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Thermonuclear Reactions

Eddington in 1920s hypothesized that fusion reactions between
light elements were the energy source of the stars.

Stellar evolution = (con) sequence of nuclear reactions

e Erinetic ® kT, = 8.62 X 1078 T~ keV,

_ ZyZye* 144747,
but ECoulomb barrier = 7 — T[] ~ MeV, 3 orders

higher than the kinetic energy of the particles.

Tunneling effect in QM proposed by Gamow (1928, Z. Physik, 52, 510);
applied to energy source in stars by Atkinson
& Houtermans (1929, Z. Physik, 54, 656)
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George Gamow (1904-1968)
Russian-born physicist, stellar and big bang nucleosynthesis, CMB, DNA,
Mr. Thompkins series

1929 U Copenhagen 1960s U Colorado

H Nuclear potential well
(binding energy)
l=S:_= =4

Figure 4.2 Schematic representation of the Coulomb barrier - the repulsive potential
encountered by a nucleus in motion relative to another — and the short-range negative
potential well that is due to the nuclear force. The height of the barrier and the depth of
the well depend on the nuclear charge (atomic number).
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Figure 3.4 Illustration of the polential seen by particle b when approaching particle A with a
kinelic energy E,;,, and the corresponding wavefunction W; classically, particle b would reach only
a distance r, from particle A before being repelled by the Coulomb force

Cross section for nuclear reactions (penetrating probability)

16 e—T[ZlZZBZ/E()hV

This 72asv /2

Velocity probability distribution (Maxwellian)

2
x e~mv /2kT

This Nvasv /

~. Product of these 2 factors = Gamow peak
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Fig. 46 The dominant energy-dependent factors in thermonuclear reac-
tions. Most of the reactions occur in ;I:[g high-energy tail of the max-
wellian energy distribution, which_introduces the rapidly falling factor
exp (—E/kT). Penetration through the lomb barrier i i the
factor exp (—bE-1), which vanishes strongly at low energy. Their
product is a fairly sharp peak near an energy designated by E,, which is
generally much larger than kT. The peak is pushed out to this energy by
the penetration factor, and it is therefore commonly called the Gamow
peak in honor of the physicist who first studied the penctration through

the coulomb barrier. = Clayton
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Fig. 47 The Gamow peak for the reaction C'*(p,y)N#3at T = 30 X 10* °K
The curve is acfuﬂ_‘y somewhat asymmetric about E,, but it is nonetheless
adequately approximated by a gaussian,
Clayton 4




NuReactions

Resonance = very sharp peak in the reaction rate
=» ‘ignition’ of a nuclear reaction

Resonance reactions
Energy of interacting
So there exists a narrow range of particles ~ Energy level
temperature in which the reaction rate 11 of compound nucleus

- a power law
—> an ignition (threshold) temperature

For a thermonuclear reaction or a nucleosynthesis
(fusion) process, the reaction rate is expressed as

q [energy released per mass] < p™ T™

vt

Collision — O

P

A two-body encounter,

[# of collisions] = [total # of particles in the (moving) volume],
so N =n (ovt)

v’ # of collisions per unit time = ¥/, = nov

v Time between 2 consecutive collisions, mean free time (N=1),
tecol = 1/ nov

v' Mean free path £ = vt.,;=1/no

10
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Nuclear reaction rate

1/3
v 115 X nyn, (oV) X nyn, exp [—C (Z;ZZ) [cm™3s71]
6

VAST 7,1 7/
v Major reactions are those with smallest Z,Z,

v’ n; is the particle volume number density, n;m; = pX;, where
X; is the mass fraction

v q12 < Q p X1 Xo/mym, [erg g~ ts™1]
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Nuclear Fission
(e.g., power planets)
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Star

logo L/L,

Brown dwarf

Planet

log,, Agelyr)

Fig. 7—Evolution of the lumi

ity (in L.} of sol v M dwarfs and substellar objects vs. time (in yr) after formation. The stars, * brown
dwarfs” and “ planets™ are shown as solid, dashed, and dot-dashed curves, respectively. In this figure, we arbitrarily designate as *brown dwarfs ™ those
objects that burn deuterium, while we designate those that do not as “planets.” The masses (in M) fabel most of the curves, with the lowest three
corresponding to the mass of Saturn, half the mass of Jupiter, and the mass of Jupiter.

Burrows "
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Stars M /Mg > 0.08, core H fusion
Spectral types O, B, A, F, G, K, M

Brown 0.065 > M /Mg > 0.013, core D fusion
Dwarfs 0.080 > M /Mg > 0.065, core Li fusion
Spectral types M6.5-9, L, T, Y

Electron degenerate core
v10gem 3 < p. < 103gcm™3
vT,<3x10°K

Planets M /Mg < 0.013, no fusion ever
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THE MASS-RADIUS RELATION FOR COLD SPHERES OF LOW MASS*
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ABSTRACT

The relationship between mass and radius for zero-temperature spheres is determined for each of a
number of chemical elements by using a previously derived equation of state and numerical integration.
The maximum radius of a cold sphere is thus found as a function of chemical composition, and a semi-

empirical formula for the mass-radius curve is derived. 1
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F16. 1.—Mass-radius plot for homogeneous spheres of various chemical compositions. The points J,

S, U, N are the observed values for the Jovian planets,
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Figure 12.4 Mass-radius relation for low-mass objects (following H. S. Zapolsky &

E.E. Salpeter, Astrophys. J. 158). Different curves correspond to different compositions, as

indicated. The locations of several planets — Earth, Jupiter, Saturn, Uranus and Neptune

are marked by the planets”™ symbols. Also marked are the locations of two white dwarfs,

Sirius B (§) and 40 Eridani B (€) (data from D. Koester (1987), Astrophys. J., 322),

Brown dwarfs and very low-
mass stars ... partial Pg,,

White dwarfs
~ completely degenerate,
RNas M/

_ Terrestrial planets
] R 7 as M7 €& complicated EoSs

Mass-radius relation

max @ M]upiter ~

(1/1000) Mg,
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- Mgc? = 2 x 10°* ergs
meer?uw‘ burning 1 amu = 931 Mev/c?
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The lower the mass density,
the more the Dabundant
=» Das a sensitive tracer of
the density of the early
Universe

n+p — D + y (production of D)
D+ D — *He+ y (destruction) > faster‘JL

Before the Big Bang nucleosynthesis, there were
plenty of neutrons, but much less abundant than
protons, so all neutrons go into making *He

4 - n/2 _ 2n
> "He = (n+p)/4 - n+p

Current value n/p ~ 0.12, so *He =~ 2/9, as observed
today.

20
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D/H

e 156 ppm ... Terrestrial seawater (1.56 x 10™%)
e 22~26 ppm ... Jupiter

e 17 ppm ... Saturn

55 ppm ... Uranus

e 200 ppm ... Halley’s Comet
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hydrogen into helium.

Fig. 5-1 The path on the H-R diagram of the contraction of the sun to
The interior has become sufficiently hot to burn
deuterium after about 10® years. The contraction ceases near the main
sequence when the core has become hot enough to replenish the solar
luminosity with the thermonuclear power generated by the fusion of
After D. Ezer and A. G. W. Cameron, The Con-
traction Phase of Stellar Evolution, in R. F. Stein and A. G. W. Cameron
(eds.), “‘Stellar Evolution,” Plenum Press, New York, 1966.]
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THE BIRTHLINE FOR LOW-MASS STARS

STEVEN W, STAHLER
Harvard-Smithsonian Center for hysics, Cambridge, Massach
Recetved 1983 January 19, accepred 1983 May 4

ABSTRACT

Using the results of protostar theory, I find the locus in the Hertzsprung-Russell diagram where
pre—main-sequence stars of subsolar mass should begin their quasi-static contraction phase and first
appear as visible objects. This “birthline” is in striking agreement with observations of T Taun stars,
providing a strong confirmation of the fact that these stars are indeed contracting along Hayashi
tracks. The assumption that most T Tauri stars first appear along this line forces a recalibration of
their ages. This recalibration removes the puzzling dip in present-day star formation seen in age
histograms of several cloud complexes. Since the underlying protostar calculation assumes that the
parent cloud was only thermally supported prior to its collapse, the observed location of the birthline
places severe restrictions on the degree of extrathermal support provided by rotation, magnetic fields,
or turbulence. In addition, the hypothesis that the collapse from thermally supported clouds to
low-mass stars proceeds through protostellar disks appears untenable, since the disk accretion
process almost inly prod pre-main-seq stars with radii well below the observed
birthline.

Protostars are heavily embedded in clouds, so

obscured, with no definition of 74

Birthline=beginning of PMS; star becomes
optically visible = deuterium main sequence

log,,(L/Lg)

Luminosity

TAURUS -AURIGA

- 1 1 1 1
¢ 4.0 3.8

Effective Temperature

1
3.6 3.4
109,0{ Tett)

Stahler (1983, 1988),
Palla & Stahler (1890)
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Figure 4 Hertzsprung-Russell diagrams from Cohen & Kuhi (1979) showing theoretical
pre-main-sequence contraction tracks and T Tauri stars in the Taurus-Auriga and Orion
cloud complexes. The heavy solid curve is the theoretical “birthline” of Stahler (1983).
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Presence of Li [ A6707 absorption = stellar youth
e CalA6718 prominent in late-type stars

—

2.0 T T T
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Figure 16.9 Lithium absorption in a pre-main-sequence star. Shown is a portion of the optical
spectrum of BP Tau, a T Tauri star of spectral type K7, corresponding to an effective tempera-
ture of 4000 K. Also shown, for comparison, is a main-sequence star of the same spectral type,
61 Cyg B. Only in the first star do we see the Li I absorption line at 6708 A. Both objects also
have a strong line due to neutral calcium.

Stahler & Pall%

M > 1.2 M_sun - shallow convection = surface Li
does not deplete during contraction

For protostars with
T. > 3 x 10°K, the central
lithium is readily destroyed.

Stars = 0.9 M become
radiative at the core, so Li
not fully depleted.

Li abundance - age clock

Stahler & Pallg
28
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Older - depletion at higher T«

o Plaides 1% 105y

Stahler & Pallg9

A hyatm'?w geo — Prbfm- preten chaing

b H —_ u}/( un(:'ke!), => a chan r
reacsions

baryom §, Pepten i, ohavu a/f eamy erveo(_

+ +
4 +
P P = 2 D ¢ B 3 ¥ Ciung 0.420 MeV to the positron and
C 1y Mev yr) neutrino; position and electron (each
0.511 MeV rest energy) annihilate
0,26 Me\
D 5 P i ’H( + ‘) ( &S > tscape oA => 1.442 MeV

He + 3
‘ Ve =~ & N a2 P ¢t ... but the nucleus of
Migg - cimnd PPy :' > deuterium, a deuteron,
-_— c 7 o
et tp o, He 4 e consists of a proton

and a neutron!

30
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v p+p— *He (unstable)> p +p

v Hans Bethe (1939) realized that the weak
interaction was capable of converting a
proton to a neutron (!) first

v' Weak interaction = very small cross section

v The neutron is more massive, so this
requires energy, i.e., it is an endothermic
process, but neutron 4+ proton
—> deuteron (releasing binding energy, so
exothermic)

31

4 ’Jgit--—-)’l;'f
7

L}y +Po 2 ‘”i
P/O _‘? ".‘,"tﬂ.;'n_

All 3 branches 9 4
L’»"PGTﬁ*? Sfmuffanpmg.-"y. Be + P = ’a -+ ‘)'

B8, ve%s 0

‘31 = 2 ';V&
PP I chain

32
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The proton-proton chain

H+1'H — 2D+ et + 4,
°D + 'H — “He + 4

(1.44 MeV, 1.4 x 10" y1)
(5.49 MeV, 6 s)

pp I chain

‘He + *He — "He + 'H + 'H  (12.85 MeV, 10° yr)
Note: net 6 'H — ‘He + 2 'H

pp 1I chain

3He + ‘He — "Be + 7
Be + e~ — TLi+ v,
Li+ 'H— *He + 'He
pp 111 chain

3He + ‘He — "Be + 4
"Be + 'H = 5B + ~
B+ — "Be+e" +
SBe — “He + *He

pp | important when
T.> 5% 10°K

Qrotar = 1.44 X 2 +5.49 x 2
+12.85 = 27.7 MeV
Qnet =27.7-0.26 X 2 = 26.2 MeV

The baryon number, lepton number, and
charges are all conserved.

All 3 branches operate simultaneously.

pp lis responsible for > 90% stellar luminosity

35

Exercise

Assuming that the solar luminosity if provided by 4 *H — *He,
liberating 26.73 MeV, and that the neutrinos carry off about 2% of
the total energy. Estimate how many neutrinos are produced each
second from the sun!? What is the solar neutrino flux at the earth?
(How many neutrinos pass through your body per second?)

36
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Solution

2% is carvied away by neutrinos, so the actual energy produced for
radiation
E = (0.98 x 26.731 MeV) X 1.6 X 10712 erg/eV

Each alpha particle produced > 2 neutrinos, so with
Lo = 3.846 x 1033 ergs/s, the neutrino production rate is 2 x 1038 v/s, and
the flux at earth (s 2 x 1038 /4w (1 AU)? ~ 6.6 x 101° v cm™2s7!

37

The thermonuclear reaction rate,
Top = 3.09 X 10737 n3 T, *Pexp (-33.817, %)

(1 + 0.0123 T3 4+ 0.0109 T> + 0.0009 Tg) [cm™3s71],
where the factor 3.09 X 10737 n2 = 11.05 x 10 p?Xj

Gpp = 238 X 108 p X3 T, /% exp (-33.81 7, /?)

(1 + 0.0123 T3 4+ 0.0109 T> + 0.0009 Ty) [ergg~'s™!]
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PP1 vs PPI
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: . £ i
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gPPﬂ"o T ., mRel-f n~6forT~=5 X 10°K

n~38forT ~ 15 x 10° K (Sun)
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@” ~2£.73 Mel/ x654MeV per proton

39

Among all fusion processes, the p-p
% A e W chain has the lower temperature
® - Y threshold, and the weakest
= @ temperature d d
iR ya perature dependence.
“Ha e - ‘\.r_.
- eyre vy
@, /m"".
.% Qpp = (Myp — Mpy,) c?
0\ o = 26.73 MeV
. But some energy (up to a few MeV)
i k is carried away by neutrinos.
i ly /. "
¥ i ’u\
H® ®®

Figure 4.3 The nuclear reactions of the p=p.1 1L, and 11 chains.

40
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CNO C?Cle CONOQ an “h’y’f‘

.
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( bi-eyele)

Recognized by Bethe and
e i independently by von
Weizsacker

CN cycle more significant LY b

NO cycle efficient only a “\N

whenT > 20 x 10° K / \Tﬂ@ : CN cycle + NO cycle
Lt i '.\\J

: Cycle can start from any
[f‘...' reaction as long as the

54 w involved isotope is present.
J {I’/ Yo

s Bpo ~ 25 MoV

®: net after that carried away
.nu. ——— by the neutrinos

’
Figure 4.4 The nuclear reactions of the CNO bi-cycle. “® ~ {07
= uH->“He Bewe 4

|62 SUBBAOHR

T E R QMY (. Meyy  BENa<o>
Cemmol 571y

1 'H(p.e*w'H 1.442 0. 265 1.26X10°*
2 'H(p,y)'He 5,494 1.85X107%
3 'He(’He,2p)* He 12. 860 2.29X107%
4 'Hela,y)'Be 1. 588 167107
5 "Be(e™ »0)'Li 0. 862 0.862 *4,59X10°s
6 "Li(p,y)*Be(a)*He 17,345 3.21X107"
7 "Be(p,1)'B 0.137 1.38x1071
8 'Ble'v)'Be(a)He 18,072 6.710 10.77s
9 "C(p,"N 1.944 1.26X 1071
10 “N(e*wC 2.221 * 8708
11 BCpp"N 7,551 4.59x10°"
12 “N(p,»"0 7.297 1.30x10°"
13 %0’ W*N 2,754 0.9965 “178s
4 “N(p,"C 4. 966 3.62x10°%
15 “N(p,»*0 12,128 2,76X107%
16 *OGp,"F 0, 600 2.51X107"
17 "Fe*w"0O 2.762 0.9994 * 955
18 "O(p."N 1191 4.07X10°1
19 "O(p."F 5. 607 3.05X10710
20 WF(e*W)"0 1. 655 0. 3965 1678
21 "O(p,"N 3,980 7.63X107"
22 "Olp, " F 7.994 8.43X1071
23 "F(p,e)*O 8.114 6,25X107"
- PO R RN,

(4 Caughlan and Fowler, 1988, Harris, et al. 1983, Fowler, et al. ,1975; 34
AR YAR RN T ¥ B FET , R Fuller, et al , 1980, 1982, 1985, Clayton,
1968). P (MO MU T 0808, p—p B4 09 S 0ELE Y 1 107K, CNO 3R89
MY 2. 5X 10K .

Huang 42
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to [ .

At the center of the Sun,
qCNO/qpp ~ 0.1

CNO dominates in stars

> 1.2 M,, i.e., of a spectral
type F7 or earlier

—> large energy outflux

' ! L ' =» a convective core

+5

log €

65 70 75 80
log T
Fig. 10.1. Nuclear energy generation as a function of ThlS Separates the lower and
temperature (with pX?=100 and XCN=O.005X f;)r the
proton-proton reaction and the carbon Cycle, but p?Y* = 10*
for the triple-alpha process). upper MS

Schwarzschild

CN cycle takes over the PP chains near T,=18.
Helium burning starts ~108 K. -

The Solar Standard Model (SSM)

Best structural and evolutionary model to reproduce the
observational properties of the Sun

Lo =3.842 x 1033 [ergs/s]

Ry =6.9599 x 101° [cm]

M, =1.9891 x 1033 [gm]

Spectroscopic observations 2 Z/X =0.0245
(latest value seems to indicate Z, = 0.013)

Neglecting rotation, magnetic fields, and mass loss
(dM/dt~ 10~1* M, /yr)

Sun Fact Sheet
http://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html y
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Chap 4

A He Gas — the triple-alpha process He-burning ignites at Tc ~ 108 K

The lifetime of *Be is 2.6 x 107'% s but is still
longer than the mean-free time between a particles at T
(Edwin Salpeter, 1952)
*Be + ‘He — "C +~v (7.4 MeV) €& bottleneck

Note: net 3 ‘He — 2C

He + He — "Be (=95 keV, i.e., endothermic)

7 '.'.._‘ “ ”
Q,, = 7278 MeV 3 M= "c

. b—y § ‘i‘\Hr\:-'-"’jr‘,"'J ~ 0,1 B H =5 He = = o
‘g ~~ . T ¥e ' bettheneck = 2 i

Nucleosynthesis during helium burning

Cu(d_ ) o't Q=7.1b2 MeV
O'b (o, V) N’i’ A succession of (a,y) processes
> 1%0,%2%Ne, **Mg ... (the a-process)

A carben/exygen Gao

ia - 2 2
c+ C BC4 2 :Ms +y  Yo4leg_ Mgy, “0 ¢+ mO
. —+“Mg+n — g4 n P
Tz Exw'kK ::;. £ ~ B4y T 2%
— — PN 4 o ~+[Fsilt o T
— 16 Ty A el
0 + 2 e Mg 4.2 Qoo ~ 16 Mel

Qee ~ 13 MeV

C-burning ignites when Tc ~ (0.3-1.2) X 10° K, ,_é B
i.e., for stars 15-30 M, i =
O-burning ignites when Tc ~ (1.5-2.6) X 10° K,
i.e., for stars > 15-30 M

The pand a particles produced are captured
immediately (because of the low Coulomb
barriers) by heavy elements

> isotopes O burning = Si

46
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Qpp = 2.4 X 106 p X% Tg%/3 exp[-33.8 T, /3] [ergg ts71]

qo pX5 T*

Gen =8 x 1077 p X Xcy Te */? exp[—152.3 Tg /3] [ergg™ts™!]

X
ZEN — 0.02 ok for Pop I

q o pXpyXcy T <

Gzq = 3.9 X 10" p2X, 3 Ty exp[—42.9 T ] [ergg™ts™1]
~ 44 x 1078 p2X, 3 Te*® [ergg™ts™1] (ifTg~ 1)

Clay}pn

Chap 4

Does 2585: foltons +ha pane scenarie ?

cC+C &x:c’ﬁ:
28g; 4 289; = Fopg 7 ote st

,A)b o' Coulomb barrier beoowws axtrem/y M) ancther

NUuelear reaction takes Place

% A
" o~
L3

o <’

- ° Photoionization
a
EM binding foree
Likee 3@
h» o
— Photodisintegration
o <.

nuefewo
Nuel eon binding 'ﬁrct

48
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For example, '°0 + a < *°Ne + y

IfT < 10°K —

butif T > 1.5 x 10° K (in radiation field) «

So %8Si disintegrates at = 3 x 10° K to lighter elements

(then recaptured ...)

Until a nuclear statistical equilibrium is reached

But the equilibrium is not exact

- pileup of the iron group nuclei (Fe, Co, Ni)
which can resist photodisintegration until 7 x 10° K

49

Nuclear Fuel | Process Tihreshold
(10°K)
H p-p

~4
H CNO 15
He 3a 100
C C+C 600
0 0+0 1,000
Si Nuc. Equil. 3,000

He

He

GO

O, Ne, Na, Mg
Mg, S, B, Si
Co, Fe, Ni

nucleon (MeV)
6.55
6.25
0.61
0.54
~0.3

<0.18

From Prialnik Table 4.1
50
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>°Fe + 100 MeV — 13 *He + 4n

If T 111, even *He » p* + n°

So stellar interior has to be between a few T
and a few T,

Lesson: Nuclear reaction that absorb energy from
ambient radiation field (in stellar interior) can lead to
catastrophic consequences.

51

Alternative Energy --- Accretion Energy

[

]{['Ccrif'-‘i‘r\ énlr!y

L = ——Cz-ﬁ M
R
‘ _ 26M
n terms ‘Z vhe Sc,Aara.scA-‘/d rool W /?5 - Cz

Rs AL
= [ = [:R—] ke
A ———
( 5 4\ " 0 }
¢f{:enl~")’,‘ A e O B

. ) 2 i vela
Atcrefim P Ivu’ﬁ/y lff.c.‘uz mmte a oompacd oo)cvr
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o = F I
) e hemical react. owe QYP.‘:oHy L L
j r 5 A =1/
2.9, Ma dissecialion , O~ b il eV
W.HE e '3 -1 -7
~ to 279 [ ] w10 aoff,

—

ZMP
- s ’_A-
For wnuclaar yeect oo iyf:u”y ~ O f(w 1€

- oas N/
[ M&V

04, HH=> He , &~
9 -! -4
THeV 10 "arg g > 10 <ff,

mp

For acerefion process X~ IDHMQ—{

i " -
Ex. o wnewtrmn ifar R"'lfkml..l:,\,m,

’ LI e " a Y on
g ann FT:4R = Cneray Aftrphagore
J Y,
53

Time Scales

Different physical processes inside a star,

e.g., nuclear reactions (changing chemical composition) are
slow (longer time scales); structural adjustments (dP/dt)
take places on relatively shorter time scales.

v Dynamical timescale
v Thermal timescale

v" Nuclear timescale

v Diffusion timescale

54
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Dynamical Timescale

. . perturbation . adjustment . L
hydrostatic equilibrium ———— motion ——— hydrostatic equilibrium

Free-fall collapse

Equation of motion # = — G—A;IT _lar
r o dr
) - GM 1 dP
Near the star’s surfacer = R,M, = M,soR = —— — - —
R 0 dR
. .. G
Free-fall means pressure « gravity,soR = — R—IZW
Assuming a constant acceleration R = —(ié/Z) szf, SO
. | ) 1/2
Ter = (ZRS/GM) /2 =ﬁz 0.04 (TO) [d]
(gnGﬁ) p 55

Stellar Pulsation

The star pulsates about the equilibrium configuration
—> same as dynamical timescale —
Y Tpul X 1/\/;

Propagation of Sound Speed (pressure wave)

Pressure induced perturbation,
2_ R_GM 1dP _1dP _1P
R/tis = —

— — —_—— N

A R S —

2 RZ "0dR o0dR OoR

s0 = ~ \/g ~ ¢, (sound speed) o« /T (for ideal gas) @ Ts ¥ .

Tff

15 3
In general, 74y = 25 ~ 1'6:;1170 [s] = 1000 (%) (%) [S]
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Thermal Timescale
Kelvin-Helmholtz timescale (radiation by gravitational
contraction)
1 1
Etotal = Egrav + Ethermal = > Egray = —; @ GM?/R

This amount of energy is radiated away at a rate Z, so timescale
Ty =~ = ~a GM?/RL
= 2 %X 107 M?/RL [yr] in solar units

fir = 2107 (1) (59) (2) [

©

57

M=1MgR=1pc M=1MgR=1Rg
Tayn =~ 1.6 X 107 yr Tayn =~ 1.6 X 10% s = 30 min
Tther ~ 1 yr Tther ~ 3 x 107 yr

58
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Nuclear Timescale
Time taken to radiate at a rate of Z on nuclear energy
41'H - *He (Q = 6.3 x 10'8erg/g)

E
Toue = % = 6.3 x 1018 —

Thue ~ 10 (515 (%2) [yr]

From the discussion above, 7y » Ty > Tgyn

59

Main-Sequence Lifetime of the Sun

Energy Gained in a PP Chain

M@ ~ 2 x 1033 [g]
Lo = 4 x 1033 [ergs/s]

* 4H - 1 He + neutrinos + energy
Mass of 4 H =6.693 x 102" kg
— Mass of 1 He = 6.645 x 10?7 kg
Mass deficit = 0.048 X 10™%” kg = 0.7% Fusion efficiency

Nuclear Stellar
\ =4
0.007)(0.1) c?
~ ( Q@D ™ _ = 3.15 x 107 [s] = 10%° [yr]
Lo
Given Lys/Lg = (M/M@)4 - M5~ 1010 (M@/M)3 [yr]

@

60
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Diffusion Timescale

Time taken for photons to randomly walk out from the stellar
interior to eventual radiation from the surface
1 - o rn
= £ > (“classical” radius of the electron)
4TTEG MeC

8 _ . .
OThomson = ?nrez = 6.6525 X 10722 [m?] for interactions

with photon energy hv << m,c? (electron rest energy)

Thus, mean free path £ = 1/(orn,), where for complete
ionization of a hydrogen gas, n, = M/(mpR3).
So, ¥ = mpR3/aTM = 4 [mm] for the mean density.
At the core, it is 100 times shorter.
14if & 10* [yr] (Exercise: Show this.)

Te

For an isotropic gas

1 [ee}
P==3 [y pvynp) dp

- p and v,,: relativistic case
- n(p): particle type & quantum statistics

For a photon gas, p = hv/c, so
Proq =§ fooohvn(v) dv==+u= gi aT*,

3
a = 7.565 x 10'° ergs cm™3 K™*

62
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Radiation Pressure

Piotal = Pradiation T Faas
Since Pp,g~ T*~ M*/R*
But P, ~ M2 /R*
> Praa/Prot ~ M?

So the more massive of a star, the higher relative
contribution by radiation pressure (and y decreases to 4/3.)

63

When P,,4 dominates
F —d Prag/dr _ 4ac _,dT L

= T3 =
Kp 3 dr  4mr?
dPrag kp L
dr c 4mnr?

On the other hand, by definition

dPeot Gm
dr P r2
dPrad _ KL

dPt  4mcGm

64
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Toward the outer layers, both Fy,s N and Prag N, 80 Prop N,

and dP; s > dP,,q. This leads to
kL < 4mcGm

At the surface, m = M, P = 0, it is always radiative, so

atcGM | This is the Eddington luminosity limit

L< - = Maximum luminosity of a celestial object
in balance between the radiation and
Numerically, gravitational force.

LEdd/LG) = 3.27 X 104 HUe M/M@

For X-ray luminosity, scattered by electrons in an optically
thin gas, Ly < 1038 erg sec™?!

65

Eddington limit is the upper limit on the luminosity of an

object of mass M, L < <4n6mp) M

or

= Lggq = 10%° M/MQ [ergs™]

For 1 M@, LEdd ~ 5 X 104L®, Mbol =-7.0
For 40 M@, Mbol =—-11.0

Eta Carina, L ~ 5 X 10°Lg, Mpo = —11.6, M ~ 120 Mg

66
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NGC 3372
. @=10:451, b'="-59: 52 (]2000)
B I8T b= 08

NuReactions

L jcn:rnj. .

Gutsudl-' ty o yiolated
Leaa com be exceeded f
o

Aul’ﬂ"“j

monuciean
@® L 77 2.q., Tntense e

’

® H”,M- H n He

o o’ f{,,wd heat 'frw-‘slr MJO“\OI'ju\
nee a
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Comparison of 1, 5, and
25 M, stars

log (L/Lg)

T T T T T T L L T Ty -10.0
Core Collapse, Supernova ||
He—C+0 AR -
ciC -
51~ How He o
25M,, Thermal Pulses
., ToWnite Dwarf (0.85Mg) Bagin
2 v
T . PN
4 AGB Ejection
e ToWhite Dwart (0.6M,) -{-5.0
I = Thermal
He=+=C+0, Pulses
Fluorescence of . [*Begin
| Surrounding PN
Begins Here H-+He Core  —{-25
5M, e Helium
@ First Dredge-Up Begins Flash
AGB
2 40
Horizontal Branch
Low Z Stars He==C+0
1+ 25
RGB
H=+He
Frist
Dredge-Up  — 3.0
1M, Begins
— - L 1 L I L I T
46 4.4 42 4.0 <X 36 34
Log T,
Evolutionary tracks of theoretical model stars in the HR diagram (Iben, 1985)
69
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