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Background

Expanding universe
=2 expansion rate critical for cosmic evolution
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L eading Theory of the Universe
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Dealing with an
expanding Universe

Cosmic Distances

Separate the observed distances r(t) into
the expansion factor a(t) and the fixed
part x (called comoving distance)

r(t) = a(t)x

0) (0,0) (1,0)
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Time evolution of the scale  FSs&Ee oo "0
factor is described through == a
the time part of the Einstein equations

Assume a metric for a homogeneous and
iIsotropic universe and a perfect fluid
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Friedmann Equation

Put the various densities into the Friedmann equation

a? 8mG k 8nG k

;:Hz :Tp(t)_ﬁzT(pM‘l'py-l'pvac)_;

3H

Use the critical density pg,;, = 3% ~ 2-102° g em™3

8tG

(flat universe), define the ratio to the critical density
p

Pcrit

Most compact form of Friedmann equation

0 =

1= Qy + Q) + Quac + U
with Q, = — —
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Dependence on Scale Parameter

For the different contents there were
different dependencies for the scale
parameter

Py X a
Combining this with the critical densities
we can write the density as

_ 3H; a3 ag\4 I
p_%[QM(;) +Qy(z) +'Q'A+Qk(z) ]
and the Friedmann eqguation

H? = HE[Qu(1 +2)° + Q,(1 + 2)* + Qp + Q (1 + 2)?]

> pyxat pu. = const
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History of H,
Expansion rate by G. Lemaitre (1927)

de Vobservateur. En effet, la période de la lumiére émise dans des condi-
lions physiques semblables doit &tre partout la méme lorsqu’elle est
exprimeée en temps propre.

v 0L, _W__Rg_ 9
=g ! (22)

mesure donc effet Doppler apparent dit & la variation du rayon de l'uni-
vers. Il est égal a Uexces sur Uunité du rapport des rayons de U'univers a
Vinstant ow la lumiere est recue el o Uinstant o1 elle est émise. v est la
vitesse de 'observateur qui produirait le méme effet. Lorsque la source est
suffisamment proche nous pouvons écrire approximativement

v R, —R _dR K dé - R"

¢ R, R R R’

ou r est la distance de la source. Nous avons d{)nc
Footnotel

(%) En ne donnant pas de poids aux ohservations, on trouverait 670 Km./sec a
1,46 x 10° parsecs, 575 Km./sec 4 105 parsecs. Certains auteurs ont cherché a mettre en
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INntermezzo

Age of the Universe
Matter-dominated universe has the

following age
Ho (km/s/Mpc) to (yr)

500 1.30-10°

250 2.61-10°

(=2 100 6.52-10°
3H, 80 8.15-10°

70 9.32-10°

60 1.09:10'°

50 1.30-10'°

30 2.17-10'

— age of the Earth: 4.5-10° years
— oldest stars: ~1.2-107° years
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History of H,
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History of H,,
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History of H,,
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Extragalactic Distances

Required for a 3D picture of the (local
universe

2MASS Redshift Survey

Corona Borealis Bootes Coma :
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Legend: image shows 2MASS galaxies color coded by the 2MRS redshift (Huchra et al 2011);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)
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Extragalactic Distances

THE ASTRONOMICAL JOURNAL, 146:69 (14pp), 2013 September COURTOIS ET AL.
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Figure 8. Perspective view of the V8k catalog after correction for incompleteness and represented by three layers of isodensity contours. The region in the vicinity of
the Virgo Cluster now appears considerably diminished in importance. The dominant structures are the Great Wall and the Perseus—Pisces chain, with the Pavo—Indus

feature of significance.
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| ocal Flows

Inhomogeneous mass distribution in the
local Universe

Great Attractor

Perseus-Pisces

t f Q/ - Pomaréde et al. 2020
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Measuring H,,

Classical approach

- distance ladder to reach (smooth)
Hubble flow

HIT REGIONS
AND BRIGHTEST
STARS

TWILIGHT
ZONE

PURE HUBBLE

DOMAIN OF
THE CEPHEIDS

Sandage & Tammann 1974 100 MPC

11 January 2021 Bruno Leibundgut



Hubble Constant

Three different methods

1. Distance ladder
e Calibrate next distance indicator with the previous

2. Physical methods

e Determine either luminosity or length through
physical quantities
— Sunyaev-Zeldovich effect (galaxy clusters)
— Expanding photosphere method in supernovae
— Physical calibration of thermonuclear supernovae
— Geometric methods, e.g. megamasers

3. Global solutions

e Use knowledge of all cosmological parameters
— Cosmic Microwave Background
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Classical Distance Ladder

Primary distance indicators (within the

Milky Way)
— trigonometric parallax

— proper motion ;
— apparent luminosity ..
® main sequence b
e red clump stars ]
* RR Lyrae stars

|

® cclipsing binaries
e Cepheid stars

11 January 2021

H, / Galaxy Luminosity Function |

[

oo ]
Tully-Fisher > SNIa
‘ 1
PNLF SBF GCLFJl Novae l
LSC Cepheids 4 4 4
Red SG
1 Stars
Local G Cepheids |, .
roup Cepheids 1 > Local Group RR Lyr
b
W | 1 1
SN SN

LMC/SMC Cepheids 1987A B-W

Glob Cluster RR Lyr

Cluster Cepheids RR Lyr Statistical Tr
Pleiades
T Hyad Tr Subdwarfs I
F-Stars yaces

Pathways to Extragalactic Distances

Jacoby et al. 1992

Bruno Leibundgut



Classical Distance Ladder

Secondary distance
iIndicators (beyond the

Gruber Cosmology Prize

Local Group) T
— Important check T . o
e Large Magellanic Cloud oF o supemovert )
— Tully-Fisher relation “ +
~ Fundamental Plane CT ;
— Supernovae (mostly SN la) g Fﬁe?dr?a.”&“.”a.d‘?re.z?@ ]
— Surface Brightness ' vz men
Fluctuations %ﬁﬁ;ng fffffffffff i
S
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VA
¢ pos

Hubble Constant

Calibration of M(SN la @ max)
Distance ladder

PAST DISTANCE LADDER (100 Mpc)

11% error

, 1% # Modern, distant SNe la
} 3% # Modern, local hosts
' SN la hosts,
=

Metallicity change

Calibrator
long to short Period Cepheids

Ground to HST

Anchor: LMC Anchor:
NGC4258
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Hubble Constant _| g

Supernova la

Hubble diagram
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H, with Supernovae

e | ocal calibrators (calibrate the Cepheid L-P rel.)
— Large Magellanic Cloud

* 1% accuracy with eclipsing binaries (Pietrzyriski et al. (2019)

— Maser in NGC 4258
e 3% accuracy (Humphreys et al. 2013)

— geometric distances (parallaxes) to nearby Cepheids

e Extinction
— absorption in the Milky Way and the host galaxy
— corrections not always certain

e Peculiar velocities of galaxies
— typically around 300 km/s
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bty no Hydrogen | Hydrogen

o / SN Classification

ST SN II
S1/ gveak Si Nebular spectra
\ He dominant/H dominant
SN Ia| He poor/He rich
i GRBs!!
SN Ic SN Ib SN 11T SN II
19831 .
1983V / 10841 log7kc  L-ight Curve decay
/ after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)

from deflagration or
detonation of an
accreting white dwarf.

H is removed during
the evolution

SN IIL || SN IIP

Core Collapse. k
. 1980K 1987A
Outer Layers stripped
: 1979C 1988A
by winds (Wolf-Rayet Stars) 1999em
or binary interactions SN 1In(1995G)
[b: H mantle removed!
Core Cellapse of
Jc: H & Heremoved! . a massive progenitor
with plenty of H .
Bruno Leibundgut




Type la Supernovae

Variations on a theme - e o

— critical parameters? -
* nickel mass

® cjecta mass
e cxplosion energy(?)

17F

* explosion mechanism?
e progenitor evolution? =

—15F

—-14

0.0
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Hubble Constant

SN Hubble diagram
m—M =5logv + 25 —5logH,
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Proves M is constant
Direct connection of M and
Hy
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SNe |la Hubble Diagram (NIR)

O calibrators + 27 Hubble flow SNe
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Problem solved?
New discrepancy

between the o1
measurements of || 1 3

the local H, S  Le S
(distance ladder) KRR T W I I
and early universe - - e U
(CMB) | moer QIR
Indication of an N P b |

incomplete model = =
of cosmology”?
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(IANL /7 yoisiepain 1) nAng Alisys

flat ACDM

Wong et al. 2020

67.4173
1.2
@
+1.4
74.071.4
®
1.7
@ Planck (Planck Collaboration 2018) 73'3+1.8
® DES+BAO+BBN (Abbott et al. 2018)
O SHO'ES (Riess et aI.l2019) 3 8+1'1
@ HOLICOW 2019 (this work) '.—1.1
@ Late Universe (SHOES + HOLICOW)

Hy [kms ' Mpc ]
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Gravitational Lenses
Time delays in lensed quasars

(c) HE 0435—1223 (d) SDSS 1206+4332

(e) WFI2033—4723 (f) PG 1115+080
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H, Summary

flat — ACDM

Early

Planck

67.4712

DES+BAO+BBN

BOSS(Full-Shape)+BAO+BBN

73.2+13
SHOES
69.6%73
CCHP
73.3%00
MIRAS
73.7412

HOLICOW+STRIDES

MCP

+2.5

73.313%
SBF

bTF

Late

Planck vs. Late

729t8§ combining all 6.1o
with Cepheids 570
with TRGB 4.1c
with MIRAS 4,70
66 68 70 72 74 76 78 80

Ho [km s~ Mpc™1]
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Type |l Supernovae

e Core-collapse explosions of
massive, red-supergiant stars

‘ e '—l..
. 'u:

0L0Z "1 19 eji3jew

o C
e Peak absolute mags between -16 and -18

— observable uptoz = 0.4

e Most common type of SN by volume
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Physical parameters of core

collapse SNe

Light curve shape and the velocity
evolution can give an indication of the total
explosion energy, the mass and the initial
radius of the explosion

Observables:
¢ length of plateau phase At

¢ [uminosity of the plateau Ly,
* velocity of the ejecta v,

25 LglL

o [ OCAt4‘Vph5‘I__1
o MocAthy 3L
o R ocAt2-yy 42

0 6t St+At t
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Expanding Photosphere Method

Modification of Baade-Wesselink method

for variable stars 0cus of vge - constant

for Vobs < Vphotosphere

e Assumes

— Sharp photosphere
-> thermal equilibrium

— Spherical symmetry
- radial velocity

— Free expansion |

locus of vy = constant
for vops > Vphotosphere

Kirshner & Kwan 1974

Bruno Leibundgut
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EPM: it's all In the spectra

-20,000 km/s
. -15,000 km/s
———  -10,000 kmys

. photosphere
| ejecta

—

observer | increasing
optical depth

Flux

rest wavelength
¥

T T T T T T ’
4000 5000 6000 7000 8000 9000 \// Flux spectrum

Wavelength [A] C. Vodl

Image: Héloise Stevance
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Expanding Photosphere Method

R_|_h_
(5mBA(T)’
e [} from radial velocity

— Requires lines formed close to the photosphere

¢ D from the surface brightness of the black
body

— Deviation from black body due to line opacities
— Encompassed in the dilution factor ¢*

v
R =v(t —ty) + Ry; DA=5(t_to)
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Expanding Photosphere

0 1 Fy
S =5t~ 1)

0.14F— ‘
—  B:Dp =357+ 43 Mpc
ol — V: Dy, =349 + 34 Mpc
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Preliminary Results

Consistent results
— not Independent as local calibration required

Gall et al. 2018
21 gpm Yy 21 sem i
PS1-13bmf PSI-13bmf /g
40t A 11000 4o PS1-14vk ;l L4 Liooo
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34| ST ') B
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Expanded Photosphere
Method Reloaded

¢ Use individual atmospheric models for
the spectral fits

— use of the TARDIS radiation transport model
— absolute flux emitted

e Accurate explosion date
— accurate zero point

e At least 5 epochs per supernova
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Atmosphere

Models

TARDIS fits for
different epochs

11 January 2021
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©/vpn [d/Mpc]

Distance Determination

- . © 1

Slope is inverse distance: — = (t —tp)
A

D

[Mpc] = 78tg:

Dute Tne [d) 8/ vpn [d/Mpc) Vogl et al. 2020
9 July 2005 12.25 1.69
10 July 2005 13.50 1.90
11 July 2005 14.50 2.12 E
14 July 2005 17.00 201
16 July 2005 19.40 244
1
s
\ —
-
o B
=
=/
&
-
/\" T T T
Q “ D Y ™ Q0 X
o A - Q- /\.’ /\\. /\\. QAT Q-
D [Mpc] 1o [d]
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adHOcc

“accurate determination of HO with core-collapse supernovage”
(Flors, Hillebrandt, Kotak, Smartt, Spyromilio, Suyu, Taubenberger, Vogl)

e Use the Expanding Photosphere Method to ~30 Type I
supernovae in the Hubble flow (0.03<z<0.1)

e |ndependent of distance ladder
— no parallaxes, no Cepheids, no Type la supernovae

e FORS?2 Large Programme over 3 semesters
— 6 epochs spectroscopy and photometry per supernova

e SNFactory data
— about 15 SNe with 0.01<z<0.05
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adHOcC R
Critical olbbservables

— time of explosion
— spectral coverage
e before max until ;

well into the plateau
— photometry
¢ simultaneously to
spectroscopy
C. Vogl 2020

Wavelength [A]
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Conclusions

Hubble constant sets absolute scale
(and age) of the universe

— Past conflicts resolved

e Age of Universe is bigger than age of
the Earth

— recognition of different stellar populations

e Age of Universe bigger than oldest stars
— cosmological constant T e

A
)
’l A
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Conclusions

Current discrepancy of 4 to 5o between

- Hy measured locally (distance ladder) and
- Hy measured at z=1100 (CMB)

Significance?
— systematics based on Cepheid calibration
Extreme accuracy required

Independent measurements needed
— Expanding Photosphere Method
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