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WMAP and the Oldest Stars

Prescription for a Precise
White Dwarf Cooling Age
of a Globular Cluster

White Dwarfs and Ages
Comparison with WMAP Age
Formation of our Galaxy




¥ * Excessively Brief
"% History of the Universe
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¥ * White Dwarf Models

T T T T
DA WD Cooling Sequences
Masses 0.4 — 1.0M,

WDs are
Good Clocks!

WD Age in Gyr (for 0.6 M)

Models and Data

WD 0.5M; DA Ceoling Curve
Carbon Core | 16
{m \i:ll. 13.12
E(U-1)=1.12Z R=3.8

Richer et al 1997
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"5«'*& Prescription for a Precise

WD) Cooling Age

Main Sequence Models

Main Sequence Mass Function”

WD) Initial-Final Mass Relation:
WD Cooling Models™
Superb Data“




%

log(n(m)

curves: model mass functions

symbols: fit to observations

Pure Carbeon

Crystallisation
begins

Hansen & Liebert 2004

Massive WDs - more
luminous early on -
crystallize first cool
more quickly

Rate cooling
flattens when
molecules form-also
latent heat released

Cooling curves
eventually cross




RICH CLUSTERS IN THE CFHT OPEN STAR CLUSTER SURVEY

anaaesameasssll W D

L Initial-
' Final
Mass
Relation

L B e e

PRI RS S RS

el Ll s L T 1
0 1 2 0 1 2

T T T T T T T T LI B B B S B B

NGC 2168 [ NGC 2323

PSR T IST T S S S R S

LN S B B S S B S S B B e e

0 2 0 2
B-V B-V




]
[
X
a L.
-
=]
o
=
o
Q
=
o,
A
a
=]
=]
]
=]
E .
=
o
=B
]
=
n

Lower is
M4

Upper is
Field

Clean
separation
toV > 29




Richer et al. 2002




#WD Luminosity Functions
¥

*

' Co'rrer.':ted'

Dots = disk

Line = M4
(halo)

M4 LF has
fainter WDs

M4 older than
Galactic disk

¥ * WD Cooling Age of M4

Derived Age

12.7 +/-0.35 Gyr
(1, — statistical
only)

Systematic
errors? To come.



¥ * Ages, Cosmology and
Galaxy Formation

¥

M4 (halo) age
12.7%0.35 Gyr

Disk age
7.5%1.0 Gyr

WMAP Age =
13.7+0.2 Gyr

Hansen et al. 2002

Decoupling 13.7 Gyr

Structure begins forming 13.7 Gyr

First Stars? - reionization 13.5 Gyr
(z=15-20)

Globulars form - 12.7 Gyr (z=6)

The Universe Today




% » Time vs redshift in ACDM

¥

0,=0.27, 0,=0.73, h=0.71

Age=13.7 Gyr
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Some Events in Universe
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¥ * WD Cooling Age of M4

¥

Derived Age

12.7 +/-0.35 Gyr
(1o — statistical
only)

Systematic errors
may add ~1 Gyr
to error

Hook to the blue
diagnostic old H-
rich WDs

Hook never
observed in any
stellar sample

He WDs no hook
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* Stars — Basic Ideas
¥

R ;
td_} mamical — = 40 minutes

For normal stars (Sun) Y free- fall

By contrast |3 =3x10’ years

thermal =

Therefore, normal stars are very close to
hydrostatic equilibrium Ll dP pGM(r )

'ﬁ
Normal stars JHERNEE" mew“
ALEOKTESTE

*‘
¥ Degeneracy Pressure

¥

When matter is compressed, the Uncertainty
Principle QAVANSER] comes into play

2

14

More massive stars are smaller, for 1 solar

LM R =6 x 10°km (Earth)




¥ *Cooling of white dwarfs

¥

3

Heat content of core [Siaie b

Luminosity of the core [y
dt

This leads to

AL o177

White dwarfs cool with time - a clock!

Cooling Rate WDs

He WDs cool
rapidly

H WDs cool slowly
After ~10 Gyr do
not expect to see

He WDs

In field 70% H




¥ ® WD Cooling

Models

T

® Fontaine 2001
©  Salaris 2000
— Hansen 1999
#  Chabrier 2001

0.6 M,
Qu=10"%
Q=107

C/0 core

Hansen & Liebert 2004
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Lyfecv

v " el Gunn-Peterson
N R A, T Y S trough near z-6

[ J0B3643.6540054533 (r=580)

_ E N g Suggests

RN YOy approaching

[ o eoam g reionization z~6 (cf

' : . with WMAP z=15-20)
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Becker et al. 2001




Kalirai et al. 2001

PR FEUTY FTRTE PR

[T T

P B BT B BT BT
L LA (LA A B B B B B B B

Ml PR R BTN EPRT R AP A
L L e B B B B B B B e B
P ST E RSN S BEPUN TS BRI N S

202 48
v-1)

1
L]
o
1]
-
@

-20 2 4 8
-1

wod e ad Lo vl vaag

E 1.8 Gyrs )
PR R |

0 1 2
B-V




