The Cosmic Distance Ladder

The Variable Universe — Lecture 12
Fall Semester 2022

Richard Anderson

richard.anderson@epfl.ch
022 379 24 25

: P : L Sauverny Observatory #265
— [



mailto:richard.anderson@epfl.ch

Overview



Distance is the fundamental
oroblem of astronomy









What’s the basis for all
(astronomical) distances?

The speed of light in vacuum: defines 1 m as distance traveled by light in vacuum in
t=1/299792458 s



31 Aug 2012! RESOLUTION B2

on the re-definition of the astronomical unit of length.
Proposed by the IAU Division I Working Group Numerical Standards
and supported by Division I

The XXVIII General Assembly of International Astronomical Union,

\/\/hat 1S the fundamenta| The astronomical unit [au].
Now an S| quantity:

astronomical distance measure? ;.- 149,597.870,700 m



Direct distance measurement
methods



Parallax and Proper Motion /.

Proxima Centauri

Hubble Space Telescope = WFC3/UVIS

. A -
* 2 s 2. 7 R N T T ¢ §
- w A > . * » BATEY M Le s BT Ry S Ry
; ) . . .
- 54

/

-~ Earth,
Decemb’e‘r_ .

HST: Narrow-angle astrometry!
STa-pci3-daa (relative to background stars)
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NASA and ESA

http://hubblesite.org/image/3191/news


http://hubblesite.org/image/3191/news

Wide-angle astrometry

“background’star

21,
small angle star
measurements:
= relative parallax:
T — Ty = (A—B)/2 2m,
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Earth’s
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Perryman (2011)

large angle
measurements:
— absolute parallax:

= (A-B)/2

reference A
star
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https://ui.adsabs.harvard.edu/abs/2011A%26ARv..19...45P/abstract

Distant stars (white)

Parallax and Distance

Objects in mirror are farther than they appear!
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position position
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Gaia Data Release 2: Using Gaia parallaxes

X. Luri’, A.G.A. Brown”, LM. Sarrd®, F. Arenou® C.A.L. Bailer-Jones®, A. Castro-Ginard" J. de Bruijne®, T.
Prusti®, C. Babusiaux”2, and H.E. Delgadd®
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cates the true distance r. Left: Object at r = 100 pc with an uncertainty
on the observed parallax of o, = 0.3 mas. Right: Object at r = 2000 pc
with an uncertainty on the observed parallax of o = 0.3 mas.
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https://www.aanda.org/articles/aa/abs/2018/08/aa32964-18/aa32964-18.html

Detached Eclipsing Binary
Distance to the Magellanic Clouds

Pietrzynski et al. (2013, 2019), Graczyk et al. (2018)
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https://ui.adsabs.harvard.edu/abs/2013Natur.495...76P/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.567..200P/abstract
https://doi.org/10.3847/1538-4357/aac2bf

Detached eclipsing binary distances

* Distance = physical radius / angular diameter

* How do know angular diameter? a o,
* Interferometry, surface brightness, ... > s
¢ — 100.2(SV—V0) ’ 6:0:

6.2

SV = - (V o K)O + ,B [mag] Y T 22 ds da o

0.1
I 0.01
o

Surface brightness [mag/m”2] is constant pa) S . . . .

with distance (area compensates flux)! =Ky



Detached eclipsing binary distances

 Distance = physical radius / angular
diameter

* How do know the physical radius?

* Eclipses: duration of transit and relative
sizes

* Orbital velocities: eclipse path length
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Detached Eclipsing Binary Distance
of the Large Magellanic Cloud

Pietrzynski et al. (2013, 2019), Graczyk et al. (2018)

d = 49.59 + 0.095%" + 0.53%Yst kpc
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https://ui.adsabs.harvard.edu/abs/2013Natur.495...76P/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.567..200P/abstract
https://doi.org/10.3847/1538-4357/aac2bf

Baade-Wesselink-type Methods

* Angular distance determination
e Exploits the radial pulsation 1

 Compare linear to angular radius
variations to determine distance AH

* Linear radius from line-of-sight
velocities

e Angular radius from 1
interferometry or surface

brightness relations AR



Flux density (Jy)

Megamasers: geometric distances to < 200 Mpc

Line-of-sight velocity (km s™)
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cd: The luminous intensity, in a

given direction, of a source that

emits monochromatic radiation

v of frequency 5.4x10'4 hertz
JEN (~550nm) and that has a
radiant intensity in that
direction of 1/683 watt per
steradian.

Stellar standard candles



What makes a good
stellar standard candle?



Log(Amplitude[Hp])

Instability strips across the Hertzsprung Russell Diagram

Log(Period[days])

Instability Strip

f Cepheids  § _§slcal Cepheids
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. M=m — 5logd +5
The Leavitt Law M =a-log(P) +

The Cepheid Period-Luminosity Relation
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[llustration Credit: NASA, ESA and Z. Levay (STScl). Science Credit: NASA, ESA, the Hubble .
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https://ui.adsabs.harvard.edu/abs/1912HarCi.173....1L/abstract
http://www.nasa.gov/
http://www.spacetelescope.org/
http://www.stsci.edu/
http://www.nasa.gov/
http://www.spacetelescope.org/
http://heritage.stsci.edu/
http://www.stsci.edu/
http://www.aura-astronomy.org/

Many pulsating stars obey Leavitt laws!

* Classical Cepheids

* Type Il Cepheids[low mass, rare, less clean]: BL Her, W Vir, RV Tau
* RR Lyrae stars

* Anomalous Cepheids

* Mira stars & other long-period or semi-regular variables

* OGLE Small Amplitude Red Giants — OSARGs

* delta Scuti stars

* Even some eclipsing binaries obey period-luminosity relations



Cepheid distances to
other galaxies (< 70 Mpc)

M=m — 5logd +5
M=a- log(P)+f




Cepheid photometry and periods
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Reddening-free “Wesenheit” magnitudes

* Wesenheit function defines a reddening-free magnitude

° mKIV,VI = Mpg — RIYII/,VI (my —m;) = mg — RIYII/,VI (‘mg — m?)

e Assuming that
ApH

. R,‘:',/’V, = —— s correctly described by a reddening law normalized to
a value of Ry, = Ay/E(B —V)

. RIM-I/,VI ~ 0.39 for H = F160W, V = F555W, | = F814W

* In Wesenheit formalism: y = m® — M° = m" — MW

* This is key to current accuracy of distance ladder



F160W (mag) F160W (mag) F160W (mag)

F160W (mag)

Riess et al. (2016)
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https://ui.adsabs.harvard.edu/abs/2016ApJ...826...56R/abstract

The Tip of the Red Giant Branch



The Tip of the Red Giant Branch (TRGB)

NGC 4258 TRGB  Jangetal. (2021)
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The Tip of the Red Giant Branch (TRGB)

* Most precise alternative to Cepheids for
SN calibration

* RGB position in HRD depends on
metallicity

* Tip depends on wavelength and metallicity

 Calibrations with or without metallicity
differ by a few percent

* Main benefits:

* No time series needed
* IR brightness
* Halos are dust-free & low in crowding
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Supernova distances and
The Hubble diagram:
Distance-redshift relation



SNla Standardization
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Light curve fits

Scolnic et al. (2021)

SALT2 light curve fitter

c: color

a: 0.148

B: 3.112

Xq: stretch

Xo: amplitude

Mag: -2.5 log1o(xo)

8,—host: host mass-step
due to dust

Brout & Scolnic (2021)
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https://ui.adsabs.harvard.edu/abs/2021arXiv211203863S/abstract
https://iopscience.iop.org/article/10.3847/1538-4357/abd69b

The Hubble-Lemaitre Law

Lemaitre (1927), Hubble (1929), IAU vote 2018
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https://ui.adsabs.harvard.edu/abs/1996ApJ...473...88R/abstract
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H/abstract
https://ui.adsabs.harvard.edu/abs/1927ASSB...47...49L/abstract
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H/abstract
https://www.iau.org/news/pressreleases/detail/iau1812/

o Measures expansion rate of today’s Universe
ubble-Lemaitre law:

Hy =v/D

D —1+1 —2l1-qo—3¢%+j, +
L= { (1-qo)z 6[ q0 — 395 J_HR

]z + 0(23)} !
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The mathematical formalism

logHy = 0.2Mp + ag + 5

1 1
Distance-redshift relation: ag = log cz{l + 5 [1—qolz — A [1—qo — 395 + jolz? + 0(23)} — 0.2my

Standardized SNla B-band magnitude ~ Mp = mp; — 1o

x*=W-Lg"C ' (y—Lqg)

Qopt = (LTC_lL)_lLTC_lyT cq = L et

Generalized least squares fit parameters Covariance matrix contains errors & covariance



The mathematical formalism logH, = 02M8 + ag + 5

Mean mag Distance Fiducial 10d Leavitt law Metallicity effect

mg/,i,j — 10,3 + Mgfl + bW (10g Pfi,j T 1) T ZW[O/H]@,L‘

Cepheids

w o o_ W
My ; = My Nasss,j —H0,N4258 + AlN4258

Maximum light
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0 |_ 0
mp ;= o, HMp

SNIla

1 1
ap = log cz{1-|—§[1—q0]z— - [1—q0—3q§-|—j0} z2-|—0(z3)} —[0.2m%




x*=W-Lg"C ' (y—Lqg)

Observables Fit parameters
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x*=W-Lg)"C ' (y—Lqg)
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5-parameter Distance Ladder with

many variants & systematics checks

THE ASTROPHYSICAL JOURNAL LETTERS, 934:L7 (52pp), 2022 July 20 Riess et al.
Table 5
Fits for H,
Fit Variant e N H, b ~ My, ZH ay
1 Baseline 1.03 3445 73.04 1.01 —3.299 0.015 —0.217 0.046 —5.894 —19.253 0.714158
Cepheid-clipping Variants: Section 6.1

2 global o, = 3.3 1.03 3446 73.19 1.01 —3.298 0.015 —0.216 0.046 —5.891 —19.249 0.714174
3 individual P-L o;p = 3.3 0.99 3370 73.25 1.02 —3.296 0.015 —0.201 0.045 —5.893 —19.248 0.714315
4 tight:one-by-one MAD o3, = 3.0 0.99 3429 73.12 1.01 —3.299 0.015 —0.220 0.045 —5.893 —19.251 0.714175
5 tight:global o, = 3.0 0.99 3432 73.22 1.01 —3.298 0.015 —0.215 0.045 —5.891 —19.248 0.714194
6 loose:global o, = 5.0 1.16 3475 73.34 1.01 —3.294 0.016 —0.221 0.049 —5.888 —19.244 0.714183
7 loose:one-by-one MAD o;, = 5.0 1.15 3474 73.42 1.01 —3.295 0.016 —0.222 0.048 —5.888 —19.242 0.714178
8 loose:individual P-L o, = 5.0 1.05 3397 73.35 1.01 —3.296 0.015 —0.202 0.046 —5.892 —19.244 0.714257
9 none 1.23 3481 73.41 1.01 —3.290 0.016 —0.206 0.050 —5.885 —19.242 0.714248

logH,

= 0.2Mp + ag + 5

H, = 73.04 + 1.04 km/s/Mpc
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‘Cepheld Redshift- Leawtt

A &A 631, A165 (2019)

(logPg + AlogP, My + Au)

(logPo, Mo)

AlogP = log(1 + z,ps)

M=a+ [logP


https://ui.adsabs.harvard.edu/abs/2019A%26A...631A.165A/abstract

Everything is moving!

AL _ A=Ay _ Dy Hy

Zobs = 7 o measures the combined motion

C



cosmological

Peculiar motion target, observer

Peculiar motion target, observer

(1 + Zops) = (1 + 2)(1 + 2560 ) (1 + zpec) (1 +25°) (1 + 24)

_ 1 — Cosmological Motion
Recession

Velocity Ucosmo

QL Target Galaxy

Milky Way

2 — Total Radial
Velocity

Peculiar

Velocity Total Velocity

Velocity Contributions:
+ PV - UCMI

T

Virial + Intermed. Flc

(Z\-\‘![_(\

CMB
dipole

w + External Flow

Peterson et al. (2021)



https://ui.adsabs.harvard.edu/abs/2021arXiv211003487P/abstract

A — Our Motion Relative
to CMB Rest Frame

B — Small-Scale Motion

(1 + zobserved)

Zcosmo — -1
((1 + zecliptic)(l + 2ZcMB dipole)(1 + zpec))

Zpec = ((1 + zvirial)(l + zcoh.)(:l + Zext. coh.)> -1
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Radial component
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C — Intermediate-Scale D - Large-Scale )
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Velocity Contributions:
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Virial + Intermed. Flow + External Flow
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C e e /v /. 4 Peterson et al. (2021)



https://ui.adsabs.harvard.edu/abs/2021arXiv211003487P/abstract
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https://ui.adsabs.harvard.edu/abs/1998AJ....116.1009R/abstract

Hubble Res. (mag)

Precision SN Cosmology
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https://doi.org/10.3847/1538-4357/aab9bb

The Hubble tension: hunting for
cracks in the ACDM cosmology



Temperature

Temperature (smoothed)

Temperature (smoothed) + Polarisation
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https://www.aanda.org/articles/aa/full_html/2016/10/aa26926-15/aa26926-15.html

Cosmological Parameters from the Planck CMB

I Planck EE+lowE+BAO B Planck TE+lowE I Planck TT+lowE B Planck TT,TEEE+IowE

Parameter Plik best fit Plik [1] L 5 T
Q. 0022383 0.02237 £0.00015 | | /f\ T o )
QR .. 0.12011 0.1200 £ 0.0012 £ esf \.) 1 ﬂ 4
10060pc v eeee 1.040909  1.04092 +0.00031 4k s | e
T 0.0543 0.0544 + 0.0073
In(10"°Ay) .. ....... 3.0448 3.044 +0.014
Mo oo 0.96605 0.9649 +0.0042 0%

QR 0.14314  0.1430+£0.0011 |
Hy[kms'Mpc™'] ... 67.32 67.36 +0.54 & ¥ =
Qo eeeeeeae 03158 0315300073 0¥ \j‘\
Age[Gyr] ......... 13.7971 13.797 + 0.023 028}
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https://ui.adsabs.harvard.edu/abs/2018arXiv180706209P/abstract
https://ui.adsabs.harvard.edu/abs/2018arXiv180706209P/abstract

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Pogosian et al. (2020), eBOSS+Planck Q,,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 £ 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Ho =67.27 = 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 = 1.5

Aiola et al. (2020), ACT: 67.9 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1

°
Zhang, Huang (2019), WMAP9+BAO: 68.36+2:23
Hinshaw et al, (2013), WMAP9: 70.0 + 3.3
No CMB, with BBN

D’ Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 = 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), P/(k)+CMB lensing: 70.6+2]

.
(] ’ ? Cepheids — SNIla
° Riess et al. (2020), R20: 73.2+1.3
Breuval et al. (2020): 72.8 £2.7
Riess et al. (2019), R19: 74.0 + 1.4
Camarena, Marra (2019): 75.4 +1.7
. Burns et al. (2018): 73.2+£2.3
[ ] D h m n I Dhawan, Jha, Leibundgut (2017), NIR: 72.8 + 3.1
Follin, Knox (2017): 73.3+1.7
Feeney, Mortlock, Dalmasso (2017): 73.2 +1.8
Riess et al. (2016), R16: 73.2+1.7
Cardona, Kunz, Pettorino (2016), HPs: 73.8 2.1

* Accurate CCD photometry

Soltis, Casertano, Riess (2020): 72.1 2.0
Freedman et al. (2020): 69.6 + 1.9
Reid, Pesce, Riess (2019), SHOES: 71.1 +1.9

L]
* Distances & parallaxes g G i3
Jang, Lee (2017): 71.2+2.5
Miras — SNla

[ ) Sample Sizes Huangetal.(ZOlQ):h:IZ:?,sz::)

Pesce et al. (2020): 73.9+ 3.0

Tully - Fisher Relation (TFR)

. Kourkchi et al. (2020): 76.0 + 2.6
 Which measurements are
Surface Brightness Fluctuations

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 £ 2.5

Khetan et al. (2020) w/ LMC DEB: 71.1 +4.1

independent?

1.
1.
1.
2.

)

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 +3.5

Lensing related, mass model — dependent

L]
* How can you determine an
Birrer et al. (2020), TDCOSMO+SLACS: 67.4+41, TDCOSMO: 74.5f5§g

Yang, Birrer, Hu (2020): Ho = 73.65+13
Millon et al. (2020), TDCOSMO: 74.2 16
[ o L o Baxter et al. (2020): 73.5+5.3
Qi et al. (2020): 73.6%’%
° Liao et al. (2020): 72.8%3
Liao et al. (2019): 72.2 £ 2.1
Shajib et al. (2019), STRIDES: 74.2+27
Wong et al. (2019), HOLICOW 2019: 73373
Birrer et al. (2018), HOLICOW 2018: 72.5+3'1
Bonvin et al. (2016), HOLICOW 2016: 71.9+2%

* This is very exciting to theorists! , Sptmitc avrans

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 = 1.1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4*¢2,
Mukherjee et al. (2020), GW170817+ZTF: 67.6733
Mukherjee et al. (2019), GW170817+VLBI: 68.37¢¢
Abbott et al. (2017), GW170817: 70.0+3%

Di Valentino et al. (2021)
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https://ui.adsabs.harvard.edu/abs/2021CQGra..38o3001D/abstract
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