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Distance Ladder: solar system (~10° pc)

Radars

Direct measurement of the distance to
Venus and other objects in a near-Earth
orbit with radar:

Measure the time it takes for a radar
signal to arrive at Venus, bounce off and
reflect back to Earth, where it is detected.

2d=cxt
d=cCcxtf?

Example: during closest approach of
Venus in 1961, powerful radars were
installed on the Mk 1 telescope and also at
the 70m Goldstone dish in New Mexico.
Pulsed radar signals were transmitted
towards Venus reaching it 2 min later.
Reflected radio pulses were detected 4
minutes later. Time of the pulse can be
measured accurately and the distance to
Venus calculated (41.4 million km).



Distance Ladder: solar system (~10-° pc)

Triangulation

From the measured distance Earth-Venus,
the distance of Earth from the Sun (1 AU)
was determined:

dEarth-Sun == dEarth-Venus .'f cos 0
Aearthsun = 149,597,892 km =1 AU

derive this —

o 1 B

measure these
_'_,..-"'

Earth

Measuring the angle & between Yenus and the Sun and
the distance between E arth and Venus enables us to find the
distance between the Earth and the Sun using trigonometry.



Distance Ladder: solar system (~10° pc)

Orbits

Kepler's 3™ law allows determination of N o
distance by measuring the orbital period: 10000 e
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“The ratio of the squares of the periods of any
two planets is equal to the ratio of the cubes of 3%
their average distances from the sun.”
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Distance Ladder: nearby stars (~50 pc)

Trigonometric Parallaxes

tann=1AU/d
d[pc] = 1/ tan = [radians]
for small angles n: tann = n
or
Distance [pc] = 1 / Parallax [arc seconds]

Nearest star (o Cen) has a parallax of
0.76'"" = distance is 1/0.76 = 1.3 pc

Earth
M Cr

B Months p = parallax (angle)
Later d = distance
W *'th * *'fr
x Kk . K
* *

FPhoto taken now Photo taken &
manths later



Distance Ladder: nearby stars (~1kpc)

Limitations: until 1990, could only detect
parallaxes out to 50 pc.

Next mission Hipparcos satellite (ESA)
Gaia (ESA,  (1990-93):

2013) to
1Mpc

Designed to measure parallaxes of stars
with unprecedented accuracy.

Can detect parallaxes out to 1 kpc.

Used to map out the locations of nearby

stars with an accuracy of 1-2 milli-arcsec
(size of a golf ball viewed from the other
side of the Atlantic Ocean)

'Tycho Star Catalogue’
contains more than one
million stars - ~120000 with astrometric parameters



Distance Ladder: Hyades (moving cluster)

Convergence Point of |
Extension of Proper Motions p;ﬁ
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Distance Ladder: Statistical Parallax (~300pc)

LA

Yer

Y€  Group of stars
-E::?P

Vega 20km/s = SUN
- *

Sun travels ~ 4 A.U. per year so after
20 years, the baseline for parallax is
~ 80 A.U. ~ 40x longer than normal parallax.

Proper motions (i) combined with o0}

’
radial velocities (Vr) to get AVERAGE D“a—u;)
distances of a group of stars.



Distance Ladder

Primary Indicators:
- can be measured 1n nearby galaxies
- small dispersion around a well defined mean
- can be calibrated through geometrical means
e.g. cepheids, novas, RR Lyrae, BA supergiants, eclipsing binaries,

Secondary, tertiary, ... indicators:

- are calibrated through primary, secondary... indicators
e.g. Type la supernovae, Tully-Fisher, D -, brightest stars, planetary
nebulae, ...
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Primary Indicators: Cepheids (~20 Mpc)

Cepheid stars are long-period variables (~1-100 days) and they display a tight
luminosity-period linear relationship (better than 10% precision), which is weakly

dependent on metallicity.

M, =-2.80logP, —(1.43£0.1)

&m— M), =—0.24£0.16

(Feast & Catchpole 1997)
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Primary Indicators: Cephelds (~20 Mpc)
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Primary Indicators: Cepheids (~20 Mpc)
H, Key Project

" & What do we do with all of these distances?

& H, Key Project — started in 1990, final results 2001!

= Observe Cepheids in ~18 spiral galaxies to test the
universality of the Cepheid P-L relation and greatly improve
calibration of other distance indicators which generally rest
on one or two local group galaxies

= Their Cepheid P-L relation zeropoint is tied directly to the
distance to the LMC (largest source of error in current
estimate of H,!)

= Combining different estimators, they find H,=72 +/- 3
(random) +/- 7 (systematic) km/s/Mpc !

= But note that it's not over yet as some people disagree with
their adopted value for the distance to the LMC ...

... and other methods give different answers!



Other primary Indicators:
main sequence (~10 kpc)

Main Sequence Fitting

Most stars are located on the Main
Sequence in the HR Diagram:

m-M=-5+5log,,d



Other primary Indicators:

Eclipsing binaries: Uses Kepler’s 3rd law, Stefan-Boltzmann relationship and
assumes a M/L.

Novas: relationship between maximum Luminosity and decay time
RR Lyrae: constant magnitude and color.

BA Supergiant Stars: based on the Barbier & Chalonge classification method,
which measures the Balmer break.



Secondary Indicators: type Ia SNe (~4Gpc)

Not really a standard candle, but a candle that can calibrated
Advantages: - bright

- small dispersion (<0.3 mag)

- small corrections for absorption

- they occur 1n all Hubble types
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SNe: taxonomy
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Secondary Indicators: type Ia SNe (~4Gpc)

Not really a standard candle, but a candle that can be calibrated

galactic only galactic + host E(B-V)<0.1
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Figure 5. Mg versus Amyg(B) relation; filled circles indicate objects whose distances are given by Tully's catalogue, open symbols
are objects whose distances are calculated from their recession velocity. The linear fit is weighted in both axes (Press 1992). a: Only
galactic reddening correction applied. Number of objects used for the linear fit n=73, dispersion ¢ = 0.83. b: Both Galactic and host
galaxy reddening corrections applied. The outliers, marked with a cross, are (from left to right, from top to bottom): SN 1996ai, which
is characterized by high and not well known reddening; SN 1986, another highly reddened event; SN 1992K, 1999da, 1998de, 1991bg,
which are peculiar sub-luminous events. The latters seem to form a separate class and do not fit the linear relation defined by all others.
n=67, ¢ = 0.31. c: as the previous case but selecting only SNe with E(B — V') < 0.1 and small errors (< 0.2) in Am3s(B). n=26,
o=020. B = 3.5.

(Hamuy et al. 1996)




Secondary Indicators: type Ia SNe (~4Gpc)

Not really a standard candle, but a candle that can be calibrated

1 I I I I I l I I I I

Am . (B)

Figure 8. Mg versus Amis(B) for 8 of the 9 SNe calibrated by
Cepheids (SN 1960F has been excluded because colour informa-
tion required to estimate the host galaxy extinction is not avail-
able). Circles: Distance modulus p from Freedman et al. 2001;
triangles: pu corrected assuming AY/AZ = 2.5; square: p cor-
rected assuming AY/AZ = 3.5. Solid lines are the best fits ob-
tained with a fixed slope minimizing the deviation of the three
sets of Cepheids calibrated SNe. The slope (1.082) is the same as
in Fig. 5e.



Secondary Indicators: type Ia SNe (~4Gpc)

Table 1. Parameters of the Mg=alAmi5(B) — 1.1) + b relation. From top to bottom: values obtained for case b, ¢ (as in §2.3). From
left to right: number of objects used for the correlation; Rg adopted; slope (error); zero point derived from three different assumptions

on the metallicity PL relation (error); dispersion.

n Ry a b o
KP  AY/AZ=25 AY/AZ=35

67 4315 1.102 (0.147) -19.613 -19.523 -19.582 (0.037) 0.31

67 3.5 1092 (0.124) -19.460 -19.399 -19.472 (0.031) 0.28

26 3.5 1.061 (0.154) -19.455 -19.403 -19.476 (0.044) 0.20

Hamuy et al. 1996, b=-19.258-+0.048




Secondary Indicators: high-z SNe (~4Gpc)

Two teams doing high-z SN searches to measure cosmological parameters:
- Supernova Cosmology Project ( , PI. Saul Perlmutter)

- High-z SN Search ( , P.I. Brian
Schmidt)

Supornova 1998ba
Supernova Cosmology Project
(Perimutter, et al, 194548)

Differanca



Secondary Indicators: high-z SNe (~4Gpc)

Two teams doing high-z SN searches to measure cosmological parameters:

- Supernova Cosmology Project ( , P.I. Saul Perlmutter)
- High-z SN Search ( , P.I. Brian
Schmidt)

Distant Supernovae Hubble Space Telescope = ACS

Before Supernova Before Supernova Before Supernova

MASA and A. Riess (STScl) STScl-PRCO4-12




Secondary Indicators: high-z SNe (~4Gpc)

ABSOLUTE MAGNITUDE

SCALED MAGNITUDE
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New methods to relate
shape and luminosity
and standardize
luminosity at
maximum:

SN Cosmo Project:
Stretch method

(Perlmutter et al. 1997)
High-z SN project:
Multi-colour light-

shape fitting method
(Riess et al. 1996)



Secondary Indicators: high-z SNe (~4Gpc)

Examples of light-curves by High-z SN Search Project (Garnavich et al. 1995)
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Secondary Indicators: Tully-Fisher (~100Mpc)

The Tully-Fisher relates the velocity width We can rewrite this as

and luminosity of spiral galaxies, or in
other words: it gives a correlation for
spiral galaxies between their luminosity
and how fast they are rotating.

The circular velocity in galaxies scales as:

MxV?R
The mass-to-light ratio (M/L) can be
parameterized as:
M=L=(M/L)

Assuming the surface brightness (SB) of
galaxies is the same for spiral galaxies
(SB = luminosity per unit area) we can
write L in terms of R ans SB:

SB=Lfarea=L/R* L=SB*R* -3LxR

Ls(M/L)ox V2a )2
We further assume that M/L is constant:
V2V L VA

Now we convert to magnitudes and
keeping in mind that M =-2.5log L gives

M x —10LogV,

This equation states that the mass of a
galaxy is proportional to the circular
velocity of the spiral arms. M/L = const.

Bottom Line: if you measure the velocity
dispersion of a galaxy, you can infer the
mass and luminosity and distance.



Secondary Indicators: Tully-Fisher (~100Mpc)

€ Typically work in I-band (compromise between less
scatter and detector size & response)

# Can be used at large distances since we're using
luminous spirals

# Disadvantages — extinction due to dust is a problem
(work in IR if possible), scatter in relation means it is
best for determining the distances to groups &
clusters of galaxies instead of to individual galaxies,
inclination corrections are uncertain

€ We're not sure why it works, why is the product of
the mass to light ratio times the surface brightness a
constant (remember this is what is required for L~V4)



Secondary Indicators: Tully-Fisher (~100Mpc)

Tully-Fisher at various wavelengths
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Secondary Indicators: Tully-Fisher (~100Mpc)
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Secondary Indicators: “extended” Tully-Fisher
(~4Gpo)

THE STELLAR MASS TULLY-FISHER RELATION T(O 2 = 1.2 FROM AEGIS

Susan A. Kasay', BEsoasas J. WEINER®, 5. M. Faser', Duvip C. Koo', JENNIFER M. Lote’, Jaeo DIEMAND"™!, JUSTIN
J. HARKER', KEVIN BunDY', A. J. METEVIER', ANDREW (. PHILLIPS', MICHAEL C. CoQPER®, DARREN J. CRoTon®,
NicEOLAS Konmars', Bal (3. NoeskE' . & O, M. A. WILLMER™

Areegded lI'ur Hebiferalics 5 e Apsi (ApJ 2008) § 086 < g < 0.928 0928 <z < 1.2
ABSTRACT ] i f

We combine newly messured rotation velocitbes, velodty dispersioos, and stellar masses o con-
atruel stellar mass Tully-Fisher pelatbors (M. TFR=2) for 544 galaxees with strong emission lhses al
0.1 = = = 1.2 [rom the All Wavelength Extemded Groth Sieip Intersational Survey (AEGIS) and
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Secondary Indicators: D -6 (~1Gpc)

E galaxies have a fundamental plane that links their surface brightness, luminosity

and velocity dispersion: Le[;o” with x~—0.7, y~0.3 (Dressler et al. 1987, Djorgovski
& Davis 1987).

This relationship can be understood if E gal are self-gravitating systems with
roughly constant M/L ratios.

Virial Theorem ¢° o< M /7,

L1+a o O_4—4ala—1
ML =< M* . 0

de Vaucouleurs profile = L o< [ 7}

If we measure the diameter of an E gal within which the mean surface brightness
takes some reference value D, =<7’/ and we choose that reference level such
that 6 «<D_°

logD, =1.3logo+C where C=C(d)

The reference brightness level is 20.75 mag/arcsec? in B.
Good for relative distances and usually applied to clusters (e.g. Virgo-Coma)



Secondary Indicators: D -6 (~1Gpc)
D.-c Relation

2:5p

log o

2.8

Fig. L=={aj #;, the total blue magniiwde, vs. log o, the ocentral

welocity dispersion, for ellipicals in ke Coma snd Vitgo clasiers. These
are the vasiables of 1 Faber-Jackson relationabip, The lines bog & =
—0 0148, 4+ C, where C = 1550 for Virge asd © = 3960 for Coma,
CT 'I-".13 are best median fits, as described in the text. The mms scatbers in B,
® [romn these lines are 057 mag for ¥irgo and 068 mag for Coma (b) log
\r_* . the diametsr wilhin which the mlegrated blss surface Brightness i
.75 B mag areses ¥, wa. bag o far the mme palavies. The harizontal
scabes correspond io a fector of 10 i distance in both figures. The lines
log & = 750 bog D, + €, where © = 053 for Virgo and C = | 473
for Comas, are best medisn fite The rma scaner in log 0, |s 003 for
Virga ind (1072 lor Coma, & facior of 2 smaller scatter than with the
1 | | Faber-lackson relstionship

8.5 1.8 1.5 2.8
log Dy

L P ]

1.5

From Dressler et al (1987) the offset gives the relative
Distance, but note the scatter!



Secondary Indicators: Faber-Jackson (~1Gpc)

In the absence of surface-brightness information, still the relationship holds
(Faber & Jackson 1976):
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Modest B-evolution of 0.3-0.5mag
at z~0.4-0.7

(e.g. Ziegler et al. 2005)



Other Secondary Indicators:
Surface Brightness Fluctuations

Statistical fluctuation in the number of stars in a pixel (Tonry & Schneider 1988,
Tonry et al. 2000)

A nearby galaxy: 100/pixel £10% fluctuations
A distant galaxy: 1000/pixel £3% fluctuations

Near DWARF

Far GIANT



Other Secondary Indicators:

Brightest Galaxy in Cluster
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Note the narrow range in luminosity - thus standard candle.

Problem: rich clusters will have bright galaxies, but poor ones probably not



TABLE 1
NUMBERS OF CEPHEID CALIBRATORS FOR SECONDARY METHODS

a amun a’ml'lﬂ

Secondary Method (%e) N (pre-HST) (%) N (post-HST) (%)
Tully-Fisher relation ................. +20* s +10 21 +5
Type Ia supernovae .................. + 8¢ 0 n/a 6" +4
Surface brightness fluctuations...... +9° 1 +9 6 + 4
Fundamental plane................... +14 0 n/a 3f +10
Type II supernovae .....ovvevvrervnss +12¢ 1 +12 4 +6

* Giovanelli et al. 1997.

® M31, M33, NGC 2403, M81, NGC 300; Freedman 1990,

¢ Hamuy et al. 1996.

4 Using the distances to the host galaxies to SN 1937C, 1972E, 1981B, 19898, 1990N, and 1998bu, but
excluding 18958, 1960F, 1974G,

* Tonry et al. 1997,

f Calibration based on Cepheid distances to Leo I group, Virgo and Fornax Clusters.

® This paper; Schmidt et al. 1994 distant clusters.

(H, Key Project, Freedman et al. 2001 )



The value of H:

H,=72+8 km/s/Mpc (Freedman et al. 2001)

(...)  -Based onthese revised Cepheid distances, we find values (inkm s™! Mpc!) of Hy = 71 +2
[random) = 6 (systematic) (Type Ia supernovae), Hy =71 £ 3 £+ 7 (Tully-Fisher relation), Hy =70+ 5+ 6

(surface brightness fluctuations), Hy =72 £ 9+ 7 (Type Il supernovae), and Hy =82 = 6 £9 (fundamental

plane). We combine these results for the different methods with three different weighting schemes, and find
good agreement and consistency with Hy =72+ 8km 5! Mpc (...)
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Relative Probability Density Distribution

The value of H:

H,=72+8 km/s/Mpc (Freedman et al. 2001)

1 L I
H= 72 + (3),  [7],
65 E—+3—1 79 [Mean]

Hubble Constant



The value of H:

H,=72+8 km/s/Mpc (Freedman et al. 2001)

TABLE 14
OVERALL SYSTEMATIC ERRORS AFFECTING ALL METHODS
Error
Source of Uncertainty Description (%)
LMEC SM0: BOMIE ocoiciivicivinsiisbonsissiing Error on mean from Cepheids, TRGB,
SN 1987A, red clump, eclipsing binaries +5
WEFPC2 2010 pOInt +.ivvvsvnvisorsanisnisnnsie Tie-in to Galactic star clusters +3.5
T T R e P A oAl A Limits from NICMOS photometry +1
Metallicity .. verrarsennsnrennnnnneee Optical, NICMOS, theoretical constraints +4
Bias in Ccphmd PL ........................... Short-end period cutoff o3
e o R R T s e S Artificial star experiments +35, =0
Bulk flows on scales >10,000 km s~ '......  Limits from SN [a, CMB +5

Note—Adopted final value of Hy: Hy = 72 + 3(random) + 7 (systematic) km s~ * Mpc™".



The value of H:

H,=72+8 km/s/Mpc (Freedman et al. 2001)

TABLE 13
LMC DiISTANCE MODULI FOR DIFFERENT METHODS

{pod* o {o)® o

Method (mag) (mag) N (mag) (mag) N
LT T R 18.57 +0.14 5 18.52 +0.13 15
Eclipsing variables....... 18.33 +0.05 3 e e
SN IVEIR s 18.47 +0.08 4 18.50 +0.12 5
TR i s g 18.64 +0.05 2 18.42 +0.15 1
Red clump.........cocunve 18.27 +0.11 10
RR Lyrae variables...... 18.30 +0.13 7 18.40 +0.19 14
Mira variables ........... 18.54 +0.04 3 18.46 +0.11 4

* Based on Gibson 2000 compilation.

® Based on Westerlund 1997 compilation.



The value of H:

LMC Distance modulus (Gibson 2000)
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The value of H:

LMC Distance modulus (Gibson 2000)

Mean 18.45+0.06

H, Key project assumes 18.5

Still the weakest point in the —
distance ladder i

Data from Gibson (2000)

Relative Probability Density Distribution
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The value of H, at 3%: 74.4+3.1 km/s/Mpc

SN la m,/’+5a, (mag)
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Term Description Previous RO09 Here Here
LMC N4258 N4258  All Three®
Canchor Anchor distance 5% 3% A% 1.3%
anchor— PL Mean of P-L in anchor 2.5% 1.5% | 4% 0. 70"
Chost— PLS +/1 Mean of P-L values in 5N hosts 1.5% 1.5% 0.6 % .65
crgpy oM Mean of SM Ia calibrators 2.5% 2.5% 1.9% 1.9%
", - SN Ia m—z relation 1% 0.5% 0.5% 0.5%
Rery 12 Cepheid reddening, zero points, anchor-to-hosts 4.5% 03% 0.0% 1.4%
oz Cepheid metallicity, anchor-to-hosts 3% 1L1% 0.6 % 1.0%
erpL P-L slope, Alog P. anchor-to-hosts 4% 0.5% 0.4% 0.6%
WD WEFPC2 CTE. long-short 3% 0% 0% 0%
Subtotal, o g, 10% 47%  4.0% 29%
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The value of H:

Publications of the Astronomical Society of the Pacific
108; 10731082, 1996 December

H,: The Incredible Shrinking Constant 1925-1975

VIRGINIA TRIMBLE
Physics Department, University of Califomnia, Irvine, California 92717 and Astronomy Department, Unaversity of Maryland,
College Park, Maryland 20742
Received 199G September 13, accepted [990 September 3

ABSTRACT. The story of the Hubble constant logically begins just where the Curtis—Shapley debate on
the distance scale of the universe ended, with Hubble's discovery of Cepheid vaniables in several nebulas
that we now recognized as galaxies within the Local Group, which settled the issue of the existence of
external galaxies. Hubble’s own value of A was in the range of 500-550 km g Mp:". The “‘best buy™
value sbrank in several large steps beginning in 1952, each being predicated on the recognition of some
fundamental mistake in the previous distance scale calibrations. But it shrank more for some workers than
for others, and by 1975 there was a clear polarization between a “long™ and a *‘short”” distance scale. On
the theorefical side, important events were the recognition that general relativity permits, indeed nearly
requires, an expanding universe; the gradual elimination of alternative explanations of redshift—distance
relations; and the repelling of a late assault in the form of steady-state cosmology, within whose framework
Hy is a well-defined, never-varying number of only moderate importance.



The value of H:
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Fig. 1—Published values of the Hubble constant from Lemattre (1927) to the hardening of the batte lines. Rectangle dimensions are intended to suggest a
range of valuesfuncenainties or a range of dates. Except where the ermors hsted below are larper, all uncertaintics were claimed to be of order 10% or less
{occasionally much less). A straight-line fit to the numbers from 1927 to 1965 or so would have suggested that the Hubble constant might have become
negative within a decade ar teo {discovered by astronomy graduate stedents at Caltech in the 1960s and undoubtedly by mamy others). This did not actaally
happen. The numerical valoes represented are Lemaitre 600, Hubble 465, 513, 535; Hubble and Humason 526; Mineur 320; Behr 240; Baade and Thackeray
2802 30, Hubble, Mayall, and Sandage [B0=20, Sandage 75 (+75,—40); Holmberg 13426, McVimie 143-227; Sersic 12525, van den Bergh 100 (20,
=12}, 120 (+25,=20); Ambarnsemyan 70-100; de Vavcouleors 125, 100210, 1002 10; van den Bergh 95 {+15,—12); Sandage and Tammanm 4560,



HO without the distance ladder:

N R —

€ Gravitational lens time delays

= Assuming the mass model for the lensing galaxiy of a
gravitationally lensed quasar is well-known (1?!), the different
light paths taken by various images of the quasar will lead to
time delays in the arrival time of the light to us. This be can
be traced by the quasar variability.

= This has been done for a handful of objects, find values of
HO between 50 and 70 km/s/Mpc ... lower on average than

the Key Project values. (o 0957+561 Kundic et al. 1997)

= If the lensing galaxy is in a cluster, we also need to know the
mass distribution of the cluster and any other mass

distribution along the line of sight. The modeling is complex!

= Because of this, gravitational lens time delay measurements
depend on Q, and Q,,.



HO without the distance
ladder:

The electrons in the intracluster medium will scatter the
background photons from the cosmic microwave background
(CMB) to higher energies (frequencies) and distort the
blackbody spectrum

If we can measure the electron density and temperature of
the ICM along the line of sight from x-ray measurements and
we assume the cluster is spherical (??) we can determine the
distance to the cluster from the shift in the CMB spectrum

Published values for H, range from 40 — 80 km/s/Mpc, most

recent is H, = 60 +/- 10 km/s, but there are large systematic
uncertainties (e.g. 38 clusters Bonamonte et al. 2006)

Potential uncertainties include cluster substructure or shape
(prolate instead of spherical). It's non-trivial to measure the
X-ray temperature to derive the density at high redshifts.

Need larger surveys for S-Z clusters at higher redshifts, these
are underway!




Ho (km/s/Mpc)

HO without the distance ladder
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The original Hubble diagram
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