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Today
Distance Scale III

Absolute methods
H, tension

homework 3 due next time

http:/astroweb.case.edu/ssm/ASTR 328,
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3. Tully-Fisher relation
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Example application:
Calibrate BTFR with 50 galaxies having distances that are known
via either Cepheids of Tip of the Red Giant Branch measurements.

Applied to ~100 galaxies with high quality rotation curves, this
provides a local measurement of the Hubble constant:

H,=75.1 2.3 (stat) £ 1.5 (sys) kms~! Mpc~!
Schombert, McGaugh, & Lelli 2020, AJ, 160, 71

This is consistent with the application of the traditional luminosity-line width
Tully-Fisher relation to a much larger sample of ~10,000 galaxies.

H, = 74.6 = 0.8 (stat) kms~! Mpc~!
Tully, et al. 2023, ApJ, 944, 94

systematic uncertainty ~ 3 km/s/Mpc
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Cepheid: TRGB Calibration Galaxies
- SPARC C/TRGB

4

® - Ponomareva et al. (2018)

50 galaxies

s=3.95 £ 0.16
[=1.79 £ 0.34
o, =0.030 £ 0.008
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Check: Local Group -

: Calibration: galaxies with Cepheid or TRGB distances Application: galaxies further out
very nearby galaxies
20— T T —— CosmicFlows-3 velocities
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The largest known systematic uncertainty at present is peculiar velocities -
the mapping of observed velocities to the expansion frame.



Gravitational Lenses

Distance Scale

* Absolute Methods

1 "
* Light echo Light echos

(a) B1608+656
* Gravitational lens time delay © Anglo-Australian Observatory

* Sunyaev-Zeldovich (SZ) effect

* water masers

(d) SDSS 120644332

S-Z effect

(e) WFI2033—-4723 (f) PG 11154080




Distance Scale

* Absolute Methods

Light echo

combines geometry & speed of light

Supernova 1987A occurred in the Large Magellanic Cloud, a satellite galaxy of
the Milky Way.

The LMC is an important step in the distance
ladder. The mean of over 200 measurements gives
m—M = 18.49 £ 0.13 (49.9 kpc; Crandall &
Ratra 2015).

Pietrzynski et al. (2019) model depth
variations; find a mean LMC distance of
u=18.477 + 0.0263 (49.6 kpc).

YOU ARE




Distance Scale

* Absolute Methods
* Light echo

* combines geometry & speed of light

Flash of supernova seen directly, then seen reflected by encircling ring of
dust with a time delay that depends on size, distance, and the speed of light.

Ring around SN 1987A

. Rring .. Rring ..

time delays: Aty = (1 — sini) At- = (1 + sini)
C C ¢

measured time delays: Aty = 90 days At~ = 400 days

Two equations with two unknowns: R, = 0.42£0.03 pc [ = 43° /\

Angular size of major axis 0,;,, = 1.66"

Rring
Hring = > divye =319 £ 3.1kpec  (Crotts et al. 1995)

N dy e b




Distance Scale

* Absolute Methods

* Gravitational lens time delay

There is a delay between the arrival times of the
multiple images that occur in gravitational lenses:

1 DDy , 2
At = (1 +z) a —— | D(s)ds
2c DLS C3

The time delay is tricky to measure, but in principle
this gives a direct geometrical estimate of the distance:
it’s like parallax to cosmic distances, bypassing all the
rungs in the distance ladder.

Can use distance-redshift relation to replace D;(z;)
and Dq(zg) with Hy and g,

D;  lens distance
D¢ source distance

Dy lens-source separation

@;  observed image-lens angle (c) HE 0435—1223

D(s) gravitational potential of lens

\
RS
Y
\V,
\!

>
A

observer

N\,
\ [

lens plane
source plane



HOLiCOW H, €10,150] €,, €[0.05,0.5]

Distance Scale Ho 710720 —

B1608 (Suyu+2010, Jee+2019)
. X]1131 +2014, Chen+201
H() .78 2+.- RXJ1131 (Suyu+2014, Chen+2019)
HE0435 (Wong+2017, Chen+2019)

* Absolute Methods Hy:71. 7“\) J1206 (Birrer+2019)
- WFI2033 (Rusu+2019)
: +0.4
* Gravitational lens time delay Hy:68.9 —5.1 PG1115 (Chen+2019)
Hy:71.6755
There is a delay between the arrival times of the Hy:81.1° \_\-(l)

|

multiple images that occur in gravitational lenses:

1 D;Dyq 2 2
At, = +7) — — | D(s)ds
2C DLS C3

The time delay is tricky to measure, but in principle

Hy:73.3%71

probability density

this gives a direct geometrical estimate of the distance: '

it’s like parallax to cosmic distances, bypassing all the
rungs in the distance ladder. 5 O 6 O 7 O 8 O 9 O

—1 —1
Can use distance-redshift relation to replace D;(z;) H 0 [km S MpC ]

and Dg(z¢) with Hy and g,

H, = 73.31“%‘; kms~! Mpc~! Wong et al. 2019, MNRAS, 498, 1420



Distance Scale

* Absolute Methods |'|

* Sunyaev-Zeldovich (SZ) effect |

Clusters of galazies contain galasxies, hot gas |
and dark matter The gas temperature of arich ||
cluster 1s typically 5-15 keV |
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———" Peculiar velocity
of galaxy cluster
relative to Hubble
EXpansion

The SZ effect occurs when CMB photons Compton scatter
off of electrons in the hot plasma that is the intracluster |

medium of rich clusters of galaxies. Redshift I|'
z=1100 I,'

Funaneds jse| Jo IRPNS




frequency dependent change in intensity

_4 — x coth (f)
i 2]

h kT
where x = / and Y = /UTne Tl

kT, v M CA
CMB
y is the Compton y-parameter electron density

which quantifies how much
effect the plasma has

Thomson scattering cross-section



The SZ effect occurs when CMB photons Compton scatter int it
off of electrons in the hot plasma that is the intracluster Intensity
medlum pf rich clust.ers of g.ale.mes. Results in a net boosted
increase in the effective radiation Temperature.
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SUNYAEV-ZEL'DOVICH EFFECT

detected by Planck

44 GHz /0 Hz |00 GHz 143 GHz

low

O frequency
deficit

high
frequency
excess

353 GHz 545 GHz

cross-over
frequency




0.5

=
Al (MJy sr )
-

-0.5

Wavelength (mm)
o 2

The measured SZE spectrum of Abell 2163. The
best fit thermal and kinetic SZE spectra are
shown by the dashed line and the dotted lines,
respectively, with the spectra of the combined
effect shown by the solid line. The limits on the
Compton y-parameter and the peculiar velocity
are yo = 3.56+04144 +027,,9 X 104 and v, =
410+1030_g5 +460 449 km s-1, respectively.

20 00 100 200
Frequency (GHz)

000

1000


http://ned.ipac.caltech.edu/cgi-bin/objsearch?objname=Abell+2163&extend=no&out_csys=Equatorial&out_equinox=J2000.0&obj_sort=RA+or+Longitude&of=pre_text&zv_breaker=30000.0&list_limit=5&img_stamp=YES

integrated change in CMB temperature

Ne(Te) — M(Te)
X
D D

/ AT dS) ox

depends on the total number of electrons, their temperature,
and the area they subtend on the sky.
In effect measures Pressure, or mass if T known.

D 4 is the angular diameter distance.
At high z, it varies slowly, while the density
increases as (1 Z)S

.. 3/ effect weak, but nearly independent of redshift!



Distance Scale

* Absolute Methods

* Sunyaev-Zeldovich (SZ) effect

Cluster optical depth 7¢, = 20;n,R. where
oris the Thomson scattering cross-section, n, is the electron density, and R.. is the cluster radius.

dr RC3€(1/)
3 4nD?

The X-ray fluxis f, =

__h
where the Bremsstrahlung emissivityis  e(v) = AnezT}(/ze kT

All of which can be combined to give the distance

__hw 0
D= A e b Ty by equating the angular diameter 8y with the path
2407 /Ty fx (1 + 7)? length 2R . experienced by the CMB photons

HO — 69 = 8 km g1 Mpc‘1 Schmidt et al. 2004




Distance Scale

Absolute Methods

* water masers

Conditions in the ISM are sometimes right to produce masers -
the amplification of molecular lines due to level inversion, e.g.,
H,O at 1.35 cm.

Sometimes found orbiting the central supermassive black holes
of nearby galaxies. Can watch them orbit by tracking their
positions with VLBI (proper motions at microarcsecond
accuracy). Can also measure their radial velocities via the
Doppler effect. We understand orbits around point masses, so
these all combine to provide a geometric distance
measurement that is independent of other rungs in the distance

ladder.
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The dotted line shows the best-fit Keplerian rotation curve assuming an edge-on thin-disk model without disk
warping. This model gives an enclosed mass of 4.4 + 0.44 x107 M. and a recession velocity of 8304 km s-.



Distance Scale

Absolute Methods

water masers

Herrnstein et al (1999) detect accelerations as well as velocities:

To convert the maser proper motions and accelerations into a geometric distance, we

express (0y) and (910s) interms ofthe distance and four disk parameters:

@) =315 Dy Q.1 ML, sing, —‘[cosas] asvp]
o =020 1282] |39 [sins2.3°| lcosso®) MY
(1)

and
D17 Q2,1 M, sind, ]17°
hos) = 9.2|—=| |=| |=—=| |——==3| kms 'yr™’
Wios) [7.2‘ [282] [3.9] [sin 82.3°] > "

Here D ¢ is the distance in Mpc, o is the disk position angle (East of North) at {rs) ,andM
2218 M/D sin? i s as derived from the high-velocity rotation curve and evaluated at D =7.2 Mpc
and is = 82.3° (in units of 10’ M -). Qs = (GM73/ {rs) 3)Y2isthe projected disk angular
velocityat (rs) asdetermined by the slope of the systemic position-velocity gradient (in

units of km s ! mas™

; see Fig.1). In the denominators of each of the terms of equations
(I)and (2), we include apriori estimates for each of these disk parameters, derived directly

from the positions and velocities of the masers.

NGC 4258 (Herrnstein et al 1999)
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The dotted line shows the best-fit Keplerian rotation curve assuming an edge-on thin-disk model without disk
warping. This model gives an enclosed mass of 4.4 + 0.44 x107 M., and a recession velocity of 8304 km s-1.



Angular-size distance (Mpc)

Megamaser Cosmology Project. Xlll (Pesce et al. 2020)
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Cepheid: m-M (mag)

Type Ia Supernovae — redshift(z)

=0.135 mag

Geometry: 5 log D [Mpc] + 25

Continuity of distance scale ladder over 37 mag. af
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https://iopscience.iop.org/article/10.3847/2041-8213/ac5c5b#artAbst

Hubble constant tension

Traditional distance ladder measurements
favor H, in the low-to-mid 7o0s.

These are “local,” low redshift measurements
(“late” in red at right).

Multi-parameter fits to power spectrum data
from the CMB and large scale structure favor
Ho in the mid-to-upper 60s. The CMB is

from higher redshift (“early” in blue at right).

The difference is formally significant at over

40. This becomes 170 if we take the recent
Tully-Fisher uncertainty at face value!

The tension appears to be real

CMB with Planck

Balkenhol et al. (2021}, Planck 2018+SPT+ACT : 67.49 + (.53
Pogosian et al. (2020), eBO5SS+Planck QH2: 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, Hy = 67.27 * 0.66

CMB without Planck

Dutcher et al, (2021), SPT: 688+ 1.5

Ajola et al. (2020), ACT: 67915

Aiola el al. (2020), WMAPO4+ACT: 6876+ 1.1

Zhang, Huang {2019}, WMAPS+BAO: 68.36= 23
Hinshaw et al. (2013), WMAPS: 70.0 + 2.3

No CMEB, with BBN

D' Amica et al. (2020), BOSS DR12+BBN: 685+ 2.2
Colas et al. {2020), BOS5 DR12+BBN: 68.7 £ 1.5
Philcox et al. {2020}, P,+BAO+BBN: 686 1.1
Ivanov et al, (2020), BOSS+BBN: 67.9+ 1.1

Alam et al. (2020), BOSS+eB0OS5+BBN: 67.35 +£0.97

P,(k) + CMB lensing
Philcox et al. {2020), P,ik)+CMB lensing: 70.672

Cepheids — SNla

Riess et al. (2020), R20: 73.2 =z 1.3

Breuval et al. (2020): 72.8§ « 2.7

Riess et al, (2019), R19: 74,0

Camarena, Marra (2019): 75.4

Bums et al. {(2018): 73.2

Dhawan, |ha, Leibundgut (2017), NIR: 72.8
Follin, Knex (2017): 73.3

Feeney, Mortiock, Dalmasso (2017): 73.2
Riess et al. (2016), R16: 73,2

Cardona, Kunz, Petterine {2016}, HPs: 73.8 = 2.
Freedman et al. (2012): 743z 2.1

TRGB - SNila

Saoltls, Casertano, Rless (2020): 721220
Freedman et al. (2020): 69619

Reid, Pesce, Riess (2019), SHOES: 71.1+1.9
Freedman et al. (2019): 698=x1.9

Yuan et al. (2019): 724+ 2.0

Jang, Lee (2017): 71.2=2.5

Miras — SNia
Huang etal. (2019): 73.3+ 4.0

Masers
Pesce et al. (2020): 73.9+=3.Q

Tully — Fisher Relation (TFR)

Kourkchi et al. (2020): 76.0+ 2.6
Schombert, McGaugh, Lelli (2020): 75.1=2.8

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

SNII
de Jaeger et al. (2020): 75.8253

HIl galaxies
Fernandez Arenas et al. {2018): 71O+ 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8'3;2

Birrer et al. (2020), TDCOSMO+5LACS: 67.4 %L, TDCOSMO: 74.5}*
Yang, Birrer, Hu {2020): Hy = 73.65-152

Millon et al. {2020), TDCOSMO: 74.2 = L6

Baxter et al. (2020): 73.5% 5.3

Qi et al. (2020): ?3.6:}1;“

Liao et al. (2020): 72.8717

Lizo et al. (2019): 72.2=2.1

Shajib et al. (2019}, STRIDES: 74.21’5'5

wong et al. (2019), HOLICOW 2019: 73.3%

Birrer et al. (2018), HOLICOW 2018: 72.5;51

Bonvin et al. (2016), HOLICOW 2016: 71.9743

Optimistic average
Di Valentine (2021): 72.94 £ 0.75

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

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4:'3;@
Mukherjee el al. {2020), GW170817+ZTF: 67. ;ﬁf;
Mukherjee et al. (2019), GW170817+VLBI: 68.323%
Abbott et al. (2017), GW170817: 70.0%}%
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Hubble constant tension

Traditional distance ladder measurements
favor H, in the low-to-mid 7o0s.

These are “local,” low redshift measurements
(“late” in red at right).

Multi-parameter fits to power spectrum data
from the CMB and large scale structure favor
Ho in the mid-to-upper 60s. The CMB is

from higher redshift (“early” in blue at right).

The difference is formally significant at over

4. This becomes 170 if we take the recent
Tully-Fisher uncertainty at face value!

The tension appears to be real

Independent measurements; open points have uncertainties > 3 km s~ Mpc™!
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