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Hydrogen Burning

p-p chain

ppl H'+H' — D’4et+v 1.4 x 10 years in solar interior
D>+ H' — Hel+v 6 sec T ~ 1.4 x 10°
He* + He? — He*+ H'+ H' 108 years p =100 g cm™®

ppll He*+ He* — Be'+7v
Be'+e~ — Li'+v - make Li’, transport out fast
Li"+ H' — He'+ Het

ppIll Be'"+H' — Bi+ny
‘ B8 — Bel+et+v
Beb — 2H¢t
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Fig.31.2. (a) The evolution of the internal structurc of a star of SM of extreme population 1.
The abscissa gives the age after the ignition of hydrogen in units of 107 years; each vertical line
corresponds to a model at a given time. The different layers are characterized by their values of m/M.
“Cloudy” regions indicate convective areas. Heavily hatched regions indicate where the nuclear encrgy
generation (ey or ey.) exceeds 107 erg g~! s~ 1. Regions of variable chemical composition are dotted.
The letters A ... K above the upper abscissa indicate the corresponding points in the evolutionary
track, which is plotted in Fig.31.2 (b). (After KIPPENHAHN et al., 1965)
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FiG. 6. The loganthmm ratio of [Li/Fe] is plotted against B— V for stars with
v sin i<50 km s™. The squares indicate likely subgiants. Luminosity class
II stars are also indicated. Capella A is noted.
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FiG. 4. The logarithmic ratio of [Li/Fe] plotted against B—V for stars wi
v sin i=50 km s™!. The squares indicate likely subgiants; the triangles 2
probably giants. The high upper limits due to the difficulty in measuri
broad weak lines are to be noticed. Also shown are the theoretical evol
tionary curves for the Li abundances for 2.4.%, (dashed curve) and 1.8.7
giants without overshoot (solid line) and with one pressure scale heig
overshoot (dashed dot line) according to data kindly provided by Swens
(1992). The curves were adjusted to match [Li/Fe]=2 for B—V=0.3.
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“ig. 7.1. The radiative equilibrium temperature stratification 7,4 plotted schematically
s a function of depth z (solid line). Also shown are qualitatively the temperature
tratifications for inefficient convective energy transport, T, (dashed line), and for
fficient convection, T, (dotted line). Hydrogen and helium are nearly completely
»nized for temperatures above a line Ti(z) in the T(2) plane as indicated by the long
ashes. (For deeper values with higher P,, larger T are required according to the Saha
quation; see Volume 2.) The intersection of the temperature stratification with this line

hows the lower boundary of the hydrogen convection zone. For more efficient
dnvection the boundary occurs at a deeper layer.
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FiG. 1.—Two-color diagrams for the field stars according to Johnson and Morgan (1953). Fig. 1a, according to J¢
(1966); fig. 1b, according to the Stromgren-Perry catalog (1965); fig. 1c, for the Coma Berenices cluster according to .
Knuckles (1955), for Praesepe according to Johnson (1952), for the Hyades according to Johnson et al. (1962), for
according to Johnson and Mitchell (1958), and for « Per according to Mitchell (1960). A gap or at least a reduced st
obvious for all star groups except for the Pleiades.

The dots in fig. 1c designate those stars which are also contained in fig. 1a or 1b. The crosses are additional stars.
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F1G. 2.—Shows the Aizenmann-Demarque-Miller (1969) diagrams for the field stars and the clusters shown in fig. 1. A uniform
star distribution over color should result in a straight line. A discontinuous shift in color results in a discontinuous shift of the
straight line. These shifts are observed for the field stars, for Coma Bernices, for the Hyades, and possibly for Praesepe. For « Per
the situation is unclear; for the Pleiades the shift is not present.

In fig. 1g, the dots include stars with E(B — V) < 0.20, the circles include stars whose position in the two-color diagrams seems
to require E(B — V) > 0.20.
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Hydrogen Burning

p-p chain
ppl H'+H!' — D)+et+v 1.4 x 1010 years in solar interior
D?4+H' — Hel+4y 6 sec T ~ 1.4 x 10°
Hed 4+ He* — He'+ H'+ H! 10° years p=100 g cm™*

ppll He*+ He! — Be +7v
Be'+e~ — Li'+v  make Li’, transport out fast

L'+ H' — He'+ He?

pplll Be'+ H' — B4y
B8 — Bel+et+v
Be? — 2Het
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Hydrogen Burning Cont.

CNO cycle, ~ 107 K

C?24+H' — NB 44y 109 years
N1 — CB4e*+v 14 min
CB4+H' — NYiy 3 x 10° years
NY L HY — OB 44 3 x 108 years
o1’ — NB et 4+v 82 sec

NB + H' — C?+4+ He 10* years
or

N+ H! — O +4

O6 4 H' — FT4ny

F17 — OYtet+uw

O+ H' — NM 4 Het

triple a process = helium burning

He'+ He' «— Be8

Bel + He* — CY24+2y+76MeV T~ 108K
but He!+ He! «— Be®—95keV
Li problem
L+ H' — He'+ Hed atT~2x100K

Li"+ H' — 2H¢! at T ~ 2.4 x 10° K, i.e., deeper layer
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Convective Energy Transport

nF, = pvc, AT (12)
—— (dT dT \1 :
AT = ( oo dzbu) 5 [ = travel distance (13)

dz dz)vul T T \dz dz
| (14)
with 3= ! (15)
2
£ - ()" 1y
TF, = pc,TQ+\/g-= T372 by (5) (16)

For efficient convective energy transport

V=V (17)
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Virial Theorem

R3.
Ew=Jy 5

from hydrostatic equilibrium equation

r GM,

— /OR 3P4rridr = b P 4mridr

r

rRGM,

Ey = ——/0 -p- drridr = —2Ey,

r

kTn(r)4rridr = /OR gP47r'r2dr

(4)
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Fig. 1.13. The relation between stellar luminosities and stellar masses for binaries with
well determined masses. The different symbols refer to different kinds of binaries. From
Popper (1980).
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Fig. 1.7. The color apparent magnitude diagram for 47 Tucanae. The new
measurements go down to stars as faint as 23rd magnitude, though for the faint stars the
scatter becomes large. The main sequence and the giant and subgiant branches are
surprisingly sharp, showing that there are very few or no binaries in this globular cluster.
The red stub of the horizontal branch is seen at V ~ 14 and B — V ~ 0.8. The asymptotic

giant branch (see Chapter 14) is seen above the horizontal branch. From Hesser el al.
(1987).

A photograph of the globular cluster 47 Tucanae. From Burnham (1978c). |
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Fig. 6.6. Shows schematically the temperature stratification T(z) of the stellar
atmosphere at the surface of the convection zone (thick solid line) and the adiabatic
temperature stratification (thin solid line). The upper boundary of the convection zone
occurs at the depth z, where dT/dz = (d7/dz),q4. A rising bubble may follow the path
indicated by the dashed line. At the upper boundary of the convection zone at z, the
bubble still has AT > 0 and is still being accelerated up to the depth z., for which

AT = 0. Due to its inertia it still continues to move upwards but obtains now AT < 0 and
is braked. It finally comes to rest at a point z4 < z, i.e. much higher than the upper
boundary of the convection zone. Energy exchange reduces the overshoot distance.
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Figure 1 - The HR diagram, Mp,j vs. log Teff, for O-type stars, super-
giants, and less luminous early-type stars in 91 stellar
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Figure 2 - The Mpoy vs. log Tegf diagram for confirmed and suspected
luminous stars in the Large Magellanic Cloud.
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Fig. 15.3. Compares evolutionary tracks of stars with M = 5 Mg and M = 9 M, for the
same chemical composition but with different degrees of mixing during the main
sequence phase. With more mixing (1 = 1 means overshoot by 1 pressure scale height) in
the core of main sequence stars, the luminosity of the giant phase is increased as
compared to no overshoot mixing (4 = 0). The luminosity for the blue loop is further
increased. The solid lines on the right connect the tips of the blue loops for the different
mixing parameters A. The solid line on the left shows the main sequence. From Bertelli,
Bressan and Chiosi (1984). -

BOHM-VITENSE ET AL. ApJ Vo

FiG. 7.—Luminosities at the tips of the blue loops shown as a function
of stellar masses. The different curves are for different evolutionary tracks
assuming different amounts of convective overshoot mixing. The Becker
(1981) models assume no overshoot. The models of Maeder & Meynet
(1988) assume convective overshoot mixing by 0.25 pressure scale height,
and those by Bertelli et al. (1986), who calculate the convective overshoot
mixing for A = I/H = 1, | = mixing length and H = pressure scale height.
Also shown are the positions of V636 Sco and the other Cepheids with blue
main-sequence companions, for which the dynamical masses have been
determined by means of HST observations of their companions ( filled
circles), for S Mus (by B6hm-Vitense et al. 1997a), for V350 Sgr (by Evans
et al. 1997), for U Aql (by Evans et al. 1997b), for Y Car (by B6hm-Vitense
et al. 1997b). The filled square gives the position of the new beat mass for Y
Car. The position of SU Cyg, in a triple system, studied by Evans & Bolton
(1990), is shown by the open circle. The vertical arrows indicate the change
in luminosity if the Cepheid distances are increased by 10%, as suggested
by Feast & Catchpole (1997). ‘ ' L !
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Figure 2. The dip in the Call surface emission line fluxes

at B-V=0.45 is compared with the dip in the Li surface
abundances for the Hyades main eequence stars. The
average A F(B-V) relation is shown by the dashed line.
(The T.g scale according to Bohm-Vitense 1981, is
given at the top.) The branch of the A F dip with
decreasing AF for increasing B-V is shifted to larger
B-V values than for the Li dip, shifting the center of
the A F dip by A B-V=0.01 as compared to the Li
dip, corresponding to a shift in temperature of <90
K. HD27483 is a triple system with a hot WD. The
dot indicates the Wilson measurement for the one star
whose B-V falls within the range of the dip.
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- Fig. 21.1. Circulation in a ro-

tating star.
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Fig. 15.2. During advanced stages of evolution, massive stars with M > 3 M make

several blue loop excursions when new nuclear reactions become possible in their cores.

The luminosities and the extent of the blue loops depend on the chemical composition,

as may be seen from comparing the different panels. The abundances used are given in

the panels. An increased helium abundance increases the luminosities. An increased F.
abundance of heavy element decreases the luminosities and shortens the loops. The J
nearly vertical dashed lines show the Cepheid instability strip (see Chapter 17). Adapted

from Becker, Iben and Tuggle (1977).
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Hydrogen Burning Cont.

CNO cycle, ~ 107 K

C24+H!' — NB4yq 10% years
N1 = CY¥4et+v 14 min
CB4+H' — NMYiy 3 x 10° years
NY L H — OB 44 3 x 10® years
02 — NV pet4+v 82sec

NB L H — C24 Het 10* years
or

NS5 L H — O 4 4 ‘

O® 4+ H' — FY4~

F17 - OV4getsy

OV L H! — NY4 Het

triple a process = helium burning

He*+ He* — Be®

Be® + Het — C24+2y+76MeV T~ 108K
but He'+ He! — Beb — 95 keV
Li problem
LS+ H' — He'+ He® atT~2x10°K

Li"+ H' — 2H at T ~ 2.4 x 109 K, i.e., deeper layer



Table 9.1 Masses and radii for some visual binaries ac-
cording to D. Popper (1980)

Star S, M/Mg R/Rg n”

a CMaA AlYV 2.20 1.68 0.377
a CMi F5IV-V 1.77 2.06 0.287
£ Her A GO1v 1.25 224 0.104
¢ Her B KOV 0.70 0.79 0.104
o Cen G2v 1.14 1.27 . 0.743
y Vir FOoV 1.08 1.35 0.094
nCas A GOV 0.91 0.98 0.172
n Cas B MOV 0.56 0.59 0.172
¢ Boo G8YVY 0.90 0.77 0.148

Fi'ld 5e
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- Convective Instability

Schwarzschild criterion:

V.= (dlnT) < (dlnT
ad

dln P dlnP),ad = Vrad

E = Eyin = %kT, Co=3R,, Cp= gRy, and Y= g

Y
For radiative equilibrium .
dT _ 7Frad 3 Kem dinP 1
dr ~ o 16 T3 dr ~ H,
dlnT _ 3 Kem 5 _ 3 (Tew\* kP
Ve=mmp=" e Be(F)

Reasons for Convective Instability

1) Small V.4 in H and He ionization regions

2) Large V.4 for large F in interiors of massive stars

3) Large increase in « when H starts to liberate electrons to make H~

also k(H) increases

(7)

(8)

(9)

(10)

(11)

, and
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Fig. 10.9. The color magnitude diagram for the nearest population II stars, for which

- trigonometric parallaxes can be measured. The vertical lines indicate error bars. The
solid line shows the main sequence for stars with solar element abundances. When
compared at the same B — V the main sequence for very metal-poor stars appears to be
about two magnitudes below the solar abundance main sequence. When compared at
equal T the difference is smaller, because for a given T the B — V decreases for
metal-deficient stars. From Sandage (1986).
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Radiative Energy Transport

4dB .
(Fr = gzq-_—) with d7 = K dr

If only radiative energy transport

. 3
L x 4rR? - 7F.pq —I—— . d—:l:R2
Kgp dr
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Fig. &1. The color magnitude diagram for nearby stars is shown according t
Johnson and Morgan (1953). For better comparison with the following color
magnitude diagrams we have added an eye-fitted average curve for the main
sequence stars.
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Energy Gain

Hydrogen burning

m(H') = 1.007852 4-m(H') = 4.031408

m(He*) = 4.002603
Am = 0.028805
am 7x107°

Helium burning

-m(He*) = 3-4.002603 = 1.2.007809
m(C'?) = 12.000000  per definition
Am = 0.007809
Am - 6575x 107" 10% of gain

for H burning

(18)
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Fig. 10.7. In the My, T, diagram the main sequence for hydrogen stars (das

is compared with the main sequence for helium stars as calculated by Cox and

The stellar masses in units of solar masses are given at the appropriate points.
circles are from less accurate calculations.) Also shown in the lower right is a
cluster diagram for comparison. From Cox and Salpeter (1964).
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Fig. 10.10. In the My, log Ty diagram main sequences for different metal abundances
Z and helium abundances are shown. A helium abundance Y = 0.30 was assumed for
the lower panel and Y = 0.20 for the upper panel. Stellar masses (in units of the solar
mass) are given at the point of arrival on the main sequence. These points outline the so-
called zero age main sequence (ZAMS). The shift of stellar positions for a given mass to
higher T, and L for increasing Y and decreasing Z is obvious. Note the change in the
T, scale for the different panels. The dotted lines outline the evolution during the

contraction phases (see also chapter 11). From VandenBerg and Bell (1985).
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Consequences of Hydrostatic Equilibrium

Rough estimates

d_P_ GM, . EOCM M M?
dr = P2 R R rR™ R
M2
Po g7
P MRS M

Toc;ocR4M=RocT

4 p3 4 p5
_L_oc%—-%-RQm%.%oc_]\_Jj if K, = const.
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Fig. 5.2. Photographs of the well-known star clusters, the Pleiades (a), and the
Hyades (b), in the constellation of Taurus. (From Burnham 1978.)
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Fig.j‘zér. The color, absolute magnitude diagrams for the Pleiades (a) and
Hyades (b) star clusters are shown according to Arp (1958). A distance modulus
my — My = 5.3 was used for the Pleiades. For the Hyades individual distance
moduli were used, averaging my — My = 3.08. Distance moduli larger by 0.2
magnitudes would be considered more appropriate now.
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Fig. 6.4. In a layer at depth z, half the area is covered by rising bubbles and half by
falling gas. The rising bubbles expand. They cover larger and larger areas. If in the layer
at depth z, their cross-section has expanded by a factor of 2, no areas would be left for
the falling gas. The volume of the rising gas expands by a factor of e over one scale
height. The cross-section expands by a factor of 2 over a distance of about one density
scale height. Most of the upwards traveling gas has to be diverted into the downward

stream over this distance. The characteristic traveling distance / is therefore expected to
be of the order of one scale height.
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Fig. 20.8. In the log L, log T diagram the contraction lines for different masses are
shown, which first follow the Hayashi lines. The dots indicate the positions of
homogeneous stars when they first arrive on the Hayashi line. From Hayashi (1966).
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Fig. 20.9. The observed positions of young T Tauri stars in the Orion region and in the
Taurus Auriga Association are shown in the L, T4 diagram. Also shown are the
Hayashi tracks for stars of different masses as given in the figure. A birth line for stars
seems to be indicated. It is marked by a thick line. Hardly any stars are found on the
cool side of this line. For a 1 M, star a birth luminosity of log L/L~ = 0.9 + 0.1 seems to
be indicated as compared to log L/L = 2.3 estimated on Fig. 20.8. Of course, we do not

know the masses of the observed T Tauri stars, which we would need to know for a

quantitative comparison. The overall shape of the birth line resembles Hayashi’s simple
and rough estimate. From Stahler (1983).
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Jean’s Criterion

Equation of motion at the surface:

d*r GM 1dP . pT
@=TR Ty M PR
d2r 1T3/2 Rg 3/2
- < Mait = 57 | —=
2 = 0 = M> t 9 p1/2 ('LLG) | (2)

For a given mass, T o< p'/3, for equilibrium.
For adiabatic contraction, T o< p?~ 1.

Hydrostatic equilibrium:

dP GM,
ar - )
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Fig. 6.2. In a given layer at depth z, we find gas traveling upwards as well as downwards
with a temperature T, or T, respectively. T is the average temperature :'«n depth z,. For
equal traveling distances Az for the gas the difference T,— Tq=2AT,withAT=T,— T

and also AT = T, — T,. The subscript bu stands for gas bubble. £ y 3
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Fig. 61 Through a column with cross-section o, a stream of gas is flowing upwards
carrying an energy flux o, wF . Through another column with cross-section O 4gas is
flowing back down, carrying an energy flux o gyt F »



