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Introduction

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



Introduction

* Precision cosmology: CMB, clustering & BAO, lensing, SNela, ...
e Standard cosmological model: ACDM

* Excellent reproduction of the observations, but...
* Phenomenological model: nature of DM and DE? Primordial Universe?

 Persistent discrepancies between different cosmological probes (high-z vs
low-2?): Hy, a3



Introduction

Precision cosmology: CMB, clustering & BAO, lensing, SNela, ...
Standard cosmological model: ACDM
Excellent reproduction of the observations, but...

Improvement of observations, new cosmological probes, new models, ...
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Adapted from di Valentino+ 2021



Inferring Hy from CMB

15(z.) [ cs(2)dz/H(2)

Du(z) [P e(2)dz/H(z)

Os

dy o Hy L= ptot(o)_l/z

¥ 6.~ 1°

0.04% precision!

illustration: T. Smith

Talk by V. Poulin



Inferring Hy from CMB

Os

15(z.) [ cs(2)dz/H(2)

Du(z) [P e(2)dz/H(z)

With a high H,...

* Pre-recombination mods: (change r, to compensate)

* Change z,
* Change c,
* Change H(z)

* Post-recombination mods: (keep Dy, (z,) unchanged)

* Change H(z)

Check Hubble Hunter’s guide (Knox & Millea 2019)



Cosmic distance ladder(s)

BAO SNelA
Constrains amplitude Constrains shape,

but not shape but not amplitude
' Ho unconstrained)

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

A. J. Cuesta




Exploiting BAO

e BAO feature frozen in matter overdensities after recombination

Standard ruler!
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Exploiting BAO

e BAO feature frozen in matter overdensities after recombination

Standard ruler!

* LSS observations: z = distances (fiducial cosmology needed)

* Wrong cosmology: artificial distortions

BAO: recognizable
feature in P(k)

x, = Dy(2)6

codz
H(z)

X =



Exploiting BAO

e BAO feature frozen in matter overdensities after recombination

Standard ruler!

* LSS observations: z = distances (fiducial cosmology needed)

* Wrong cosmology: artificial distortions

BAO: recognizable Alcock-Paczynski
feature in P(k) effect
X| = DM(Z)H
cOz
X =

H(z)



Exploiting BAO

e BAO feature frozen in matter overdensities after recombination

Standard ruler!

* LSS observations: z = distances (fiducial cosmology needed)

* Wrong cosmology: artificial distortions

BAO: recognizable Alcock-Paczynski
feature in P(k) effect
X| = DM (Z)H
—>
coz Changing
X = "a

H(z)



Exploiting BAO

* BAO feature frozen in matter overdensities after recombination
* LSS observations: z = distances (fiducial cosmology needed)
* Wrong cosmology: artificial distortions > k€% = k{™€q; k7%= ki™€a,

* Measurement: template + rescaling + broadband marginalization

o __Du(@)/
. * (D (2) [ra)He
L t ”
P(kmeas) % P(k ruea”’klrueal) + A(/;r:::::n,dn) (H(2)r,)fid

Isolating BAO feature marginalization a, = H(Z)



Exploiting BAO
A0 TSTBAO provide model independent

information of the expansion
history of the Universe

e LSS obser

° Wrong COS meas _ kirue

Normalization: ry; X H,

* Measurement: template + rescaling + broadband marginalization
Du(2) /74

(XJ_ — :
- - R (Dy(z) [T )T
p(kmeas) % P(kltlfruea"’kirueal) 1+ A(kmeas’n) M d |
Broadband (H(Z)T'd)fld
marginalization a) = H(Z)Td

Isolating BAO feature

a)



BOSS LOWZ BOSS CMASS DESI (z=0.8) DESI (z=1.0) Bernal+ 2020

1.10 . 1.06 .
1.05 . 1.03 . .

—o0. _ —o0. @@ _ @ Check on synthetic P (k):
0.95- . 0.97 1 §
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5 1.007 1 S 1.004 ] B Bad fit to Planck
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. . . . = H(z)r,
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1.06
1.03
1.00 @ @
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EVEN FOR COSMOLOGIES
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a,

a,

Bernal+ 2020

Check on synthetic P(k):

Fit different models with a
template computed assuming
Planck’s ACDM best fit

® Maximum posterior values
% True values

[ Good fit to Planck

B Bad fit to Planck

g = Du(z)/7q
. (Dy(z)[r )T
_ (H@ry)™
N T HO,




Cosmic distance ladder(s)

Agnostic approach: Model independent analysis of low-z observations

BAO SNelA

Constrains shape,
but not amplitude
Ho unconstrained)

]

Constrains amplitude
but not shape

BAO normalization «< ryXH

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

2)/(1+2)

H(2)/(1+2)

H(

A. J. Cuesta




Cosmic distance ladder(s)

Agnostic approach: Model independent analysis of low-z observations

BAO SNelA
Constrains amplitude
but not shape

|

Constrains shape, o
Ho unconstrained) 4

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

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

A. J. Cuesta

S

0.01 0.1 1 10 100 1000

Cuesta+2015




Cosmic distance ladder(s)

Agnostic approach: Model independent analysis of low-z observations

BAO

Constrains amplitude
but not shape

H(2)/(1+2)

A. J. Cuesta

H(z)/(1+2)

SNelA

Constrains shape,
but not amplitude
Ho unconstrained)

Cuesta+2015

100

Inverse

BAO normalization «< ryXH

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

BAO calibrating SNelA
(inverse distance ladder)

Two anchors of the
cosmic distance ladder




Cosmic distance ladder(s)

Agnostic approach: Model independent analysis of low-z observations

BAO

Constrains amplitude
but not shape

H(2)/(1+2)

A. J. Cuesta

H(z)/(1+2)

SNelA
Constrains shape,
but not amplitude
Ho unconstrained)

|

BAO normalization «< ryXH

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

BAO calibrating SNelA
(inverse distance ladder)

Two anchors of the
cosmic distance ladder

Cuesta+2015

l Free the anchors
10 100 1000

- Low-z standard ruler

rdXHO

Inverse

Verde, JLB+ 2017



. JLB+ 2016
High-z vs low-z

Planck 2015 (only early Universe) BAO (free r4)+SN+
Verde+ 2017 SHOES16
160

* BAO+SN constrain:
* Expansion to be ACDM-like (dev. < 5%)
* r4XHy below 2% precision (Verde, JLB+ 2017)

SHOES16

e Mismatch between the two anchors of the
cosmic distance ladder (ry; & Hp)

135H ™= R16
,,,;arly
130H = Standard ruler
m | gte Universe

125 .
60 65 70 75 80

H, (Mpc 'km/s)




JLB+ 2016

High-z vs low-z

Planck 2015 (only early Universe) BAO (free r4)+SN+
Verde+ 2017 SHOES16
160

SHOES16

1354 ™= R16
,,,;arly
130H = Standard ruler
m | gte Universe

I
12560 65 70 75 80

H, (Mpc 'km/s)

BAO+SN+
Planck 2015 (only early Universe)

Independent measurements

* BAO+SN constrain:

* Expansion to be ACDM-like (dev. < 5%)
* r4XHy below 2% precision (Verde, JLB+ 2017)

e Mismatch between the two anchors of the
cosmic distance ladder (ry; & Hp)

T4 needs to be
smaller to match a
larger H




JLB+ 2016

High-z vs low-z

BAO (free 75)+SN
110 | | I I |

* BAO+SN constrain:
1.05 \ * Expansion to be ACDM-like (dev. < 5%)

= / .
& | * 14X Hy below 2% precision (Verde, JLB+2017)
5 T —~
= ; .
E;N: |  Mismatch between the two anchors of the
0.95- . .
— cosmic distance ladder (ry & Hy)
— Planck TT+lowP ACDM |
0-90575 0.2 0.2 0.6 0.8 rq needs to be
z smaller to match a
E(z) = H(z)/H, larger H
(shape of expansion history)

Not a lot of freedom in expansion history at z < 0. 6 to alleviate the tension



) JLB+ 2021
High-z vs low-z

Done using MABEL

1.15

BN ACDM (P18) / . .
BEN ACDM (BAO+SNela) | | Planck 18 (ACDM):
1.10- B Generic (BAO+SNela) ' \ . rdh = 99.1 + 0.9 Mpc
| ~ « Q4 = 0.3153 + 0.0073
S  BAO + SNela (ACDM):
g L * r;h = 100.6 + 1.1 Mpc
5 « O, = 0.297 + 0.013
=
= 1.00
3
0.95 -
0.90
0.0




) JLB+ 2021
High-z vs low-z

Done using MABEL

1.15
BN ACDM (P18) ' . .
BEN ACDM (BAO+SNela) | | Planck 18 (ACDM):
1.10- BN Generic (BAO+SNela) \ o rdh =99.1+0.9 Mpc
| « Oy = 0.3153 + 0.0073
S  BAO + SNela (ACDM):
3 1.05- « r4h = 100.6 + 1.1 Mpc
5 « O, = 0.297 + 0.013
=
%1'00 * BAO + SNela (flexknot):
e r4h =100.2 + 1.2 Mpc
0.95- « Qg =—0.0240.10
0.90

0.0



JLB+ 2021

High-z vs low-z

Done using MABEL

1.15 . . .
== | BAO + SNela strongly disfavors any low z deviation

B AC .

o] = from ACDM to solve the H tension
~ -
= 10s- Change the early Universe
o
.
§ | Exceptions:
e 1.00 N *° H(z) boost at z < 0.1 (doesn’t affect distances): Raveri 2019, Benevento+2020
= Screening and MG affecting Cepheids/TRGB calibration (Desmond+2019,2020)

0.05- Some effect changing r; from recombination to BAO measurements (?)

? Violation of distance duality relation
0.90 | | | |
0.0 0.5 1.0 1.5 2.0



H(z) beyond the reach of galaxy surveys

B HG"OF5+SN+galBAO+Lya For.BAO+rfanck
1.4- mmm H3HOES+SN+galBAO+Lya For.BAO+IMBAQ+rFlanck
1.2
N Bridge early and late
~ Model S Universe to probe
independent H(z) > 107 bi :
reconstructed with = post-recombination
cubic splines T solutions
0.8
Probed To be
Universe | probed by LIM
0.6 -—
0 1 2 3 4 5 6 7 8 9
z
Current constraints using galaxy surveys 1LB+20155

(and Hy and r5) and ADDING LIM BAO JLB+2019b



Beyond H,

* H, affects distances AND times

977.8 (z dz'
t(z) = Hy fo (1+z)E(z") Gyr

* ty = t(o0), but dominated by z < 30

155 155 155
15.0 15.0 0.34 15.0
145 14.5 14.5
0.32
14.0 14.0 — 14.0
4
> S
13.5 1350 & 0.30 135
13.0 13.0 € 13.0
0.28
125 125 12.5
12.0 12.0 0.26 12.0
115 115 . : 1.5
—1.10 —1.05 —1.00 —0.95 —0.90 —1.10 —1.05 —1.00 —0.95 —0.90

w w

tu [Gyrs]



Beyond H,

* H, affects distances AND times

t(Z) _ 977.8 fo dz Gyr

* ty = t(o0), but dominated by z <

15.5

Hyg

E

(1+zHE(z")

30 : No dependence on the early Universe

14.5

14.0 —
wn
3—1

13.0 2

12.5

12.0 026

11.5

-1.05 -100 =095 -0.90 —1I.10 —1|.05 -1.00 -095 -0.90

w w

15.5

15.0

14.5



Inferring ty

* From CMB (or other combination) assuming a cosmological model
* BAO+SNela: get Hyty from Q,, when assuming ACDM
* Can we be more model-independent?



Inferring ty

* From CMB (or other combination) assuming a cosmological model

* Can we be more model-independent? YES!

Jimenez+ 2019

* Infer the age of the oldest globular clusters and estimate the gap

Valcin, JLB+ 2020

0.8

* toe = t(zr)
Zf (S [11,30]
i tU = tGC + At
977.8 (oo dz'
At = H, fo (1+z")E(z") Gyr

Marginalizing over cosmo parameters and Zf



Age of the oldest GCs

16

18-

201

Feoo6WwW

22 1

24 1

0.4 0.6 0.8 1.0 12 1 1.25 15 1.7
F606W - F814W (F606W — F814W)(Age = 15Gyr)
(FBO6W — F814W)(Age)

6 7 8 9 10 11 12 13 1|4 15
Valcin, JLB+ 2020 Age [Gyr]
Valcin, Jimenez, Verde, JLB+ 2021




Age of the oldest GCs

(After marginalizing over metallicity, distance, a elements, reddening)

tee = 13.32 + 0.1 + 0.23(0.33) Gyr

+At

ty = 13.5+ 0.15 + 0.23(0.33) Gyr

(F6O6W — F814W)(Age)

6 7 8 9 10 11 12 13 14 15
Valcin, JLB+ 2020 Age [Gyr]
Valcin, Jimenez, Verde, JLB+ 2021




Implications of ty

* More problems!!
14.0

* Qy fixed by BAO+SNela

* Pre-recombination solutions DON’T
change ty directly: same as if it was
ACDM

12.5-
B SHOES BN  Glob. Clust.
W CCHP B Planck (ACDM)
1201 mmm BAO+SNela ~ W Planck (EDE)
ACDM (low z) | . |
| | |
60 65 70 75

1o Hy [Mpc~'km/s] JLB+2021



Implications of ty

More problems!!
(1), fixed by BAO+SNela

Pre-recombination solutions DON’T
change ty directly: same as if it was
ACDM

Hyty (Gyr km/s/Mpc) ty (Gyr)
928 + 7 13.80 + 0.02
93217 13.76+398
945 + 11 12.93 + 0.29 (+SHOES)

13.62 + 0.42 (+CCHP)

SHOES BN Glob. Clust P18 (ACDM)
CCHP B Planck (AC 18 (EDE)

12.0 - BAO+SNela
[ ] B/ég/l-lzgmll\lz?la BN Planck (ELC (ACDM)

60 65 70 75 80

1o Hy [Mpc‘lkm/s]

JLB+2021



Implications of ty

* More problems!!

* (), fixed by BAO+SNela

* Pre-recombination solutions DON’T
change ty directly (only through Hy)

Possible hint for the need for
Hyty (Gyr km/s/Mpc)

pre- and post- P18 (ACDM) 928 + 7 13.80 + 0.02
recombination modifications | ris(epe) 932 47 13.761398

| BAO+SNela 12.93 + 0.29 (+SHOES)
to ACDM : (ACDM) 2hiae L 13.62 + 0.42 (+CCHP)
—
60 65 70 75 30

1o Hy [Mpc™km/s] JLB+2021



Cosmic triangles

e Over-constrained triads:

TdXh — Tdh; HOXtU — HOtU; .Q.MXhZ — .Q.Mhz

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

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



Cosmic triangles

e Over-constrained triads:

22 HOXtU — HOtU; .Q.MXhZ — .Q.Mhz

'Q'M_I_'Q'A_I_‘kal

Original cosmic triangle
(Bahcall+ 99)

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




Cosmic triangles

e Over-constrained triads:

TdXh — Tdh; H0XtU = Hotu; .Q.MXhZ — .Q.Mhz

0.0

'Q'M+'Q'A+‘Qk:1

Original cosmic triangle
(Bahcall+ 99)

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




14.0

1o

Cosmic triangles

B SHOES BN  Glob. Clust.
e CCHP B Planck (ACDM)
1 B BAO+SNela B Planck (EDE)
I EEEEE S
60 65 70 75

Hy [Mpc~'km/s]

HOXtU —_ HOtU

JLB+2021



Cosmic triangles

All points in the
triangle add to 0!

logyoHy + logyioty —logyo(Hoty) =0

SHOES

CCHP
BAO+SNela
Globular Clusters
Planck (ACDM)
Planck (EDE)

1.19 1.17 1.15 1.13 1.11 1.09

logo (tv /Gyr)

lo JLB+2021



SHOES

CCHP
BAO+SNela
Globular Clusters
Planck (ACDM)
Planck (EDE)

1.19 1.17 1.15 1.13 1.11 1.09

o /G2 Cosmic triangles

-0.56

0.91
N\
Q
g 0.87 -0.52 %,-
>
@ 0.83 o ~

0.75
-0.08 -0.10 -0.12 -0.14 -0.16 -0.18 -0.15 -0.19 -0.23 -0.27 -0.31 -0.35

log;q (k) log;o (h?) JLB+2021



1o

1.19 1.17 1.15 1.13 1.11 1.09

logy (t /Gyr)

2.13

SHOES

CCHP
BAO+SNela
Globular Clusters
Planck (ACDM)
Planck (EDE)

Out with the standard ruler,
In with the .

Nick Kokron

JLB+2021



Conclusions

Importance of model-independent approaches to highlight requirements

Early-late Universe tension? Mismatch in the anchors of the distance ladder.
* But also beyond Hy: t;; and Q,, are also affected.

No room for big changes at low redshift.
* Pre-recombination changes (boost in H(z)?) are required, but likely not enough.

Reconcile ALL measurements, at least not worsen other agreements and tensions
LIM will grant access to unprobed stages of the Universe

Use of new cosmic triangles



