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) Hubble Ultra Deep, Field



The Discovery of the Expanding Universe
+ 1920: "The Great Debate" between Harlow Shapley and Heber Curtis.
Are the spiral nebulae outside of the Milky Way or part of it ?

The key to answer this question: measure astronomical distances.

— Edwin Hubble: They are outside the Milky Way!
The universe is made of multiple galaxies.

at Mount Wilson Observatory
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+ 1929: Edwin Hubble finds that the "escape velocity"
of galaxies increases with their distance.

d | Sta nce The Universe is expanding!




The Hubble Law

First Hubble Diagram (Hubble 1929)

+1000 KM
2
§ S00KM
> -
3
g
0
DISTANCE _
0 ¥ PARSECS 2x10® PARSECS
distance
Redshift:
P — )\obs — )\emit
)\emit
VA ez Standard
Candles




The Universe is Expanding

— Expansion rather than motion through space



The possible fates of the Universe

= speed is too low and/or Earth is too massive
— '"gravitation wins"

intermediate speed/mass

E = escape velocity reached, Earth is no longer
massive enough to retain the ball
— "velocity wins"

For the Universe:

= the universe is massive enough, its C
self gravity will pull it back together

E = expansion is accelerating, due to the
dominant presence of Dark Energy




Models of the Expanding Universe

Massive universe, Less massive, Decelerating, then
rapidly decelerating slowly decelerating accelerating universe
Big
Crunch

FUTURE

PRESENT - -

PAST




The Accelerating Expansion

1998: The Universe is in accelerated expansion!
— positive cosmological constant: QO > 0

Discovery by Saul Perlmutter (The Supernova Cosmology
Project), Brian Schmidt and Adam Riess (The High-z
Supernova Search Team).

They measured distances and redshifts to Type Ia
supernovae at large distances.

Adam Riess, Saul Perlmutter and Brian Schmidet,

Supernovae are distance indicators: explosion always occurs Nobel Laureates in Physics (2011)

at the same mass, therefore at the same intrinsic luminosity.
They are calibrated with Cepheids (see next session).
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of a white dwarf star in a binary Supernovae light curves used to measure the accelerated

expansion of the Universe (Riess et al. 1998)



Models of the Expanding Universe

Massive universe, Less massive, Decelerating, then
rapidly decelerating slowly decelerating accelerating universe
Big
Crunch

FUTURE

PRESENT - -

PAST

Expansion history (at any time): H(t)
Hubble Constant: H(0)




Hy, (km/s/Mpc)
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The Hubble Constant and the Age of the Universe

1/Ho = tu — Hubble time = age of the universe

+ Ho = 500 km/s/Mpc (Edwin Hubble) — tu = 1.95 Gyr
+ Ho = 73 km/s/Mpc (most recent update) — ty = 13.4 Gyr

+ Ho = 67 km/s/Mpc — ty = 14.6 Gyr

A fundamental
parameter for
cosmologists!
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Two ways to measure/infer Ho

EARLY UNIVERSE LATE UNIVERSE
(TODAY)

The ACDM model predicts H(z)

Ho
ACDM describes/models:
e + the Universe's main components
Measurement Of temperature + its evolution: Big Bang — current expansion
fluctuations in the CMB + structure formation
(Planck Collaboration)
dark
matter
27%
ordinary
matter
5%
dark
energy
68% Ho

Direct measurement:
Distances & redshifts .
(model-free)




SN2002fk

Late Universe
(direct) method:

Empirical distance
ladder with Cepheids
+ supernovae la
(model-free)

Ho= 73.17 = 0.86
km/s/Mpc
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The Hubble Tension

H(z) from ACDM

4 6 8 10

Lookback time (in billions of years)
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Early Universe
(indirect) method:

Assuming the ACDM
model and using the
CMB fluctuation
spectrum (Planck), we
can predict the
expansion history of the
Universe and its
expansion rate today

Ho=67.4 = 0.5
km/s/Mpc




Direct measurement
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Distances & redshifts
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The Hubble Tension

CMB 2018 Planck - L
CMB 2025 (ACT-DR6) - -
CMB 2024 (SPT-3G+lensing+tauprior) = @
BBN+DESIBAO 2024 - @ -1 -1
BBN+eBOSS 2022 - — C HIO [.krInMS d ||\ng d] ¢
BBN+BAO+Shapefit eBOSS 2022 - @ Losmological Modael bependen
HST SHOES 2024 (4 anchors) @ Direct
JWST SHOES 2024 (1 anchor) —&— (Dvs2)

Cepheids 2022 (2 rungs, no SNla) -
Masers 2019 (no rungs) =

TRGB CCHP + SNla CSP 2025 -
TRGB EDD + SNla CSP 2021 -
TRGB CATs + SNla PanthP 2023 -

TRGB JWST + SBF 2025 - & The Hubble tension is
TRGB HST + SBF 2021 - ) . .
Cepheids HST + SBF 2021 - not just a disagreement
Miras + SNla 2023 between two methods,
JAGB JWST SHOES set + SNla 2024 -
JAGB JWST CCHP set + SNla 2024 - or two teams.
JAGB JWST all + SNia 2025 -
SN Il EPM method 2024 - L
SN Il SCM method 2022 - .
SN 11 2024 (no rungs) - — — It is a global
HIl 2024 - :
Tully-Fisher 2024 ~ dlsagreen.lent between
Tully-Fisher 2022 (baryonic) - eaﬂy universe values
Tully-Fisher 2020 (baryonic) = .
DESI Fundamental Plane + COMA 2024 - and late-universe
1 T T B wadalad Phanamana | measurements.

= Modeled Phenomena
CC (GP) 2022 -

Strong lensing 2020 (7 lensed QSO cons) - 7
Strong lensing 2020 (7 lensed QSO asser) - _
Strong lensing 2023 (SN Refsdal) -

Strong lensing 2024 (SN HOpe) -

GWs 2024 (1 bright standard siren) -

GWs 2024 (dark standard sirens) =

GWs 2023 (spectral+1 standard siren) =
Cosmic Voids 2022 -

FRBs 2022 (16 unlocal + 60 local) =

FRBs 2023 (18 local) -

FRBs 2024 (64 local) -

55 60 65 70 75 80 85
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Measuring Distances on Earth

Light House

Brightness oc 1/D2

Objects of known size




Measuring Distances in Space

Stellar Parallax Measurement

=i +

(June) &

. <

Earth
(December)

Parallax method (Credit: A. Feild, STScI, A. Riess, JHU/STScI)




The Gaia Satellite (European Space Agency)
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Declination (milliarcsec)

Gaia Parallaxes
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Measuring Distances on Earth

Light House

Brightness oc 1/D2

Objects of known size




normalized | flux

O-C (flux)
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Detached Eclipsing Binaries
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Measuring Distances on Earth

Light House

Brightness oc 1/D2




Standard Candles

Cepheid Period-Luminosity (PL) Relation

Cepheid Variable Star ~8 1 Bright Cepheids:

Slow pulsation

-71  Faint Cepheids:
Fast pulsation

Absolute brightness
|

Light Curve
_5 -
—47 0.5 1.0 1.5 2.0
phase
0.4 0.6 0.8 1.0 1.2 1.4 1.6

log (Period) (days)

23F E
Type Ia supernova 23k
24f
24 o I
: 25- : 25f 3
23}
g 24F S 26} 3
€ € I
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; ; 26E " " " " = 286 " ) . . K
Explosion frc?m thermonuc.lear dfztonatlon EPR e e EPP— Y
of a white dwarf star in a binary Age (doys) Age (days)

SNIa light curves (Riess et al. 1998)






The Cepheid & SNIa Distance Ladder




The Cepheid & SNIa Distance Ladder

1st rung
Geometry —> Cepheids in 4 anchor galaxies
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e, . limit
Milky Way * .. | NGC4258

Local Group: distance < 10 Mpc

We use "known" distances in
nearby galaxies to calibrate the
absolute Period-Luminosity
relation of Cepheids:

» Gaia parallaxes
» Eclipsing binaries
» Maser orbital motion




The Cepheid & SNIa Distance Ladder

1st rung 2nd rung
Geometry —> Cepheids in 4 anchor galaxies Cepheids —» 42 SNIa in 37 host galaxies
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We use "known" distances in We observe galaxies hosting both
nearby galaxies to calibrate the Cepheids and SNIa, and we assume
absolute Period-Luminosity Cepheid distances to calibrate SNIa.

relation of Cepheids:
— Limited to the volume where
» Gaia parallaxes Cepheids can be observed
» Eclipsing binaries & by the number of nearby SNIa
» Maser orbital motion (1 SNIa/galaxy/100 years)




The Cepheid & SNIa Distance Ladder

1st rung
Geometry —> Cepheids in 4 anchor galaxies

2nd rung

3rd rung
277 SNIa —» redshifts

Cepheids —» 42 SNIa in 37 host galaxies
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We use "known" distances in
nearby galaxies to calibrate the
absolute Period-Luminosity
relation of Cepheids:

» Gaia parallaxes
» Eclipsing binaries
» Maser orbital motion

10 Mpc < distance < 60 Mpc 0.02 < redshift (z) < 0.20 (Hubble Flow)

We observe galaxies hosting both
Cepheids and SNIa, and we assume
Cepheid distances to calibrate SNIa.

Here, only SNIa are bright enough
to be observed, Cepheids too faint.

— Far enough to avoid local

— Limited to the volume where . . )
gravitational interactions

Cepheids can be observed
& by the number of nearby SNIa

(1 SNIa/galaxy/100 years) — Close enough to measure Ho
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. Three Steps to Measuring the Expansion Rate of the Universe

.. 8 Galaxies hosting Distant galaxies in the
I Cepheids and expanding Universe
R Type la hosting Type la
. supernovae supernovae
Nearby Cepheid ‘\‘
— B
. .
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3 & @
.
d ", Light redshifted (stretched) by expansion of space
. A
L
0-
10K Ly 100 Million - 1 Billion Light-years

100 Million - 1 Billion Light-years




The Cepheid & SNIa Distance Ladder

4+ Use NIR & colors to minimize the effect of dust

+ Simultaneous fit of the 3 rungs with 5 free parameters:
Cepheid & SNIa luminosities, PL slope, v, and 5 log(Ho)

Type Ia Supernovae — redshift(z)

N
%)

N
=)

Ho = 73.04 = 1.04 km/s/Mpc

(Riess+2022)

«(z,Hy=73.0,90.0)

» Best-understood methods
— physics of Cepheids & SNIa

» Homogeneous observations
— only HST photometry

» Largest
number of
objects
— populate
sparser rungs

Geometry — Cepheids

SN Ia: m-M (mag)

(%)
(=)
—r T T T T T T T T T T

Cepheids — Type Ia Supernovae
0=0.130 mag, N=42
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High quality data
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~300 SNIa
(Pantheon+,
Brout+2023)
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The SHOES Team (PI: A. Riess)

40+ journal papers

16,000+ citations since 2005
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Type Ia Supernovae — redshift(z)

42
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High quality data
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~300 SNIa
(Pantheon+,
Brout+2023)
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geometric methods
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distances

Geometry: 5 log D [Mpc] + 25

in Cepheid hosts galaxies




Improving the Milky Way Calibration with Cepheids in Clusters

Cepheid PV o ® o e i vy Open Clusters host >100 stars: Cluster mean parallaxes
Lius an PM ' e are more precise than those of individual Cepheids
Breuval+2020

Cluster members are fainter than Cepheids, and Gaia
parallaxes are better calibrated for fainter stars.

17 cluster Cepheids = as good as 75 individual Cepheids!
Consistent HST photometry (spatial scanning)

Riess+2022b
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Crowding

Uncrowding Cepheids ih'the ', | ' ST WFCAIR
‘Near-Infrared N T S e e @ o

P g "

Gredit; B, Trufiin. S¢ « = Sl e " a Resulting images

— NIR crowding is not a systematic: it is a bias that can be removed using artificial stars simulations,
it produces additional scatter in the P-L relation (statistical noise)



Crowding

Inner Outer

4+ Period-Luminosity relation is more
scattered for stars in crowded regions.

Inner zp= 23.529 +/- 0.023 ,SD=0.42
Outer zp= 23.540 +/- 0.050 , SD= 0.27

4+ Previously corrected with artificial
star tests.

0.8 1.0 12 1.4 1.6 1.8
log Period (days)



FI50W/F160W

Crowding

HST 1.5 um (F160W) JWST 1.5 um (F150W) 15t rung 2nd rung 3rd rung

Geometry — Cepheids in 4 anchor galaxies Cepheids = 42 SNIa in 37 host galaxies 277 SNIa — redshifts
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Local Group: distance < 10 Mpc 10 Mpc < distance < 60 Mpc 0.02 < redshift (z) < 0.20 (Hubble Flow)

v’ Dispersion reduced by a factor 2.5
v Better precision for distances _
v Excellent agreement with HST: no biais in Ho 2nd rung galaxies (SNIa hosts)

observed with JWST
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HST i
(N=42) .
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The Perfect Host: NGC 3447

Cepheids form on top of old populations.
No old population — no background!

Riess+2025

L N L Vi Dk
1J\WST+ '
NIRCam.. -

»

WFC3/UVIS T - _ JWST -

‘ My ol NIRCam



The Perfect Host: NGC 3447

— Further 50% reduction in dispersion compared to nominal JWST, tightest P-L relation outside Local Group

Riess+2025

— T
Spiral galaxy: o= 0.19
Tidal companion: o = 0.12 mag

= v | T T T |
22 mag

23

@ uf
E L
T F
= F

25 :— HST N3447  JWST N3447  JWST N3447A
26

1.2 1.4 1.6 1.8 2.0 2.2
Log P

— Again, great agreement between HST and JWST distances:
crowding is ruled out as a possible source of the Hubble tension




Conclusion on Crowding

THE ASTROPHYSICAL JOURNAL, 977:120 (18pp), 2024 December 10 https: //doi.org/10.3847/1538-4357 /ad8c21
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HST and JWST Cepheid photometry in excellent agreement
HST with 42 SNIa hosts and 4 anchors still provides the strongest constraint on Ho.

Ho strongly depends on the sample of SNIa host galaxies.

+ + + <+

JWST subsample still too small to say anything conclusive on the Hubble tension.
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All these recent improvements, and
the growing confidence that we're
not missing an "unknown"
systematic, reinforce the Hubble
Tension and improved the
robustness of the Cepheid-SNIa
distance ladder.

But...

Other techniques should/can be
developed and refined! Especially
if they are independent from
Cepheids and SNIa
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A Type II Distance Ladder with TRGB & SBF
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Tip of the Red Giant Branch (TRGB)

+ Correspond to the brightest ascent of red giant

stars before they undergo the helium flash.

+ Highly efficient: need less telescope time than
Cepheids, don’t have to measure a light curve

+ Not limited to galaxies with young stellar
populations (unlike Cepheids)

Ay

Globular Cluster M32 M49

10 kpc (Andromeda Satellite) (Virgo Cluster)
770 kpc 16 Mpc

Surface Brightness Fluctuations (SBF)

+ Number of stars/pixel varies with galaxy distance,
more distant galaxies look smoother.

4+ SBF vs Type Ia supernovae:
» No shortage of targets
» Only need single epoch of data
» ~ 4-5% precision per target



A Type II Distance Ladder with TRGB & SBF
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The TRGB-SBF Project:

awarded JWST time through 4 proposals

(PI/Co-PIs R. Tully, J. Jensen, G. Anand),
120 GO hours + 300 Survey targets
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1) Introduction: The Hubble Constant (Hop)
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5) An independent "Type II" distance ladder

6) Conclusion & Perspectives



Conclusion
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Not just a Planck vs SHOES issue. Some recent results:

+ Parallel SNe Ia distance ladder focusing on early-type SN Ia hosts anchored to TRGB,
Ho = 75.3 = 2.9 km/s/Mpc (Newman & Larison+25).

+ Distance Network approach to combine various community results with appropriate covariance
weighting, HO = 73.5 * 0.8 km/s/Mpc (The HODN Collaboration, Casertano+2026).



What you will hear about this week

MONDAY TUESDAY
Distance ladder
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TRGB
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WEDNESDAY

TRGB
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THURSDAY

Supernovae Ila
systematics

FRIDAY

Data
Challenge



Why did Edwin Hubble measure a Ho value 7x too high?

First Hubble Diagram (Hubble 1929)
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