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> OF A CEPHEID

Brief (1% of lifetime, 10° yrs) phase of stellar evolution for
stars with masses ~4—15 Mg; regular pulsations with P~2—-100d
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“I.LEAVITT LAW’’ IN THE I.MC
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CEPHEID LLUMINOSITIES

e Absolute calibration: several independent geometrical methods

e Trigonometric parallaxes to 75 Milky Way Cepheids 1.0%

° Sample will further increase and improve thanks to Gaza

e Distance to Large Magellanic Cloud (>1000 Cepheids)  1.3%

> Based on tight relation between flux density per unit
angular area and surface temperature of stars

e Distance to galaxy Messier 106 (>600 Cepheids) 1.5%

> Based on near-Keplerian motions of water maser clouds
orbiting supermassive black hole at galaxy center




CEPHEID LLUMINOSITIES
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SHyES CEPHEID LIGHT CURVES

MAGNITUDE — MEAN [MAG]
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“I.LEAVITT LLAWS”
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WHITE DWARF (IA) SUPERNOVAE

» Earth-sized degenerate C/O stellar core reaches ~1.4Mg

* Nature of “progenitor’” unknown (2 white dwarfs, 1 white dwarf + giant)

* T > 5x10° K = nuclear statistical equilibrium — ~0.4 Mg >°Ni

max

e Excellent secondary distance indicator (single SN — *7%)

° Based on empirically-determined corrections to light curve

NASA/CXC/Texas Tech/T. Maccarone; NASA/CXC/M. Weiss — )
ESA/C. Carreau; NASA/GSFC/T. Strohmayer; NASA/CXC/D. Betty NASA/ESA/High-Z Supernova Search Team




WHITE DWARF (IA) SUPERNOVAE

e Excellent secondary distance indicator (single SN — *7%)

> Based on empirically-determined corrections to light curve
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SUPERNOVAE IN HUBBLE FLOW
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SH,ES ANALYSIS

e Standard candles (Cepheids, SNe Ia)

> Used empirically — no astrophysical modeling involved

All Cepheid observations use same telescope (HST) and cameras

° Nullifies calibration systematics (zeropoint, color terms)

All SNe data uniformly calibrated and analyzed
> Brout+2022 (2112.03864); Scolnic+2022 (2112.03863)

e All data publicly available
° https://pantheonplusshOes.github.io




PERFORM SIMULTANEOUS FIT TO RETAIN
INTERDEPENDENCE OF DATA AND PARAMETERS
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ANALYSIS VARIANTS

12 categories, 67 variants, bifurcations, extensions, etc.

LA perrrrrrs provrrrT A * Optical Cepheid data only 72.7
p Only Opticl Ceph. Dta . 1, : * Diaff. pec. vel map or none 73.1,72.7
0 %—;;ﬁ‘a‘r},‘e‘l“,‘t ““““““ ““““““ °..' “““ ““““ * SN scatter ind. wave+mass step 73.5
*‘s:Nrmiﬁg::::i:::::::::::E::::::::::::;::::i::':.::::::o::::::::E:::::::: * No pre-2000 SNe 73.2
50 F-Excuded 53 Sumvey ., ) * Closest half hosts 73.1
S N AL * Most crowded 73.4
' 733
o S B 73.4
- Hubble Flow Sampl 73.3
30 _;R:zﬁltyl rang . RGB (consistently) jointly — 72.5
st Copreiasampte L\ YOP O - * No metallicity term 73.5
%'liL"B'r‘e?E/'sgm‘l """"""" * '''''''' * Break in PL at P=10 days 72.7
20 F capespuccoorTrmen * No dust correction 74.8
o ----------------- -------- * Individual host dust law 73.9
1 S N S T * Free param dust law s
F * Low Ry=2.5 dust law 73.2
§ * Two of three anchors 73.0,73.4,73.2
AT PO ORI i * No outlier rejection 73.4

H RIESS, YUAN, MACRI+ (2022)



BASELINE FIT: H;=73.04£1.04 KM/S/MPC

includes systematics; 5.0o from Planck+ACDM; %3=1.03, N=3500
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H, TENSION

WHY IS THERE NO PRECISE LLATE-
UNIVERSE Hjy < EARLY-UNIVERSE?

D1 VALENTINO+2022 (2103.01183)

CMB with Planck
Balkenhol et al. Q021), Planck 2018+SPT+ACT : 6749 + 0.5
Pogosian ctal. (2020), cBOSS+Planck mH2: 69.6 = 1.8

‘Aghanim ct al. (2020), Planck 2018: 67.27 £ 0.60 -
Aghanim et al. 2020), Planck 2018+CMB lensing: 67.36 % 0.54 -

‘Ade etal. 2016), Planck 2015, HO = 67.27 + 066

Ducheretal. Q020 SPT: 683 = 1.5
Al sl 020, ACT: 679 =15

Al el (2020, WAPSSACT. €76 5 11
Zhang, Huang (2019), WMAP9-BAG: 636 053
ieming el 2018, ST 1.3 31
Hinshaw et G013, WMAPD: 700 = 22

No CMB, with BBN -

Zhang etal. (2021), BOSS correlation function+BAO+BBN: 68.192099

Chen ctal. (2021), P+BAO+BBN: 69.2320.77

Philcox s, G021, P+ Bispecim BAO BN 68310

Amico et al. (2020, BOSS DR12+BBN; 68.5 =22
Colas etal. (2020), BOSS DRI2+BBN: 68.7 = 1.5 -

Ivanov ctal. 2020), BOSS+BBN: 679 1.1

Alam t al. (2020), BOSS +cBOSS+BBN: 67.35 £ 097 -

CMB lensing -
Bastretal. Q020: 735 253 -

Philcox ct al. (2020), Py(k)+CMB lensing: 70.6*3;

LSS ., standard ruler -
Faretal, Qoaly 95434 -

SNIa—Cepheid
Ricssctal. (2022), R2: 7304 104
Camarena, Marma (2021):7430 2 145
Ricssctal.(2020), R20: 32 % 13
Breuval etal. Q020): 28 227

Riess et al. QO19), RI9: 7403  1.42
Camarens, Marma 2019 75.4 £ 1.7

SNIa-TRGB -
Dhawan etal. (2022): 1694 = 64 -

Jones etal. (2022): 724 2 3.3

Anand, Tully, Rizzi, Riess, Yuan (2021): 715+ 1§ -

Frecdman (2021): 698 = 1.7

Kim, Kang, Lee, Jang (2021); €9.5 =42 -
Solti, Casertano, Riess (2020): 72.1 22,0 -

Freedman et al. (2020): 69.6 = L9

Reid, Pesce, Riess (2019), SHOES: 711 +1.99

Yuan ctal. Q019): 724 £ 20

NIa—Miras -|
Huang etal. (2019): 733 240 -

SBE

Blakeslee etal. (2021) IR-SBF w/ HST: 733 = 2.5
Khetan et a. (2020) w/ LMC DEB: 71.1 £ 4.1
Cantiello et al. 2018): 719 + 7.1

Maser:
Pesce ctal. (2020 739 230 -

ly Fisher -
Kourkehietal. Q0205 760 226 -
Schombert, McGaugh, Lell (2020): 7.1 = 28 -
HII galaxy -

Fernandez Arenas e al. Q018 710 235 -
Wang, Meng (2017): 76.12534]

Lensing related,mass model dependent -

Denzel etal. (2021 71.8%

Birerctal. (2020), TDCOSMO+SLACS: €7.4°
Yang, Birter, Hu (2020): 73.65%;
Millo tal. (2020), TDCOSMO: 742 =
Qietal. 2020 73.6*1

Lisoetal, G020y 7257 |
Lisoetal. Q019722 £,

Shajib ctal. 2019), STRIDES: 742

Wong etl. (2019), HOLICOW 2019:73 3%

i G ig :

Mukherjee et al. (2022), GW170817+GWTC-3: 67+
Abbott et al. (2021), GWTC-3: 687
Palmese et al. 021), GWI70817: 72,77 g
Gayathr tal. 2020), GWI90S215GWITOSIT: 73,47
Mukherj tal. 020), GWITOSIT+ZTF: 6.6
Mukherjes et al. (2019), GWI70817+VLBI: 68.3%
Hotokezaka et ol 2019): 7037

Cosmic chronometers

Moresco e, 2022, Tt ACDA with sysiemates: 665 = 14
Morese 1l (2022, open wCDM withsysemates €763 3

oy 753338 -
aegerctal 20200758733 |

i :
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Indirect

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Proabability Density

Cosmology Intertwined:
A Review of the Particle Physics, Astrophysics, and Cosmology
Associated with the Cosmological Tensions and Anomalies

“does not appear to depend on the use of any
one method, team or source”

The most precise and referenced
distance ladders are consistent

e Cepheids+SNla
Masers
e |\iras+SNla
Cepheids+SBF
TRGB+SBF
e SN I
Tully-Fisher
TRGB+SNIa (Anand+22)
TRGB+SNIa (Freedman+21)

72 74
Ho [km/s/Mpc]



NEW PHYSICS IN DARK SECTOR?

Reviews: Schoneberg+2022 (2107.10291); Di Valentino+2022 (2103.01183)
“HO Olympics”

Model ANparam| Ax?  AAIC One test
passed
ACDM 0 0.00 0.00 X X
ANy 1 —6.10 —4.10 X X
SIDR 1 —9.57 —7.57 Vv v @
mixed DR 2 —8.83 —4.83 X X
DR-DM 2 —8.92 —4.92 X X
SIr+DR 3 —4.98 1.02 X X
Majoron 3 —15.49 —9.49 Vv v @
primordial B 1 —11.42 —942 v v @
varying me 1 —12.27 —10.27 Vv v @
varying me—+Qg 2 —17.26 —13.26 v @
EDE 3 —21.98 —15.98 v @
NEDE 3 —18.93 —-1293 v @
EMG 3 —18.56 —12.56 v @
CPL 2 —4.94 —094 X X
PEDE 0 2.24 224 X X
GPEDE 1 —0.45 1.55 X X
DM — DR+WDM 2 —0.19 3.81 X X
DM — DR 2 —0.53 347 X X

Not so good: decaying dark matter,
w<-1, Swampland

Better: early dark energy, sterile

and/or self-interacting v’s,
evolving e” mass, primordial B
fields, eatly recombination

Best: <your idea here>

“The Hubble Hunter’s Guide” (Knox and Millea, 2019) “Most Likely”:
Increased expansion rate pre-recombination reduces sound horizon by 5-8%

Mechanisms: Eatly dark energy or sterile (and/or self-interacting) neutrinos

SLIDE COURTESY OF A. RIESS

Claims: not worse fit to CMB, should produce new CMB features for next stage



EARLY DARK ENERGY?

e Energy density contributes ~10% briefly before recombination

e Energy density later decays faster than radiation, leaving late
evolution of Universe unchanged
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KAMIONKOWSKI & RIESS, ARAA, IN PRESS (2211.04492)



EARLY DARK ENERGY?

o Hill+22 (2109.04451): 30 detection of EDE in ACT+Planck+BAO

e Poulin+21 (2109.06229): “More accurate TT at £ 2500 and EE at
300<€<500 will play a crucial role in differentiating EDE models”

2 ACT+PlanckTT650 ACDM best fit
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NEXT STEPS FOR SHES

o JIWST Cepheids in hosts of 9 SNe Ia + N4258 — o(H;)~2%

e First (serendipitous) observations of Cepheids with JIWST
in N1365 bodes well! (Yuan+2022, 2209.09101)

93422 (P=51d) 101731 (P=47d)

(host of SN 2012fr), F200W 0.55 um

HST VIS

0.81 puM

HST NIR
1.6 pM

JWST NIR
2 pM

(moogd) wi ggismr  (MO9Ld) wrigrLiSH  (Myisd)wr 18'01SH  (MSSSH) Wi 66 01SH

JWST: far better NIR resolution! that yields
HST vis. resolution w/HST NIR low dust

YUAN, RIESS, CASERTANO & MACRI (2022)



FIRST CEPHEIDS WITH JWST

e Not optimal: depth, location, random phase, A, calibration...
e PSF photometry, calibrated w/P330E (HST standard)

e P-L intercepts: JWST: 25.7620.06 mag; HST: 25.7520.05 mag
e No evidence HST “biased bright” at ~0.2 mag level

intercept at Log P=1

1.0 ; -
08 £ | IWST [F200W] :
22 - &~ 06 20 —
04 /\ Z :
02 =
254 25.6 25.8 26.0 |
mag (Vega) +I B

25 B

YUAN, RIESS, CASERTANO & MACRI (2022)



SUMMARY

e SH(ES project: calibration of modern, high-quality
SNe Ia using Cepheids in the near-infrared
o Hy=73.04+1.04 km s Mpc! ; o(Hy)= 10% — 1.4%

e 50 diff wrt ACDM — New dark-sector Physics?

° 4-60 regardless of combination of cosmological probes

° New pre-recombination Physics most promising solution

» Next steps
o JWST Cepheids (approved program) + 9 SNe Ia: o(Hj)~2%
° Gaia DR4/5: Calibrate Cepheids to 0.4% (now 1%)
° Eagerly await CMB-S4!




