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1) find Cepheid in WM & LMC, using parallex
measurement calibrate Cepheid

2) find nearby galaxies, which host both
SNe la & Cepheid, using Cepheid
calibrate SNe la.
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[mas=milli-arcsec]

® Even the nearest known Cepheid has a parallax of Onl ! d feW INAS, requiring sub-mas

measurements

® The most precise previous measurements of stellar parallax came from the Fine Guidance Sensor (FGS) on
HST, which can measure relative astrometry to a typical precision of ~ 0.2—0.3 mas

e Unfortunately, only two of these have P = 10 days, the lower end of the period range of those measurable at the

typical distances of SN Ia hosts. (too near!)
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paper-1, 2014

Parallax Beyond a Kiloparsec from Spatially Scanning
the Wide Field Camera 3 on the Hubble Space Telescope'

Adam G. Riess?3, Stefano Casertano®?, Jay Anderson®, John MacKenty?, and Alexei V.
Filippenko*

ABSTRACT

We use a newly developed observing mode on the Hubble Space Telescope (HST)
and Wide Field Camera 3 (WFC3), spatial scanning, to increase source sampling a

thousand-fold and measure changes in source positions to a precision of 20-40 pas,
more than an order of magnitude better than attainable in pointed observations. This
observing mode can usefully measure the parallaxes of bright stars at distances of up
to 5kpe, a factor of ten farther than achieved thus far with HST. Long-period classical
Cepheid variable stars in the Milky Way, nearly all of which reside beyond 1 kpc, are
especially compelling targets for parallax measurements from scanning, as they may
be used to anchor a determination of the Hubble constant to ~ 1%. We illustrate
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e To produce a meaningful
measurement (SNR = 10)
of the parallax of P > 10
day Cepheids, nearly all of
which have D > 2 kpg, it is
necessary to reach an
astrometric precision of ~
30 mnas for individual
epochs of MW Cepheids.
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A 2.4% Determination of the Local Value of the Hubble Constant!

Adam G. Riess?3, Lucas M. Macri?¢, Samantha L. Hoffmann*, Dan Scolnic?®, Stefano Casertanos,
Alexei V. Filippenko®, Brad E. Tucker®’, Mark J. Reid®, David O. Jones?, Jeffrey M. Silverman?,
Ryan Chornock!?, Peter Challis®, Wenlong Yuan*, Peter J. Brown*, and Ryan J. Foley!!1?

ABSTRACT

We use the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) to
reduce the uncertainty in the local value of the Hubble constant from 3.3% to 2.4%.

The bulk of this improvement comes from new, near-infrared observations of Cepheid
variables in 11 host galaxies of recent type la supernovae (SNe Ia), more than doubling
the sample of reliable SNe Ia having a Cepheid-calibrated distance to a total of 19; these
in turn leverage the magnitude-redshift relation based on ~ 300 SNe Ia at 2<0.15. All

11/19



paper-lll, 2018a [7 WM cepheids] [2.4%->2.3%]

[3.7\sigma in tension with Planck]

NEW PARALLAXES OF GALACTIC CEPHEIDS FROM SPATIALLY SCANNING THE
HUBBLE SPACE TELESCOPE:
IMPLICATIONS FOR THE HUBBLE CONSTANT

ApAM G. RIESS,'? STEFANO CASERTANO,'?2 WENLONG YUAN,? 3 LucAs MACRI,* JAY ANDERSON,!
JOHN W. MACKENTY,! J. BRADLEY BOWERS,? KELSEY I. CLUBB,® ALEXEI V. FILIPPENKO,? ©
DavID O. JONES,? AND BRAD E. TUCKER?

1 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

2 Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
3 Texas AEM University, Department of Physics and Astronomy, College Station, TX, USA

4 Texas A& M University, Department of Physics and Astronomy, College Station, TX, USA

® Department of Astronomy, University of California, Berkeley, CA 94720-3411, USA
6 Miller Senior Fellow, Miller Institute for Basic Research in Science, University of California, Berkeley, USA

(Received; Accepted)

ABSTRACT

We present new measurements of the parallax of 7 long-period (> 10 days) Milky Way Cepheid
variables (SS CMa, XY Car, VY Car, VX Per, WZ Sgr, X Pup and S Vul) using one-dimensional
astrometric measurements from spatial scanning of Wide-Field Camera 3 (WFC3) on the Hubble
Space Telescope (HST). The observations were obtained at ~ 6 month intervals over 4 years. The

—- — ~ 1 .. n 4 /AN YT\ - ~



paper-lV, 2018b

[+Gaia DR2] [3.8\sigma in tension with Planck]

MILKY WAY CEPHEID STANDARDS FOR MEASURING COSMIC DISTANCES AND
APPLICATION TO Gaia DR2:
IMPLICATIONS FOR THE HUBBLE CONSTANT

ApaM G. RiEss,? STEFANO CASERTANO,'? WENLONG YUAN,% 3 LucAs MACRI3
BEATRICE BUCCIARELLIL,* MARIO G. LATTANZI,* JOHN W. MACKENTY,! J. BRADLEY BOWERS,??
WEIKANG ZHENG,?> ALEXEI V. FILIPPENKO,> % CAROLINE HUANG,? AND RICHARD I. ANDERSON’

be underestimated as indicated. We identify additional error associated with the use of augmented
Cepheid samples utilizing ground-based photometry and discuss their likely origins. Including the
DR2 parallaxes with all prior distance-ladder data raises the current tension between the late and
early Universe route to the Hubble constant to 3.80 (99.99%). With the final expected precision
from Gaia, the sample of 50 Cepheids with HST photometry will limit to 0.5% the contribution of
the first rung of the distance ladder to the uncertainty in the Hy.
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ay only depends on the relative distance (i.e. expansion history),
is free of absolute distance (i.e. free of HO) !

The absolute magnitude M, is completely degenerate with Ho!




e.g. Pantheon data compilation

THE COMPLETE LIGHT-CURVE SAMPLE OF SPECTROSCOPICALLY CONFIRMED TYPE IA
SUPERNOVAE FROM PAN-STARRS1 AND COSMOLOGICAL CONSTRAINTS FROM THE COMBINED
PANTHEON SAMPLE

D. M. ScoLnic'?, D. O. Jones®, A. We present optical light curves, redshifts, and classifications for 365 spectroscopically confirmed Type

G. NArRAYAN?, A. G. Riess*®, S. RoD Ia supernovae (SNela) discovered by the Pan-STARRS1 (PS1) Medium Deep Survey. We detail

13 9
R. LUNNAN™, R. P. KIRSHNER , | jmprovements to the PS1 SN photometry, astrometry and calibration that reduce the systematic

17 18
W. %.%?OI{D&X‘:??} ﬁMKigng{;{ | uncertainties in the PS1 SNIa distances. We combine the subset of 279 PS1 SNIa (0.03 < z < 0.68)

with useful distance estimates of SN Ia from SDSS, SNLS, various low-z and HST samples to form
the largest combined sample of SN Ia consisting of a total of 1048 SN Ia ranging from 0.01 < z < 2.3,
which we call the ‘Pantheon Sample’. When combining Planck 2015 CMB measurements with the
Pantheon SN sample, we find §2,,, = 0.307£0.012 and w = —1.02640.041 for the wCDM model. When
the SN and CMB constraints are combined with constraints from BAO and local H; measurements,
the analysis yields the most precise measurement of dark energy to date: wg = —1.007 £ 0.089 and

Table AT:. we = —0.222 4 0.407 for the wow,CDM model. Tension with a cosmological constant previously
SN Z pt+M seen in an analysis of PS1 and low-z SNe has diminished after an increase of 2x in the statistics
170428 0.30012 21.71 +0.12 of the PS1 sample, improved calibration and photometry, and stricter light-curve quality cuts. We
180166  0.14761 19.89 +0.11 find the systematic uncertainties in our measurements of dark energy are almost as large as the
180561  0.22853 20.97 = 0.13 statistical uncertainties, primarily due to limitations of modeling the low-redshift sample. This must
190230 0.1388  19.82+0.11 be addressed for future progress in using SN Ia to measure dark energy.
190260 0.14343 19.88 +0.11
300105 0.09201 18.95=*0.11
310025 0.1568 20.12+=0.13
310042023851 21.20 £ 0.25 Different data sets using different absolute
310073 0.14949 20.15 £+ 0.17 : . - .
310091 0.50718 22.99 4 0.14 magnitude calibration, hence can not trust neither
310161 0.25249 21.21+0.11 of them. Hence, only use the relative
310238 0.28397 21.32x0.11 . . .
310574 0.2368 21.02 +0.12 distance indicator, e.g.
320258 0.34092 21.89 +0.15
330022 0.26388 21.06 =0.14

Notes: Final redshifts and corrected magnitudes used to measure cosmological parameters.

Since the absolute magnitude of an
A full version of this table can be found
http://dx.DOI.org/10.17909/T95Q4X.



H = 5logio(dL/pc) - 5

0.1 mag uncertainty -> 5% d. uncertainty

N

Verification/
Technique Range of distance Accuracy (1lo)  calibration

0.15 mag LMC /parallax
0.2 mag Hubble/Cepheid

0/
single SNe la 1 0 0 uncertainty in distance measurement!
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The Carnegie-Chicago Hubble Program. VIII. An Independent Determination of the
Hubble Constant Based on the Tip of the Red Giant Branch*

WENDY L. FREEDMAN,! BARRY F. MADORE,? DyLAN HaTT,! TAYLOR J. HOYT,!
IN SUNG JANG,3 RACHAEL L. BEATON,* CHRISTOPHER R. BURNS,®
MyYUNG GYOON LEE,® ANDREW J. MONSON,” JILLIAN R. NEELEY,

M. M. PuiLLips,” JEFFREY A. RicH,! AND MARK SEIBERT!

8

! Department of Astronomy & Astrophysics, University of Chicago, 5640 South Ellis Avenue,
Chicago, IL 60637, USA

2The Observatories of the Carnegie Institution for Sczjnce, 8183 Santa Barbara St., Pasadena, CA
91101, US

3 Leibniz-Institut fur Astrophysik Potsdam, D-14482 Potsdam, Germany

4 Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544,
USA

5 Observatories of the Carnegie Institution for Science, 813 Santa Barbara St, Pasadena, CA,
91101, USA

 Department of Physics & Astronomy, Seoul National University, Gwanak-qu, Seoul 151-742, Korea

"Department of Astronomy & Astrophysics, Pennsylvania State University, 525 Davey Lab,
University Park, PA 16802, USA

8 Department of Physics, Florida Atlantic University, 777 Glades Rd, Boca Raton, FL 33431
9Carnegie Institution of Washington, Las Campanas Observatory, Casilla 601, Chile

10 Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena,
CA 91101, USA

ABSTRACT

We present a new and independent determination of the local value of the Hubble
constant based on a calibration of the Tip of the Red Giant Branch (TRGB) applied
to Type Ia supernovae (SNe Ia). We find a value of Hy = 69.8 £+ 0.8 (+1.1% stat) £
1.7 (£2.4% sys) kms~! Mpc~!. The TRGB method is both precise and accurate, and
is parallel to, but independent of the Cepheid distance scale. Our value sits midway
in the range defined by the current Hubble tension. It agrees at the 1.2¢0 level with
that of the Planck Collaboration et al. (2018) estimate, and at the 1.7¢ level with the
HST SHoES measurement of H, based on the Cepheid distance scale. The TRGB
distances have been measured using deep Hubble Space Telescope (HST) Advanced
Camera for Surveys (ACS) imaging of galaxy halos. The zero point of the TRGB
calibration is set with a distance modulus to the Large Magellanic Cloud of 18.477



Consistent Calibration of the Tip of the Red Giant Branch in the Large Magellanic Cloud on the Hubble Space
Telescope Photometric System and a Re-determination of the Hubble Constant

WENLONG YUAN,! ApAaM G. RiEss,b? Lucas M. MACRI,®> STEFANO CASERTANO,? AND DANIEL M. ScoLNIc?
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ABSTRACT , | SR 53, 8
We present a calibration of the Tip of the Red Giant Branch (TRGB) in the Lz R R eI s eoreoresseoroovrore §, =
(LMC) on the HST/ACS F814W system. We use archival HST' observatio & s ssresstestoe  boove L é -
corrections and photometric transformations for two ground-based wide-area ir Sooeoectseoseesseessesssssssesssssssesss o 5
Magellanic Clouds. We show that these surveys are biased bright by up to ~( T oossmesssmesssnssssnssssseessseessss. = =
due to blending, and that the bias is a function of local stellar density. We cor | esesesses = - .
magnitudes from Jang & Lee (2017) and use the geometric distance from Pietr: ' i~ - 50 - - = =
obtain an absolute TRGB magnitude of Mpgiayy = —3.97 £ 0.046 mag. Apr RA

to the TRGB magnitudes from Freedman et al. (2019) in SN Ia hosts yields a value for the Hubble
constant of Hy = 72.4 + 2.0 km s=! Mpc~! for their TRGB+SNe Ia distance ladder. The difference
in the TRGB calibration and the value of Hy derived here and by Freedman et al. (2019) primarily
results from their overestimate of the LMC extinction, caused by inconsistencies in their different

sources of TRGB photometry for the Magellanic Clouds.

Using the same source of photometry

(OGLE) for both Clouds and applying the aforementioned corrections yields a value for the LMC
I-band TRGB extinction that is lower by 0.06 mag, consistent with independent OGLE reddening
maps used by us and by Jang & Lee (2017) to calibrate TRGB and determine Hy.

1. INTRODUCTION

The Large Magellanic Cloud (LMC) provides a cor-
nerstone in the efforts to calibrate the luminosities of
standard candles. It is near enough for its distance
to be measured geometrically (Pietrzynski et al. 2019)
and its geometry is well-understood so that imaging of
its stars is readily converted into useful estimates of

Lyraes (Soszynski et al. 2009b), and Population II pul-
sators (Bhardwaj et al. 2017). As a result, the LMC
has been one of the most critical anchors for calibrat-
ing extragalactic distance indicators and measuring the
Hubble constant, Hy (Freedman et al. 2001; Sandage
et al. 2006; Riess et al. 2011, 2016; Jang & Lee 2017;
Riess et al. 2019; Freedman et al. 2019).

for MCPS TRGB photometry of the SMC in the V-

Blending correction [mag]



2. Cepheid metallicity

The Hubble Tension Revisited:
Additional Local Distance Ladder Uncertainties

EDVARD MORTSELL," ARIEL GOOBAR,' JOEL JOHANSSON,' AND SUHAIL DHAWAN?

my ; = i + My +bw[P]; + Zw[M/H];.

L Oskar Klein Centre, Department of Physics, Stockholm University
Albanova University Center

106 91 Stockholm, Sweden
2 Institute of Astronomy

- CMB
(MW-B20) SHOES
(color cut)

)

University of Cambridge Madingley Road
Cambridge CB3 0HA

United Kingdom §

ABSTRACT

In a recent paper, we investigated possible systematic uncertainties related to the Cepheid color-

\ X
luminosity calibration method and their influence on the tension between the Hubble constant as & - “
inferred from distances to Type Ia supernovae and the cosmic microwave background as measured § ¢ - A
with the Planck satellite. Here, we study the impact of other sources of uncertainty in the supernova =

distance ladder, including Cepheid temperature and metallicity variations, supernova magnitudes and

GAIA parallax distances. Using Cepheid data in 19 Type Ia supernova host galaxies from Riess et al. \ ’ - ._
(2016), anchor data from Riess et al. (2016, 2019, 2021) and a set of re-calibrated Milky Way Cepheid s § ’ ",’ |
distances, we obtain Hy = 71.9+£2.2km /s/Mpc, 2.0 o from the Planck value. Excluding Cepheids with N \ ,' ~
estimated color excesses E(V —I) = 0.15 mag to mitigate the impact of the Cepheid color-luminosity s‘ §' / '~, \¢ .
calibration, the inferred Hubble constant is Hy = 68.1+ 2.6 km/s/Mpc, removing the tension with the o x / “ .
Planck value. i 2 : L "';,““' o
Keywords: Cepheid distance (217), Hubble constant (758), Type Ia supernovae (1728), Interstellar 65 70 75 80
dust extinction (837) H
0

1. INTRODUCTION

Cepheid stars are crucial in building up the distance
ladder to Type la supernovae (SNIa) when estimating
the Hubble constant Hy. To be used as standard can-

(Pejcha & Kochanek 2012). Given the difficulty in sep-
arating these effects, Cepheids are usually calibrated
using a phenomenological approach where a parame-
ter, R, corrects for both dust and intrinsic variations
(Madore 1982). The correction can be applied to ob-

remove Cepheids for which dust extinction is expected
to dominate the observed color excess, E(V —1I) > 0.15

2106.09400v3 [astro-ph.CO] 2 Jan 2023

arX1v

dles, Cepheids need to be calibrated with respect to fact
that

e long period Cepheids are brighter,

served colors, as by the SHOES team in e.g. Riess et al.
(2016), or estimated color excesses, as in Follin & Knox
(2018), derived by subtracting a model for the mean

mag, we obtain Hy = 68.1 -

= 2.6.



Q&A

All questions(1) My questions(1)

@ Shao-Jiang Wang (You) 09:04 AM

Hi, Prof. Riess, this is Shao-Jiang Wang from the Institute of
Theoretical Physics of Chinese Academy of Sciences.
Recently in May and September, two papers proposed to fit
the Cepheid Wesenheit color-luminosity parameter
individually for each of the 19 Cepheids that share the same
host galaxy with SNe, and the resulted Hubble constant
matches the CMB constraint on HO. This is different from a
universal value adopted in the previous local measurements
from SNe calibrated by Cepheids. How do you think of this
new result ? Thank you.

Collapse all (1) ~

Adam Riess 09:15 AM

| think they mixed up the part of the Cepheid color
caused by dust (which is very little) and the part
that comes from the blackbody temperature of
stars, which is most of it in this case. One cannot
alter the blackbody temperature so | think this
proposal does not work.
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Model independent H(z) reconstruction using the cosmic
inverse distance ladder 11806.06781]

148 Mpc Pablo Lemos*, Elizabeth Lee, George Efstathiou, Steven Gratton

Kavli Institute for Cosmology Cambridge and Institute of Astronomy, Madingley Road, Cambridge, CB3 OHA.

If the tension between the CMB estimates of Hy and
direct measurements is a signature of new physics, then we
need to introduce new physics in the early Universe. This
new physics must lower the sound horizon by about 9% (i.e.
to about 135 MBC! compared to the values used in this paper
while preserving the structure of the temperature and polar-
ization power spectra measured by CMB experiments. This
new physics also needs to preserve the consistency between
BBN and observed abundances of light elements. These re-
quirements pose interesting challenges for theorists.
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Abstract. Many attempts to solve the Hubble tension with extended cosmological models
combine an enhanced relic radiation density, acting at the level of background cosmology,
with new physical ingredients affecting the evolution of cosmological perturbations. Several
authors have pointed out the ability of combined Baryon Acoustic Oscillation (BAO) and Big
Bang Nucleosynthesis (BBN) data to probe the background cosmological history indepen-
dently of both CMB maps and supernovae data. Using state-of-the-art assumptions on BBN,
we confirm that combined BAO, deuterium, and helium data are in tension with the SHOES
measurements under the ACDM assumption at the 3.2¢0 level, while being in close agreement
with the CMB value. We subsequently show that floating the radiation density parameter
Negt only reduces the tension down to the 2.60 level. This conclusion, totally independent
of any CMB data, shows that a high Neg accounting for extra relics (either free-streaming
or self-interacting) does not provide an obvious solution to the crisis, not even at the level
of background cosmology. To circumvent this strong bound, (i) the extra radiation has to
be generated after BBN to avoid helium bounds, and (ii) additional ingredients have to be
invoked at the level of perturbations to reconcile this extra radiation with CMB and LSS
data.
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