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Luminosity distance...
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...and magnitudes
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Mapping the expansion rate
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Distance indicators: parallax
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Distance indicators: parallax
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Distance indicators: Cepheids
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Cepheid variables: outward pressure (P) and inward gravity compression
are out of sync, so star changes size and temperature: it pulsates.
RA-Lyize variables are smaller and have pulsation periods of less than 24
hours. Also, their light curve looks different from the Cepheid light curve.



Distance indicators: Cepheids
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Figure 5.2.1: Period-Luminosity relation for Magellanic Cloud Cepheid variable stars; data from Storm et al.

2011, A&A, 534. (Wikicommons, author: Dbenford)



Distance indicators: Cepheids

Hubble Diagram for Cepheids (flow—corrected)
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Figure 5.2.2: Hubble constant from the Cepheid method (Freedman et al., Ap. J., Volume 553, Issue 1, pp.
47-72, 2001. @©) AAS. Reproduced with permission).



Distance indicators: planetary nebulae
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Distance indicators: planetary nebulae
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Figure 5.3.1: Luminosity functions of planetary nebulae in a sample of galaxies. Notice the sharp cut-off at high

luminosity. (From Ciardullo et al. 2002, astro-ph/0206177, Astrophys.J. 577 (2002) 31-50. ©) AAS. Reproduced

with permission.)
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Distance indicators: Tip of Red Giant Branch

Evolution of a 1 Mo star
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Distance indicators: Tip of Red Giant Branch
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Distance indicators: Tully-Fisher

Virial theorem
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Figure 5.5.2: Tully-Fisher relation in the IR band around 3.6pm (Sorce et al., 2013ApJ...765...94S, © AAS.
Reproduced with permission) for galaxies up to roughly 200 Mpc.
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Distance indicators: Faber-Jackson
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Lighthouses in the dark
IR
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» This hypothesis can be tested and calibrated through a local sample
whose distance we know by other means.
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Types of supernovae

Relptiye Flux
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http://supernova.lbl.gov/~dnkasen/tutorial/
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ABSOLUTE MAGNITUDE
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» Then, we compare myps(z) with

Miheor(2) = M + 25 slog d(z; Q2p1,Qp, -.)
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Hubble diagram
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SNIa are dimmer than expected!
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Basic property 1

Local : . Global
Hubble 7@ :FO r(z)= j H(z) Hubble
law law

If H(z) in the past is smaller (i.e. acceleration), then r(z) 1s larger:
larger distances (for a given redshift) make dimmer supernovae
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LambdaCDM

H? = H3[Qpmo(1+2)3 + Qp o + (1 = Qg — Qpo) (1 + 2)?]

Only two parameters!

dz
(R0 (1 +2) + Q0+ (1= Qo = D 0) (1 +2)2]1/2

dy (Zi Qm,Or QA,O)"’f
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Statistics in three steps

1: take a model

H? = H5E?(z; params)

2: find the distance

dz
d, (z; params )~ [
E(z)
‘ 3: vary the parameters and
A i minimize the chi-squared with data
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Basic property 2

Curves of constant luminosity distance
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Properties of Dark Energy
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Figure 6.1.3: 68.3 %, 95.4 % and 99.7 % confidence level contours on (QS])) wpg) from the SN Ia observations
(denoted as €3 and w in the figure) compiled in Amanullah et al. 2010ApJ...716..712A (©) AAS. Reproduced
with permission).




