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IN THIS TALK:

e What is the Hubble tension?
— The CMB side

- Local distance ladder and standard candles

* Probes of the Hubble tension
- BAO+BBN

— Other probes of the expansion rates

* What can we expect in the future?




THE CMB

M. Bartelmann: Observing the Big Bang
wavelength [mm)] (lecture Notes, University of Heidelberg)
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Beyond-Planck CMB map (uncorrected) , 30GHz
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Beyond-Planck CMB map (foregrounds removed) , 30GHz
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Beyond-Planck CMB map (foregrounds, dipole removed) , 30GHz
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Beyond-Planck CMB map (foregrounds, dipole removed) , 30GHz
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Angular seale of multipole
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Primordial information
+ Reionization
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STANDARD CANDLE

* All you need is to
- Have a measurable object (not too faint)

— Be able to estimate its intrinsic brightness

» Use correlation of intrinsic properties!
- correlated to pulsation period (Cepheid, Mira)

- correlated to line velocity broadening (HIl galaxies)

- correlated to rotational velocities (Baryonic Tully Fisher)
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* Now we have the distance > So what?!
* What we want is the expansion rate/Hubble rate!

e Thatis, how do the distances relate to recession

velocity = redshift 1/
©-00/@>

» =>To get H(z), we need distance and redshift

° Often not a problem___ Galaxy spectral lines > redshift




STANDARD CANDLE

* Now we have the distance > So what?!
* What we want is the expansion rate/Hubble rate!

e Thatis, how do the distances relate to recession

velocity = redshift 1/
©-00/@>

» =>To get H(z), we need distance and redshift

» Often not a problem... but sometimes it is!




STANDARD CANDLES

Sadly, this is nofwhere the issues stop

Even when we find objects with good intrinsic
properties that allow for estimation of the intrinsic
magnitude and also give their redshift, there is still

one more hurdle!
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|ISSUES OF STANDARD CANDLES

» Calibration of M requires nearby objects of known
distance

* Measurement of H(z) requires faraway objects (in the

Hubble flow, peeutiarveloeities)

* Nearby objects are faint at large distance

* Faraway bright objects are uncommon in the local
universe




|ISSUES OF STANDARD CANDLES

» Calibration of M requires nearby objects of known

distgmas
r M The solution: the
Hub
Build a ladder!
* Nea Calibrate bright faraway objects
e Fara using faint nearby ones

universe
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Geometry — Cepheids
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Type Ia Supernovae — Distance
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Type Ia Supernovae — Distance
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SHORT INTERLUDE:
WHAT ABOUT THE TRGB?

* TRGB = tip of red giant brach

* Red giants accumulate Helium
in their cores

> Helium flash and carbon burn

Composite Milky Way Globular Cluster CMD
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Composite Milky Way Globular Cluster Giant Branch CMD
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Estimate the intrinsic magnitude
from where population of stars

abruptly ends

Issue:
What is abruptly?

NGC 4258 TRGB
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Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Late. ladder
Cepheids + TRGB (CCHP) + Miras + SBF [ family 1 ]
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* Not understanding Supernovae la...
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* Not understanding the Planck experiment...

* Not understanding the CMB properly...
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WHAT TO DO?

Given that the CMB appears to be

- model dependent

- only inferring H, very indirectly

we might use independent confirmation!




BAO+BBN - A CLOSER LOOK
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BAO + BBN
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THE THIRD FAMILY

Standard candles which aren’t candles




RXJ1131




STRONG LENSING

» Strong lensing gives the distance to the lens

* Redshift of lens and source typically known from
spectral features

« Together this gives H,




D D; D 1
At ) A¢Ferma,t DAt X Lo X =

At =

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

RX J1131 —1231

%

"\J ~f'" '%H‘ -~ | N ;

—
~1
"

Ma.gﬂli':l.lde (x;elatwe)
3
' 4
é &2
{
>
¥
A <
a3
f
P
< L8
(f (-s‘
R
K3

UE
&
z
z,
-
3

+0. % A
a] T Ay %, A
’ % RXJ1131

F50s]BA PN 5 F ] o
S o] g g P, Q"P e ““h
S0 . e ~
S5, {CA "N aart ety BT e ™
T8 2 bl "N ouph ™,
= W.ﬁ
= 3
T53 DA mt ol W P o WA
e ewv - Sy
E

T T T T T T
53000 54000 55000 56000 57000 58000

HJD - 2400000.5 (day)




normalized density
=
o
&

RXJ1131

10-1 10° 10! 102
radius [arc seconds]

A¢Ferma‘c — (1 — A)Angermat




Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Time delay

Refsdal [Kelly2023] »
NFW [Millon2020] - —_—r
NFW single-lens [Shajib2020] - &
flexible modelling [Birrer2020] - &
SLACS lenses [Birrer2020) - ®

8 flexible lenses [Denzel2021]
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STANDARD SIRENS

e |dea: Use GW to measure distance
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Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Time delay

Refsdal [Kelly2023] »
NFW [Millon2020] - —_—r
NFW single-lens [Shajib2020] - &
flexible modelling [Birrer2020] - &
SLACS lenses [Birrer2020) - ®
8 flexible lenses [Denzel2021] - &

Standard sirens

GW170817 initial [Abott2017]
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STANDARD SIRENS

e |dea: Use GW to measure distance
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Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Time delay

Refsdal [Kelly2023] »
NFW [Millon2020] - —_—r
NFW single-lens [Shajib2020] - &
flexible modelling [Birrer2020] - &
SLACS lenses [Birrer2020) - ®
8 flexible lenses [Denzel2021] - &

Standard sirens

initial [Abott2017] -

VLEI inclination [Hotokezaka2019)] - &

Gi.0 62.5 5.0 G7.5 T0.0 T2.5 a0 7.5 B0.0




QUICK REMINDER

* Eachindividual object in Hubble flow is subject to
peculiar velocities




QUICK REMINDER

* Eachindividual object in Hubble flow is subject to
peculiar velocities

* |f we have many object, we can hope velocities
average out/treat them as scatter
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* Eachindividual object in Hubble flow is subject to
peculiar velocities

* |f we have many object, we can hope velocities
average out/treat them as scatter

+ high redshift = more Hubble flow compared to peculiar velocities

Redshift of supernovae la: 0.15-2.0
Redshift of GW170817: 0.01
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QUICK REMINDER

* Eachindividual object in Hubble flow is subject to
peculiar velocities

* |f we have many object, we can hope velocities
average out/treat them as scatter

* |f we have only one object, this is a source of
uncertainty

* However, we can estimate it (from surrounding
structure)




Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Time delay

Refsdal [Kelly2023]

NFW [Millon2020] -

NFW single-lens [Shajib2020] -
flexible modelling [Birrer2020] -
SLACS lenses [Birrer2020) -

8 flexible lenses [Denzel2021] -

Standard sirens

initial [Abott2017] -
VLEI inclination [Hotokezaka2019)] -

inclination + 2M++ pec. vel. [Mukherjee2(21] -

Gi.0

T0.0

7.5




Verde,Schéneberg,Gil-Marin (upcoming review in ARAA)

Time delay

Refsdal [Kelly2023]

NFW [Millon2020] -

NFW single-lens [Shajib2020] -
flexible modelling [Birrer2020] -
SLACS lenses [Birrer2020) -

8 flexible lenses [Denzel2021] -

Standard sirens

initial [Abott2017] 4
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MASERS - DISTANCES FROM
ACCELERATION

* Masers are an important tool to get distances

>

<

Blueshift/redshift = orbital velocity T = ’02 / a
Velocity drift = orbital acceleration d=r / tan 6
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Late. ladder

Cepheids + TRGB (CCHP) + Miras + SBF [ family 1 ] . -
Early

Planck + ACT + SPT + WMAP + BAO+BBN [ family 2 ] . L 4

Time delay + Standard sirens + Masers (no NGC4258) [ family 3 | 4 ——

Intermediate, times
Chronometers (Pantheon+) + Age | family 4 | 4 ——
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DARK SIRENS

* Electromagnetic counterpart - Standard siren
* No EW > NeHubbte? Not so fast!

* We might not get individual distances, but we can
estimate stochastic distances




DARK SIRENS

 Use electromagnetic observations (light) from
galaxies to estimate their distribution

* This is assuming binary coalesences are
associated to objects in galaxies and assuming we
know the rate of merges in galaxies

(and that the galaxy catalogue contains the merger event source)
(e.g. 2212.08694, 2310.13695)




DARK SIRENS

Alfradique+2023 (2310.13695)

M 10 Dark Sirens - This work
W GW190924+GW200202
0025 B GW170814+GW190814
Not yet B Palmese et al. 2023
competitive, <= 0.020 - ﬁ:::; R22
but with %J 1 GWTC-3
events it might S
become =
L 0.010
Talk by Simone
0.005

0 40 60 80 100 120 140
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FUTURE EXPECTATIONS

* If | could see the future, | would not be a physicist!
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FUTURE EXPECTATIONS

e More CMB data (ACT DR6)

* More LSS data (Euclid, DESI - BAO but also power
spectrum shape HO)

e JWST local distance ladder (+TRGB discussions)

 Alternative methods reaching decent precision
(FRB, GRB, QSOs, time delay, chronometers)

* Will GW cosmology be a part of that?




TAKEAWAYS:

 CMB determination of HO is model-dependent
« BAO+BBN excellent alternative (calibrated r)

» Standard candle = object of which intrinsic
magnitude can be estimated

* Many alternate measurements

* GW could be a part of the search for an answer!




BACKUP SLIDES
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BBN AND THE BARYONS

(ZENERAL IDEA:

0.22

2) BBN determines €y, h?

4

G015 0.020 0.025 0030 , 1 0-20
R : : 0 Ypp Yp

Qh?

Qbh2 — Np X Qbh2 — My = nb/nfy X Qbh2T_3

Qph? determines time of decoupling from photons

2 — Strong influence on Deuterium
More baryons — earlier decoupling — higher temperature — more
efficient deuterium burning — Less deuterium, slightly more Helium

002 0022 = 0.024
Oh




BAO + BBN

IT WORKS!

— Is it a robust result?




BAO + BBN

o
-

+DR

Hy [kn:g/’s/h:’lpc]

0
=

0.1 03 05
0, ?
H() s — H()

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper




BAO + BBN

90 1

o
-

Hy [km/s/Mpc]
o
_I_
O
&~

\/
Hy [kmistp::]

()
o

60 1

0.1 03 0.5 0.1 03 0.5
ﬂﬂ'ﬁ- ﬂﬂ'ﬁ-

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper




BAO + BBN

90 1

o
-

Hy [km/s/Mpc]
o
_I_
O
&~

\/
Hy [kmistp::]

0
=
(]
—

01 0.3 0.5 01 0.3 05
0, v} 0,

H() I's — H()

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper




BAO + BBN

o
-

Hy [kn:g/’s/h:’lpc]

0
=




BAO + BBN

90 {

o
-

—+ Zrec
shift

Hy [kn:g/’s/h:’lpc]

\/
Hy [km/s/Mpc]
G

()

=
()]
=

0.1 03 05 0.1 0.3 0.5

H() s — H()




EARLY DARK ENERGY

Radiation
Matter

Cosmological constant

Total density

Early dark energy




EARLY DARK ENERGY

n=2
n=oo
n=3
ACDM

Log,(a.)

Wodm

005 010  —44-40-36 60 72 75 78 0120 0.132
fEDE("Ic) Logl(ltac) Hy Wedm




