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 The Hubble Constant Ho: How fast the Universe is currently expanding
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Modern Cosmology | Hy Direct vs. Indirect Measurements
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Model dependent

Careful with peculiar velocities
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Type 1a Cosmology

Scolnic et al. 2018
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Type 1a Cosmology | Measuring Hy

Scolnic et al. 2018
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Direct Distance Ladder | SHOES

Get independent distances for SNe Ia

Calibrate the “Period-Luminosity” relation Measure “Lsn” Get Elp’ ,
distance
“Geometry” “Calibrators” “SNe Ia” Scolnic et al. 2018
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Flux density (mJy)
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SHOES

SHOES collaboration
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Direct Distance Ladder | SHOES

Get independent distances for SNe Ia

Calibrate the “Period-Luminosity” relation Measure “Lsn” Get Elp’ ,
distance
“Geometry” “Calibrators” “SNe Ia” Scolnic et al. 2018
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Modern Cosmology | Hy Direct vs. Indirect Measurements
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FIGURE 1

Geometry — Cepheids — SNe la
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Deriving Hy

rs from baryon and matter density (radiation) e

Inferred/
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"

H(z) = HO X \/Q,,(l + z)4 -+ Qm(l + Z)3 + QA(I + Z)3(1+w)

rs « the sound horizon »

Calculated

\-=rl’S=

O from observation

o0

<s

c,(2) i

H(z)

Radiation driven
5 SrG
H"(z) = S <,0y+ﬂy+,0m>

H(z) from Da=r/0

We can think of the estimation of Hy from CMB data as proceeding in three steps:
1) determine the baryon density and matter density to allow for calculation of 7 ,

2) infer O from the spacing between the acoustic peaks to determine the comoving angular

diameter distance to last scattering Da =1, /0s ,

3) adjust the only remaining free density parameter in the model so that D4 gives this inferred

distance.

With this last step complete we now have H(z) determined for all z, including z = 0.

— Hubble Hunter’s Guide L. Knox & M. Millea 2019
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Hy Tension | SHOES vs. Planck

_
Riess et al. 2022
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Are Supernovae & CMB in tension ? No!
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Inverse Distance Ladder

Get independent distances for SNe Ia

“Transfert”
H(z=1) — H(z=0)

“SNe Ia”
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BOSS DR12 | Alam et al. 2017

“BAO.”

See also e.g.
Aubourg et al. 2015 ® Macaulay et al. 2018
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H, Tension | Early vs. Late physics
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Time Delay Cosmology
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H) Tension | At least 2 independent systematics
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Gravitational Waves & ElectroMagnetism | /)
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H)y Tension | alternative probes are still quite far

6/.3£1.0

+
BOSS DR12 (2017)

Early

73.0x1.0

Riess et al. 2022

73.3%+1.8

—_—
Wong et al. 2020

70.0%3%°

@
Sensitive to Abbott et al. 2017

peculiar 711.8x2.7

velocity o
g Pesce et al. 2020
correction

> [No peculiar velocity
correction
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H) Tension | At least 2 independent systematics

6/.3+x1.0

—_— —
BOSS DR12 (2017)

Early

Riess et al. 2022

73.3+1.8

—_——
Wong et al. 2020
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Tensions In Cosmology | Changing the model

Planck 2018
L KV450-fiducial
0.84 c ~ .
7 _g 1.2 ’ | Direct KiDS-450
SHOES (2019) 0.83 3 | measurements DESY1

| e | o
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T i 2 Q
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H) Tension | At least 2 independent systematics

6/.3+x1.0

—_— —
BOSS DR12 (2017)

Late
h 1/ ’ 77
e 73.0+1.0
——
pCurvature Riess et al. 2022
: +
Exotic /3.3+x1.8
Dark Energy Wong et al. 2020
66 68 70 712 74 /6

Ho [kms~tMpc~!]
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H) tension or r, tension ?

SHOES 2019 (Cepheids & SNe Ia)
(No assumption of ACDM)

BAO + SNe Ia
(No assumption of ACDM | 5d spline)

Planck
(Assumes ACDM)

Knox & Millea et al. 2019

SHOES
BAO+SNe -
Planck TT,TE,EE+IlowE (ACDM)
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95 140 145 150 g
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Then what about New Fundamental Physics ?

Knox & Millea et al. 2019

60 -
Bl Planck TT, TE, EE+lowE (model X)
SHOES
ST BAO+SNe _

Planck TT,TE,EE+IlowE (ACDM)

T. Smith | V. Poulin , | : .
130 135 140 A 150 s

.drag
Mickael RIGAULT T = 5 [l\IpC]
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H) Tension | At least 2 independent systematics

6/.3x1.0
_._
“~ACDM” BOSS DR12 (2017)
Early
Late
73.0+1.0
_‘_

Direct Riess et al. 2022

/3.3+x1.8
_._
Direct Wong et al. 2020
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No CMB Data | Big Band Nucleosynthesis

eBOSS collab. 2020

180

ACDM Distance Ladder

-

| om—

140 1 W BAO
BN BAO-+BBN \
" BAO+Distance Ladder
o CMB T&P
120 - - - |
60 65 70 75 80

Hy [km/s/Mpc]
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H)y Tension | At least 2 independent (late) systematics

ACDM: BAO & BBN

ow,w,CDM:
CMB P&T & BAO & SN

6/.3x1.0

no CMB

—— —

67.9+0.9

e —
eBOSS Iil (2020)

Early

73.0x1.0

Riess et al. 2022

73.3%£1.8

-,
Wong et al. 2020

66

68

70
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712 14 76
-1 Mpc—l]

Direct: Geom+Cepheids+SNela

Direct~: Strong Lensing
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Strong Lensing | systematics in density profile

The mass-sheet degeneracy:

from the observed image positions and flux ratios, one cannot distinguish between the original Kk and any K,

RXJ1131-1231 | HST | Shajib et al. 2023

EDE 2022 | RIGAULT

Schneider & Sluse 2013
I J T ' ' T T T T T
i — SIS
r
A —  Kos
| K0)=k@)+(1-4) .
1.5 \\ p |
-\, 1.1
\\ - R
k0 s
e
0.5} D |
\ | ! | I | | | \ | | | I
0.0 0.5 1.0 d i55a" 2.0

“if the SIS density profile provides a good fit to the lensing
data, an equally good fit is obtained by all the k;.”

But:
H,At — 1H, At

Good news:

The mass sheet degeneracy
can be broken by spatially
resolved velocity dispersion
measurements
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Strong Lensing | systematics in density profile

Birrer et al. 2020

Hy measurements in flat ACDM - performed blindly

convergence profile Wong et al. 2020 733715

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)

s TDCOSMO+SLACS Millon et al. 2020 74.0+11
o—
8 powe r-IaW 6 time-delay lenses (5 HOLICOW + 1 STRIDES) TDCOSMO (NFW + stars/constant M/L)
c 74.2119
Q .—1.6
9 TDCOSMO (power-law)
Q>) ______________________________________________________________________
= this work kinematics-only constraints on mass profile
8 7 time-delay lenses (+ 33 SLACS lenses in different combinations)
+5.6
74.5+2°
@
TDCOSMO-only
+5.8
73.3723
TDCOSMO+SLACS gy (anisotropy constraints from 9 SLACS lenses)
+4.3
67 'ﬁ—4.7
TDCOSMO+SLACSspss (profile constraints from 33 SLACS lenses)
+4.1
67.4735

TDCOSMO+SLACSspss + ru (anisotropy and profile constraints from SLACS)

2 102 10° o) 102
radius [arc seconds] 60 65 70 75 80
Ho [kms~tMpc~!]
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Ho Tension

ACDM: BAO & BBN

ow,w,CDM:
CMB P&T & BAO & SN

| Highly debated systematics in strong lensing

6/.3+1.0
O

6/7.9+0.9

_—
eBOSS Ill (2020)

Lens profile from

stellar dispersion
(@anisotropy and profile
constraints from SLACS)

\ 67.4%3

Birrer et al. 2020

73.0x1.0

+
Riess et al. 2022

~_

e

64

66 68

70

712 74 76

Ho [kms~! Mpc—1]

Direct: Geom+Cepheids+SNela

Direct~: Strong Lensing

Power-law & star
constant M/L

& Dark matter halo
(See Suyu 2009)
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Direct Distance Ladder | 7TRGB

Calibrate the “Period-Luminosity” relation

“Geometry”

Parallaxes | D.E.B. | Maser

Composite Milky Way Globular Cluster CMD

Measure “Lsn”

“Calibrators”

TRGB

"7 Cepheid

Distant Cepheid

Limit

Source: eso

M,

Freedman 2021
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~ TRGB

| : Zoom on TRGB
7 R Giant Bra
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e “SNe Ia"” Scolnic et al. 2018
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Freedman et al. 2021
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Hy Tension | TRGB vs. Cepheid

67.3+1.0

+
BOSS DR12 (2017)

69.8+1.7

—{ ——
Freedman 2021

73.0x1.0

+
Riess et al. 2022

67.47%1

@
Birrer et al. 2020

70.0+1%0

@
Abbott et al. 2017

71.8x2.7

@
Pesce et al. 2020

62.5

65.0 67.5 70.0 72.5 75.0
Ho [kms~!tMpc™1]

7

80.0

82.5
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lest the
cosmological model

Strong Lensing

is a “new”’ probe
systematics ongoing

Sensitive to
peculiar
velocity
correction

A 4

a

|

69.8+1.7

—
Freedman 2021

73.0x1.0

—
Riess et al. 2022

67.47%3

e e ——
Birrer et al. 2020

62.5 65.0 67.5 70.0 72.5 75.0
Hy [kms™ i Mpc~1]

717.5

380.0

SNela’s (Lqy) calibrated by:

<« BAO (z~1) | 7

<«— TRGB (z~0) | geometry

<— (Cepheids (z~0) | geometry

82.5
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The Progenitor issue | Astrophysical biases

Constant ?

Scolnic et al. 2018

¥
“Calibrators” E 46
= 4
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!E@El ;g 40
8 Ste
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!
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=
0.01 0.10
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SN2011fe
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T
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- CANDELS

+CLASH
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Direct Distance Ladder | SHOES

The SNe Ia “matching” problem

“Calibrators”

Cepheids

Distance

Measure “Lsn”

H>~ = =
N = O

Qw o
Sy 00

Distance Modulus (mag)
o H—
—_ -

Get //H 4 .
. distance

“SNe Ia”
I I T T T1T1T1] I | 1

1]

= SDSS

|||l|l|_|_l L1 1 |

0.01 0.10
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Childress et al. 2013

Fainter
0.10
E:
'.-9 0.05
=
5.5 O
—_— O
o~
E
Pt —0.05
e
—0.10
8 9 10 11
Brighter log(M. /M)

_—

Host global stellar mass
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Fainter

\4

Brighter

IINO 4
young stars

Hubble Residual

~14

High fraction of

>
young stars

Amplitude: A, = 0.16 £ 0.03 mag

— 15 12 —11 =10

log(1sSFR)

# Young Stars
# Old Stars

IsSFR

Rigault et al. 2020
Nicolas et al. 2021
Briday et al. 2022
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The Age Step & H0 Rigault et al. 2015, 2020

Impact on HO of difference in SN Population

non-zero at ~60 level | Ay= 0.16 +£0.03

Younger

0.4

Magnitude offset between
the two SNe Ia populations

|

1
log(H,™") = log(Hy) — —Af, X A

-

0.0 -

f Y

S

/ ~0.15mag
Relative fraction of Young SNela between

the Cepheid and HubbleFlow samples

-02}F

Amg" (salt2.4)

SNela Luminosity
with respect to average

—04}

8 “14 13 T 11 ~10
local Star formation rate / local stellar mass

Fraction of young star at the SN location
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H — Hcosmo — BC + A(X1)X1

@ Alldata

0.25 0.50

---. Step model = Step model incl. (g — 2) error

0.75 1.00 1.25 1.50 1.75
Local colour (g — 2)iocal

Ginolin et al. 2024 (a)

2.00


https://arxiv.org/pdf/2405.20965

Astrophysical Bias affecting Hy Rigaul t al. 2015

The SNe Ia “matching” problem 3% bias on Ho

Measure “Lgn” Get “Hp”

So a 2 km s1 Mpc! shift

distance

Total current SHOES error budget

1 1
“Calibrators” “GNe Ia” 1.04 km s'1 Mpc

T T T T TT1T0]
Cepheids

M=~
-y

SHOES “corrected”
~71 + 1.5 km s'1 Mpc?

SN
—_

M=
(N

Rigault et al. in prep. | Rigault et al. 2015, 2020

w o
Sy OO

) Distance
\/“D
o i °
: _ = .

SHOES rebuttal

Distance Modulus (mag)
o —
—_ -

“If we mimic the Cepheids selection

function and only take Hubble flow
SNe Ia from Spiral hosts,
Hy reduces by 0.5%”

(Lsn)

SNela with Cepheids SNela In Hubble Flow
strongly favour Young SNela All kinds of SNe Ia
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Riess et al. 2022 | Riess et al. 2016, 2019




What's next ?



Zwicky Transient Facility (ZTF) is acquiring ~1000 SNela per year at z<0.1 since 2018

LSST

L1F EEE




500 -

£1% Measure Lsn e
VOlume limitEd Volume limited oAy
ZTF SNela < 60 Mpc %
3
Tip Red Giant Branch -
(doable in any galaxy) L
=
©
| _~40 ZTESNeIa | need JWST I
No selection S
Q
<
effect Volume limited :|J~
Self : tont ZTF SNela z < 0.06 =<
clr-consistien
O(1000) ZTF SNe la | ready

calibration
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Gravitational Waves & ElectroMagnetism | /)
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Gravitational Waves

oMagnetism | Hy

Works with any Merger

% owisoo1s NN DES galaxy distribution
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Direct measurement of Ho | without counterpart
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Abbott et al. 2019 | 1908.06060

Direct measurement of Ho | without counterpart
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iPTF16geu | Goobar et al. 2017
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Conclusion | Hubble-Lemaitre Constant

Hy Tension

eBOSS Il (2020)

09.8+1.7
@
Freedman 2021
73.0+£1.0

+
Riess et al. 2022

67.4%37 /331

= e
Birrer et al. 2020 a et al

70.0+3%0

|
SN + (BAO + BBN)

SN + (BAO + 7’5)

&D.E. & Q,
|

SN + (geom + TRGB)
|

SN + (geom + Cepheids)

&
Abbott et al. 2017

71.8x2.7

@
Pesce et al. 2020

62.5 65.0 67.5 70.0 725 75.0
Ho [kms~tMpc—1]

— New fundamental Physics

No simple solutions so far

These solving Hy break oy

— Type Ia Supernovae a key for Hy

Understanding their systematics is of paramount
importance for cosmology

ZTF is about to change the game

— Systematic Uncertainties

Must be multiple sources

e.g. : age-bias for SNe Ia
& lensing modeling for strong lensing
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