Cosmology

and Large Scale Structure
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Distance Scale

* Secondary Distance Indicators
* Tully-Fisher relation
* luminosity-linewidth relation
* Baryonic Tully-Fisher relation
* baryonic mass-flat rotation speed relation

Faber-Jackson relation first noticed as a scaling relation between
luminosity and line width in Spiral galaxies. Slope band-dependent.

The line width is a crude estimator of the rotation speed. It provides
an estimator of the luminosity which in turn acts as a standard
candle to give the distance.

“The result for the Virgo cluster suggests a Hubble constant of 80 km per sec per Mpc”
- Tully & Fisher (1977)
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R. B. Tully and J. R. Fisher: Distances to Galaxies
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Fig. 1. Absolute magnitude — global profile width relation for nearby
galaxies with previously well-determined distances. Crosses are M31
and M8, dots are M33 and NGC 2403, filled triangles are smaller
systems in the M81 group and open triangles are smaller systems
in the M 101 group
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Tully-Fisher relations

amplitude of line width correlates with luminosity

* Secondary Distance
Indicators

® Tully-Fisher relation

* luminosity-linewidth
relation

* Baryonic Tully-Fisher
relation

* baryonic mass-flat
rotation speed relation

Calibrate TF with galaxies whose distance is known by other means...

magnitude

i [AB]

Kourkchi, Tully, et al. (2020)
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Tully-Fisher relations

amplitude of line width correlates with luminosity

i* [AB]

* Secondary Distance
Indicators

i* [AB]

® Tully-Fisher relation

* luminosity-linewidth
relation

i* [AB]

* Baryonic Tully-Fisher
relation

magnitude

* baryonic mass-flat
rotation speed relation

i* [AB]

... then apply to more distance galaxies. At right, many clusters are shown.
One thus gets a distance to every cluster to use to determine Ho.
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Tully-Fisher relations

amplitude of flat rotation correlates with mass

High mass galaxies are fast rotators

S UGC 28895 ‘
* Secondary Distance E ;
Indicators o | § &
0O - “ =
* Tully-Fisher relation o ALNGC A D
| £ o
* luminosity-linewidth o DG 2998 . < E
relation n N ) T8
/2 -
* Baryonic Tully-Fisher :
relation E» 3 NGC 3198 -
* baryonic mass-flat " | NGC 6003 °
rotation speed relation o | -
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R/R Low mass galaxies are slow rotators
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Rotating galaxies

Fundamentally, Tully-Fisher is a
relation between baryonic mass
(stars+gas) and the amplitude of the
flat rotation speed.

1012

1Oll

This is the E
Baryonic Tully-Fisher Relation
A4z:::f&‘?}

10°

A=485+33 M, (kms )™

"W+ = U

10"

with remarkably little
Intrinsic scatter

Baryonic mass M, (M @> (sum of stars and gas)
10° 107

Q)
o < 0.11 dex < |
10* 10°
This is about how much scatter we expect from —1
stellar population mass-to-light variations, leaving vf (km s )

very little room for other sources of scatter. flat rotation speed
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Cepheid: TRGB Calibration Galaxies

This is consistent with the application of the traditional luminosity-line width

Tully-Fisher relation to a much larger sample of ~10,000 galaxies. 2 0 o, =0.030 £ 0.008

11.5— ¢ - SPARC C/TRGB
- ® - Ponomareva et al. (2018)
Example application: i =
Calibrate BTFR with 50 galaxies having distances that are known 11.01-
via either Cepheids of Tip of the Red Giant Branch measurements. i
10.5—
Applied to ~100 galaxies with high quality rotation curves, this ;D 10.0}—
provides a local measurement of the Hubble constant: = i
= i
8’ OS5
—1 —1 — i
Hy,="75.1 2.3 (stat) = 1.5 (sys) kms™" Mpc 5
, 9.0
Schombert, McGaugh, & Lelli 2020, AJ, 160, 71 -
- 50 galaxies
8.5 s=3.95 + 0.16
i [=1.79 + 0.34

H,="75.1 £0.2 (stat) = 3 (sys) km g1 Mpc‘1
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Kourkchi, Tully, et al. 2020, arXiv:2009.00733 S R . .
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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-7Z effect
e

(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
Qring = > diyic =519 3.1 kpc  (Crotts et al. 1995)

 dimc B




D;  lens distance

Distance Scale

Ds  source distance

Dy lens-source separation

* Absolute Methods

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

* Gravitational lens time delay
D(s) gravitational potential of lens

1
There is a delay between the arrival times of the ® 9
multiple images that occur in gravitational lenses:

At = (1 + )(1 OuDs 2 2Jc1>()d> “y
.= 7. - — — S)Aas
l l 2 D l 3 — *
¢ LS y < DL-L Solarer
V] L Sexved ~2@W3

The time delay is tricky to measure, but in principle VS (M,m_y, 2
this gives a direct geometrical estimate of the distance:
it’s like parallax to cosmic distances, bypassing all the |
rungs in the distance ladder. Dg 7 \( D@ 7

a

Vs

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

observer
lens plane
source plane



H, €10,150] €,, €[0.05,0.5]

Distance Scale Hy 7074 —

B1608 (Suyu+2010, Jee+2019)

Ha - +3. RXJ1131 (Suyu+2014, Chen+2019)
HE0435 (Wong+2017, Chen+2019)
* Absolute Methods Hy:71.77 l\) J1206 (Birrer+2019)
- WFI12033 (Rusu+2019)
: +9.4
* Gravitational lens time delay H() : 063.9 5 PG1115 (Chen+2019)

./ -

There is a delay between the arrival times of the
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

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 e al. 2019, arXiv:1907.04869



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 |

—— \ T_IT*ﬂm_A
' ,: & : . ,—:'f ,L :.: ~(':..’ |
[ +1 EEN G % = AR ),
! YA CMEBE ALY ..(l.‘.,‘;'\-l'\" ..(l.",'
§ < P LA s et L
N/ N ARAN SR YN IRAN]
g T S P vy
RIS T SRV N
’Ll-;‘;\ ’ - . .
———" 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




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. Results in a net
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




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.

4 Rfe(l/)
3 4xD?

The X-ray fluxis  f,, =

__h
where the Bremsstrahlung emissivity is  e(v) = AnezT)l(/ze kTx

All of which can be combined to give the distance

_ I )
D= A e Oy 13y by equating the angular diameter 8y with the path
2407 /Ty fx (1 +2)? 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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Megamaser Cosmology Project. Xlll (Pesce et al. 2020)
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Cepheid: m-M (mag)
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Continuity of distance scale ladder over 37 mag.
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Cepheids — Type Ia Supernovae
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H,= 7324+ 1.74 kms~! Mpc~!

SHOES (Riess et al 2016)
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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

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

The tension appears to be real
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: >
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: >
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