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Distance Scale

So why do we need to get this right?

Astrophysics:
® turn observed properties of objects (apparent magnitude, angular size)
into intrinsic properties of objects (luminosity, physical size)
Measure Hy:
° Cosmological parameter, want local, independent confirmation of
cosmological measurements at high redshift.
® Once measured, can use it as a distance indicator (Hubble distance:
d=v/Ho)
Measure peculiar motions in the universe:
° Vobs = Hod + Vpec
® if we know distance independent of redshift, we can look for large
scale velocity structure in the universe

Important Complications:

® An accurate measure of Hy means getting out to a distance where
Vpee<<Hod.

® Local galaxies do not have useful Hubble distances, due to peculiar
motions and Virgocentric flow.

® Distances within clusters (1e with accuracies of +/- few Mpc) are not
knowable via Hubble's law.

® Need several distance estimators to reduce systematic errors between
methods.
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physics of pulsating stars
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calibration band-pass dependent

Pulsations of one Cepheid in many bands

00 P-L relations in many bands
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later phases, all with increasing wavelength. Upper light curves are for
*  short wavelengths (ultraviolet, blue, and visual); lower light curves are
for long wavelengths (red and near-infrared out to K = 2.2 microns).



* Bright Star Standard Candles
* Cepheids, RR Lyraes
* calibrate by
* parallax

* main sequence fitting of clusters
containing these stars

Distance Scale
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Cruz Reyes & Anderson 2023 (A&A 672, A85)

Cepheid P-L relation from Gaia

Best fit: Cluster parallaxes + Cepheid parallaxes }
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calibration band-pass dependent

Bright Cepheids have long periods;
faint Cepheids have short periods.

Discover through repeated observation.
Measure period, infer luminosity from P-L relation.
Apply inverse square law, accounting for extinction A:

metallicity dependent



Distance Scale

* Bright Star Standard Candles

* Cepheids, RR Lyraes

* calibrate by

* parallax

* main sequence fitting of clusters
containing these stars

feparent ¥V nagnitude of variable star RR Lur

- Period

calibration band-pass dependent:

Absolute magnitude

M, =—-4.12 —-2.88(ogP — 1)

Absolute Magnitude

RR Lyrae P-L relation

M =-2.78[log(P)-1]- 4.00
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Bright RR Lyraes have long periods;
faint RR Lyraes have short periods.

Discover through repeated observation.
Measure period, infer luminosity from P-L relation.
Apply inverse square law, accounting for extinction A:

metallicity dependent



delta Cep model

Distance Scale

* Bright Star Standard Candles

Oscillations driven by opacity instability that occurs
* Cepheids, RR Lyraes when the He+ edge is near enough to the surface
that there is insufficient pressure to contain it.
* pulsating stars

The opacity goes up instead of down with increasing
temperature across the He™ < He™*™ transition.
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Fig. 2—Set of partial models for a synthetic CMD computed with constant SFR(¢) from 15 Gyr ago to the present, Z = 0.0004, Kroupa et al. (1993) IMF,
and no binary stars. The left panel shows the theoretical synthetic CM D, while in the CMD of the right panel observational errors have been simulated (see
§ 3). Note the sequence of ages in both the MS and the subgiant branch and, although less definite, also in the RC and HB.

i M, = —4.05

Works best in the I-band for low metallicity systems, where

13.5 ] 125 : TRGB MI —_ 4.05

In general, both bandpass and metallicity dependent.

145 13.5 ;
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Nova Sagittarii 2012
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* fuel ignition on surface of white dwarf 2 F MM = —10.7 + 2.3 logt, .
- X .
A white dwarf in a binary can accrete gas from its partner if it fills its Roche lobe - -
after evolving into a giant. The accumulated material can reach a critical point 12— -
5 ] g. .. . : b - The absolute magnitude M** at peak correlates with -
where H to He fusion is ignited in the layer on the surface of the white dwarf. - , , , .
: : : : - X the time 1, it takes to fade by two magnitudes. -
This flashes brightly as a nova and promptly self-extinguishes. Only the surface : -
is affected, so the process can repeat (repeating novae are known). 186+ v o e ey
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2 Magy Rasc seme a long time. In 1920, Shapley argued
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N 6 Mags to the Milky Way because of a nova

:{‘i'::" that had been observed there.
| Turns out that was a supernova, not
a regular nova as Shapley assumed.
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Planetary nebulae (PN) are the last stage of stellar evolution for low mass
stars when they expel their outer layers into space, leaving behind the core
as a white dwarf. For a brief period, the core is hot enough to ionize the
departing gas. PN can be recognized by their strong [O IlI] emission. Their
[O III] luminosity function has a strong cut off, which makes a serviceable

Distance Scale

* Secondary Distance Indicators distance indicator
* Planetary nebulae Dpy ~ e (1 — 33(mc‘“_m)) Mo mm = — 25108 fsg07 — 21.4
* sharp edge in [O IlI] luminosity function M.=-46%0.1 with f5og7 in W m™
Nearby planetary nebula | e | Appears as [O IlI] dots in distant galaxies
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Distance Scale

Globular clusters in the Milky Way have a Gaussian luminosity function.

Can match to the Globular cluster systems of other galaxies presuming they
have the same luminosity function. No clear reason why this should be.

* Secondary Distance Indicators

* Globular Clusters (GCs)

Globular cluster M8o

systems of GCs in other galaxies

Elliptical galaxy M87.
Most of the little dots are globular clusters.

Messier 87
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Types of Supernovae

SN
no H

no SI

/ no He

Type la Type Ib Type lc Type II

Thermonuclear Core Collapse

Different types of supernova light curves

Supernovae

. \\ The light curves of Type la SN are powered by the
radioactive decay of 56Ni to 56Co at early times, and

Ib https://doi.org/10.1093/mnras/stv2173

BLUE MAGNITUDE

SN I987A

L A

* 't ' ' -' T ' ' [

_ Io -
Oo-L
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\_ s

the decay of 56Co to 56Fe from ~60 d after explosion.

o S0 iI00 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

Figure 3 Schematic light curves for SNe of Types Ia. Ib, II-L, II-P, and SN 1987A. The curve
for SNe Ib includes SNe Ic as well, and represents an average. For SNe II-L, SNe 1979C and

1980K are used, but these might be unusually luminous.

Supernova spectra

Type II: hydrogen
Type I: no hydrogen

L

[a: silicon but no hydrogen

- Fe

§ I | 111: hydrogen

2 b l ‘

g | ) _

s = — o W A2

o w , " | Ic: neither silicon nor helium
g | e u—Sx o -

P [ (@ | -

cxlj .

Fe 11 [Hel 1 1b: helium but no silicon

Fe II (a) SN 1987N [(1a)] t ~ 1 week -
20 |- (b) SN 1987A|(T) | 7 ~ 1 week
(c) SN 1987M |(Ic)] t ~ 1 week

= (d) SN 1984L t ~ 1 week N
LA R N L 1 |

4000 6000 8000 10000
Rest Wavelength (A)

Figure 1 Spectra of SNe, showing early-time distinctions between the four major types and
subtypes. The parent galaxies and their redshifts (kilometers per second) are as follows: SN 1987N
(NGC 7606: 2171), SN 1987A (LMC: 291), SN 1987M (NGC 2715: 1339), and SN 1984L (NGC
991; 1532). In this review, the variables r and t represent time after observed B-band maximum
and time after core collapse. respectively. The ordinate units are essentially “AB magnitudes™ as
defined by Oke & Gunn (1983).

Figure Credit. Filippenko, A. 1997, ARA&A, 35, 309

Type Ia supernovae contain an obvious Si absorption at 6150 Angstoms, Type Ib
have no Si but show He in emission, and Type Ic display neither Si nor He.


https://astronomy.swin.edu.au/cosmos/T/Type+Ia+Supernova
https://astronomy.swin.edu.au/cosmos/cosmos/A/absorption+line
https://astronomy.swin.edu.au/cosmos/S/Supernova+Type+Ib
https://astronomy.swin.edu.au/cosmos/cosmos/E/emission+line
https://astronomy.swin.edu.au/cosmos/T/Type+Ic+Supernova
https://doi.org/10.1093/mnras/stv2173
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as measured

Distance Scale

-19— —
Mg, vex = — 19.26 + 0.8[Am 5 — 1.1] Z F E
Peak luminosity correlates with fade .‘g? n ]
* Secondary Distance Indicators time - Am, < is the amount of fading - —
after 15 days. Can also be calibrated & 17 ]
. . . , = |
° Supernovae in terms of a “stretching factor, s, the S .
amount (in days) that the template E e o ]
. . . -1
* Type la SN (white dwarf detonations) light curve must be stretched to fit. 6: ¢ ]
- Calan/Telolo SNe Ia 1
*  White dwarfs that exceed the Chandrasekhar limit explode, A5k o | :
converting carbon and oxygen to iron and nickel (etc.) -20 0 20 40 60
days
* At present, appear mostly due to WD-WD mergers, not 20 o
single accreting WDs. : B
e ¢ . g @ light-curve imescale
ACCRETION SCENARID - | " 2 | 1‘ \: g P ’
THIS... ) P g (Q-. “stretch-factor” corrected
] -/
_ o~ - )
: s 18 ®
N =1}
N R L
. v 3.
I ) "
. m =17 e
. . = Lo W
WITTE DWARE SROWS IN MASS 00 _— I ~i._\ J ‘ o 8]
oot i 18 - ® < o
.« OR THIS? : :
] 15[ : l l 1 . , . |
. L -20 0 20 40
|
16 days

Kim, et al. (1997)



Distance Scale

* Secondary Distance Indicators

* Supernovae

THE ASTRONOMICAL JOURNAL

COS12Mik, z=0.927

GSD11Mad, z=0.988

GND13Roy, z= 0.851

Type la SN (white dwarf detonations)

Mg, veax = — 19.26 + 0.8[Amys — 1.1]

Peak luminosity correlates with fade

time - Am,5 is the amount of fading
after 15 days. Can also be calibrated
in terms of a “stretching factor, s, the
amount (in days) that the template
light curve must be stretched to fit.

White dwarfs that exceed the Chandrasekhar limit explode,
converting carbon and oxygen to iron and nickel (etc.)

At present, appear mostly due to WD-WD mergers, not

single accreting WDs.

, 148:13 (28pp), 2014 July

GSDI11Van, z=0.89 + 0.10

GND12Cal, z= 0.941

GNWI12Gor, z=1.0164

EGS11Per, z=0.9147

RODNEY ET AL.

Steve Rodney (CWRU alum)

GND13Wol, z=0.9431

GND13Reh, z=1.0199

effective mp

Type la SN bright enough to see to high
redshift, so can constrain g, as well as H,

Supernova Cosmology Project

Knop et al. (2003)
] I 1 [ 1 1 ] l || ] 1 ] ] 1 ] I | ]
- 3 o oetlls
[ a8t '
" A !
k3 '}-" oo Supernova &
<< E i Cosmology ]
Ze Project
n § _
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E ¢ d
4
- g .
18 . /; -
- % Calan/Tololo .
-/ & CfA :
E, i
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Awarded 2011 Nobel Prize in Physics for g, < 0.
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* Secondary Distance Indicators :

Distance Scale

* Systematic effects

Type la SN only

* Supernovae * need spectroscopy of faint, fading sources

must weed out other events (Type II) without introducing a
systematic bias

Type la SN (white dwarf detonations)

White dwarfs that exceed the Chandrasekhar limit explode, .

: : : Don’t fully understand physi
converting carbon and oxygen to iron and nickel (etc.) ont fufly understand physics

not standard bombs as they were once thought to be
At present, appear mostly due to WD-WD mergers, not

single accreting WDs.

luminosity-stretch correction is purely empirical.

Does the physics that drives it matter?

Evolution

Mg e = — 19.26 + 0.8[Am;5 — 1.1] * Do SN change systematically over time (redshift)?

Peak luminosity correlates with fade dependent on metallicity? age? host galaxy type?

time - Amys is the amount of fading .
after 15 days. Can also be calibrated

in terms of a “stretching factor,’ s, the * Extinction corrections necessary
amount (in days) that the template
light curve must be stretched to fit.

Dust

is high-z dust normal? (have same extinction curve as MW?)



* Secondary Distance Indicators

* Surface Brightness Fluctuations

Nearby galaxies resolve into stars. This smooths out as the
distance increases. This smoothing can be quantified by the
fluctuation from one resolution element to the next.

The average flux in one resolution element is

F = Nf where f =

= is the flux from the average star.
T

The dispersion in F is 6, = N'/2f
SO
poor_ )

F  4znd?

and you can get the distance if you can calibrate the
luminosity of the average star

2 N.L;

B =S

In practice this is done empirically by calibration with
nearby galaxies whose distances are known by other means.

Distance Scale

globular star cluster

N ~ 10 stars
d~ 10 kpc

Need well behaved stellar population
Method assumes L is stable from pixel
to pixel, which is obviously not true in
star forming galaxies. Hence Elliptical
galaxies are preferred

Very resolution dependent

must model point spread function (PSF)
need accurate photometry

at 20 Mpc, there are 10,000 RGB stars in
one 1” resolution element, so need 1%
photometric accuracy.

(M) =—48+3(V-1)

M32 (Andromeda)

N ~ 109 stars
d ~ 770 kpc

M49 (Virgo)
N ~ 1012 stars
d~ 16 Mpc




Distance Scale

* Secondary Distance Indicators
* Faber-Jackson, Fundamental Plane

* Apply to elliptical galaxies (pressure supported)

Faber-Jackson relation first noticed as a scaling relation between

luminosity and velocity dispersion in Elliptical galaxies: L ~ o*.

The velocity dispersion provides an estimator of the luminosity
which in turn acts as a standard candle to give the distance.

Applies to lots of types of pressure supported systems over a

large dynamic range: M ~ ¢* but with large scatter and
systematic deviations: there is a second-parameter effect.
We need to consider a third axis (size or surface brightness).

Faber-Jackson relation

absolute magnitude
MK + 5 log h75
1

1.5 2 25 3
log oo (km/'s)

FiG. 10.—Faber-Jackson relation between luminosity and central
velocity dispersion. The best-fitting relation is L o< o514 =%22 Wﬁﬁ a large
scatter of 0.93 mag. The scatter is significantly smaller in the Coma cluste
at 0.72 mag.

velocity dispersion -



Distance Scale

PAHRE, DJORGOVSKI, & DE CARVALHO 1448, Ap7, (16 151] vy 1

* Secondary Distance Indicators
* Faber-Jackson, Fundamental Plane
* Apply to elliptical galaxies (pressure supported) /é’;
O
Incorporating a second-parameter is known as the S
Fundamental Plane. The Faber-Jackson relation is one \’%
projection in a 3D space; the Fundamental Plane finds the -
eigenvectors that minimize the scatter when seen edge on. S
0.8 1 53
R ~ <ZK>
Where
R, is the effective radius (containing half of the total light)
(X ) is the average K-band surface brightness with Re
0y is the central velocity dispersion ~
log oo(km/s) + 0.206 <uy>es
The Fundamental Plane is thought to follow from the Virial damental plane in the near-infrared for the 16 clusters and groups in the simultaneous ﬁ;: represented by thé solution of eq. (2) and
. . . 1. . .. . .(2) of Table 1. The FP is described by the scaling relation re, o ar (T 2078 with a scatter of 0.096 dex in log r,y,; the scatter is reduced
equation with some “tilt (Systematlc variation of M/L with L) ixies with ¢, < 100 km s~ ! are excluded. The fitted gaMXYESNSIRMIIETES solid symbols, while those excluded from the fit (log 0, <
10logy, r < 17, or background/foreground in the Virgo clustcr) are plotted as open symbols. The FP fit i is plotted in each panel as a s¢

Virial expectation: R, ~ (M/L)y"(Z)" o oo
Fundamental Plane



Tully & Fisher (1977) NGC 6946 (atomic “HI” gas - Boomsma et al)

R. B. Tully and J. R. Fisher: Distances to Galaxies

Distance Scale

L r | T T | |
NEARBY GALAXIES

x Sb and sarlier
e Sc and loter

luminosity closses Ito I
A Sc and loter

luminosity classes IO fo X

-2\

% -20M {open triangles: M10O) 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

Kourkchi, Tully, et al. (2020)
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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

... then apply to more distant 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
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Rotating galaxies

Fundamentally, Tully-Fisher is a

~
relation between baryonic mass S ! !
. jo
(stars+gas) and the amplitude of the S
flat rotation speed. = O
o o
This is the g 9
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This is about how much scatter we expect from V. (K —1
stellar population mass-to-light variations, leaving f (km s )

very little room for other sources of scatter. flat rotation speed



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,=75.1+0.2 (stat) =3 (sys) kms~!Mpc~!
Kourkchi, Tully, et al. 2020, ApJ, 902, 145

H, =75.0 £ 0.8 (stat) km s~ Mpc™!
Tully, e al. 2022, arXiv:2209.11238

systematic uncertainty ~ 3 km/s/Mpc

Historical review: Tully 2023 (arXiv:2305.11950)
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https://arxiv.org/abs/2305.11950

