(Q/0.3)% ... 0.8331 0.832 + 0.013 0.828 + 0.013 -0.3 0.830 + 0.013
Zee 7.68 7.67 +0.73 7.61+0.75 0.1 7.64 +0.74
1006% ... 1.041085  1.04110+ 0.00031 1.04106 + 0.00031 0.1 1.04108 + 0.00031
rdrag [MpC] ... 147.049 147.09 + 0.26 147.26 + 0.28 +0.6 147.18 + 0.29

Planck-ACDM: Ho=67.4+0.6 km/s/Mpc (< 1% accuracy )




How do we get Ho from CMB ?

a dt dz
H = - dn = — = —— H(z)=HyE
B o= 2 w="=® HE=mEE
E(z) = V/Or(14+2)2 4+ Qn(1+2)3 + Q1 + 2)2 + Q4 ACDM
,  Peak positions constrain universe geometry — Flat: Qn+Q) ~1
0, = 5 * Nearly un-sensitive to Hy (cancels out in the ratio)
D A * photons-baryon plasma physics and oscillations sensitive to physical
densities , hence to h = H0/100 km/s/Mpc
* Physical densities ( Q. h?, Qp h2 ) constrained by the peak amplitudes
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https://www.aanda.org/articles/aa/full_html/2014/11/aa21591-13/aa21591-13.html

HO tensions

CMB with Planck -

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 = 0.5 - o=
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 - ————]
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60 -

=

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54 - e+
Ade et al. (2016), Planck 2015, HO = 67.27 + 0.66 - o= « E. Abda”a et a” (2022)
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Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.367(-33
Henning et al. (2018), SPT: 71.3 + 2.1

Hinshaw et al. (2013), WMAP9: 70.0 + 2.2 I

Hy [km s Mpc™!]

No CMB, with BBN -
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19£0.99 - —e—i -

Chen et al. (2021), P+BAO+BBN: 69.230.77 - —c—) C h d S N I 202 1 73 O 4 1 O 4

Philcox ct al. (2021), P+Bispectrum+BAO+BBN: 68.3110-83 - ——i e p elas+ a . += 1.

D' Amico et al. (2020), BOSS DR12+BBN: 68.5 +2.2 [————]
Colas et al. (2020), BOSS DRI2+BBN: 68.7 + 1.5 - —e—i
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 - —c—
Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 £ 097 - (==}
k

*
CMB lensing - LIGO+Virgo+KAGRA 2021 68 +1_§:8

Baxter et al. (2020): 73.5 +5.3 -
Philcox et al. (2020), P;(k)+CMB lensing: 70.6+3:4, - [ - | *
LSSt standard ruley - : SBF_distances 2021 73.3 + 2.5

®

Indirect |
__________________________________________ [:lij
rm— . eBOSS_BBN+BAO 2020 67.35 + 0.97
Riess et al. (2022), R;Z_73(L]‘4{)ll§llg ——] DlreCt
Camarena, Marra (2021): 74.30 + 1.45 - e

Riess et al. (2020), R20: 732+ 1.3 - [=—=C—=
e rer < Megamasers 2020 73.9 + 3.0
——

Camarena, Marra (2019): 75.4 £ 1.7 -

SNIa—TRGB - *
Dhawan et al. (2022): 76.94 + 6.4 - [} & d .
NS | ~ : TRGB Dist Ladder 2019 698 + 1.9
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 = 1.8 - —_——— _— IS — ad er -
Freedman (2021): 69.8 + 1.7 - | . |
Kim, Kang, Lee, Jang (2021): 69.5 + 4.2 - [} . .

Soltis, Casertano, Riess (2020): 72.1 2.0 - I—._.I . +1 8
e P e S e GravLens_Time_Delay 2019 733 17

Yuan et al. (2019): 724 £ 2.0 -

SNIa—Miras -
Huang et al. (2019): 73.3 £4.0 - [

' XMM+Planck_tSZ 2018 67 =3

| —— — ]
@
SBF -
Blakeslee et al. (2021) IR-SBF w/ HST: 733 £2.5 - | e ey |
Khetan et al. (2020) w/ LMC DEB: 71.1 4.1 - [ & i
Cantiello et al. (2018): 71.9 + 7.1 - @

+
Planck_PR3++ 2018 67.66 = 0.42

SNII -
de Jaeger et al. (2022): 75.41’3: . r g |
de Jaeger et al. (2020): 75.8%3G -

ro a5 3G — Inv_Dist_Ladder 2015 67.3 = 1.1
Tully Fisher - - -
Kourkchi et al. (2020): 76.0 + 2.6 - ———

Schombert, McGaugh, Lelli (2020): 75.1 +2.8 - ———

=
HI galaxy - WMAP9++ 2013 68.76 = 0.84

Fernandez Arenas et al. (2018): 71.0 £ 3.5 + [,
Wang, Meng (2017): 76.1234] - [ e J

Lensing related,mass model dependent -
Denzel et al. (2021): 71.8733 -

Birrer et al. (2020), TDCOSMO: 74.512-% -

Birrer et al. (2020), TDCOSMO+SLACS: 67413} -
Yang, Birrer, Hu (2020): 73'65:}:26 .

Millon et al. (2020), TDCOSMO: 742 £ 1.6 -
Qi etal. (2020): 73.6F ;g .

Liao et al. (2020): 72.8%
Liao etal. (2019): 72.2 2.1 -

[ ]

; Cepheids+SNla 2011 73.8 +2.4

Shajib et al. (2019), STRIDES: 74.27 .
Wong et al. (2019), HOLICOW 2019: 73.3F

_——
HST_Key_Project 2001 72+8

Mukherjee et al. (2022), GW170817+GWTC-3: 67 é
Abbott et al. (2021), GWTC-3: 687,
Palmese et al. (2021), GW170817: 72.777 1
Gayathri et al. (2020), GW190521+GW170817: 73.41
Mukherjee et al. (2020), GW170817+ZTF: 67.6+
Mukherjee et al. (2019), GW170817+VLBI: 68.3
Hotokezaka et al. (2019): 70.31:
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Cosmic chronometers -
Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4 - k ®
Moresco et al. (2022), open wCDM with systematics: 67.8i§:z .
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Fig. 2. 68% CL constraint on Hp from different cosmological probes (based on Refs. Di Valentino et al. (2021g); Perivolaropoulos and Skara (2021b)).
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https://www.sciencedirect.com/science/article/pii/S2214404822000179?via=ihub
https://lambda.gsfc.nasa.gov/education/graphic_history/hubb_const.html

Hubble Constant Estimate

Direct Hp measurement

Hubble constant: a historical review , R. Brent Tully (2023) arXiv:2305.11950

The Hubble constant , N. Jackson (2015) Living Reviews in Relativity

Progress in direct measurement of the Hubble Constant, W. Freedman & F. Madore (2023) JCAP

The local value of HO, A. Riess & L. Breuval (2023) arXiv:2308.10954
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https://arxiv.org/pdf/2305.11950
https://link.springer.com/article/10.1007/lrr-2015-2
https://iopscience.iop.org/article/10.1088/1475-7516/2023/11/050/pdf
https://arxiv.org/abs/2308.10954

Type Ia Supernovae — redshift(z)
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https://iopscience.iop.org/article/10.3847/2041-8213/ac5c5b
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https://iopscience.iop.org/article/10.3847/2041-8213/ac5c5b

Photometry in crowded fields : blending
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Crowding not an issue :
A. Riess el al. (2024). arXiv:2401.04773


https://iopscience.iop.org/article/10.3847/2041-8213/ac5c5b
https://www.esa.int/ESA_Multimedia/Images/2024/03/Comparison_of_Hubble_and_Webb_views_of_a_Cepheid_variable_star
https://arxiv.org/abs/2401.04773
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Figure 14. Probability distributions for Hy for calibrations based on Cepheids [145], the TRGB [28]
SBF from [88], compared to recent published values from the literature. The Planck Collaboration
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https://iopscience.iop.org/article/10.1088/1475-7516/2023/11/050/pdf
https://arxiv.org/pdf/2407.07309

Og : ameasure of matter density
inhomogeneity

+ Planck constraints on og / Sg
* o0g | Sg from weak lensing

+ CMB lensing

+ og |/ Sg from clusters



Og measurcments

+ 0g from WL
* og from CMB lensing

+ og from CMB clusters

P(k) ~ kA1
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og : RMS of mass density fluctuations
smoothed with an 8h~'Mpc top hot filter
(box with R = 8h~!Mpc side) at z=0
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Fitted
parameters

Derived

parameters

o3 : back to CMB/Planck

Base-ACDM cosmological parameters from Planck TT,TE,EE+lowE+lensing.

Parameter Plik best fit Plik [1] CamSpec [2] ([21-[1])/ oq Combined
QuH? ... 0.022383  0.02237 +0.00015 0.02229+0.00015  -0.5  0.02233 + 0.00015
Q... 0.12011 0.1200+0.0012  0.1197 + 0.0012 -0.3 0.1198 + 0.0012
1006)yc ... 1.040909  1.04092 + 0.00031 1.04087 +0.00031  -0.2  1.04089 + 0.00031
.. 0.0543 0.0544+0.0073  0.05367 005 0.1 0.0540 + 0.0074
In(107A) ... 3.0448 3.044 + 0.014 3.041 + 0.015 -0.3 3.043+0.014
ns ... 0.96605  0.9649+0.0042  0.9656 + 0.0042 +0.2 0.9652 + 0.0042
QA2 ... 0.14314  0.1430+0.0011  0.1426 + 0.0011 -0.3 0.1428 + 0.0011
Holkms "Mpc™'] ... 67.32 67.36 + 0.54 67.39 + 0.54 +0.1 67.37 + 0.54
Q... 0.3158 0.3153+0.0073  0.3142 + 0.0074 -0.2 0.3147 % 0.0074
Age [Gyr] ... 13.7971 13.797 + 0.023 13.805 + 0.023 +0.4 13.801 + 0.024
g ... 0.8120 0.8111+0.0060  0.8091 + 0.0060 -0.3 0.8101 + 0.0061
Sg = 0g(Q,/0.3)%5 ... 0.8331 0.832+0.013 0.828 + 0.013 -0.3 0.830 + 0.013
Zre 7.68 7.67 £0.73 7.61 £ 0.75 0.1 7.64+0.74
1006« ... 1.041085  1.04110+ 0.00031 1.04106 + 0.00031  -0.1 1.04108 + 0.00031
Idrag[MpC] ... 147.049 147.09 + 0.26 147.26 +0.28 +0.6 147.18 +0.29

Planck measures the amplitude and power

law index of the primordial spectrum




Weak Lensing

Weak Lensing for precision cosmology, R. Mandelbaum, Ann. Rev. A&A (2018)

Sheared image

a = 4GM/bc?

» Measure galaxy ellipticities — estimate shear field

* Obtain foreground mass maps WL surveys :

* Shear (lensing signal) strength depends on the : :
gravitational potential, hence the inhomogeneity level KlDSf DES, o, Euchd,
and the total matter density Rubin/LSST, Roman ...

* The S8 parameter captures this dependency


https://arxiv.org/pdf/2305.11950

Hl HSC Y3 (source)

HSC weak lensing . N
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HSC 3Y - WL2 - Lietal, arXiv:2304.00702 HSC 3Y - WL1 - Dalal et al , arXiv:2304.00701


https://arxiv.org/pdf/2304.00703
https://arxiv.org/pdf/2304.00701
https://arxiv.org/pdf/2304.00702
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https://arxiv.org/pdf/2304.00702
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CMB lensing

ACT - CMB Lensing arXiv:2304.05203
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https://iopscience.iop.org/article/10.3847/1538-4357/acff5f

Og Irom X-ray clusters

SGR/eROSITA all sky survey - arXiv:2402.08458
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https://arxiv.org/abs/2402.08458

og from SZ clusters
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https://arxiv.org/abs/2401.02075

Small scale suppression of matter power spectrum as a solution to S8 puzzle

Preston, Amon, Efstathiou , MNRAS, 2023
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DESI results

biased selection

DESI - https://www.desi.lbl.gov/
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DESI cosmology results (11)

Evidence for DE (w0, wa) at ~ 3 O level
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https://arxiv.org/abs/2404.03002

Summary

The ACDM model provides an impressively accurate description of the universe evolution,
at least at large scales, over more than 13 billion years, from z ~ 10° to today (z=0), although
some tensions are present, at the level of ~ 10% or 3-4 o

Discrepancy between early (CMB) and late (direct) measurements of HO
Not all direct determination of HO agree on its value
Might be due to some observational systematics (e.g. distance scales with Cepheids)

If real, will point toward mechanisms changing the evolution of the cosmic expansion (e.g
Early/Late DE ...)

Possible tensions also on the level of matter density inhomogeneity (os/Ss) , as derived
from CMB and the one measured at lower redshifts (z ~ 1)

However, the lower value of (0s/Ss) obtained from WL measurements at low redshifts
seems incompatible with the ones obtained at low redshifts by other probes (CMB lensing,
clusters ...)

Again, systematics in observations can not yet be completely excluded

WL signal is sensitive to the non linear clustering scales - which might be affected also by
baryonic effects - might also hint to physical and cosmological effects (e.g. SIDM ...)

See Anomalies in Physical Cosmology, J. Peebles arXiv:2208.05018


https://arxiv.org/abs/2208.05018




Ho determination by DESI

. Il DESI BAO+BBN I DESI BAO+7q —— DESI BAO
DESI 2024 VI : 0341 TN DESIBAO+BBN+¢,  mEE CMB 1.0  OMB
cosmological constraints from BAO —— PantheonPlus
arXiv:2404.03002 0.32 0.81 — Union3
. DESY5
06
£0.30 07
S &
~ 0.4-
See Schoneberg et al. JCAP 2022 0.281 '
for the method used
0.26 0.2
0.24 - : : : . : : : 0.01= . : .
66 67 68 69 70 71 72 0.25 0.35 0.40 0.45
~1 ~1
Hy [kms™" Mpc™] O
Hy
model/dataset Qm 1030k w or wo W
[kms~! Mpc™!] ,
CMB (no CMB lensing) ——
Flat ACDM
CMB A —e—
DESI 0.295 4+ 0.015 — — — —
DESI+BBN 0.295 4+ 0.015 68.53 = 0.80 — — —
DESI+BBN+46, 0.2048 £ 0.0074  68.52 % 0.62 — — — DESI : BAO+BBN+6. 1 —eo—
DESI+CMB 0.3069 -+ 0.0050  67.97 & 0.38 — — - DESI : BAO+BBN - —0—
ACDM+Qxk DESI : BAO+r - ——
o +68 _ _
DESI 0.2840.020 0575 (DESL+SDSS) : BAO+BBN 4, - —eo—i
DESI+BBN+4, 0.296 + 0.014 68.52 & 0.69 0.373% — —
DESI+CMB 0.3049 £ 0.0051 68514052  24+16 - - (DESI+SDSS) : BAO+BBN 1 i
SDSS : BAO+BBN{ +——@—i
Early
o0 C (Z) Late
_ S d 3 2 4
re = (z) Z . E(z) ~ Qm(l + z) +wT/h (1 + z) , CCHP : SNIa + TRGB A o
z
i SHOES : SNIa + Cepheids - @
74\ T 4
~ . -5 _ N Lb T T T T T T T T
wr 7 2.47 - 10 [1 T 8 (11> Negt (2.7255 K> 66 67 68 69 70 71 72 73 T4

Schoneberg et al. JCAP 2022

Hy [km/s/Mpc]



https://arxiv.org/abs/2404.03002
https://iopscience.iop.org/article/10.1088/1475-7516/2022/11/039/meta
https://iopscience.iop.org/article/10.1088/1475-7516/2022/11/039/meta

Major questions in cosmology

Why the dark energy and the dark matter densities are of the same order (coincidence problem)? Is this
coincidence suggesting an interaction between the DE and the DM?

Are dark energy and inflation connected (as for example in Quintessential Inflation models)? Can we have
dark energy with AdS vacua (presence of a negative )?

How well have we tested the Cosmological Principle? Is the Universe at cosmic scales homogeneous and
isotropic?

Can local inhomogeneity or anisotropy replace the need for dark energy?

What is the level of non-Gaussianity?

Do we need quantum gravity, or a unified theory for quantum field theory and GR to complete the standard
cosmological model?
How does pre-inflation physics impact our observations today? How can we resolve the big bang singularity?

Can theoretical frameworks, like effective (quantum) field theory have further implications for the dark sector,
especially DE?

How much can we learn from cosmological dark ages and how does its physics impact our models of
cosmology?

How crucial is physics beyond the SM of particle physics for precision cosmology?

How can we explain the matter-antimatter asymmetry in the observed Universe? There has been observational
evidence for a matter—

antimatter asymmetry in the early Universe, which leads to the remnant matter density we observe today. The
bounds on the presence

of antimatter in the present-day Universe include the possibility of a large lepton asymmetry in the cosmic
neutrino background.

What are the mutual implications for cosmology and Quantum Gravity of hypotheses like the swampland
conjectures?

Extracted from E. Abdalla et al., Journal of High Energy Astrophysics (2022)
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