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Cosmological Tensions
Hubble tension (~4-6 o)

Early Universe

CMB fit to ACDM

~68 km/s/Mpc Planck ’18 [arXiv:1807.06209]

Late Universe
Local measurements

~73 Km/s/MPC Riess et al. [arXiv:2112.04510]

5 o level Is one-in-a-million chance that
the findings are just a result of random
variations

Snowmass [arXiv:2203.06142]

CMB with Planck
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 + 0.5 -
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 -
Ade et al. (2016), Planck 2015, HO = 67.27 + 0.66 -

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: 68.3678:33
Henning et al. (2018), SPT: 71.3 + 2.1

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

No CMB, with BBN
Zhang et al. (2021), BOSS correlation function+ BAO+BBN: 68.19+0.99 -
Chen et al. (2021), P+BAO+BBN: 69.23+0.77 -
Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31f8:§% .
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 +2.2 -
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5 -
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 -
Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97 -

CMB lensing
Baxter et al. (2020): 73.5 + 5.3
Philcox et al. (2020), P;(k)+CMB lensing: 70.6f§:5

LSS 7 standard ruler -
Farren et al. (2021): 69.5t§:2

SNIa—Cepheid -

Riess et al. (2022), R22: 73.04 + 1.04 -
Camarena, Marra (2021): 74.30 = 1.45 -
Riess et al. (2020), R20: 73.2 + 1.3 -
Breuval et al. (2020): 72.8 + 2.7 -

Riess et al. (2019), R19: 74.03 + 1.42 -
Camarena, Marra (2019): 754 + 1.7 -

SNIa-TRGB -

Dhawan et al. (2022): 76.94 + 6.4 -

Jones et al. (2022): 72.4 £ 3.3 -

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 + 1.8 -
Freedman (2021): 69.8 + 1.7 -

Kim, Kang, Lee, Jang (2021): 69.5 +4.2 -

Soltis, Casertano, Riess (2020): 72.1 £2.0 -
Freedman et al. (2020): 69.6 + 1.9 -

Reid, Pesce, Riess (2019), SHOES: 71.1 £ 1.99 -
Yuan et al. (2019): 724 +2.0 -

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

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 £ 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 + 4.1
Cantiello et al. (2018): 71.9 + 7.1

SNII -
de Jaeger et al. (2022): 754‘_@; .
de Jaeger et al. (2020): 75A8f4:

Masers -
Pesce et al. (2020): 73.9 + 3.0

Tully Fisher
Kourkchi et al. (2020): 76.0 + 2.6 -
Schombert, McGaugh, Lelli (2020): 75.1 +2.8 -

HII galaxy
Fernandez Arenas et al. (2018): 71.0 + 3.5
Wang, Meng (2017): 76.12¥3:4]

Lensing related,mass model dependent -
Denzel et al. (2021): 71 .8t§;
Birrer et al. (2020), TDCOSMO: 74A5f2:
Birrer et al. (2020), TDCOSMO+SLACS: 67.43} -
Yang, Birrer, Hu (2020): 73.65ff§6
Millon et al. (2020), TDCOSMO: 742 + 1.6 -
Qi et al. (2020): 73.6fi:8 .
Liao et al. (2020): 72.st1;§
Liao etal. (2019): 72.2 + 2.1 -
Shajib et al. (2019), STRIDES: 74.2t%; .
Wong et al. (2019), HOLICOW 2019: 73.3%]:

Mukherjee et al. (2022), GW170817+GWTC-3: 67t§;g
Abbott et al. (2021), GWTC-3: 68144

Palmese et al. (2021), GW170817: 72.77% ]

Gayathri et al. (2020), GW190521+GW170817: 73.41¢

Mukherjee et al. (2020), GW170817+ZTF: 67.675-

Mukherjee et al. (2019), GW170817+VLBI: 68.3+7:

Hotokezaka et al. (2019): 70.3F :

5

Cosmic chronometers -
Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4 -
Moresco et al. (2022), open wCDM with systematics: 67.8f§:3 .

Hy [km s~ Mpc™]
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Dark Radiation

A Class of Solutions to Hubble tension

To increase H),

Increase energy density at early times (early-time solutions)
A Solution: Free-streaming Dark Radiation (DR)

Silk damping (diffusion) + Drag effect (supersonic propagation)
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Dark Radiation

A Class of Solutions to Hubble tension

To increase H),

Increase energy density at early times (early-time solutions)

A Solution: Free-streaming Dark Radiation (DR)

Silk damping (diffusion) + Drag effect (supersonic propagation)

Better: Self-interacting DR Blinov et al. [arXiv:2003.08387]
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Dark Radiation

A Class of Solutions to Hubble tension

To increase H),

Increase energy density at early times (early-time solutions)

A Solution: Free-streaming Dark Radiation (DR)

Silk damping (diffusion) + Drag effect (supersonic propagation)

Better: Self-interacting DR Blinov et al. [arXiv:2003.08387] 10* .:
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COS Mo I Og ical Ten S i ons Snowmass [arXiv:2203.06142]

S¢ tension (~2-3 o)

og: amplitude of matter density fluctuations on the scale of 8 Mpc/h
(~ galaxy cluster scale)

Se = 6q(Q, /0.3)1%:

¢135dvo
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COS Mo I Og ica I Ten S i ons Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE 0';&2 - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing - - Aghanim et al. (2020d)

S8 tenSion (~2-3 0) » CMB ACT+WMAP —8— - Ajola et al. (2020)

Early Universe

Late Universe

. * WL KiDS-1000 (?-%559' - Asgari et al. (2021)
E a rI U n I Ve rse * WL KiDS+VIKING+DES-Y1 7)%2 - Asgari et al. (2020)
y * WL KiDS+VIKING+DES-Y1 O.716|_°_' - Joudaki et al. (2020)
* WL KiDS+VIKING—-450 '_W - Wright et al. (2020)
* WL KiDS+VIKING-450 0.651 —Q—i - Hildebrandt et al. (2020)
* WL KiDS-450 —— 0.745 - Kohlinger et al. (2017)
. * WL KiDS—-450 '—875—9' - Hildebrandt et al. (2017)
C M B flt -to /\ CDM * WL DES-Y3 l_3,_7'82 - Amon et al. and Secco et al. (2021)
* WL DES-Y1 '—3?04 - Troxel et al. (2018)
* WL HSC-TPCF 0%0—' - Hamana et al. (2020)
* WL HSC-pseudo—-C; 0.74 - Hikage et al. (2019)
* WL CFHTLenS —0—i - Joudaki et al. (2017)
~ O - 83 Plaan ’ 1 8 [a rX|V:1 807 -06209] * WL+GC HSC+BOSS (')707???5—| - Miyatake et al. (2022)
* WL+GC+CMBL KiDS+DES+eBOSS+Planck 07I6°'6 - Garcia—Garcia et al. (2021)
* WL+GC KiDS-1000 3x2pt 0.74 “ Heymans et al. (2021)
* WL+GC KiDS—-450 3x2pt =1 - Joudaki et al. (2018)

* WL+GC DES-Y3 3x2pt - Abbott et al. (2021)

|
-t * WL+GC DES-Y1 3x2pt 07280 - Abbott et al. (2018d)
I a e n IVe rse * WL+GC KiDS+VIKING-450+BOSS —o— - Tréster et al. (2020)

* WL+GC KiDS+GAMA 3x2pt —0— - van Uitert et al. (2018)
0.751 '
* GC BOSS DR12 bispectrum 072 - Philcox et al. (2021)
* GC BOSS+eBOSS '_8776' * Ivanov et al. (2021)
Local measurements E Crmesicm
* GC BOSS DR12 'ﬁ?_' - Tréster et al. (2020)
* GC BOSS galaxy power spectrum : 0.73 * Ivanov et al. (2020)
* GC+CMBL DELS+Planck -—'o—-o 284 * White et al. (2022)
p . * GC+CMBL unWISE+Planck HeH - Krolewski et al. (2021)
~(0.76 DES ‘21 [arXiv:2105.13544, 2105.13543] | |
. iDS— " Lesci et al.
CC AMICO KiDS-DR3 0.65 —0—i L t al. (2021)
* CC DES-Y1 —0— 0.79 * Abbott et al. (2020d)
* CC SDSS-DRS8 '—bml * Costanzi et al. (2019)
* CC XMM-XXL YT -0 1 - Pacaud et al. (2018)
* CC ROSAT (WtG) —0— - Mantz et al. (2015)
0.749
* CC SPT tSZ I—Oml85 " Bocquet et al. (2019)
* CC Planck tSZ TR * Salvati et al. (2018)
* CC Planck tSZ —G— - Ade et al. (2016d)
0.7 _
* RSD I—O—Ol7 47 " Benisty (2021)
* RSD —0— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2
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COS Mo I Og ica I Ten S i ons Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE 0';& - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing - - Aghanim et al. (2020d)

S8 tenSion (~2-3 0) » CMB ACT+WMAP —8— - Ajola et al. (2020)

Early Universe

Late Universe

. . * WL KiDS-1000 (?-%559' - Asgari et al. (2021)
M Ore I I kel u n kn Own S StematIC erro rS * WL KiDS+VIKING+DES-Y1 '6%2 - Asgari et al. (2020)
y y * WL KiDS+VIKING+DES-Y1 O.716|_°_| - Joudaki et al. (2020)
* WL KiDS+VIKING—-450 '—W - Wright et al. (2020)
* WL KiDS+VIKING-450 0.651 —0—i - Hildebrandt et al. (2020)
- * WL KiDS-450 ——i - Kohlinger et al. (2017)
ESCUderO et al_ [a rX|V:2208_ 1 4435] *« WL KiDS-450 &?755—9- - Hildebrandt et al. (2017)
* WL DES-Y3 '_3._7|82 - Amon et al. and Secco et al. (2021)
* WL DES-Y1 '—3?0 4 " Troxel et al. (2018)
* WL HSC-TPCF 0%0—' - Hamana et al. (2020)
* WL HSC-pseudo—-C; 0.74 - Hikage et al. (2019)
* WL CFHTLenS —0—i - Joudaki et al. (2017)
0.795

* WL+GC HSC+BOSS '_g—' - Miyatake et al. (2022)

]
D I : WO rse n S S te n S I O n * WL+GC+CMBL KiDS+DES+eBOSS+Planck 02 - Garcia—Garcia et al. (2021)
8 * WL+GC KiDS-1000 3x2pt "?" “ Heymans et al. (2021)

* WL+GC KiDS-450 3x2pt - Joudaki et al. (2018)
* WL+GC DES-Y3 3x2pt - Abbott et al. (2021)
* WL+GC DES-Y1 3x2pt - Abbott et al. (2018d)
* WL+GC KiDS+VIKING-450+BOSS —0— - Troster et al. (2020)

With fixed Z Q T _) Q T -\\'L+(;(f§ KiDS+GAMA 3x2pt '—Og—' - van Uitert et al. (2018)
r m

)
eq * GC BOSS DR12 bispectrum - Philcox et al. (2021)

0.776

* GC BOSS+eBOSS '_087%6' - Ivanov et al. (2021)
* GC BOSS power spectra 'Tﬁ9_' - Chen et al. (2021)
. * GC BOSS DR12 lm?—l - Troster et al. (2020)
An Ot h e r D a rk S eCtO r S I g n aI ? * GC BOSS galaxy power spectrum |—Om * Ivanov et al. (2020)
" * GC+CMBL DELS+Planck —— ., - White et al. (2022)
* GC+CMBL unWISE+Planck HOH - Krolewski et al. (2021)
0.78 _
* CC AMICO KiDS-DR3 0.65 —— “Lesci et al. (2021)
* CC DES-Y1 —— 0.79 - Abbott et al. (2020d)
* CC SDSS-DRS I—Oml - Costanzi et al. (2019)
* CC XMM-XXL 10.77 © i - Pacaud et al. (2018)
* CC ROSAT (WtG) —0—i * Mantz et al. (2015)
0.749
* CCSPT tSZ |_°_|0.785 " Bocquet et al. (2019)
* CC Planck tSZ %03 - Salvati et al. (2018)
* CC Planck tSZ —— - Ade et al. (2016d)
0.7
*RSD |—°—|0'747 " Benisty (2021)
* RSD —Q— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2
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Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed z.q, €2, T — £, 1

&
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Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension
with fixed z.q, €2, T — £, 1

Solution: Dark Matter interaction with Dark Radiation

w
16 - |
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PAcDM

Solution to H, and §; tensions?

Self-interacting DR: DM-DR interaction:

Increase early measurement of H, Decrease early measurement of 5

late t

early
early

&
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PAcDM

Solution to H, and §; tensions?

Increase early measurement of /1, Decrease early measurement of 5

+

Partially Acoustic Dark Viatter
Chacko et al. [arXiv:1609.03569]

&

The University of Texas at Austin

18



Dark Matter interaction with DR

Partially Acoustic Dark Matter (PAcDM) chacko et al. farxiv:1609.03569]

&
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SPartAcous

Solution to H, and §; tensions!

Increase early measurement of /1, Decrease early measurement of 5

+

Partially Acoustic Dark Viatter
Chacko et al. [arXiv:1609.03569]

MCMC fit to actual data is terrible Decrease early measurement of S; too
low

&
20
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SPartAcous

Solution to H, and §; tensions!

Self-interacting DR: DM-DR interaction:
Increase early measurement of H, Decrease early measurement of S
tepped ially tic Dark Matter

M. A. Buen-Abad, Z. Chacko, C. Kilic, G. Marques-Tavares & [arXiv:2208.05984]

A New Step in Dark Sector Cosmologies for
the Hubble Tension and Large Scale Structure

N
21
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arXiv:2208.05984]

A New Step in Dark Sector Cosmologies for
the Hubble Tension and Large Scale Structure
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SPartAcous arxiv: 2208.05984

Details of Model
Standard CDM

Interacting Dark Matter (iDM): »

Jeomt+/, =1

Self-interacting Dark Radiation:

W,

m,, ~ eV

ul),

1

1
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SPartACOUS+ arXiv: 2305.xxxxx
Details of Model

Standard CDM

Interacting Dark Matter (iDM): »

Jeomt+/, =1

Self-interacting Dark Radiation

W,

/

v,

ul),

U(1),

1

1

0
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SPartAcous

Stepped DR

Below mass threshold around m,, ~ eV

Entropy dump in DR
Aloni et al. [arXiv:2111.00014]

Stepped increase in AN, ¢

25



SPartAcous

IDM-DR interactions

Y Y
X" T x
T2
m,

&
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SPartAcous

IDM-DR interactions

DR dot- YA

57
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SPartAcous

IDM-DR interactions

DR dot- YA

57

&
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P(k) / P(k)\PM

SPartAcous

Dark Acoustic Oscillations

Power spectrum suppression: varying f,

1.0 ——===zrs
10g10 = 3.8
09 ANg{Rf — O 05
08 4 —— SPartAcous
----- PAcDM
0.7 -
— ,=1%
10 ° 10 10 10
k [h/Mpc]

29

P(k) / P(k)NPM

1.00

= = = o =

~J o0 o0 \O \O

DN - N -) N
| | | | |

[
-

k [hW/Mpc]

m)(
Zt —
1 40
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SPartAcous

Below mass threshold

-rA o
DR dob. Y4A
| _ Alleviate
Wy * high-£ low-2 the Silk Damping
* and too low Sg
PR Aot A

&
30
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SPartAcous

Boltzmann equations

3
. . g —gr [ ANei \
Oidm = — Gigm + 3¢ s gR | A NUY

gidm = — H Oy + kK + al' (0,4, — O.g)

Og. = — (1 + W)@y, — 3¢p) — 3 (c? — W)y,

Oy = — [(1 = 3W)Z A

Oy + k° ‘s Oy + W Fidm al' (@41, — Oy
1 +w 1 +w Pa (1 +w)

4 T2 m m
[=—a’log( % )—Le ™/ |2 4 L <2 + —"’)

B 3_71' m)( Td Td

N
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Markov Chain Monte Carlo (MCMC)

Setup

Data:

Baseline &: Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT,
Plank lensing, BAO BOSS DR12, BAO small z, PANTHEON

Hubble tension # : SHOES

S¢ tension &': KiDS-1000x, DES-Y3

D, DA and DH & performed

32



Markov Chain Monte Carlo (MCMC)

Setup
Model: - gr ' — 8 —
8 g>lI<R
ACDM

SPartAcous: noy’ — r, = 1.75(40% 1)
SPartAcous+3: 3y’ = r, =024 (7% 1)

IDM-DR interaction coupling a; = 107>

m

Free Parameters: [, ANjp, 7 = —
L 40
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Markov Chain Monte Carlo (MCMC)

Results
Dataset &
e SPartAcous—+3
m—— SPartAcous
= \CDM
Best fit
Preliminary ,
0.84 1 LCDM 0 0 67.79 0.8227
o SPartAcous -0.59 0.12 68.46 0.8266
SPartAcous+3 |  -1.08 0.25 69.07 0.8224
0.76

74 0.76 0.8 0.84
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Markov Chain Monte Carlo (MCMC)

Results
Dataset Y #
e SPartAcous—+3
m—— SPartAcous
m— \ACDM
Best fit
Preliminary ,
0.84 1 LCDM 0 0 68.64 0.8072
o SPartAcous -23.23 0.64 71.66 0.8314
SPartAcous+3| -26.88 0.72 71.98 0.8172
0.76

66 70 74 0.76 0.8 0.84
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Markov Chain Monte Carlo (MCMC)

Results
Dataset Y A#7 &
e SPartAcous—+3
m— SPartAcous
m— ACDM
Best fit
Preliminary ,
0.847 LCDM 0 0 68.94 0.7972
PR SPartAcous -17.2 0.51 71.55 0.8103
SPartAcous+3 -24.6 0.69 72.26 0.8036
0.76 }
66 70 74 0.76 0.8 0.84
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SPartAcous+3

Best-fit

TT SPartAcous+3 residuals w.r.t ACDM (Planck) EE SPartAcous+3 residuals w.r.t ACDM (Planck)
0.30 0.3
0.25 -
0.2 -
0.20 -
0.1 -
0.15 -
E. i
O @)
. 0.10 1 0.0 N
g Q
J
0.05 -
—0.1 1
—0.2 -
—0.05 0
—0.10 . . : : _0.3 | | | |
0 500 1000 /z 1500 2000 2500 0 500 1000 1500 2000 2500
)

TEXAS
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SPartAcous+3

Best-fit

P(k) | P(k)"-PM

Matter Power Spectrum w.r.t ACDM (Planck)

1.20

1.15 -

1.10 A

1.05 A

1.00 A

0.95 -

0.90 -

0.85 -

_—

0.80

107!

k [h/Mpc]

100

101
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P(K) / P(k)\PM

1.20

Matter Power Spectrum w.r.t ACDM (DH.S)

1.15 -

1.10 -

1.05 -

1.00 A

0.95 -

0.90 -

0.85 -

0.80

1073

1072

101
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Conclusions

Summary and Outlook

?W\ZQ\S
Non-trivial Dark Sectors are well motivated Sﬂ\ = )C N\
PGS

DS can be probed via Cosmology

H, (too small) and S5 (too large) tensions V S

addresses both tensions
Stepped self-interacting DR
Stepped DM-DR interactions

Dark Acoustic Oscillations

Stay tuned for SPartAcous Part |l: MCMC coming up soon!
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SPartAcous

Parameter Space

7
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=== A — A scattering
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H, and 54 values

Using WZDR model best-fit parameters

Aloni et al. [arXiv:2111.00014]

SPartAcous grid scan: impact of f,
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SPartAcous grid scan: impact of ANIR
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H, and 54 values

Using WZDR model best-fit parameters

SPartAcous grid scan: impact of z;

P. /o.......l .w. b

%oe o./‘.oﬂi‘"lQ.'%‘o'o&lOo A B
L)

o N N
cn VI < VI
— VI g VI g
S
e 2 & 2
3 ERRVARIC Y
&y VI v Vo
b3344
<

oYX 4 .aou‘ C% ‘hoﬁo’.‘oooo”ooooo”oo“ ooo”
.w 2.,.. .w,fs SR

L TYS 00 ®0 s’ o%oooﬁoo

ro{u- Osaon J %f-s‘:

“Q?Oﬁo

N I
rV: SORSSAS S S AT RP L Y L8 € Caenn o o

MOV Co%®h € P %% ¢ o

$e% % e [

0.84 -
0.82 -
0.80 -
0.78 -

Aloni et al. [arXiv:2111.00014]

0.76 -

0.74 -
0.72 -
0.70 -

75

74

73

72
Hy [km/s/Mpc]

71

69

TEXAS

44

ity of Texas at Aus

The Univers



H, and 54 values

Using WZDR model best-fit parameters
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Table 1.

Independent leading effects controlling the shape of the CMB temperature power

spectrum C] in the minimal ACDM model.

Effect Relevant quantity Parameter
s ds‘dec <— Wm Wh
C1 Peak scale 0 — ~ ’
( ) peak lpeak da'dec — Q7 wm
(C2) Odd/even peak amplitude ratio Rldec Wi,
(C3)  Overall peak amplitude a;lgc Wm
: 7T AdecTd |dec < Wm, Wy
C4 Damping enveloppe 04 = — =
(C4) PHIS CHVEOPD Tl daldec — Qp, wm
(C5) Global amplitude Pr (k) As
(C6)  Global tilt TER N
(C7) Additional plateau tilting (LISW) Z—g QA
(C8) Amplitude for [ > 40 only Treio Treio
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Dark Matter interaction with DR
Tightly-coupled DM-DR
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Dark Matter interaction with DR
Tightly-coupled DM-DR
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Dark Matter interaction with DR
Tightly-coupled DM-DR
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Dark Matter interaction with DR

Dark Acoustic Oscillations
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Dark Matter interaction with DR

Structure Suppression

DMFDR
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)

ot] — ACDM
~,] — CDM
T 1DM _
107 I Bl B A
10' 4 o~ |
<. 0 \ I\'Q/ => iDM does not clump
10 E i J'
10 |
51 £,=10%
10 3 XNIR=O.OS — SPartAcous _ CDV\
10 : = - PAcDM Soy = Qepu+ CL oM
1 3 at ae
0° 10° 107 10° 10° 10 10

1 .
0L qurk = = 7 Vi V" + WiD—my )y + | Dy |” = m | |

54

&

The University of Texas at Austin



EE WZDR residuals w.r.t SIDR EE PAcDM residuals w.r.t SIDR
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Cosmological Tensions

Hubble tension (~4
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Cosmological Tensions
Hubble tension (~4-6 o)

CMB measures H,, tightly by sound horizon angle
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Cosmological Tensions
Hubble tension (~4-6 o)
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Cosmological Tensions
Hubble tension (~4-6 o)
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Cosmological Tensions
Hubble tension (~4-6 o)
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Cosmological Tensions
Hubble tension (~4-6 o)
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Cosmological Tensions
Hubble tension (~4-6 o)
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Markov Chain Monte Carlo (MCMC) .y
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Markov Chain Monte Carlo (MCMC) .y
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Markov Chain Monte Carlo (MCMC) %)
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How does CMB data measure HO?

Inference of H,, from the CMB 1s model dependent.
[t comes from the measurement of three angular scales 0s64.0c¢q.

O; sound horizon at last scattering ~1.0404
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How does CMB data measure HO?

[nference of H,, from the CMB is model dependent.

It comes from the measurement of three angular scales 0s04.0e¢q.

B4 photon diffusion length at last scattering ~ 0.1609
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How does CMB data measure HO?

[nference of H,, from the CMB is model dependent.

It comes from the measurement of three angular scales 0s04.0e¢q.

Beq horizon size at matter-radiation equality ~ 0.81
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