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Fermi energy of degenerate fermion gases

Phase of matter | Particles | __Ep | Ty = Ep/kp[K] |

Liquid 3He atoms 4x10"%eV 4.9

Metal electrons 2—10eV 5 x 10*
White dwarfs  electrons 0.3 MeV 3 x 10°
Nuclear matter nucleons 30 MeV 3 x 1011

Neutron stars  neutrons 300 MeV 3 x 1012
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In the non-relativistic case
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In general = partial degeneracy

Fig.15.5. The solid line gives the distribution
functon (f(p) and p in cgs) for a partially de-
generate electron gas with n, = 10% cm~? and
T =1.9 x 107 K, which corresponds to a degen-
eracy parameter ¢ = 10 (cf. the case of com-
plete degeneracy of Fig.15.2). The dot-dashed
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Table 15.1 Numerical values for Fermi-Dirac fuscrions F, . F; ; (afher MBOUGALL STONER, 1539)
Fi. B (aher MILLERRANDT, 1989)

v PR pi9) Fipl®) Fi¥) A
- =40 Q018179 0.018128 0.036551 QLI0FT98
Ta u atl ono 15 0026620 0026480 008017 0180893
=30 0043781 0.043366 0.098972 0267881
-5 0071720 0.070724 0162540 0450154
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25 5112536 3196558 11986760 51456218
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0.5 10056256 2293862 A0 45675 3595.14883
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1ns 12516076 2624319 54482118 5057.84863
120 13870757 el ] 6155318 590754847
125 153.11861 2965679 &2 GEE7.T637
130 158.41071 314TME TILITI83 9577029
15 18460150 3329308 BELE1653 §216.05127
Huo 20170950 35467 S60.81154 10385 40325
145 219.75028 3702645 106400779 1210339411
150 23874150 3854304 117448436 1378161356
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19.5 45500855 5159313 253600711
200 48437885 5879 27327183
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From nonrelativistic to relativistic degeneracy
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Gravity
_GM ( M )“/“ GM.
g = Rz M., R?

ForaWD withM = 0.4 Mg,g =4 X 107cm s~2

Gravitational Red shift
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O For degenerate gas, Myyp T, Rwp
O For MWD =1 M@, RWD = 0.02 R@

O There is an upper limit to the mass

3/2
hc _
Mimic = | ——=] =2M ue = 1 (for H)
limit GM;/g © = 2 (for He)
Rigorously, =56/26=2.15
5.836
Miimit ¥ —5— Mo M (Fe) = 1.26 M,
e

Weinberg (1972) Mjjmic = 1.2 M, Later value Mjjni = 1.44 Mg

TABLE 8.5. Central Densities, Total Mass, and Radius of Different White Dwarf Models,
Taking ., = 2 (Negligible Hydrogen Concentration).*

logp. M[Mg logR/Rg

Mch Zl.uu Mg needs 539 0.2 ~1.70

603 040  —181

corrections 629 050 ~1.86

656 061  —191

— grov force om nucle, 685 074  —1.96

10 08 2 -2

deg. force on electroms 172 108 =215

- : =k T R U T

= Separation - E ! 883 133  -24l

il cles 920 138  -2.53
o—— nTto nuile =

) 'PNe J 0o 1.44 0o

@ See text for comments (after M. Schwarzschild (Se38b)). From Structure and Evolution
of the Stars ©1958 by Princeton University Press, p. 232.
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FIGURE 8.14. White dwarf Hertzsprung_Russell diagram, Lines of constant radius are

shown. Also shown are the masses based on completely degenerate core models containing
elements having jt, = 2 (after Weidemann (We68)). Reprinted with permission from Annual
Review of Astronomy and Astrophysics, Vol. 6, ©1968 by Annual Reviews, Inc.).

orange crosses. Note the group of blue stragglers beyond the main sequence
turn-off point (Andrievsky 1998). Bottom: gpi vs. gpi — ypi CMD, with the
same symbols as in the top panel. The group of stars near gpj = 18 mag. and
gp1 — yp1 = — 1 mag include white dwarfs known in the cluster (Dobbie et al.
2004, 2006).

L e

THE ASTROPHYSICAL JOURNAL, 784:57 (10pp). 2014 March 20 - ; ; : r :
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Figure 1. PPMXL proper motion veetor poinl diagram of stars oward Pracsepe 5+ T T T T _
Stars within an angular distance of 5 of the cluster ce e analyzed, Only L
stars spatially within the central 27 are displayed here for clarity L o
10F .
Figure 4. Top: J vs. J — K; CMD for all the stars (gray dots), those with angular =) I
distances greater than 3° from the cluster center but with Aye < 9 mas yr—' (small g Lo
black crosses), those within 3” from the cluster center and with Aje < 9 mas yr ! < 15 r ]
(blue open circles), and those within 3° and with A < 4 mas yr~' (blue & L
filled circles). The stars at the very center of the cluster, namely within 30,
and with A < 4 mas yr~' are highly probable members and are marked as 20

-2 0

2
gP| = ¥e [mag]

Wang et al. 2014
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White Dwarf Cooling

OO0 WDs are supported by electron
degeneracy pressure. With no
sustaining energy source (such as
fusion), they continue to cool and fade
=> very faint

O The luminosity of the faintest WDs in a
star cluster € - cooling theory =» age

O The age of the oldest globular cluster
= lower limit of the age of the universe

Hubble Space

Limiting V=30
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White Dwarf Cooling
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Summary

Present theories of the origin of white dwarfs are discussed; it is shown
that all theories imply that there can be no effective energy sources present in a
white dwarf at the time of its birth. The temperature distribution of a
white dwarf is then discussed on the assumption that no energy liberation
occurs within the star, and that it radiates at the expense of the thermal
energy of the heavy particles present. In the resulting picture, a white dwarf
consists of a degenerate core containing the bulk of the mass, surrounded by a
thin, non-degenerate envelope. The energy flow in the core is due to the
large conductivity of the degenerate electrons, while the high opacity of the
outer layer keeps down the luminosity to a low level. Estimates of the ages of
observed white dwarfs are given and interpreted. Finally, it is shown that
white dwarfs may accrete energy sources and yet continue to cool off, provided
the temperature at the time of accretion is not too high; this suggests a
possible model for Sirius B.
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Figure 8.15 White dwarfs in the H-R diagram. Lines of constant radius (mass) are marked
[data from M. A. Sweeney (1976), Astron. & Astrophys., 49].
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Figure 8.14 White dwarf luminosity function: number density of white dwarfs within a
logarithmic luminosity interval corresponding to a factor of 10%° 22 2.5 against luminosity

[data from D. E. Winget et al. (1987), Astrophys. J., 315].
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THE WHITE DWARF COOLING SEQUENCE OF THE GLOBULAR CLUSTER MESSIER 4'
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ABSTRACT

We present the white dwarf sequence of the globular cluster M4, based on a 123 orbit Hubble Space Telescope
exposure, with a limiting magnitude of V'~ 30 and /~ 28. The white dwarf luminosity function rises sharply
for [>25.5, consistent with the behavior expected for a burst population. The white dwarfs of M4 extend to
approximately 2.5 mag fainter than the peak of the local Galactic disk white dwarf luminosity function. This
demonstrates a clear and significant age difference between the Galactic disk and the halo globular cluster M4.
Using the same standard white dwarf models to fit each luminosity function yields ages of 7.3 *= 1.5 Gyr for
the disk and 12.7 + 0.7 Gyr for M4 (2 o statistical errors).
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* The WD envelope is typically thin, ~1% of the total WD

radius.

» DA WD: layer of M, ~10~2 M,,, outside the CO core, then
an outer layer M,~10~* M,

* Anon-DA WD layer of M, ~1072 — 1073 M,
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