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Type Ia Supernovae — redshift(z)

e (2,H5=73.2,qyjp)

Cepheids — Type Ia Supernovae ~

Cepheid: m-M (mag)

oD %
g
= o’
ﬁ 34 3 3 40
.:. 3 SN Ia: m-M (mag)
Z
wh uE
Geometry — Cepheids 3 ¢
Na2sg, E o4
M31 3 s T =
Fo------ *J#A?'—W—o_og
Foot * ey g
b {04
LMC J o

it Way

-
l

404
| E ]
Lo —#———¢--+o0 E

3-0.4

1

n

Geometry: 5 log D [Mpc] + 25

Hy = 73.2+-1.3 km/s/Mpc (Riess et al. 2021)

0.4
0.0
-0.4

sl o]
=

Figure from Riess et al. (2016)



Hubble tension

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages

375,000 yrs.

Development of
Galaxies, Planets, etc.

Inflation
N

Quantum ' §
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Image credit: NASA/ESA

‘U

Planck18+ACDOM

——

. o L
BAD+EBN M

BAD+ACTPo! SPT.WNAP
)

r,+ inverse ladder

>A0

e
Here
L 2

~ NAD" Ue » . A
Goic DRZMHST w (R180,b; SMOES)

SN lo NIR (DJL17,CSP B18)

HOLICOW~—4 lenses (Birrer1B)

R16 {(SHOES)

New physics?

Or

Riess et al. (2016, 2019, 2021)

Systematics?



Composite Milky Way Globular Cluster CMD

TRGB method | e

* Helium flash in low-mass stars T
- Tip of the Red Giant Branch
(TRGB) as a standard candle
(especially in | band). !

~05 0.0 1.5 20

(V-I),

Figure from Freedman (2021)



TRGB method

* Helium flash in low-mass stars
—> Tip of the Red Giant Branch
(TRGB) as a standard candle
(especially in | band).

* Replacing Cepheids with
TRGB in the distance ladder
-> H,

TRGB
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TRGB method

* Helium flash in low-mass stars =
Tip of the Red Giant Branch
(TRGB) as a standard candle
(especially in | band).

* Replacing Cepheids with TRGB In
the distance ladder 2 H,

* Different calibrations of the
TRGB method = different
TRGB zero point M, = different
Hy

Figure from Freedman (2021)
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Take-home message

Freedman (2021): Local
measurement of H, from
TRGB i1s more consistant
with the early universe
result.

CMB and Independent Local H; values
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Detached Eclipsing Binaries Globular clusters Maser distance Detached Eclipsing Binaries

l l TRGB Zero Point l l
| wvc | Milky Way NGC 4258 | | smc |
-4.045 -4.063 -4.050 -4.057
+ 0.012 4+0.024 + 0.07 +0.11 + 0.028+40.048 4+ 0.030 +0.040

Mg, a = -4.049 + 0.015 + 0.035 mag
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Detached Eclipsing Binaries Globular clusters
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: Type la Supernovae
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H, from TRGB methoao

Distribution of H, Values for TRGB Anchors

Recent Published H;, Values

H, = 69.8 + 0.6 (stat) + 1.6 (sys)
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3. My comments

° RObUStneSS. of the empirical Calibrator TRGB Cepheids
determination of Hj,. TMC DERC DER®
NGC 4258 masers? masers?
o Cepheld vsS. TRGB calibrators Milky Way w Cen DEB¢ EDR3 pa-‘l.m]la-'l.}{t:fsad
SMC DEB®

@ Pietrzynski (2019)
b Reid et al. (2019)
© Thompson et al. (2001)
d Riess et al. (2021)

€ Graczyk et al. (2020)
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summary

* Hubble tension: Early and late universe probes result in >4-sigma
difference in the Hubble constant (67 vs. 73 Km/s/Mpc).

* Using four anchors to calibrate the TRGB method, Freedman (2021)
derived

Hy = 69.8 £ 0.6 (stat) £ 1.6 (sys) kms~!Mpc™!
This 1Is more consistent with the early universe measurements.

* The discrepancy In the late universe probes (TRGB and cepheid) needs
to be resolved in order to understand the nature of Hubble tension.



Questions | would ask as an audience

1. What types of galaxies can TRGB method apply to? How Is it
compared to the cepheid method?

2. What Is the advantage of TRGB method over cepheid method?
3. Why i1s TRGB independent of stellar metallicity?

4. How will future (larger) telescopes help in resolving the
discrepancy?



Back-up slides



How to determine the TRGB

* Sobel edge-detection
filter.

Freedman et al. (2019)
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Common hosts of cepheld and TRGB

_TRGB vs Cepheid Distances
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Hubble constant measurements over time

Hubble Constant Over Time
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