Age of the universe Globular clusters

» They are among the oldest objects in the galaxy, provide a lower

* One of the fundamental questions in cosmology is limit on the age of the universe
how old is the universe? — Why is it a lower limit?
— Ages of the oldest stars — globular clusters, white dwarfs, — There are a fair number of uncertainties in these estimates,
nucleocosmochronology including errors in measuring the distances to the GCs and

uncertainties in the isochrones used to derive ages (i.e. stellar
evolution models)

— Inputs to stellar evolution models include — oxygen abundance

parameters [O/Fe], treatment of convection, helium abundance, reaction rates of
— Do they agree or not? N +p! 150 +!, helium diffusion, conversions from theoretical
temperatures and luminosities to observed colors and magnitudes,
and opacities

— Age of galaxies at high redshift
— Expansion age of the universe derived from cosmological

Ages of globular clusters Globular Cluster

47 Tucanae

» We measure the age of a globular cluster by
measuring the magnitude of the main
sequence turnoff

« Compare this to stellar evolutionary models
which estimate the surface temperature and
luminosity of a stars as a function of time
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Recent Results for globular clusters

» Gratton et al (2003) find

— NGC 6397 & NGC 6752 (halo globular clusters)
are 13.9 +/- 1.1 and 13.8 +/- 1.1 Gyr old (without
helium diffusion)

— 47 Tuc (a disk globular cluster) is 11.3 +/- 1.1 Gyr
old

— With diffusion, find ages of 13.4 +/- 0.8 (random
errors) +/- 0.6 (systematic errors) Gyr for the oldest
clusters

— What is the full allowed range with all the possible
inputs?



Table 1. Estimates of M, (RR)

Method Objects [Fe/H]  M/RR)  M,RR) at [Fe/H] = —1.90
Theoretical HE models Metal-poor blue HE -190 035* 0.10 035*0.10(719)
clusters
Main sequence fitting  M13, M&8, M92, -183 035*0.10 036 £ 0.10(16) A
C NeTs2 Distances
White dwarf fitting NE6397 -142 052*0.15 0.41=0.15(15)
LMC RR Lyr RR Lyrin the LMC =190 044 £0.10 0.44 £ 0.10(34)
Trigonometric parallax RR Lyrae -139 061%0.11 0.49 * 0.15* (27) Mv(RR)=0.46
Trigonometric parallax  Field halo HB stars  —1.51 0.60* 0.12 0.51*0.16* (17)
Dynamical Mz, M13, M22, -174 059+0.15  055015(16, 35) +0.13 -0.09 mag
M9z .
Statistical parallax Field RR Lyr -160 077+0.13 071+ 0.16* (36) Note this depends
*Includes additional 0.10 mag uncertainty due to uncertain evolutionary status. on meta|||c|ty|

Table 2. Monte Carlo input parameters
Parameter Distribution References

[ofFe] 045 = 0.25 {uniform) (37-41) Stellar models
Convection: Mixing length 1.85 = 0.25 (uniform) (5)

Helium abundance 0.2475 *+ 0.0025 (uniform) (30, 42, 43)

N + p — %0 + y reaction rate 1.00 = 0.12 (uniform) (5)

Helium diffusion 0.50 * 0.30 (uniform) (44-47)

Color transformation Binary (48, 49)

Opacities below 10* K 1.0 = 0.2 (uniform) (5)

Errors in estimates of GC ages (Krauss & Chaboyer 2003)
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Best fit = 13.2 +/- 1.5 Gyr
Range of possible GC ages (Chaboyer & Krauss 2003)
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Recent Results for GC’s

» So the globular clusters are somewhere between ~11.7 and 14.7
Gyr old

» Since it probably takes 1-2 Gyr for galaxies to form, we need to
add that to the GC ages to get the age of the universe

* Note that older estimates were closer to 13-17 Gyr old, what
changed?

— Distances to globular clusters increased by ~10% based on the
Hipparcos calibration of the absolute magnitudes of subdwarfs
(lowers ages by ~20%)

— Inputs to stellar evolutionary models

— Younger ages more compatible with ages estimated from expansion
of universe (phew!)



White Dwarf Cooling Curves

123 orbits of HST time!
Down to V=30.

» White dwarfs are the end stage of stellar evolution for stars with initial
masses <8 M.

+ They are supported by electron degeneracy pressure (not fusion) and
are slowly cooling and fading as they radiate

*  We can use the luminosity of the faintest WDs in a cluster to estimate
the cluster age by comparing the observed luminosities to theoretical
cooling curves

» Theoretical curves are subject to uncertainties related to the core
composition of white dwarfs, detailed radiative transfer calculations
which are difficult at cool temperatures

* White dwarfs are faint so this is hard to do. Need deep HST
observations which have been done of the nearby globular cluster M4

HST 3 x| 3 - |fusT

White Dwarf Stars in Globular Cluster M4 HST WFPC2
NASA and H Richer (University of British Columbia) STScl-PRC02-10
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White Dwarf Cooling Curves

Hansen et al (2002) find an age of 12.7 +/- 0.7 Gyr for
M4 from the white dwarf cooling sequence

Quoted errors don’t take into account uncertainties in
the theoretical cooling calculations so should be
higher

This age is consistent with the ages of GCs found
from the main sequence turnoff luminosities (phew!)
Only been done for one globular cluster, would be
nice if there were more measurements, but
observationally expensive.

Th and U abundances of CS 31082-001 from Hill et al (2002)
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Nucleocosmochronology

Can use the radioactive decay of elements to age
date the oldest stars in the galaxy

Has been done with 232Th (half-life = 14 Gyr) and 238U
(half-life = 4.5 Gyr) and other elements

Measuring the ratio of various elements provides an
estimate of the age of the universe given theoretical
predictions of the initial abundance ratio

This is difficult because Th and U have weak spectral
lines so this can only be done with stars with
enhanced Th and U (requires large surveys for metal-
poor stars) and unknown theoretical predictions for
the production of r-process (rapid neutron capture)
elements

Thorium and uranium measurements of BD+17 3248
from Cowan et al (2002)
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Nucleocosmochronology
Abundance ratios of BD+17 3248 from Cowan et al (2002)

TABLE 4 . « Uranium has been detected in a few stars
CHRONOMETRIC AGE ESTIMATES FOR BD +17°3248 « For CS 31082-001, the Uranium abundance alone
Age Lower Limit gives an age of 12.5 +/- 3 Gyr (Cayrel et al. 2001)
Chronometer Pair Predicted Observed (Gyr) Solar® (Gyr) while the Th/Ur ratio of this same star gives 14.0 +/-
0.507 0.309 100 0.4615 8.2 2.4 Gyr
0.0909 0.03113 2.7 0.0646 14.8 « For BD+17 3248, the abundance ratios give 13.8 +/- 4
0.0234 0.0141 103 0.0323 16.8 Gyr
1.805 7.413 >134 232 11.0
0.05036 0.0045 >155  0.0369 13.5 + Method is consistent with GCs and WDs but errors
0.013 0.0019 2124 0.01846 14.6 are large. Need better measurements and theory plus
a From Burris et al. 2001. more stars!

Mean = 13.8 +/- 4, but note the spread!

Lookback time Stellar population ages of Lyman Break Galaxies
Shapley et al (2001)

» If we can measure the age of distant galaxies we can determine i
the age of the universe since t = t,— t(z) sot, =t + t(z) Median age=320Myr
+ There has been an observation of an elliptical at z=1.55 which is =10 20% > 1 Gyr
~3.5 Gyr old based on its spectral features
» Similarly, we observe large numbers of Lyman-break galaxies at
z=3 — 3.5 which appear to be ~320 Myr old. But note they span o » o
arange of ages ...
+ If#,#4=0.3,0.7 and Hy=70 then t (z=1.5)=9.3 Gyr and
t (z=3)=11.4 Gyr. Sot,>12.8 or 11.7 Gyr.



Age of the universe The Extragalactic Distance Scale

* Observed ages of the oldest objects in the universe

are between 12-15 Gyr old * Why do we care?

+ Expansion age of the universe is 13.46 Gyr old for — Measuring physical size and structure of galaxies,
current best model with a cosmological constant (# ,, luminosities, masses
#4=0.3,0.7 and Hy=70). — Determining large scale structure of the universe

+ Note that these ages did NOT agree ~10 years ago (more later ...)
when the universe appeared to be younger than the — Cosmology — we can determine the Hubble
globular clusters!! Constant using Hubble’s law if we know v & d, this

tells us about the expansion rate of the universe
and the age of the universe

Measuring the Hubble Constant
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v = H,y x d, so if we can measure v & d we

can find H,, sounds easy, right?? Hubble constant vs. time — getting better, but ...
or 7 L

Plot from J. Huchra
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Hubble constant vs. time — what a mess!
Plot from J. Huchra

Distance Ladder

* There are LOTS of different methods, which work over different ranges
of distances
* Absolute/Primary (generally geometric methods)
— Parallax (trigonometric, secular, and statistical)
— The moving cluster method
— Also main sequence fitting to star clusters
— Methods that can be applied to larger distances
» Baade-Wesselink
» Sunyaev-Zel'dovich effect
« Gravitational lens time delays
+ Secondary methods — standard candles
— Reaquire a calibration from an absolute method to local objects
— Measure apparent magnitudes of objects of known luminosity (or absolute
magnitude)
— Cepheids, RR Lyraes, planetary nebula luminosity function, globular cluster
luminosity function, surface brightness fluctuations, Tully-Fisher, D,-% and
Type la Supernovae
— Can find distance from the “distance modulus”
(m—-M)=5log (d)—-5+A, Ais the extinction (important and tricky!)
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Plot from J. Huchra

THE HUBBLE CONSTANT
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The Distance Scale Ladder
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Secondary (& Tertiary) Distance Indicators

Techniques that require local calibration via parallax
and MS fitting

Usually luminous, “standard candles”

There are lots of methods, we will cover some of the
most important:

— Cepheids and RR Lyraes

Planetary Nebula LF, Globular Cluster LF

Tip of the Red Giant Branch

— Surface Brightness Fluctuations

Type la Supernovae

Tully-Fisher and D -%

Primary Distance Indicators

Trigonometric, Secular, and Statistic Parallax

Moving cluster method (proper motions of stellar
clusters of significant angular extent)

Baade-Wesselink Method (physics of pulsating stars,
such as RR Lyraes and Cepehids)

Main sequence fitting to star clusters (open and

globular). Depends on distance to known cluster
(usually Hyades).



