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Introduction

- Precision cosmology: CMB, clustering & BAO, lensing, SNela, GWs, ...

- Standard/consensus cosmological model: ACDM

CMB  Dark CosmicDawn/  Reionization Growth of Structure

- Excellent reproduction of observations, Recombinaton  Ages st Sars
- Persistent discrepancies between N
diff. probes (high vs low z?) ofiaton —_

- Phenomenological model
- Lots of unknowns
galaxy formation, reionization, ... Quantum
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Line-Intensity slices

Adapted from NASA / Lambda Archive Team




Introduction

Precision cosmology: CMB, clustering & BAO, lensing, SNela, GWs, ...
Standard/consensus cosmological model: ACDM

Excellent reproduction of observations, but...
- Persistent discrepancies between diff. cosmological probes
- Phenomenological model
- Lots of unknowns regarding first stars, galaxy formation, reionization, ...

3 avenues to tackle this challenge:
1): Improve observations and modeling of traditional probes; cross-correlations
2): Explore models beyond ACDM to reconcile tension and explain unknowns
3): Develop new cosmological probes
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Measuring H,, : 3 rung ladder
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Type la Supernovae — redshift (z)

Measuring H, : 3 rung ladder .-~
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Type Ia Supernovae — redshift (z)

Measuring H, : 3 rung ladder .-~
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Measuring H, : 3 rung le .

Supernova fitting @
. 50 L Excluded supernova surveys : L] °
Systematics? i
- Calibrators? (*) | . s
_ Dust’? & _Cahbratorsample i P %
- Cepheid crowding? o T a
= PeCUIIar VeIOCIty CorreCtlon? £ [ Tip of the red-giant branch inclusion x i ’
. . . 30:F Metallicity i °
= MetallICIty CorreCtlon? M31 Cepheid sample i
_ Gala para”axes? Period-luminosity break/span i
= SNeIa pOpUIat|OnS? 20-_Cepheiddust»colortreatment i ® ..
- Issues in the CMB?
- Geometric anchors ? *
Freedman+ 19, Freedman+ 20, Yuan+ 19, Efstathiou+ 20, “F ! K
Soltis+21, Freedman+ 21, Anand+21, Kenworthy+ 22, Cepheld dlipping o’
Rigault+15, Jones+18, Brout+ 20, ... i
o | Baseline -1o i. +1o
Kamionkowski & Riess 2023 71 72 713‘” T

Only optical Cepheid data

Peculiar velocity

H, (km s~ Mpc™)




Inferring H, from the CMB: standard ruler

Dark Matter, Gas, Photon,

g
o
e}
©
e
S
5
.
| &
)
A,
G
o
9
=
3]
|3
¥
n
7]
o
S
-

100
Radius (Mpc)

Gravity

L :
Radiation pressure
Adapted from NASA / Lambda Archive Team



Inferring H, from the CMB: standard ruler

Dark Matter, Gas, Photon, 14433 yrs
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Inferring H, from the CMB: standard ruler
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Inferring H, from the CMB: standard ruler

0.38 Myrs
z=1081

o
=
o
e}
©
o]
[
=]
[
o
a.
S
°
o]
P
=
o
o
=
A
ke
n
o
-
-

100
Radius (Mpc)

Gravity

L :
Radiation pressure
Adapted from NASA / Lambda Archive Team



Inferring H, from the CMB: standard ruler

300 = park Matter, Gas, Photon, 1.45 Myrs
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Inferring H, from the CMB: standard ruler

ESA & Planck
collaboration

Gravity
VS

Radiation pressure
Adapted from NASA / Lambda Archive Team




Inferring H, from the CMB: standard ruler

Multipole moment, ¢
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"~ Angular size of the sound horizon!
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Inferring H, from the CMB: standard ruler
ro(z) _ Jo es(2)dz/H(2)
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0.04% precision!

illustration: T. Smith
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Tension In the Hubble constant
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Cosmic distance ladder(s)

- SNela and BAO provide uncalibrated distance measurements
- BAO feature frozen in matter overdensities => imprinted in galaxy distribution!

r. becomes a “statistical” standard ruler. But it's model dependent!
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Cosmic distance ladder(s)

- SNela and BAO provide uncalibrated distance measurements
- BAO feature frozen in matter overdensities => imprinted in galaxy distribution!

r. becomes a “statistical” standard ruler. But it's model dependent!

- LSS observations: z, n => 3D positions :: we need a fiducial cosmology
- Wrong cosmology? Artificial distortions



Artist’s impression of the pattern of
baryonic acoustic oscillations imprinted
on the large-scale distribution of
galaxies (exaggerated)

- Wrong cosmology? Artificial distortions

BAO: recognizable Alcock-Paczynski
feature in P(k) effect
Xj = DM(Z)H
cdz Changing
Xy =

" H@® "



Cosmic distance ladder(s)

- SNela and BAO provide uncalibrated distance measurements
- BAO feature frozen in matter overdensities => imprinted in galaxy distribution!

r. becomes a “statistical” standard ruler. But it's model dependent!

- LSS observations: z, n => 3D positions :: we need a fiducial cosmology
- Wrong cosmology? Artificial distortions

400+

- BAO analysis: template + rescaling + broadband
marginalization
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H(Z)Td



Cosmic distance ladder(s)

- SNela and BAO provide uncalibrated distance measurements
- BAO feature frozen in matter overdensities => imprinted in galaxy distribution!

r. becomes a “statistical” standard ruler. But it's model dependent!

- LSS observations: z, n => 3D positions :: we need a fiducial cosmology
- Wrong cosmology? Artificial distortions
- BAO analysis: template + rescaling + broadband marginalization

400+

model-independent expansion-history measurement
Normalized to r H, product!
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H (Z)Td



Cosmic distance ladder(s)

BAO SNelA
Constrains shape,
but not amplitude
Ho unconstrained)

Constrains amplitude
but not shape

BAO normalization o« 13 XH

BAO: *actually*
model independent! (JLB+, 2020)

A. J. Cuesta




Cosmic distance ladder(s)

H(2)/(1+2)

A. J. Cuesta

Cuesta+2015

Constrains amplitude
but not shape

—~

H(z)/(1+z

Constrains shape,
but not amplitude
Ho unconstrained)

BAO normalization o« 13 XH

BAO: *actually*
model independent! (JLB+, 2020)



Cosmic distance ladder(s)

BAO SNelA
Constrains shape,

but not amplitude
Ho unconstrained)

Constrains amplitude
but not shape

BAO normalization o« 13 XH

BAO: *actually*
model independent! (JLB+, 2020)

H(z2)/(1+2)
H(z)/(1+2)

A. J. Cuesta

BAO calibrating SNelA
(inverse distance ladder)

Two anchors of the
cosmic distance ladder

1 Free the anchors

01 1 10 100 1000
0.01 Low-z standard ruler

i XH
& ta+2015
uesta+ - BESE Verde, JLB+ 2017




Cosmic distance ladder(s) |

Need smaller r,
to allow for
higher H,

Bernal+ (2016)
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H{= R16

early
rb

= BAO+SN
= | ate Universe

I
65

15

=3
wn
1

2
S

0.954

0.90

0.0

10

HEE ACDM (P18)
Il ACDM (BAO+SNela)
B Generic (BAO+SNela)

E(z) = H(z)/H,

0.5 1.0
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Beyond H
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Beyond H,...

: . 9778 ;z  dz’
- H, affects distances and times: t(2) === @755 O

- 1, dominated by z<30: doesn’t depend on early Universe
- BAO get expansion history shape E(z): infer { H,
- Use the age of the oldest globular clusters as proxy! (Jimenez+ 2019)
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0.0 oz o 06 0s Marginalizing over cosmo parameters and z¢

Valcin, JLB+ 2020 at [Gyr]



Beyond H,...

. ) 977.8 (z dz'
- H, affects distances and times: t(2) === J; &zrz65 O

- t,dominated by z<30: doesn’t depend on early Universe
- BAO get expansion history shape E(z): infer { H,

14.0
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z € [11,30]
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!/
B SHOES EEE Glob. Clust. At = i f e az Gyr
mam CCHP - Planck(ACDM)\ Ho Yzf (1+z')E(z")
120 mm® BAO+SNela W Planck (EDE)
DM lIoN 2] e — Marginalizing over cosmo parameters and Zf
60 65 70 75 80

Bernal+ (2021) Hy [Mpc~'km/s]



New cosmic triangles

- Overconstrained triads:

Td % = T'dh; H()XtU — HOtU; .Q.MXh.Z = QMhZ

B CMB (early Universe) B BAO+SNela (late Universe)

B SHOES/TRGB (local Universe) B GCs (local Universe)



New cosmic triangles
S 2 HoxtU — Hotu; QMXhZ = QMhZ
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Qs+ 0+ O = 1

Original cosmic triangle
(Bahcall+ 99)

Plot over-constrained systems in ternary plots
to find consistency and preferred values




New cosmic triangles

Out with the standard ruler,
In with the [...

Nick Kokron
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logA+logB-logAB =0



How to reconcile all data?

Match high H,to CMB data

Need smaller r_ o
- Increase H(z) before recombination?

- EDE, neutrino/ur species physics, interacting dark radiation,...
higher H, - Change recombination physics?

to allow for

- varying electron mass, primordial magnetic fields, ...



How to reconcile all data?

Match high H,to CMB data
Need smaller r_ o
- Increase H(z) before recombination?

- EDE, neutrino/ur species physics, interacting dark radiation,...
higher H, - Change recombination physics?

to allow for

- varying electron mass, primordial magnetic fields, ...

Low-z anchors to the data (inverse vs direct distance ladder)

- r H, similarly constrained for any E(z) model (DESI doesn’t open
many windows...)

- Low-z ACDM? changed recombination physics disfavored

- Changed recombination physics? Low-z H(z) must change

- Increased low-z amplitude of perturbations?

Don’t mess up
other data: move
along
degeneracies

- Age of the Universe, tilt of the primordial power spectrum, ...



DESI BAO: no cosmological constant?
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DESI alone, consistent with LCDM, internal consistency between different samples

Blind anal

ysis!

HO tension remains



DESI BAO: no cosmological constant?
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Add more data, let DE evolve, and hints of tension with LCDM
All probes seem to favor deviations from LCDM of “thawing DE”
Not motivated parametrization... Phantom DE at z>~0.57



Conclusions

NACDM is a very successful model, but tensions arise: no strong conclusion yet
Simple explanations (systematics, trivial extensions) don’t work out

- Eucapt rapid response workshop tomorrow 3-5 pm
Solving H, tension: reduce r, by modifying at least the early Universe physics

DESI Y1+CMB+SN: hint of deviations from a cosmological constant (?)



Conclusions

NACDM is a very successful model, but tensions arise: no strong conclusion yet
Simple explanations (systematics, trivial extensions) don’t work out
Solving H, tension: reduce r_ by modifying at least the early Universe physics

DESI Y1+CMB+SN: hint of deviations from a cosmological constant (?)

Future looks interesting!

- Forthcoming CMB experiment will discriminate among different flavors of the family
of models that can solve the H, tension

- Future LSS/SN data will be key for the survival of the cosmological constant

- Improved local measurements will refine/cross check H, measurements



Back up slides



Age of the oldest GCs
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