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Abstract: The Hubble constant remains one of the most important parameters in the cosmological model, setting the size and age scales of the
Universe. Present uncertainties in the cosmological model including the nature of dark energy, the properties of neutrinos and the scale of departures
from flat geometry can be constrained by measurements of the Hubble constant made to higher precision than was possible with the first generations
of Hubble Telescope instruments. A streamlined distance ladder constructed from infrared observations of Cepheids and type la supernovae with
ruthless attention paid to systematics now provide &It;2% precision and offer the means to do much better. By steadily improving the precision and
accuracy of the Hubble constant, we now see evidence for significant deviations from the standard model, referred to as LambdaCDM, and thus the
exciting chance, if true, of discovering new fundamental physics such as exotic dark energy, a new relativistic particle, or asmall curvature to name
afew possihilities. | will review recent and expected progress.
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Expanding Universe reveals Co‘mposition, Age, Fate...

The Past

Distance (~ct)

Homogeneous, Isotropic + GR->
equation of expansion a(t),“scale factor” (Q)Z_BHGPM
Depends on present state, composition of Universe 3

Friedmann Equation

a
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Expanding Universe reveals Co'mposition, Age, Fate...

The Past

Distance (~ct)

. Friedmann Equation
Homogeneous, Isotropic + GR-> g

equation of expansion a(t),“scale factor” (a) Z _8mGpy

Depends on present state, composition of Universe |\a 3
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Expanding Universe reveals Co'mposition, Age, Fate...

The Past

Distance (~ct)

B

. Friedmann Equation
Homogeneous, Isotropic + GR-> g

equation of expansion a(t),“scale factor” (a) Z _8mGpy

Depends on present state, composition of Universe |\q 3
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Expanding Universe reveals Co'mposition, Age, Fate...

The Past

Distance (~ct)

. Friedmann Equation
Homogeneous, Isotropic + GR-> g

equation of expansion a(t),“scale factor” (
Depends on present state, composition of Universe
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Expanding Universe reveals Co‘mposition, Age, Fate...

The Past

Distance (~ct)

. Friedmann Equation
Homogeneous, Isotropic + GR-> g

equation of expansion a(t),“scale factor” (a) 2 _8mGpy

Depends on present state, composition of Universe |\a 3
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Cosmology, The quest for two numbers (matter dominated)

Present rate, size, age,

t= to

big, 20 Gyr

small, 10 Gyr
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Cosmology, The quest for two numbers (matter dominated)

— -2 |Deceleration by O (52q,), geometry, fate
o origin, viability of inflation
8H02 I:IO

dense, fast PLRNE S oW
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Cosmology, The quest for two numbers (matter dominated)

— -2 |Deceleration by O (52q,), geometry, fate
Qo origin, viability of inflation
8H02 I:IO

dense, fast SRR O

1990’s: Better D(z) with long range Standard Candles...
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SN Ia and Cepheids: Standardized Candles for long range, relative distancés

Type la Supernovae, Exploding Stars, 10° L Cepheids, Pulsating Stars, 10° L,
Period-Luminosity relation

White Dwarf
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An explosion resulting from the thermonuclear
detonation of a White Dwarf Star.
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Standard Candles: The Distant,‘the Dim, and the Dusty

Brightness

Bright=near faint=far
but not all the same...
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Standard Candles: The Distant,‘the Dim, and the Dusty

Bright=near faint=far
but not all the same...
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Standard Candles: The Distaht,‘the Dim, and the Dusty

Brightness

Bright=near faint=far
but not all the same...

faint & red=not so far!
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Standard Candles: The Distaht,‘the Dim, and the Dusty

Brightness
=L/D?

it

Bright=near faint=far
but not all the same...

faint & red=not so far!

SN la Luminosity-color-light curve shape correlations 1990’s sharpened distances

Pirsa: 19090086 Page 16/84




Building the Modern SN Ia Hubble Diagram; Hubble Flow '

Mid-1990’s, CCDs, light curve-luminosity, reddening corrections

Calan/Tololo (Hoamuy et al. 1996)
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Established: tight scatter (05,~6%), linear local expansion,
Hy, ~10%-15% severely limited by absolute luminosity calibration
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Building the Modern SN la Hubble Diagram; Hubble Flow .

Mid-1990’s, CCDs, light curve-luminosity, reddening corrections

Calan/Tololo (Homuy et al. 1996)
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Established: tight scatter (05,~6%), linear local expansion,
Hy, ~10%-15% severely limited by absolute luminosity calibration
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Building the Modern SN Ia Hubble Diagram; Acceleration!

1998: SN discoveries at z~0.5 from large format CCDs
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Established: Two Teams: q,<0 !, presence of dark energy,
no “known unknown”
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The, Modern SN la Hubble Di'ag‘ram; Confirm, Characterize

2004-present: Massive ground surveys z<1 and z>1 with HST
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Established: not astrophysical dimming (grey dust, evolution),
decelerating before accelerating, looks like lambda to ~10%
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2019 State of the Art SN la COsfnoIogy-from Pan-STARRS, HST

oCDM Constraints For SN-only Sample

~20 years ago vs
“Pantheon Sample”
uniform calibration of
1050 SNe la (Scolnic et
al. 2018)

60 evidence for DE from
SN alone (no priors Qy,
or k), evidence becomes

much much stronger w/

BAO, CMB
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2019 State of the Art SN la COsmoIogy-from Pan-STARRS, HST

oCDM Constraints For SN-only Sample

~20 years ago vs
“Pantheon Sample”
uniform calibration of
1050 SNe la (Scolnic et
al. 2018)

60 evidence for DE from
SN alone (no priors Qy,
or k), evidence becomes

much much stronger w/

BAO, CMB

Page 22/84



Why Does the Universe Appear to be Accelerating?"

w=p/p
w=1 radiation
w=0 matter
w=-1 vacuum energy (3D)

1. Vacuum Energy, the cosmological constant: ACDM
QM: constant energy of empty space, GR: repulsive gravity of A
Test: w(z)=-1, Existence Proof: Higgs Field

2. Dynamical dark energy
Potential energy of scalar field filling space
Test: wy # -1 or dw/dz#0, Existence Proof: Inflation

3. Modification to GR
GR fails at long range (i.e., as a—1)
Test: w(z) depends on scale (i.e., different in H(z) and g(z))

New Game; assume Model=plain ACDM and hunt for departures
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Why Does the Universe Appear to be Accelerating?’

w=p/p

L) i e L)
gy =—2+(1+ 3}1—'_)% w=1 radiation

i L w=0 matter
w=-1 vacuum energy (3D)

1. Vacuum Energy, the cosmological constant: ACDM
QM: constant energy of empty space, GR: repulsive gravity of A
Test: w(z)=-1, Existence Proof: Higgs Field

2. Dynamical dark energy
Potential energy of scalar field filling space
Test: wy # -1 or dw/dz#0, Existence Proof: Inflation

3. Modification to GR
GR fails at long range (i.e., as a—>1)
Test: w(z) depends on scale (i.e., different in H(z) and g(z))

New Game; assume Model=plain ACDM and hunt for departures
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Ultimate “End-to- end” test for /\CDIVI Predlct and IVIeasure H,

Standard Model (Vanllla)/\CDM 6 parameters + ansatz (w Neﬁ, Q, etc)

L -
Predict physical size fluctuations,r,,Qg
>
p— -
Measure angular fluctuations (or Qg)
4 -
I .
NEUTRINOS © @ ; Calibrate ACDM ...

PHOTONS

-

-
Now Expansion history predicted
DARK ' (“guard rails”, BAO, SNe)

ENERGY -
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Ultimate “End-to- end” test for /\CDIVI Predlct and IVIeasure H,

Standard Model (Vanllla)/\CDM 6 parameters o ansatz (w Nerr, Ok, etc) .

Predict physical size fluctuations,rg, Qg
b

Measure angular fluctuations (or Qg)
*

S

Calibrate ACDM ...

»

Now Expansion history predicted
DARK (“guard rails", BAO, SNe)

ENERGY
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Ultimate “End-to-end” test for ACDM, Predict and Measure H,

Standard Model: (Vanilla) ACDM, 6 parameters + ansatz (w, N, Q, etc)

Predict physical size fluctuations,r,,Qg
>

Measure angular fluctuations (or Qg)
R

S

Calibrate ACDM ...

Expansion histo redicted
Now P yp
DARK (“guard rails”", BAO, SNe)

ENERGY

T
4~ "
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A Direct, Local Measurement of H to percent preC|S|on

The SHyES Project (2005)

(Supernovae, H, for the dark energy Equation of State)
A. Riess, L. Macri, S. Casertano, D. Scolnic, A. Filippenko, W. Yuan, S. Hoffman, et al

Measure H, to percent precision empirically by:

» A strong, simple ladder: Geometry—>Cepheids = SNe la

Multiple ways Pulsating Stars, Exc?bdinq St;ars,
105 Ly, P-L relation 10° L, 0~ 5%
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A Direct, Local Measurement of H to percent preC|S|on

The SHyES Project (2005)

(Supernovae, H, for the dark energy Equation of State)
A. Riess, L. Macri, S. Casertano, D. Scolnic, A. Filippenko, W. Yuan, S. Hoffman, et al

Measure H, to percent precision empirically by:

« A strong, simple ladder: Geometry—>Cepheids = SNe la

Exploding Stars,

Multiple ways Pulsating Stars,

10° L, P-L relation 10° Ly, 0~ 5%
o0 0

« Reduce systematics w/ consistent data along ladder and NIR
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Our route: 3 Steps'to.H, .

C

. 1 (Kpe)  2(Mpc) 3 (Gpc)

y .
. . 5 o
s Galaxies hosting Distant galaxies in the
Parallax P Cepheids and expanding Universe
of Cephelds ! O Type la hosting Type la
® - Cinthe : : i supernovae slipernovae

Milky Way
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1:Geometry—> Cepheids 2: Cepheids>SN la 3:SN la 2z,H,

various methods

10 Thousand = 100 Million Light-years 100 Milllon = 1 Billlon Light-years
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Stars are far, Parallax is small !

e (e (the nearest star, parallax angle=1")

HST WFC3/UVIS

Fhoto taken 6
months later

parallax
motion .

Credit: Kailash Sahu
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Stars are far, Parallax is small !

Proxima Cen
HST WFC3/UVIS

(the nearest star, parallax angle=1")

Photo taken 6
months later

parallax
motion

CrgB® Mailash Sahu

Page 33/84




Pirsa: 19090086

Stars are far, Parallax is small !

Proxima Cen
HST WFC3/UVIS

(the nearest star, parallax angle=1")

Fhoto taken 6
months later

parallax
motion

Credit: Kailash Sahu

Page 34/84




Pirsa: 19090086

Stars are far, Parallax is small !

Pre I mat@en (the nearest star, parallax angle=1")

HST WFC3/UVIS

Mar. ’13

P YT
3"853

Photo taken 6
months later

parallax
motion

Credit: Kailash Sahu
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Scale of the Milky Way is Ki-Iopa;rsecs

As distance increases, parallax decreases
Earth
®

p (milliarcsec)

Nearly all long-period (P>10 days)
MW Cepheids D > kpc

— 3 Kpc ~ 0.01'pixels
on Hubble Space Telescope
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Extending Parallax with WFC3 Spatial Scanning

Photo taken now Photo taken 6
months later

Imaging, precision=0.01 pix
WFC3: ~10 @ 3 kpc
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Extending Parallax with WFC3 Spatial Scanning

Photo taken now Photo taken 6
months later

Imaging, precision=0.01 pix Scanning, 0,=0.01/YN samples pix
WFC3: ~10 @ 3 kpc
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Extending Parallax with WFC3 Spatial Scanning

Photo taken now Photo taken 6
months later

Imaging, precision=0.01 pix
WFC3: ~10 @ 3 kpc
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Extending Parallax with WFC3 Spatial Scanning

C

Photo taken now Photo taken &
months later

Imaging, precision=0.01 pix
WFC3: ~10 @ 3 kpc
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Extending Parallax with WFC3 Spatial Scanning

L

Photo taken now Photo taken &
months later

Imaging, precision=0.01 pix
WFC3: ~10 @ 3 kpc
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Extending Parallax with WFC3 Spatial Scanning

L

Photo taken now Photo taken &
months later

Imaging, precision=0.01 pix
WFC3: ~10 @ 3 kpc
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Twq Features of Spatial Scans: Sampling and Jitter Removal
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Difference

Extracted scan lines of stars from a single scan
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Separation between two scans (# 5,104)

iy
Dispersion 1.45 mas, error in the mean 25 4 pas

Y position along scan (pixels)

Jitter between lines
is coherent,
subtracted in line
separations (vs time)

1 Target scanned

1 over ~4000 pix,

1 Improves SNR by
- factor of 10

Reaching 20-40 pas
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New Tool: WFC3 Spatial scanning for long range parallaxes, photorﬁetry

WEFC3 Spatial Scanning—> 20-40 uas

4 Years Later: Proper Motion subtracted,
8 MW long-P Cepheid Parallaxes
1.7<D<3.6 Kpc, error in mean=3.3%

T
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AR | VX FR
Vi W
asf y
’ .
' e

2000 mn
' ] X I x - x
0 =.x " I I-x =
i ) | s o s |
1 X PP i VY CAR
s asf ' |
| 4
v | EETTe—— |
RS e
|

Epoch (years)

Riess et al. (2018a), ApJ, 855,136
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New Tool: WFC3 Spatial scanning for long range parallaxes, photorﬁetry

WEFC3 Spatial Scanning—> 20-40 uas

4 Years Later: Proper Motion subtracted,
8 MW long-P Cepheid Parallaxes
1.7<D<3.6 Kpc, error in mean=3.3%

Epoch (years)

Riess et al. (2018a), ApJ, 855,136
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New Tool: WFC3 Spatial scanning for long range parallaxes, photorﬁetry

WEFC3 Spatial Scanning—> 20-40 uas

4 Years Later: Proper Motion subtracted,
8 MW long-P Cepheid Parallaxes
1.7<D<3.6 Kpc, error in mean=3.3%

50 Benchmark MW Cepheids all w/
HST Photometry, Long-Periods
A “photometric bridge” for Gaia

F555wW F814wW ~ F160W

¥
x £ X *T.F
[ - oo oo
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2o sal W/\
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o X 5
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[ TR
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v | i 4 ...!:11-:1-1.-,-):
i i : ail i i |
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{ I :
{ t N il
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| | v
| Y |
| o= x
ulEE TR W s

Epoch (years)

Riess et al. (2018a), ApJ, 855,136

w/ Gaia DR2, error in mean=3.3%
Riess et al. (2018b), ApJ, 861, 126

More in Cycle 27 to help resolve Gaia
zeropoint, reach 1% distance calibration
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IVIiII(Y Way Cepheid P-L Relation, Now w/ HST photometry, Long Periods

Milky

.\[

Wa_y PIT Relation
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e
Ch o

Parallax error (mas)4

==
=02
-

LI B

0 1 2 .
Parallax (mas)

HST FGS

HST WEC3 SS 7 }
Gaia DR2 5

Periods > 10 days
matching

Cepheids HST sees
in SN la hosts

SN Ia Hosts

L A A J. N AL ]. A A A J. A nl A 1 A r

0.8 1.0 1.2 1.4 1.6 1.8
Log (period) (days)
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IVIiII(Y Way Cepheid P-L Relation, Now w/ HST photometry, Long Periods

Wa_y PIT Relation

| | I 1

Milky

O
-
Ch o

Final Gaia Parallaxes
: *9 | 1+ HST Photometry->
= — ,, i Hy~0.4%!

Parallax error (mas)4

LA B

0 1 2 :
Parallax (mas)

HST FGS E

HST WEC3 SS 7 }
Gaia DR2 5

Periods > 10 days
matching

Cepheids HST sees
in SN la hosts

SN Ia Hosts

L A A J. N A ]. A A A J. A A A

0.8 1.0 1.2 1.4 1.6 1.8
Log (period) (days)
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Three Sources of Geometric Distances to Calibrate Cepheids

Parallax in Milky
Way (WFC3 SS,
HST FGS, Gaia)

. Parallax
of Cepheids
®. - “inthe
: Milky Way

Sun i 5 S
L, &
® %,
N
5, R Qj.i‘lfd b
*-_ Earth, _-7
Decembér

5

Pirsa: 19090086 Page 49/84




Three Sources of Geometric Distances to Calibrate Cepheids

Parallax in Milky  Detached Eclipsing
Way (WFC3 SS, Binariesin LMC
HST FGS, Gaia) @ @

. L)

. Parallax
of Cepheids
®. - inthe
: Milky Way

P

Sun i N S
P
o %
-l ! .".
e (.{'_I.flt"d 4
*-_ Earth, _-°
etembdr

e Angular size #

Distance d

20 DEBs in LM
op=12%(Pietrzynski et'al. 2019)
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Three Sources of Geometric Distances to Calibrate Cepheids

Parallax in Milky ~ Detached Eclipsing Masers in NGQ 4258,
Way (WFC3 SS, Binaries in LMC Keplerian Motion

HST FGS, Gaia) 99 O @ @ -

LY
@ | Y/ \ v / W

v 8 J B | seconday
¥ | Ecipes
ol

. Parallax TyLs
of Cepheids .
®. - inthe -
. Milky Way

Earth,
‘Junte“‘ SX

Sun” ~% ‘:‘ S
NP
L B ";*,,
P ! "'.
! L (_J_Jj‘»_-j A
*-_ Earth, _-°
ecembdr

’ .
Dynamies of HIV-1 infection
The Pope and embryology
Multi-ring impaot basins
v .

20 DEBs in LM
op=12%(Pietrzynski et'al. 2019)
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Step 2: Cepheids to Type la Supernovae

1.Discard photographic data, SN 1895B, 1937C, 1960F 1974G, & unreliable
l.e. all but 2-3 used by Key Project Freedman et al. 2001,2012, Sandage et al..
Previously limited by 20 Mpc Cepheid range of WFPC2...

ag [ Cepnelds  p—
SN la & \

~ Co-Located

HET ACS 2005
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o ng
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Step 2: Better Data-SN Ia

ACS (2002),WFC3 (2009) doubled range, 8X as many possible

Using only reliable SN |a data-i.e., digital data, multiband light curves 4
bands, pre-max, normal spectra, low extinction A,<0.5).

NGC 1308 Ce he d
SN la o \ :\‘ SN 1994ae

\ ‘
N20021k

Co-Locatebd'

Lick Oba. 2002 HET ACS 200!

JIIIIIIIIIIII'I

Ronge of WFPC2; Cepheids - Pl — T SHOES Callbratlon Sample
(N=19in Riess et al. 2016, N=38 in Progress, completa z<0.011)
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Cep}]eid V,I,H band Period-Luminosity Relationships: 19 hosts, 3 anchors
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Lower Systematics from Differential Flux Measurements

To reduce systematic errors: measure all Cepheids with
same instrument, filters, similar metallicity, period range

ANCHORS: NGC 4258, MW, & LMC
geometric distance

19 SN la Hosts

NGC 3370
A, Rioss (STScl)

SN1934a0

-0.5 0.0 +0.5

-0.5 0.0 +0.5

-0.5 0.0 +0.5

Cepheid composite LC’s, >2400

'N3021T N33O

]

i
=
N

Ni309"

A .

N3OE2 | Nd630 | N384 | Ndods™

N1015
Y

N1365

by

N5917

U9391]

2468 2468 2468 2468 2463824638
PHASE PHASE PHASE PHASE

PHASE PHASE
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Lowering Systematics: Near-IR Cepheid Observations + HST, Now in LMC!

-Negligible ‘o
sensitivity to

metallicity in NIR _ o
(F160W) _

o%®

i T T T I 1 T T I | 1 T I T T 1 I T T :
70 LMC Classical Cepheids Observed w/ HST ¥ Dereddened:
e~ |F160W-0.386(F555W-F814\W)

w ° -
my,

-Dependence on )
reddening laws | 23 -1 0.8pum
6x smaller : o ]

than optical w | A o 0.55um

We use F160W-
band as primary
+F555W,F814W

Key Project used
F555W and
F814W

Riess et al. (2019), arxiv:190307603

12 1.4 1.6 Leavitt

Log (Period) (days)
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Step 3: Intercept of SN la Hubble Diagram: Distance vs Redshift

[l

1 1 . :
ag =log cz {1+ ~[1—qgol z— = [1— g0 — 343 + jo] 32+0(23)} - 0.2m%

4.5

2 6

- eSS ——n
. sensitive to

0 local flows

-

201 'l’ i

fit range for ag
0.023<z<0.15

217
SIRE

—
less ]
sensitive to

q[)rjor ‘Qr w :

TR BT L 1

i

4.0

4.5

log cz[1+0.5(1-q,)z-(1/6)(1-q,-3q,+1)Z]

Kinematic
Intercept
equation
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Simultaneous Fit: Retain interdependence of data and parameters :

Measurements

\(;N ‘(':1

)
Mp,1a

Geometric _.I: :
Distance Priors 0

Free Parameters

o Absolute Host
4 Distances
i D (N4258)
ApiNagss Cepheid | : it
MY, -epheid Luminosity
Appve {'\D(LMF 2
HM31 AD(M31)
b P-L slope (P>10 days)
M, SN la Luminosity ——__
Metallicity, Cepheid
Zeropoint, LMC
P-L slope (P<10 days)

Regression Matrix

log Pl ; /0 (O/H] 44 log Pfg /0
log Pl 1/
log Pl 1p58 /0 ¢
log P){?,Sl‘ ;/0
log Ppiry;/0 [O/H] pw log Plyyy;/0
log P}! v,/ (O/H] ppw 4 log P} mcilo
0 ) ) 0
0

log P{S“, /o
log Pf\-ﬂ;?:m,_-,/ 0
log Piyg, ;/0

[O/H] 14 4
[O/H] y4258.4
(O/H] pra1 4

Error Matrix

» Y 1ot N4258,j» “ tot,M31,jp

2 2 2
» O%mB 11+ O°mB.19, O%2p1 0% Na2ss T4 me )

5log Hy=Mg’+5a,+25

>
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tin 3 Steps: Present Data

The Hubble ConStan

Type Ia Supernovae = redshift(z)

z .
- . Parallax Distant gakasies in the
of Cepheids expanding Universe

10 Type I
® e o ‘ k 3 .
Milky Way . Y =

Eputh,
=" e

2.Gopdy)

732

T R LY N VAVAVAYAYTT
o W g Light redshifted (stratched) by expansicn of space
Pl
S
.. Earth, -
Decembér

w{z,H

Cepheids — Type la Supernovae ™

3 [19 Calibrations |

Geometry — Cepheids

N4258 .~
b

5 Sources . 7} } ,{'rf.,.frs 14

Cepheld: m-M (mag) Galaxies hosting
Cepheids and
Type la

supernovae

1p
Milky Way

Cephedd: m-M (mag)

::j *J 5‘]:.
af T {4
L |

Geometry: § log D [Mpe] + 25

r )

1]
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The Hubble Constant in 3 Steps: Present Data

W™ . Panllax
of Cepheids
<" Inthe
Milky Way

Eputh,
== o

Sun '-. ="
o %'
e TR
e Cephed
e
Decembeér

Geometry — Cepheids

=13.2.000n)

u{zH

Cepheids — Type la Supernovae "

Type Ia Supernovae = redshift(z)

300 SNe

= 119 Calibrations +~
5 »

i

5 Sources i 7

Cepheid: m-M (mag)

N42s8F

" "

1 .
1 . E
}“,{rf.,ntf 1+
l ]

Distant galasies in the
expanding Universe
hostng Type la
suparnovas

"
o
\ Abey
L 3 - a

-

ks

AN A s>

Light redshifted (stretched) by mxpansicn f space

Py
¥ ¥ ¥ \

SN Ia: m-M (mag)

V I )
Geometry: § log D [Mpe] + 25

5 7 r m
Cepheid: m-M (mag)

Galaxles hosti

H,=73.5 +/- 1.4,
Km s Mpc'

(Riess et al. 2019,

Reid, Pesce, Riess 2019)

Cepheids and
Type la
supernovae

1.9% total
uncertainty
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The Hubble Constant in 3 Steps: Present Data

Type Ia Supernovae = redshift(z)

W . Panllax

of Cephelds ; 300 SNe
% - inthe ¥ wr
 Milky Way :

E
Sun

=732.0i)

Sun o '-_ o k
o & Light redshifted (stratched) by expansicn of space -
A J 4
oo Cgred e
. Earth, -
December

u{zH,

P M

Cepheids — Type la Supernovae "

P

¥

/’: 7 SN Ia: m-M (mag)

H,=73.5 +/- 1.4,
siniiseiin B 2N Km s Mpc-
| 5Sources i | R (Riess et al. 2019,
7 ! " o Reid, Pesce, Riess 2019)
Cepheids and

m.\nlm \\':.;;/5,‘:‘/. : ] SLIH}?:DEM 1 .90/0 total
v ] uncertainty
;:..'*J i 4&“ i |
LMl

Geometry: 5 log D [Mpe] + 25

5 7 : m
Cepheid: m-M (mag)

Cepheid: m-M (mag)

i: 420 from CMB + ACDM !
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Robust? Five Sources of Cepheid Geometric Calibration

Independent Geometric Source mmm

NGC 4258 H,0 Masers: Reid, Pesce, Riess 2019 1.5% 72.0 -1.5+1.1

LMC 20 Detached Eclipsing Binaries: Pietzrynski+ 2019 1.3% 74 2 +0.7+1.0
+ 70 HST LMC Cepheids: Riess+(2019)

Milky Way 10 HST FGS Short P Parallaxes: 22% 76.2 +2.7+1.6
Benedict+2007 --also Hipparcos (Van leeuwen et al 2007)

Milky Way 8 HST WFC3 SS Long P Parallaxes: Riess+ 3.3% 757 +2.2+2.4
2018

Milky Way 50 Gaia+HST, Long P Parallaxes: Riess+ 73070 h0R2:E 214
2018

Consistent Results (< 20), Independent Systematics
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Systematics? 23 Analysis Variants—we propagate variation to error '

Best Fit:
5log Hy=Mg%+5a,+25

/\ Type lu Supernovie = redshifliz)
]
3

Cepheids = Type Ia Supemovae |

0.4

-

.
I

SN Tz ra-M (mag)

I

Cepheud: m-M (mag)

Planck

+ACDM

A=0.20
mag
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Systematics? 23 Analysis Variants—we propagate variation to error '

Best Fit: Analysis Variants _____________[H,
5log Hy=Mz°+5a,+25 Best Fit (2019) 73.5
\ I Reddening Law: LMC-like (Ry=2.5, not 3.3)  73.4
Sl = icning Law: Bulge-like (N15) 73.9
No Cepheid Outlier Rejection (normally 2%) 73.8
No Correction for Cepheid Extinction 192
@ No Truncation for Incomplete Period Range 74.6
. Metallicity Gradient: None (normally fit) 74.0
Period-Luminosity: Single Slope 73.8
Period-Luminosity: Restrict to P>10 days 1.1/
Period-Luminosity: Restrict to P<60 days 74 1
- Supernovae z>0.01 (normally z>0.023) TS 1f
fang?\/l Supernova Fitter: MLCS (normally SALT) 75.4
A=0.20 Supernova Hosts: Spiral (usually all types)  73.6
mag Supernova Hosts: Locally Star Forming 1318
Optical Cepheid Data only (no NIR) 72.0
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Distance Ladder Error Budgets for H, (w/ SN+Cepheids) 2001-2019'

%10 —

= Absolute scale

= Capheid color, zps

= P-L Mean, anchor

= Cepheid metallicity, anchor-to-hosis
P-L Slope

= P-L Mean, SN hosts
Mean of SN Calibrators

WG CTE g s ~ Main improvements
S e Since 2016:
Anchors—MW
parallaxes, LMC
DEB distance,
matched Cepheid
photometry, WFC3

CRNL

Error on H,

I 1
o o
[}
I 1
: 1 ]
| 1
I
HST KP SHOES SHOES Il SHOES NI SHOES IV SHOES V
2001 2000 2011 2016 2018 2019
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Late: Cepheids and Hyg

75
Ho [kms~!Mpc™

2011 2016

Updated anchors

9 NIR SNia

Cepheld reanalyses

Bayes Hierarchica

Carnegie SNe

PSET SHOES16

chi~2 6

19 SNla

3 anchor R11

Theory PL R11

HSTEP recal

WFC3 NIR

ARAA

al Ideal SNe

HSTKP various

Distance Ladder Error Budgets for H, (w/ SN+Cepheids) 2001-2019'

Main improvements
Since 2016:
Anchors—MW
parallaxes, LMC
DEB distance,
matched Cepheid
photometry, WFC3
CRNL
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Late Universe H,

Late Universe

+1.4
: 73--2—1,-1 :
OES, NAZ58+MW+H

SNla Distance Laddt-.r.'.]

Cepheids

;SBF Distance Ladders | — H‘:‘.I‘ [SBFI

y
£

IMC+TRGR
79.0%40

= 73.3+18 -
| Single Rung ﬁf—ﬁ— ILensmq

3,4
70 75 80
Ho [kms~1Mpc~1]

R'_e\{iew by Verde, Treu, Riess (2019)

Naive Combo: 73 +/- 1 but
some covariance so...

Prix Fixe Menu

One from 1 & 2
+3+4+

one peremptory
challenge
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R'_e\{iew b_y Verde, Treu, Riess (2019)

Late Universe H,

Naive Combo: 73 +/- 1 but
some covariance so...

Prix Fixe Menu

— iz One from 1 & 2
=112+3+4 only Miras D +3+4+

oy TR one peremptory
challenge

Only TRGB DL (CCHP+0GLE)
Qnly TRGD DL (CCHP+N4258)

Mo SNia

Mo MW (Cepheid DL)

70 75 80
Ho [kms™1Mpc™1]
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Late'Unlverse Ho Review by Verde, Treu, Riess (2019)

Early & Late Universe ‘ .
Naive Combo: 73 +/- 1 but
Planck, no TT Some Covariance SO. o

Planck, no
67.6%11 No CMD

Early| °/:=2=

Planck

No Planck, CMB + BAO

ﬁl%iﬂi;' No Planck, CMB + DAO P ri X F i Xe M e n u

ACTPol+BAD
68.5*03 No Planck, CMB + BAO

SPT-SZ+RBAO

One from 1 & 2

Only Cepheld DL

; :1+2+3+4 Only Miras DI +3+4+

Or.ly_uu}lln_l,_l'((H"i | One peremptory
- challenge

_r'/’ ‘=] : ‘ Only TRGD DL (CCHP+N4258)
74.0413 No SNia
?4.“_'_1]'5 No Lensing (Cepheid DL)
73.7:1% No LMC (Cepheld DL)
No MW (Cepheid DL)
Mo N4258 (Cepheld DL)
No SBF (Cepheid DL)
70 E 80
Ho [kms~tMpc™!]
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Late Universe H,

Early & Late Universe

Early| "

Planck, no
67.67}1
Al

67.2338
ACTPol+BAD
68.5*03

SPT-SZ4+BAD

=142+3+4

729413

1.5
74.0%7

. $1.2
74.021%

+1.0
I

70

Mo BAD
Planck, no TT
No CMD
No Planck, CMB + BAO
No Planck, CMD + DAO

No Planck, CMB + BAO

Only Cepheld DL
Only Miras DL
Only TRGB DL (CCHP)
Only TRGB DL (CCHP+0GLE)
Qnly TRGD DL (CCHP+N4258)
Mo SNia
No Lensing (Cepheid DL)
No LMC (Cepheld DL)
No MW (Cepheid DL)
Mo N425B (Cepheid DL)

No SBF (Cepheid DL)

80

Ho [kms™1Mpc~1]

RQ\{ieW by Verde, Treu, Riess (2019)

Naive Combo: 73 +/- 1 but
some covariance so...

Prix Fixe Menu

One from 1 & 2
+3+4+

one peremptory
challenge
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The Tension Matrix ' . Review by Verde, Treu, Riess (2019)

AH, vs Measurement Precision (Lower )

- -

s IR 4‘ 5.1|[ER ’5 4} 4.6 4.2 BN

e IR -

SPT-SZ+BAO (68.5%53) - S8 4.8 158 05 244 4.0 49‘5 4‘.’5 5‘ \l/

Planck, no TT (68.4:49) 1D, 3] 4.9 5.1 ) . 58l 4.5 4.0 |5.0 51 5).[5);[3]
. EEEIGEE +
\“\
1 bt s L O ,@. TR : |

3
=
L
n
S~
2
©
S,

_\1
\

LATE UNIVERSE
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The ]’ensaon L ' . Review by Verde, Treu, Riess (2019)

Tension vs Measurement Precision (Lower 9)

wmmmmg;)‘ ..... .t‘4o 424335 3.1 318/ A EIS 36

ACTPDI+BA0 (67’2t83) _m : : i A ‘m

[0] uoisua |

SPT-SZ+BAO (68.5+03) - SEO1 3.6 3.7 EA3'8 3.1 2.7 3.43.6(3.6 3.2
Planck, no TT (68.4:39) 13,91 3.6 3.7 4.2i3.8 3.1 2.8 |3:141 BI61BE6] 3.3
BAO+BBN (67.6]']) 4 1 3 8 3 9 ﬁ'

LATE UNIVERSE
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The Tension Matrix Review by Verde, Treu, Riess (2019)

ACTPol+BAO (67.2:3%) S A m 4.9 SRR 4.4

[0] uoisua|

SPT-SZ+BAO (68.5%33) 3.9 3.6 3.7 4.2.3.8 3.1 2.7 341386113161 3.2
Planck, no TT (68.4:39 {3.91 3.6 3.7 4.2‘3.8 3.1 2.8 13:41856]1816] 3.3

sao+sen 67.6:1) {4.1) 3.8 3.9 i:814.013.4 3.1 3.7|13.9 3.8 3.5

LATE UNIVERSE
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FAQ: Could we live in é gian‘t (9% in Hy).void? No...to 0.6% in H,

+  We already correct for local motions from density field maps
« Theory: N-body sims in Gpc? box, SN, z > AH~0.4%
Odderskov et al. (2016) and Wu & Huterer (2017)
* Empirical: limit on change z > AH~0.6% (Kenworthy, Scolnic, AGR 2019)
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FAQ: Could we live in é gian't (9% in Hy).void? No...to 0.6% in H,

»  We already correct for local motions from density field maps

« Theory: N-body sims in Gpc? box, SN, z > AH~0.4%
Odderskov et al. (2016) and Wu & Huterer (2017)
« Empirical: limit on change z > AH~0.6% (Kenworthy, Scolnic, AGR 2019)

Change in Hg using 1122 (1054 unique) SNe with flow corrections
Planck=+9% s from Pantheon+CSPDR3+Foundation 0.01 < z < 0.50

5.0%
4.0% Local underdensity
i X +— We live in Giant Void
2.0% -
1.0%

= 0.0% -

-1.0% -

Local overdensity

Kenworthy, Scolnic, AGR 2019, arxiv:190108681
0.04 0.06 0.08 0.10 0.12 0.14
Zgplit

Suggestion we live in 3.5% H, void (z<0.07; KBC 2013, Shanks et al. 2018),
SN data rejects 4.5 ¢
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FAQ: Is HST WFC3-IR Flux Scale Linear.to 1%?

“Flux Calibration Ladder”
Count Rate (e/sec/peak pix)
1e6 . led

l/
.ar

N
(=]
T T

2MASS A%torlemc;

-
U'
T

MW Cephelds

- Scans

gl

-

O

Measured WFC3—IR (mag)

w
=TT

-
oo

o
Y

o Q
O =i

;H .rsar-.:r@cfw
0.3% Non- ||near|ty corrected

10 15 20
True WFC3-IR (magq)

*if* 3.0% Non-linearity (NIC2 F110W)

I
o

|
e
[N

0.2
0.1

0.0

-U.1
-0.2

10
True WFC3-IR (magq)
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Cause of Early vs Late Difference?

“Combining independent approaches in the late universe yields tension with
the early Universe...4.10 and 5.80...discrepancy not dependent on any one

method, team, or source.” July 15-17, 2019 KITP @ UCSB
Verde, Treu, Riess, arxiv:190710625

I | T EI T I 1 1 1 | T 1 I I T T T
DENOtA | vp=-008.0u,=08

Sterile v = awn,=+04

NEW T
PHYS|CS curvature Agk:—tl.ol

DM inter. ;| OM-v,0=10"%mg,GeV 'cm?:

.

early DE . Eorly DE,z=10"0¢=0.07

41-58 ¢

i <« - »
Early

1 1 1 | 1 1 L I 1 1 1 | 1 1 1 I 1 1 1 I 1
66 68 70 72 74
Hy (km s™' Mpc™")
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“Most Likely”: Increasing Expansion Rate Pre-recombination’

“The Hubble Hunter’s Guide”, Knox and Millea, 2019

Best--New components increase H(z) before recombination
(scalar fields, Neutrinos+interactions) =>earlier recombination,
lower sound horizon. New features in CMB (excess scatter in
w., vs scale). Claims of better fit to CMB (not worse!)
Poulin+2018, Agrawal+2019, Lin+2019, Kreisch+2018

Scalar field

Dark energy
Increases
Expansion, lowers
Sound horizon
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Next Steps: Increasing Number of SN-erheid Calibration's

*NEW* SHOES Large HST Programs, Cycles 25,26
19 more Cepheid-SN la Calibrators underway,
to reach total=38

N3643/SN13aa . .- . . N1550/SNOSdF N4680/SNO7bp N26Q8/SNOTbg N7541/SN98dh

: . v . ; . -
2SN lain 1.
rr , :
NOG91/SNOSW 5 MN3583/SN15s0 N5728/SN09Y N3147/5N97bg N5468/SN99cp,02cr

. .

.4 - \ ﬁ d
g g ' 2SNIa|n1 2 SN lain 1

NGC7678/SN02dp 3 MCG-01-33-34/SNOBD NGC5728/SNO NGC7329/SNOGBh _ NGC4680/SN9Tbp
L

c- . .'. "' . \ ..wo ‘.“
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Futu.re Prospects...

o 10%
72f74 = Absolute scale

—  Cepheld color, zps
= P-L Mean, anchor
= Cepheid metallicity, anchor-to-hosts

= L oo -+ Doubling SN Calibrator

Mean of SN Calibrators

= Iy e | sample, 1938 (20197?)

New low-z SN samples

Gaia DR3 (20207?)
3.3%

738 LIGO H, (Late Universe)

24% 0,
732 04 DESI,LSSTWFIRST,Euclid

735 1.6% 1.3% —>better w(z)

|| ”‘ | ‘ Next generation CMB:
signatures (e.g., EDE)
U i o L

HST KP SHOES SHOES I SHOES NI SHOES IV SHOES V SHOES VI HHGE% Vil
2001 2008 2011 2016 2018 209 SNe

Stay tuned...
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H, is easier than q,

SN la Hubble diagram
(Pantheon Set-Scolnic et al 2018)

0.01<z<2, 1100 Sne la
ACDM residuals <0.04 mag

GOODS 4
e GHRET
SNLS 4

'CANDELSH
CLASH

PS1

L1 1l L1 1l
T T T Irr] T T rrrr

&0
«
E
w
54
va.
o
®
=
]
Q.
=
[4+]
4
.‘.2
A

Hubble Res. (mag)

Binned Distance Residuals

1.0
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Breakthroughs When Local H, was too high. This time?

1930-1950:
H,>300 km s1 Mpc1-> t,~Gyr << age of Earth
Why? Two populations of stars! Early and late, poor and rich,

100N '™ 3 s
1990’s: Science

60<Hy<85 + Q=1->1, (10 Gyr) << oldest stars (14 Gyr) [ —_——_.
Why? Dark energy! Qy~0.3, Q,~0.7 E Y &

2010’s:
My’ 73.5+/-1.4->4.1-5.80 nigher than Planck CMB+ACDM
What will be discovered ?
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Tak(::-aways

» Universe now appears to be expanding ~9% (+/- 2%) faster
-than-expected based ACDM+Planck CMB. Confidence=~5 o
Many crosschecks, not dependent on source, method, Team

« If not conspiracy of errors, could be a clue pertaining to the
95% of the Universe (i.e., the dark sector) we don’t
understand. (& Universe younger, ~13 Gyr not ~14 Gyr)

We anticipate significant improvements in these
measurements in just the next few years which may
reveal the cause.

« With additional measurements HST and Gaia can
approach a 1% measurement of H, a benchmark for
constraining the cosmological model. More CMB, LIGO, etc.
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Veoae — Yices (Mag)

0.1 02 0.3

a.0

Yuan et al, arxiv: 1908.00993

02 =041
T T

Mean = 0.082
Median = 0.079

1 1 I

Mean = 0.04

Median = 0.037
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10 16 20
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- f - 0,

—— F19: LMC OGLE + SMC MCPS /
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- 0.00
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L 1
10 16 20
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g
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W M _

MCPS (Zaritsky et
al 2002)

And OGLE IlI
(Udalski et al
2012)

differ by 0.04 mag
I, 0.08 mag V
Mostly due to
blending

Biases LMC
extinction by 0.06
mag

OGLE Reddeing Maps
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| S —
0.1 02 c.x 3] 03 04
A, [mag] A, [mag)

Page 84/84



