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Stellar Structure Free Good overall introduction to
O.R. X . stellar evolution at the upper
ASTRONOMY 220C Pols Galhicie s (altemladl) division undergraduate level.
ADVANCED STAGES OF STELLAR EVOLUTION . Stellar Structure Free
Collins nd Evoluti (on line) Web based graduate level text
AND NUCLEOSYNTHESIS and svotution
. Kippenhahn and Stellar Structure $88.67 Great “introductory” textbook
Wllltel', 2019 Weigert and Evolution (hardcover) (more for 220A though)
Excellent recent (2017) book on just
http://www.ucolick.org/~woosley Branch and Supernova $109.81 the supernova par of the course.
Wheeler Explosions : Expensive. Can be “rented” for half
price.
L ) A classic. Great on nuclear physics
Don P lgi’;i{;jj;e:m $<40.85 and basic stellar physics. Good on
Clayton Nucl ! thesi (paperback)  the s-process, but quite dated
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The life of any star is a continual struggle between
Lecture 1 the force of gravity, seeking to reduce the star to a point,
and pressure, which holds it up. A balance is maintained.

[ ] "#$"%#& So long as they remain non-degenerate and have not

- encountered the any instabilities, overheating leads to
expansion and cooling. Cooling, on the other hand, leads
to contraction and heating. Hence stars are stable.

.% (#)*+ ’ -# . /) '# (O#$ ’ 12$#34#5 . %16 The Virial Theorem works.

*+ 9 '%57 /)8$%1%+ y ')9 g = # But, since ideal gas pressure depends on temperature, stars
must remain hot. By being hot, they are compelled to radiate.
In order to replenish the energy lost to radiation, stars must
either contract or obtain energy from nuclear reactions. Since
nuclear reactions change their composition, stars must evolve.



The Virial Theorem implies that if a star (with constant
density in this example) is neither too degenerate nor too relativistic
(radiation or pair dominated)
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That is as stars of ideal gas contract, they get hotter and since

a given fuel (H, He, C etc) burns at about the same temperature,
more massive stars will burn their fuels at lower density, i.e.,
higher entropy. P o< M?T?

Burning Processes

(e.g., 20 solar masses)

Fuel Main Secondary Temp Time
Product Products (10° K) (yr)

He “N 0.02 107

H
He 'y C.0 180) 2Ne 0.2 106
// s- process

C Ne, Mg Na 0.8 103
Ne / 0, Mg AL P 1.5 3
0 / Si, S Cl, Ar 2.0 0.8
/ K, Ca
Si Fe Ti, V, Cr 3.5 1 week
Mn, Co, Ni

log Central T [K]

Central Conditions

T at death the
iron cores of
massive stars
-] are somewhat
-{ degenerate

log Central Density [g/cm**3]
That is, as a star of given mass evolves, its central temperature
rises roughly as the cube root of its central density

More generally for helium cores of constant M, s =10-25M
mass, 2.2, 2.8, 3.0, 3.3, 6 and 8 My (Nomoto and Hashimoto 1988)
T T T 1 T L T T
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It turns out that My =35 Mg will just brush the e+e- pair instability



These instabilities (cross hatched lines) have
dramatic consequences for the star:

¢ Pair instability can lead to pulsations (pulsational pair-
instability supernovae), explosion (pair-instability
supernovae), or collapse to a black hole

® Electron capture can rob the core of pressure support
and cause collapse to a neutron star — resulting in a
supernova)

® Photodisintegration can also cause collapse to a
neutron star or black hole and make a supernova

There are critical masses for all these occurrences

What kind of supernova you see depends on the
properties of the star (and its surroundings) in which
these instabilities operate

® White dwarf — explosion shatters the star, but by the
time the debris expand enough to let the light out
the initial explosion energy has been degraded to
essentially nothing. Entirely a radioactive display

® Giant star — enough energy is retained (1%) that when
the supernova expands and releases it (100 AU), the
supernova stays bright for months

® Wolf-Rayet star — like a white dwarf, the display is chiefly

radioactive with perhaps some early activity from the
explosion, but the explosion mechanism is collapse.

® Magnetar, circumstellar interaction, and pair instability
for special cases

Supernovae are powered by one of two sources:

swong  © Thermonuclear - white dwarf explosions and
Jorce pair instability

® Gravitational collapse — aka “core collapse” -
aaviyme A fraction of the binding energy of the neutron star
weakestioree or black hole transported by neutrinos or rotation
and magnetic fields

Similarly the light curve and spectrum depend on

the properties of the star that blew up, especially whether
it had a hydrogen envelope or not. Obviously white dwarfs
and Wolf-Rayet stars will not make Type Il supernovae.
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During the evolution of a massive star its constituent nuclei are subject to a vast array of
nuclear reactions involving, protons, neutrons, alpha-particles, photons, electrons,
positrons, and neutrinos. The KEPLER nuclear data deck for stellar nucleosynthesis studies
Includes 5442 nuclei and 105,000 reactions (plus their inverses). Most (non-r-process)
studies use about 1/3 of this.



STELLAR PHYSICS

The evolution of stars, supernovae, and explosive transients is
governed by gravity, thermodynamics, and hydrodynamics as
embodied in two equations (Landau and Lifshitz 1959) —

plus many subsidiary conditions — opacity, mixing, transport rotation, etc

;‘gﬁ;g{um Z_lt’ = —4mr? % — Gr_’zn 477”’%, Euler equation
dE a 2 4 v aL
energy d_t - —%P%(vr ) + 41TQ % (;) om + S’

where Q E%nvr“ a(gi r)

and the rest of the terms have their usual meaning. ¢ is

and 7, is the dynamic viscosity

the internal energy per gram and g—; is the flux of energy

due to convection or diffusion. Rotation and magnetic
fields are neglected but could be included.

Or neglecting time dependent terms and expressing in
radial (Eulerian) coordinates
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You may know better the equations of stellar
structure (Q =0) in Lagrangian coordinates

ar 1 -
= continuity
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TIME SCALES Thefreefall time scaleis~RA,, s
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which is often used to describe explosions as well as collapse.

The thermal diffusion coefficient (also called the thermal
The second relevant adjustment time, moving up in diffusivity) is defined as
scale, is the thermal time scale given by radiative

| .
diffusion, appropriately modified for convection. = Mﬂs - K

T # &
This is the time it takes for a star to come into and " Fheat capaciny$ €,
maintain thermal steady state, e.g., for the energy generated where K appears in Fourier's equation
in the interior to balance that emitted in the form of radiation heat flow = -K ( T

at the surface. (not all stars are in thermal steady state) For radiative diffusion the "conductivity", K, is given by

3
- R’ K= 4§)C,T (see Clayton 3-12)
therm —
D, .
[ where ) is the opacity (cm” g''), thus
B '4acT $
where D is the diffusion coefficient. In the simplest case, D, = #3) o @.0
D is characteristically 1/3 times a length scale (e.g. the mean - £ ) I
free path) times a characteristic speed (e.g., the speed of light). where C, is the heat capacity (ergg " K )
D, here thus has units cm” ™'
If most of the energy does not reside in radiation this may be
Note that

multiplied by a dimensionless correction factor.
Ve$! ar* $ 1 ¢ $! radiation energy content$

D +,Sp o=,
#) i CPT% #) "8 total heat content




IHHSYESE (") B(*+,-$H (.-

If radiation energy density is a substantial fraction of the internal

energy (not true in the general case), D ~c// " with! the opacity,

and taking advantage of the fact that in massive stars electron scattering
dominates sothat/ =0.2to 0.4 cm? g'l, the thermal time scale then
scales like

. R¥7_TO2RS 3M $ M
Rd T TH o 8amr% R
however, massive stars have convective cores so the
thermal time is generally governed by the diffusion
time in their outer layers. Since the dimensions are still
(several) solar radii while the densities are less and the

opacity about the same, the radiative time scales are somewhat
less than the sun (1.7 ( 10° yr;Mitalas and Sills, ApJ, 401, 759 (1992)).

25 M, Presupernova Star (typical for 9- 130 M )
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A closly related time scale isthe Kelvin Helmholtz time scale

* KH 2RL # I ie R~(M/!)u3

Except for very massive gars, L onthemain squance

is propotiond to M to roughly the power 2 to 4, and $ decreases
with M so the Kelvin Helmholtz time scaleis shorter for more
massive gars. Note tha there are numerousKelvin

Helmholtz time scales for massive sars snce they

typically gothrough $x sages of hudear buming.

During the gages after hdium buming, L in the heavy

element coreis given by par neutrino emission andthe

Kelvin Helmhotz time scale becomes quite shott - e.g.
aprotoneutron gar evolvesin afew seconds

Finally, there is the nuclear time,

1dx\ !
Thue = X dt )

where X is the mass fraction of the chief
combustible fuel.

Usually, THD < Tthermal < TKH < Tnuc-
During the late stages of massive stellar evo-
lution, however, the inequality Tipema <
Tnue actually begins to break down. During
“explosive nucleosynthesis” in a supernova,
there is near equality between 7, and 77 .

The life of a (non-degenerate) star is then
typically a series of nuclear burning stages
separated by periods of Kelvin-Helmholtz
contraction. Hydrostatic equilibrium is main-  "#'$%&'1%()*%+(%+*%&,-.
tained throughout the interior and thermal — (&!.01%(& &!"%2%3,!()3!,*45
steady state is maintained if 74}, is short (& %o+(%6r4&"
enough.



Examples of Time Scales

® In stellar explosions, the relevant time scale is the hydrodynamic
one.

® Explosive nucleosynthesis happens when typ ~ 7,

® In between stages of nuclear burning, 7y <7, The evolution
occurs on a Kelvin Helmholtz time

® In a massive presupernova star the nuclear time scale in the
inner core is less than the thermal time scale in the envelope.
Toue < Tiermal- 1HUS the outer layers are not in thermal equilibrium
with the interior. The core evolves like a separate star.

® In a supernova of Type | maximum light occurs when the age
is equal to the diffusion time
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Examples of Time Scales

¢ In the pulsational pair instability supernova the time between
pulses is the Kelvin Helmholtz time.

® In Type la supernovae, the runaway occurs when the convection
(i.e., thermal) time scale equals the nuclear time scale.

® Rotation and accretion can add additional time scales. E.g. Eddington
Sweet vs nuclear. Accretion vs nuclear. Convection also has its own
time scale.

Summary
Time scale Value in sun Scaling
T—HD 30 min (R3/GM)!”2
T — diffusion 2x 105y K M/(Rc)
7 —KH 3x107y GM?%/(RL)
T —nuc 6x10° y qM/L

IHESY6R )+, -+

I op++/0++" ™ M(L,R, X,), binary mass exchange
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Becoming well understood. Still a few critical
reaction rates poorly determined.

* 01"%",12'%23'4%52#",-'6,#$3+

Rotation affects compositional mixing which affects

the overall evolution. Processes understood qualitatively
but not very quantitative. Angular momentum transport
by magnetic torques during the evolution is a source of
great uncertainty which affects our understanding of the
explosion process and compact remnant properties.
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Stellar Physics

® Explosion Physics

An area of great activity and uncertainty for decades.

A variety of mechanisms operate involving thermonuclear
instability, neutrino transport, rotation, and magnetic
fields. There are basic physics problems afflicting

each of them - except for pair-instability supernovae.
E.g., flame physics and detonation, 3D neutrino transport,
and magnetic instabilities.

I"H$%& () (*+,%-+..$.



"#8%&' (N#*+$+)#,(-)%( .)'/$%)0", More generally, for a polytrope of index n,
P x p"; v = (n+1)/n, see e.g., Clayton, Eq. 2-313
So long as a star is in hydrostatic equilib-

rium, it satisfies , — ArR’G p2
C — 2 C
dP  GM(r)p(r) (n+1)(3
a2 3 (df
. pP=—7\7F Pe
If the density is assumed to be constant, ¢ \d¢ G
31 _ M
p = const = e T 47 R3
direct integration implies where (; is the Emden constant given, e.g.,
1GMp. M? in Table 2.5 of Clayton.
Pe= 5 r < R From this it follows that
where here p. = p = p. Pp3 3 (M 2
It follows that since F =4nG° | —
e
1/3 V3
Fe = l(,' M <4%7rpc) 1_ [471'[) v] where ¢ is a constant given by solution of
pe 2 M R 3M the polytropic equation for index n,
and df
= _ 3/2,2
P3 4rm 9 ¢ =(n+1)"%( <—)
AN IHS%" & &S+ (- /g

In this class we will extensively use the

n=0 ¢ =4.8988 =24

3 6 = 16,145 notation
n= =16.145
n=3/2 ¢=10.73 most stars have Y; = Xi
1.5<n<3 A;
where Y; is like a dimensionless number den-
Now, if P is Pideal (NR7 ND, ionizcd), sity
Nk s
Beal = e T Yi= Pf\;A
‘ , I"HSO&& (H)*(+,-*.1,0./
where 4 is the mean molecular weight Similarly we can define an electron abun- 01(2(%3*(40&*56-(%.+(
Aside: Abund It dance variable 7, )%I(+,-*.1,0./(
side: undance nomenclature M 8%3#,"&*/(8*3(40&*9
In general the mass fraction of a species Ye = pN

“” is X;. The number density of 7 is then .
The total gas pressure for an ideal, non-

n: = oN Xi relativistic, non-degeneratelionized gas is then
1= PIVA A,
v N,k
. . . Pigeal = pPNAET [2Y; + Yo =1 = AT
with A; the atomic mass number (integer) [Pideal = pNAKT [EY; Pm P=tnkT u T
of isotope i and N4, Avogadro’s number, which implies

6.02205 x 1023 particles/mole, or approxi-
mately the reciprocal mass of the nucleon in
grams. Also the mean atomic weight, A, is given

p=[EY;+Y]™?



by

X;= mass fraction

A:EnlAl :pNAZYZAZ Y X; . o
Y pNATY, TY; of species “i
=Y
Similarly
N,Y.=n =) Zn
},(3 — Z Zz)/z p Ale e 2 it
and =pN, >.ZY,
H/J,=(E(1+Zi)yi)_1| 05<u<2
Some examples: (The limit «=2 is
a) Pure hydrogen: achieved as A goes to
_ infinity and Z = A/2,
Yy =1 A=1 Ye=1 i.e. electrons dominate)
1
p=(4) =2
Beal = 2pNgkT
11. TEMPERATURE-DENSITY SCALINGS: 13

.
P

= |

= 1.745, and Pyge = 0.573pN4KT, (0.50
from e7; 0.073 for ions).

Back to the main discussion:

P
—ToM 2
Pe
thus implies for an ideal gas equation of state
T3
¢ o M2
Pec

Therefore, for a given temperature, as might

be necessary to burn a given fuel, for exam-
ple, the central density will be lower for a
star of higher mass. And, in fact, for a given
constant mass and composition, so long as
the star closely resembles a single polytrope,
and the pressure remains ideal, the central
density will scale as

(T(‘>3
Pc X | — !
K c

For advanced stages of
evolution where A > 1, most
of the pressure is due to the

electrons(and radiation)

This would suggest that the

ratio would increase as the

star evolved and u became greater.

T

< p.—
up

Rdeal

P o<

tot
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b) 75% H, 25% He:
_ 25\ 1 !
A= (0.75+04°) :(Zv,]
=123
0.25
_ i< i
Yo =075+ (2)(—) -y zy
=0875
0.25.17!
p={(1+1)(0.75) + (1+2)(—) .
! ~(+2)¥)

= 0.5926

Plgeal = 1.69 pNgkT

As an exercise to the reader, for pure he-
lium, A =4, Y, = 050, p = 4/3, and
Pegeal = 0.75pN KT . For a mixture of 50%
12C and 50% 0, A = 13.71, Y = 0.50
(as it always does for a gas of isotopes hav-
ing neutron number = proton number), u

i CHAPTER 1. PRELIMINARIES

Since p increases as the fuel burns to heavier
ashes, the relation p oc T works pretty well
at the stars center but tends to be an over-
estimate. The onset of degeneracy or near
relativistic motion of the electrons at high
temperature can also cause deviations.
Now, especially for massive stars, the ra-
diation pressure will not be negligible. One
traditionally defines a quantity
Beal
Peal + Prad
Piot = Pidcal/ B
Then P3/p% oc M2, implies

! P
P,

total

Decrease in 3 as star evolves
acts to lower T3/p.

T3

¢ M2ﬂ3”3
Pe

that is, so long as beta doesn’t change much,
one gets the same relation as before.




log Central T [K]
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The decline of T3/p mostly reflects the fact
|— that beyond H burning the star becomes Fe
ared giant and no longer is a single polytrope.
M, is essentially reduced. This more than
I~ compensates for the increase in {1. A decreasing 7’
| Balso decreases T?/p. In the final , 4
stages degeneracy becomes important.

T | LI I

e

d
25 Mgtin
d

15 Msun

103 T

log Central Density [g/cm**3]

slope = ‘/3
Aﬁoi'\"
d 8%

oy €

M‘)M1>M.3

IHSHI%&" (%))’

Dropping, for now, the explicit dependence
on p and 3, a contracting protostar of con-
stant mass, or the contracting core of a mas-
sive star in between burning stages, so long
as that core has an approximately constant
polytropic index, will obey T;. o< p(lj/ 3M 2/3,
Contraction leads to heating. The greater
weight of the more compact configuration
requires more pressure to hold it up and the
pressure rises by increasing both T and p. A
plot of log T, vs. log pc gives a straight line
with an upward slope of 1/3. Lines for larger
mass will lie above those for lower mass. As
the density grows ever higher, three possibil-
ities emerge: a) collapse to a black hole; b) a
dynamical event of some sort (e.g., neutron
star formation) or c¢) the onset of degener-
acy. For now, we are most interested in c).

A completely degenerate gas can be char-
acterized by an equation of state of the form
Pyeg = Ky(pYe)? with  between 4/3 and
5/3.

The case v = 4/3 has a well known sin-
gularity. For an n = 3 polytrope, which is
appropriate here,

I"#$96&'$(&)%*(&+$" 4

ig 4GP < M )2 _ K2/3P§n4 note cancellation
ol 16.14 P of p,
M 20.7451{3/3 /2 2

e )

K4/3 = 1.244 x 10 dyne em ™2

=1.45M, if Y, =0.50

M _ss0v2 neglecting Coulomb comrections
Mo andrelativigtic corrections 1.39 M

The Chandrasekhar Mass  If théy aeinduded.



Log Temperature (K)

For lower densities and hence degenerate cores
significantly less than the Chandrasekhar mass
non-relativistic degeneracy pressure gives another
solution (y = 5/3)

p3 s M \?
o (10.73)

4GB M?

K} 3Y2(10.73)?

5 2
0.5 M .
=4.05 x 10° <—) (—) gem™3
Ye) \M,

This implies, for each mass, a stable perma-
nent configuration of fixed p. independent

of T..

Pec

This is the well known central density mass relation for
(non-relativistic) white dwarfs
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I"HBOO& Yo () 4+, -#* +//*)VOH/*+* +1%6.2 *3H."H-+32-#*

+$4%HOHS*6HE&, - #*OH#) #(#-+$*/2"" -3/*34#*/3+-7T*8&*34+3*.+1%.2.

3H."H-+ 32 HLSHHS+*$-%63%6$+9*0+9 24 *62- (% () *%) (% 3#/
/

Tdeal /
// Degenerste
r M,>M, 7
Mi <MCh ,—T"lak o)
&= TN
o= E / \
M, / \
_T"ﬁ’n(l) \
oy e
/ \ R
[ F \ACER / \I ; D
/ ) ! J‘«,
/ I ’
/ My M,
/ [_}
Yoy &

HESHU& () +,*"&S$-"* I
I"HS%E (&)*+*96,$-&.10$1 283/ 1&. /465 $+"89&'B1%" %:&. 7+4%4
*00-&A5S++*189/-$+48+(B1/.$4 3/18&;8*%-&;$<

Fuel Main Secondary Temp Time

Product Products (10° K) (yr)
H / He UN 0.02 107
He C.0 130,%2Ne 0.2 10¢

S- process

C Ne, Mg Na 0.8 10°
Ne / 0., Mg AL P 1.5 3
0 /Si. S Cl, Ar 2.0 0.8

/ K, Ca
Si F Ti, V, Cr 3.5

Mn, Co, Ni f

1 week




I"H96(83(23&41)-$%$")5-060/64#96('14/(&3%*&$SHST

[ "#$%
& "#$() I"HS& SH() Yo #+8) #$- /- 0-H+&$S
" #o+, &123-#%*-#4*8,5'8&$-6*&'
e +&SBHO2/"SH) HT'),0)7"-#B2H2 #%2

1/ #O):#; H<&OY=HY* &0t -3-
*&TT- SHL-"2(H> W2 & H+ESS-$:#t
0068 $#5-3-"2THEH'-5
8)&, Y6H$Y6' 0%/ -#() Yo  #EH" 2 (#5- $)%6(
$/"2/,5),848H02+78&0%6#02'":
A*-#02,3-0%)3-#-,3-"27-#
5-58-$#/T *-)+#02"-#
+8.%-")&" H8, 5HORIS-$H) Yot %624$) 6
B," @#<2'#$%& $#&123-#812/%#?

More detailed and physical calculations ex-
ist in the literature, see especially Nomoto
and Hashimoto (1986). The following should
be regarded as standard

Fuel Min. Mass

He 0.25 2'HCHS2"& '#H+&$S-$#52-$#%0*-#D-

C 1.06 02'-#$%& @#8'-8&%-'#%*& #%o*-#
b 4*& 5'&$-6*&'#+&PPH&E<Yo-'#

Ne 1.37 ’

O° h gg VL), 8:

Si 1.39

I"HSHY& HY() HY*&SSHS+%0!"#Yo() #$,)-./-0%
*8/-%oBH1 24-(HYo* &SSHSY08 HYo3& Ot +

IS 08 & (%0)&*+,-&.J0(1&2(.." &#3"&" 4I05#6/%
7(%&8"&956#"87/2:067 (#")&(%)&7/)"&)":"%) " Yot
1$6%;&#I8H#3"8TI286%")&"<<"T#.&/<8)":"%"1(T=&(%)&
%"5#16%/&0/.."., &R ott"18:6,%6H#6/%8&6. 843" 8%/128&</1&
#3"&:/ #77(18/%8&851%6%:;&.#(;".,

@(..&0/..&6%#1/)57".&())6#6/%(0&5%7" 1#(6%H=A&".."76(0(
$6#3&1";(1)8H/&<6%(08&/5#7/2" &B/".&(&',-&.J0(1&2(..&
2(6%8&."95"%7"& #(1&:1/)57"&@"> $36#"&)$(1<
J18(%&"0" THITEH51"&5:" 1%/ &

D8/4"&E&./10(1&2(..". &(%&61/%&7/1"&"4"%#5(00=
</12.8F /%&5:&#/&#3"&:(61&6%.#(8606#=&0626#,

"#$%&'()'$*' %o+ #-#*".%!"/']
0.08 M, Lower limit for hydrogen ignition

0.45 M, tieim ignition

725 M abonignition

9.00 M neon, oxyge, sliconignition (off center)
10.5 M, ignite dl sages at the sellar center

~70 M, First encounter the pdr ingability (neglecting mass [0ss)
~35 M Losenveopeif solar metallicity star

I"HSHV& HY6()' Yo$H+,-H%$D.&'$Y/&-10-& #1%2* "%."#%345647%/) 1#%
4 [-Q1%+ BHHBH/)+OH] )+ &+1%/)+OH/ *OHYE)IH'S")).%8* %+,
10.96%,4)*+,06").&. ) +<06=*"06%").&.*)+%. "HY%+08 # $%68&>%; #%
$"H(H#1%.)%8$-*,".->%-) 2# % 9&-0HS<Y%66) 2% 8. &--*/* >%8&>%'&*$H%.
+0B;H# %S+ " >V +HYo-#SSU +* *&-Yo 2HYoBHEA$Y08 Yo $B&-#'
"#-*08%/) H<%@."#'Yo/) LHSY0, *OHY 1 *((H'H+.%6'#$0-.$%. >A/&->%
)%2* "5+ B%S)-& % 8&SS<Yo THS0-.$%6()'%; *+& *#$%2*--% 1*((#'<

I"HHSYHE (B -.$/80-1 2%)-"-1
Y R+

I'#'$%"&' (O*+,$*.  +/0)* 12"345%$,"63*-7
6,9,+,-*$,":%-
. ) ,9,+,-*$,".%-, =, 12'57)%3" @A
&' $%"&88 +,0$-5+%(%3-,,6 TR I m
)063" +,-0."<= +,0$-%+"B$*-"/%C,"@

+,0$-5+94(%3,-,6
+96-F¥)"BO(,~+%C*G

<="H: 54545 +,08-9+"BS*-B"*+6
&88'; &DE HB)*+6B"%7",J()%6B5%+"$" 1)*:K"4%) B
4594,FBB

35$4960$"F*BB")%BB et
(-9%/*/)."+9%"<="L0+),BB IyKe4%),
DE; #E %$*$5%+*))." (%3, - 6MG”

"o "CXRRMOARR"
3554"F*BB")%6BB"<H/: 57",+%094"F*BB")%BB!

+.03-%+"BS*-
(0)B*35%:++)"(*5-"<= -
57")%¥*BB")%BB N*K"4%),
(*5-"5+B$+/5)58."<=
57")%3"F*BB")%BB
(*5-"5+60:,6:9%))*(B,"57"
Q'DPE )93 1):K"4%),
F*BB")%BB

#E'N8OE"

8OE" DPE +%+,



I"#S%&H#" ()*+$,*"$+ /&H#+00&+*'1+B

T T T T
2003ie ;- 9  , LT 20
1999n - feem T 19
2002hh |- - 18
199%ev - —17
1999br |- -116
1999em |~ —115
2001du |- —114
2004d;j [~ 13
1999gi |~ —12
2006my - —=m
2007aa [~ —10
2004am [~ -19
2004dg |- -8
2006bc [~ -7
20060v [~ -6
2004et [~ -5
2008bk [~ —14
2005c¢s = -13
2003gd |- -2
2004A [~ 11
| L 1 " 1 1
5 10 15 20 25 30

Initial mass (Mg)

I"#$%9%&'()*
"1

+,-'./012'013-'1.'4/$'#'1#05-%-$'678'91%, #"#:1";""#..'/4'<=>?
JOH$"H#..- >'+,-'2#.,-2'013-"1. #1#05-%-$'678'91%, #"#:1","14' @7

JO#S"#..-.

Maximum initial mass (Mg)

25

N
=3

I"#'$%$8S$'(&(%0)*+#,-'

b

1"#$%%"
)
+,-./01

Minimum initial mass (Mg)

I"HB06&(8)*$&+,$-. H&0.1/, $2&3'4. %84 (SHE/HS
'54$,-$%8, 536 '(472&8"#*$%&4. ($#8..(94/%$8/++$,&
442



