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Donald D. Clayton, Principles of Stellar Evolution and
Nucleosynthesis, page 1 — 74.
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* The Sun, plays a crucial role in

For the Sun: our lives:
Mg =1.980 x 10 g nuclear reaction = Energy + weather
R, = 6.96 x 10 cm (seasons) —> life;

L. =383 x 10% erg g1 ?? synthesize elements (C, O, N) -2
© ' found in air and our human bodies ??



http://www.nstm.gov.tw/~air/chinese/solar/sun.htm

§ 1.1 —H E R AV & A Hll =

118 A2 KGR

NGC 1850, rih It of perhaps a
million stars resides some 150,000 light-
years away in the Large Magellanic Cloud
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o YL (luminosity): RARTE FLA7 B (7] N 48 B O S BE &=
selH R MG & RS 1) . (power, [I/s=W], [erg/s])

o SLJEF (brightness): {EHUER [ A7 B[R] BR AV ] A R UA 32
] AR P 58 5 =

L =AnR?F, F <L R?
M FE R/ NER T =AM A 3R
KRR
RARES A TH) PE
B R J5 0 S S R IR A AT

Inverse Square Law of Light
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L=4nR%F d Absorption of earth atmosphere, ISM
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Cosmic distance ladder ¢
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view in view in
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distance (in parsecs) = :
parallax angle (in arc seconds)

1 FPZEFE (pc) = 3.086 X 108K (cm) = 3.26 64 (ly) =
206265k 3L HLAL (AU)



o AR ZE (spectroscopic parallax) — I FAE & [5G 4 F
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« YL EZm (apparent magnitude)

7E X

0]

A B R S22 2K HipparcosE A JG R 1504F A2 45 1 56 8
SLHIRAEEARERI RS (15 E-6%542) .
N N N = < [
RFFRIEMEM T T EERSG, B R
SRR R E A ZE 10005, RIESEMHELS, =
J& FH 22 (100)/5=100422.5121% .

B2 N ANmAAm BEE R E 2 N

/:1//:2 = 10704 (m1-m2)

m, —m,= —2.5log (F,/F,)

8im = —2.5log (F/F,), HH1F Ju7E L




@ Sun %638
APPARENT
MAGNITUDE

@ Full Moon -125

'
o

#* Venus (Brightest Planet) -44
» Sirius (Brightest Star) -15

" Naked Eye Limit 6

—
v
k=)
K o
20
—
0
v
O
IE
P
o
o

Small Telescope Limit 18

Hubble,Keck Limit 30




« 45X B ZEM (absolute magnitude)‘

NN RAEE T 10 pe B AL E S, B PR e

T RABHIRE. T

X ) — e A
F.o/F,=(10/d ) 2= 1004 M -m) /
M —m =—2.5 log(F,,/F,) =5 —5log d (pc) — A(b, /, d)

ot AN ] F LA » \\

M, —M, = —2.5 log (L,/L,)

M —M =—2.5log (L/L) B PRE e BUE
HorL =3.86X10% ergs?, M_=4.75"

ER B (distance modulus) : m-M

d=10(m-M+5)/5 pC
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iﬁe‘%"ﬁj—ﬁﬂj‘ﬁﬁim f é/BZExU”J ’%%JH’JE&%%?’\U%H

2 (Bolometric Magnitude ).

usv?ﬁ'ﬂﬁ‘ﬁ%\éﬁ(%ﬁﬁﬂﬁl PIUEE )
U (ultraviolet) - X7 I Bt B 55 (300 - 370 nm) | s.61
B (blue) -5 )i Bt B2 5% (380 — 480 nm) 5.48
V (visual) - 7] JLYGIR B S5(490 — 590 nm) e
UBVYIJE R4 Centwa}l) Waévelengths A and full widths at half maximum W for
S Z Band U B V R I
UBVRI Dt & 4t e 35 4 5 o
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http://csepl10.phys.utk.edu/astr162/lect/light/wien.html
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Wavelength {Angstroms)



http://csep10.phys.utk.edu/astr162/lect/light/wien.html

Y ) 0O
LR [ 256 = 3 4 AL vee

L=L, +L +Ly
L, AT #E KGR (Photon Luminosity), 7EFE S P4
TREEMAFRIELL TEE NI PR ERE .

L, i 7445 1% B (Neutrino Luminosity) , SF4aK
2R EEEF T L E TN T TR

m NPT B E I B8 & (Mass-loss Luminosity) , AKFH
HI i B4R 94 @ 1014 M BEF .

B2 & (optical )Yu | 105~108 L

Observation show that: Highly luminous stars are very rare;
the majority of nearby stars are far less luminous than the Sun.
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2 1H 2 B TH iR

The Planck spectrium serves as the fundamental definition of radiative inten-
sity and as the reference for determining temperature on the basis of the properties of radiation
2 |
o (e =)
Brightness Temperature: We can set the brightness temperatore equal to that which is required 1o give

( Radiation temperature ')’

Ei(T)=

the intensity of the radiation:

I, — BT, (10}

Color Temperature | Derived by comparing £, at two different values of 0

Effective Temperature |Derived by setting the total Hox equal to what would come from a black

|:‘|_.ll:.|'-\._

Fxcitation Temperature |Decived by examining the ratio of species abundances at two different exel-

tation cnergies

[onization Temperature | Devived by comparing the relative abundance of two different lonization lev-

I']Z"-_

Kinetic Temperature A measure of the average random motion of the particles in a
system.

Electron temperatureDefined by determining the Maxwell distribution of velocities for

electrons.
15



1) BREE (The Effective Stellar Temperature)

6 2 G EREE ST L ] B o450t BB ARGE 5, il FH Stefan-
Boltzmann 2 ZU#f 58 R E N B A SR E

BN AR BBARBRE ST D) 2 F=0T 4
M BARFESID)% L=4 nR20T*

H A Stefan-Boltzmann& %1 109K
. fWien Dlsplacement Law
0=5.67X10 > erg cm=st K* & L hipax =282 KT
g 0 5 o = 0.2898cmK

| (T) = 2hv? 1 g_m
Y c®> exp(hv/kT)-1
-20 {

11111



2) BB (The Color Temperature
o HWeinfi/#% & 12 K11H 2 10
E&%TEE%%@@E%%

o IMZEE (L , BiEBE
(4T R i
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http://oposite.stsci.edu/pubinfo/jpeg/Btlgeuse.jpg
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Stellar Colors and Temperatures

COLOR INDEX SURFACE

TEMPERATURE
(K)

30,000

10,000

6,000

3,000




15000

BREFHERARN: -

EFA T, = K P>~
(B_V)+O-68 0-‘—0‘.5““O.lUI‘“U.‘S“lllfﬂ“‘Alffa‘A“Qfl;
9000 :
5 B T, = K HomeW01-*k. For perfect BB,
C +1.15 please fit your

phenomenon formula of
Other temperature - color relation: | temperature-color index

T =8065 - 3580 (B-V) (1.0 - 0.196 [Fe/H]); (0.3<B-V<0.63)

TR B AR ST . IR =A RORE, (BT
HZR], — O X EIR E ARNS = A RGR A, Rl =
A2 R T P AR e
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Spectral Line Formation Photons with energies well away from any atomic
transition can escape from relatively deep in the photosphere, but those with
energies close to a transition are more likely to be reabsorbed before escaping, so
the ones we see on Earth tend to come from higher, cooler levels in the solar
atmosphere. The inset shows a close-up tracing of two of the thousands of solar

absorption lines, the “H” and “K” lines of calcium at about 395 nm.




3) BKRIBE (The Excitation Temperature)

NE B N8 R 18 5 3 £ Boltzmann 4 A5, F F Boltzmann
I\
/N

Nrk Ok o (ErkEn KT

Nei Orji

Horpn, Ron r IS T4 T Kk gek BRI R T EUR R,
grkmh RERHITaI R, S VBN BIEUKRE. KN
Boltzman‘&# 4% .

7t B — R T4 TP A FIBOR 7S B R T H R L,
BeECRT PUE HE 2 KR BIRE —— POV BRI

23



4) HEEE (The lonization Temperature)

r+1ICHE & JE - JOE B, R v CHE B R 1 0% N T
EIHSahaé}:‘cEH%%EI‘J:

N g Ne = Gr+1 g, - (27zmekT)3/2 e—;(r/kT

n, G, h’
Han NHEHBEFHERE, m ABRFRE, oS
FEL X NrXHEE R TR E RS 9= 2 yHHH
FRERERE.

g, IKT
G, =Gy :Zgr,ie o

1=0
PR TR 1 I EC 70 B
R —M R TR EER ERNETREE. &
SHE T L R 2 T U P — — A B R 0 y

\|




3 fH 2 1)1k ( Spectral classes or Spectral types

U ) PR AR DT FH 2R 2L 15 AR S 2 A4 il o

Ha Hy Hp Hox
410 434 486 656

| L
Absorption ling v \\
4] = [ — 1 | —
300 400 500 €00 700
Blue Wavelength (nm) Red

25



o TH 61 1T
TE R IR SLTE R B AR B BUE I E N ER .
(photospher)

W Ze R B 3% . MR TE A K.

Spactrum of light

leaving stor

Dark obsorption linas

Hot inkerior

Spectrum of light
in star's interior

a Earth

26



o (BB R E 5otk
VLR F 2R I i B 3 S IR D9 1B R BRI TS e i B
(I, ARLR MIHER R AR, IR AR R R (1,
HEGH 55 .
Ionization potentials I for several relevant species:
H He | Hell Cal Call Fe |

IZ AT | 1366V 246eV 5446V 61eV 1106V 706V

As arough rule of thumb, ionization occurs in a stellar atmosphere
when,

1
Elign ~ —1
10

ie. at much lower temperatures than you would naively expect
from expressing [ in temperature units (why?). Numerically,

I
Tion ~ 11, 600 (10 ev) K



Appearance of lines of a given element reaches a maximum when
T, in the atmosphere is comparable to Ti,,, e.g.,

T > 20,000 K — all H ionized, no lines
T < 5,000 K — all H in n = 1 state, no Balmer lines from

transitions to nn = 2 state
Temperature ('K)

o o o
S S & = & a5
=) (= =1 S =1 S 3
Explain in class
Neutral Molecules

hydrogen
Relative
line

strengt lonized
h{lrm

Neutral
metals

Neutral
helium

B, AR HIHE
e oE, LA A
R IER, HEZ ©o B A F G K M

N Spectral class
ZF)L 55 o Classification of stars based on the absorption line spectrum:




Spectral Classification

1% HEE 2 6T R i OV WSROI R 2R (R R R
8 AEE B TR R BTSSR A

 Titanium Oxide —t i Methwladine (CH)

Oh, Be A Fine Guy (Girl), Kiss Me! 29




5B HeZk, HEITER LI B L,
TEL.

> 25,000

FiPEHek, HEILER IKHEELZL, R

~92 ‘
11,000 ~ 25,000 9 HZ

ShHZE, EIuER -IKHEEZ (W

7,500~11,000 = Ca )

HIGH —IRHEEZ, JHZAM

6,000~ 7,000 | [ SR

5,000 ~ 6,000 | mESTE CREEL, THERL

3,500~ 5,000 | £ |mbteEL, EoR - KEEL

< 3500 -f;%%%, TSR, AL

o BEFOGRE R AT PAZE S N0-9- AR . U Bk iR R
. KHEJEERNG2 .
0] - BRI Y Gt e B2

30



16 2 161 Fr )

SRR W R
S ZE. (i
Ty
K M

O—B—A—F—-G

Wolf-Rayet Stars (W)
T Tauri Stars (T)

N R— N M3, theratio[C/O]
LU IEH fE A St 4~51

Spectral Sequence Mnemonics

Oh, Be A Fine Guy (Girl), Kiss Me!
-- Start, Right Now !

On Bad Afternoons Fermented Grapes Keep
Mrs. Richard Nixon Smiling

31



Spectroscopy



Spectral analysis provides:

- Redshift/distance
« Composition
* Velocity/dynamics



fr (1077 erg/s/cm®/Ang)

40

30

20

10

c—UV.cda 0TV VUV LIASS=UrALRAL olAaRDURD L

No warnings.
T T

OI1

Hy ‘ | SII

Nelll H§ ‘iom Hel

4000

5000 6000 7000

Wavelength {Angstroms)



z=0 - Stars



Plate spectra

Dwarf and Supergiant sprectra in comparison

< >
” < = =

N
I
-
g - ; —l
& Wi
i .J.,.J ﬁ!!m._—l

g

Call
Call +H;

Above: normal star
Below: supergiant star

Note wide and diffuse hydrogen and calcium lines in normal stars atmosphere, against the
extreme sharpness of the same lines in the supergiant atmosphere.




Modern stellar spectra: O star

RA=114.73744, DEC=40.32835, MID=51884, Plate= 432, Fiber=3%1

I: T :I T T I T T :I I_ I I::I T : T I T T T T I T I::I: T I
HH Gl He Mg Na QI NS | Call |
Helsl H, ol o ML : L Gall 1

o A< Hy ol ol o GE H, sl Call ]
P : : : : i : ' .

200
T

F, [107" erg em™2 57! &7"]
100 150
| I

50
|

. z=—0.000/ ".'/_. 0.0000 I(LQD},I Star o
4000 5000 6000 7000 8000 9000

Wavelength [£]



Modern stellar spectra: O/B

RA=232 73472, DEC= 270627, MID=52026, Plote= 533, Fiber=285

I: T :I T T I T T :I I. | T ::I T :I T+ T T T I T I;:I: T I
H G Hg Mg Na O NISI ; Cal 1
Hels] H, ol o NI ; ' Gal

Bed o ol BE Gl

h

200

200 200 400
T T T

F, [107" erg em™2 57! &7"]

100
|

L z=-0.0002 +/— 0.0000 {1.00), Star S
40040 5000 £000 7000 8000 90040

Wavelength [£]



S—’I ﬁ_1]
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F, [107" erg em

Modern stellar spectra: B

200

200

1040

Black body break

RA£E208.88508, DEC= 0.1899%, MID=51942, Plate= 301, Fiber=431

Hell

L z= 0.0000 +,/— 0.0000 (1.00), Star

E |: :I T T | T T :I I.l I::I I:I T+ T T T I T I;:I: T I 1

H.H /" Gi Hgo Mg . Na 4l NISI Call
) H, Ol L NI L Call 1
H, ¢ ell] . OF  H_ &I tall: .

4000

Wavelength [£]

5004 6000 7040 2000



F., [107" erg em™ 57" 477]

EOO

400

200

Modern stellar spectra: A

Black body break

= 5.84996, DEC=-0.49815, MJD=51200, Plate= 390, Fiber=115

[V 4N ' I ' T T T . T T T
HA G Hg Mg . Ha 00 NS : Call

B5l H, olll L Lo ML : HCall
ﬁHﬁ ailll elll OF H_ 3l Gall

Hell

z=-0.0000 +/— 0.0000 {1.00), Star

4000

53000 5000 Y000 S000 9000

Wavelength [£]



F, [107" erg em™2 57! 87"]

150

100

a0

Modern stellar spectra: F

|l

%7.5781 0,

Black body break
DEC=—0.70467, MID=51990, Plate= 289, Fiber= 5
L Tt Tl
Na 0l KIS ; Call
- MQ g : Call

Giog Cal

NaD;

z==0.0004 +/— 00000 {1.00), Star

4000

5000

&3040 73040 S0040 2000

Wavelength [£]



Modern stellar spectra: F

RA=217.22920, DEC=—1.17358, MJD=51627, Plate= 206, Fiber=295

Black body

I : T :I T T | T T :I T R | T ::I T : T I T l:I: T I
break \4,H; = Hg: Mg Na QI NISH : Cail
eSll H ol S LONIIL : H Call
o s A P ) : Na D v
3 X i Al elll o GF H, Sl : Gl .
pe
— 1
G band e
N : x
® ] %
(o] \ .
e 2|l Mgl i
IS : i
£
Qo
=
lD o
— O —
— o
LI_IH:
o | » ]
- Ca H+K
oL ., 7=0000] +/-0.0000(1.00), Star
4000 5000 £000 7000 8000 5000

Wavelength [£]



Modern stellar spectra: G

RA=224.53599, DEC= 0.15418, MID=51990, Plate= 310, Fiber=356
Black body ~_NaD
break —h G Hﬁl Mg qu Ol WISl L Call |

elsll H I S NI L Gall
LKOH Ol ’ : D el

) : : e : : b
OB ! | : : . —
s : : ! : ' I

'_\ CalR

triplet

CaH+K

1 1 1 1 1 1 |Z=_|D'|DDO='] _||_/_| O'IODIOD :<1 '90}1 Stlﬂr 1 1 I 1 1 I I
4000 5000 6000 7000 82000 5000

Wavelength [£]



Modern stellar spectra: K

RA=16.94380, DEC= 1.23405, MID=518186, Plate= 396, Fiber=605

Black body
break —

Na 0 NS Ctall

L NIIL NaD |
Gk H,3I call
T _

Mollecular =4p
bands

107" erg cm A77]
8]

F, [
200

triplet

o, z=—0.0002 "'./_. 0.0000 ¢1.00), Star
4000 5000 6000 7000 8000 5000

Wavelength [£]



Modern stellar spectra: M

RA=43.10972, DEC= 0.93963, MID=51871, Plate= 409, Fiber=614

| : T :I T T | T T :I T H I T : :I T : T T T T T T T l:I :
HH: G He Mg . Na Q0 NS : Call
H"egn H, olll ; 5 LML ; Call :
- K Ejé QIII D11 GJI Hai?,ll IC};jll
2= : : P : : o
oL
Mollecul '« |
(o]
bands '
L) L
- | Cg IR
Vo triplet
t L
lD
Ll_r<
= wg'ﬂ'lff""""ﬂi“‘“"f"i""“'"".'“'w| PP S B ULODA, “I'OO)' starlate o
4000 5000 000 J0od 2a00 8004

Wavelength [£]



Modern stellar spectra:
Brown dwarfs (L, T, Y)

RA=162.17848, DEC= 1.19958, MJD=51910, Plate= 275, Fiber=575

: L AR
g Mg | Na O

NS

g : ; i : ?0“
Heisi H, olll S fo NIIL ' Gall
KoH, Ol olll S Gk H_&I

Call '

Molleculalf 2
bands

W

20

F, [107" erg om ™2

10

w . J;-'i sl Mur\.a'mﬁl"..tml-..-"‘.r"ﬁ"u..

'z= 0.0000 +/— 0.0000 (0,98), StarLate

40C0

SDOD

E000 70ao

80d0

Wavelength [£]




A"

40

=

-2

F, [107" erg em

S0

Modern stellar spectra:
Carbon stars (C,S stars)

RA=259.92662, DEC=57.97714, MID=51788, Plate= 355, Fiber=57%

ﬂﬂHi G,
[Heisll H,
K H, Ol

£
olll
ol

kg

R
' NI
OF H, 31

z= 0.000Q +/= 0.0003 (1.00), Star _

R
Call

- call
ol

5004 7000
Wavelength [£]

wouvels gl L&



Modern stellar spectra:
White dwarf stars DA

RA=10.09531, DEC=-0.35835, MJD=51793, Plate= 392, Fiber= 63

H. G Hy Mg Na o wsno o Eali
Heli H, ol L LML : ' Gall
K Ol ell] I aF  H S Cali

&00

400
|

F, [107" erg em™2 57! &7"]

200

L 7=-0.0000 +/— 0.0001 (1.00), Star -
4000 5004 5000 7aod 000 9000

Wavelength [£]
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=

F, [107" erg em

Modern stellar spectra:
White dwarf stars DB

RA=180.25432, DEC=67.50136, MJD=51957, Plate= 493, Fiber=437

T L T T I T T :I I. I I::I T :I T T T T | T I;:I: T I
SRH G Hg Mg o Na QI NISH | Call ]
= Helc H, ol L HEONIIL : L Call

be A om o A& Gl

D I— | 1 1 1 1 I 1 $=_|D'D|DO|'] _||_/_| O'lOD|O,‘I K,‘I 'QD},l Stlﬂr 1 1 N
4000 5000 6000 7000 5000 3000

Wavelength [£]



Modern stellar spectra:
Wolf-Rayet stars: WN/WC/WO

1500000 -

WE135
1500

1250000
1000000

750000

Relative intensity

500000 -

250000

.
3300 4000 4500 5000 5500 EUUU 6500 TUUU TSUU 6000
VWavelength (Angstroms)
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E e EmBEENYIHEE L —, BRRHLLAN, HEXT
TR LR %Eﬁ%tﬂﬁiiﬂkﬂiﬂﬂ’]ﬂéﬁ R EEEHTE
i e, HFEHEREKeplers =g

M;+M, a’

2
P? = i a’ 19 Y.
G(MSun + I\/Iplanet) Iv'Sun"'mEarth P

Hra WEWPIE KR (LURICHEAL, AU, N
i), PRNJE (Uxﬁjjﬁh) , Mg, AR DT
&, Mg, YK FH i =
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XU A
« HMXA (visual binaries)

TE I B N HERE 0 H PR T B I XU R Gt




o RAKMEXE (astrometric binaries)

TR 1) — BT R,
AR XL 2, fH I B =
T BB B AT R AL HE
W E A B HIAFAE .

XM ARG im0 UL E Zis
5], (BE—ErENiE3)
B2 IR IE Y,
WRIRAE (Sirius)

_/___,Sirius B

—



o IR (spectroscopic binaries)
iﬁiﬁ?ﬁzﬁfﬁii@iﬂ 5| 2 1 25 it Doppler{ss £ #f & H X
B, A LA N B R . 715 HY
ﬂ%?ﬂﬁziﬁl ﬁftﬁﬁﬁ RN

IIIII

To Earth | To Farth § To Earth | To Farth |
B I B B
Kok AB A.B A X AK AB

Observer

~
%
m
o3
oo
=
Lz

Radial velociry [kny!
Approaching «—— Receding




Spectroscopic Binary
A

A A
B B

Observed Spectrum

a0

(- 9>

i\



R 4
1 7 52 1 2 11 Doppler fr 75 75 1 1) - B2 101 160 ok 32 B o ]
A 1 2%

TR AR BB IS S AV, o, R B T 4 S50
YR £, IR B

am
HT vy cini L 2% Ll
/ Vi =V sini = =sini A m,+m,
153
m. sin
V, = 27a m,
P m +m, [
H m1V1 =m2V2
=k 4 7°




JRE R (mass function)

A FKeplersh =& it TH & A B ofF 210UE 1Y 5t & 6R

BN

m;sin’i VP

F(m,, m,1)= (m +m,)? 272G

BT HUIE MR AR R, HE R R = R B e e TE A2

e, H - EE R =S o



o BXUA (eclipsing binaries)
TR B BIE SRR RTNUE
A (light curve): & 8] FIAE BAZ B AONUE 5=
ERORE AR
AR fh 2 n] DAAS 31
EE?STE;EI‘J?EEH& HMiEWA (OEARE) MEAR

¢

e light We see light We see light
bhoth from all of B, from both
dB some of A A and B
oS T8 5 P 9 . D
= J =




a Partial eclipse Time——

Time to cross
disk of large star |

L—J' . -
fe———————————— Orbital period

b Toral eclipse Time ——

IR YRR RIS 3 2 B, M MOGAR # 26 m) LE S M i->Em, m,



TR &R A KOK, 48 K2 HUE 21 &750.1
M, 2120 M Zfa]. JliE KK (> 60 My, ) HIEEZ) /1%
ﬂ%m, iR/ (<0.08 M, ) Hﬁfﬁéﬁaﬁff'ﬁkﬁ‘ JRIE o

Answer:

The underlying
reasons for the
upper (lower) mass
l[imit of stars.
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JH )58 & (Mass-Luminosity Relation),
RN 5 B, T2 PR 6 5 TR Jo e A R YR g e L B

L =constxM?"
S EFE, v 4E3.5%4.02
H] .

L/L =(M/M, )" for0.4<M <10 M,

3.6+0.1

L/L =(M/M,) for5<M <40 M,
M}Eﬁ : ,.'"-_I Mass-Luminosity

il L 2 ) 7 W Relation

TEL A2 85 A AR A S RE % P B
XYL 25 Y A 22 56 R AR




Mazs-Luminosity Relation for Main 22quence Stars
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i I . o,
S L . b
LU 10 | v, o+ F ]
A Y & '
= . .
E 1 e * . i‘: ":.1-"‘ * -
= 1-*: o *
3 [ +
L * _
0.1 : . . |
L Adapted from datacompiled by
ool + ok Hyechnileow & Bessomowa [1984])
o001 L s i L
0. 1 10 100

Maszs (zolar mazses)

The mass-luminosity relation for 192 stars in
double-lined spectroscopic binary systems.



REREIE

AR B RAT b B PE A, W B B e &= 1 5 vk
K HE R tnH T (Interferometric

measurements) A1 H F& & 7% (Lunar occultations) (&8¢ K.
MTEREDD REseille el me, mle e
%A Al E AR AT

X122 B W (Eclipsing binaries), 7] LA 625 fh £ 1 1
PRANAE A FFREE I (] R 2
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T BRI AR B L R P — S 2 el
EAHR R (BRI TR TS .

L (luminosity) = & 48 5T 2 2R

| (Intensity) = 243 T L o4 S 2 2

—Stephan-Boltzmann Law: 1= o T4
—Surface area of a sphere;: A=4rzR?

HIL = 4nR 2o T4 wmmmd> |/l o = (R/Ry)? (T/To)*

Therefore we can measure a stars size if we know its
luminosity and its temperature
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AR TE 2 AR FR KN AT A
FEEAT BB R JL2E:

HEZ R~100-1000 R
E &£ R~10-100R
B R~R,

10°R, (T 1 2)
10° R, (FEE )

M R S A KB

(6.9598 =0.0007) X 10°cm
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Radius (solar units)
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Radius (R,)
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Radius determinations from
angular diameter measurements
and eclipsing binaries



S 1.2 % B

N8 BB ] 2

1. FIALI RS A 5 HS B IE 2 B RS S 3 AN 1R PN B4 I
NIEEFIGE L AEE G RURE .,
2. HEARE B 2 I Stefan-Boltzmann B2 G
L =4nR%cT 4

HRLER (9 i T A2
—HEH A, TR R M
B R 8 AT S 4
B, 24 HHAELR 5L ) ok o

= /st o
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A2 RO KE.

HertzsprungA13& & K
5% H. R. Russell ]
il P EE DG - i
F_‘/\Z:E K] .

Ejnar Hertzsprung Henry Norris Russell
L (1873-1967) (1877-1957)

T PR R A A A B PT FE E A2
I LRI LR (=5 P N2y 7
oA A fEleeEl’Jf@XTEa' N o

~color—magnitude diagrams
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Luminosity (solar units)
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Luminosity (Solar Units)

10°

EREX e A

Spectral Class
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B i:!
Hi% A2

c1228% (L=4nR26T 4)
M—M_ = —25log (L/L,) = —5log (R/R.) —10 log (T/T )
Hllog (RIR)) = 8.47—0.2M —21log T
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10,000 - random sample of 1,000,000 stars from our galaxy

900,000 MS stars
95,000 WDs
~ 4000 Giants

1 Supergiant

Stars per 108 pc3
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o 2 P ) e

1. H-R BT AEALE B SN E AR ERFTE L .

According to this hypothesis the evolution of a star can be
traced in the H-R diagram by some line, with the time
elapsed from the formation of the star being the changing
parameter along it.

z.ﬁéﬁﬁﬁ,ﬁﬁ%
NG IR i
AN 1 A

(B2 FOE AR, JFH o
H-R B AR B ) R N 2




Increasing luminosity

.

Theorist’s HR diagram

Red glants

Constant
radius

f T Taurl
\ stars

Hydrog en
burnl |
White dwarfs sequence N
-

Increasing effectlve temperature
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Yerkes Yt it 7728

(1) 15 & 16 %4324 (Luminosity Classes)
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Spectra of AQ stars
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SHE £ % (Equivalent Width )

e-11

Spectrum of a star
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W R IenAER .

HA%ER (Nuclear Bulge) . % (Disk) FZEAH 3|5 K5 B

Pz (Halo) @i, ARHEIER R H 0 FE s 4 h8.1(~

8.5) kpc 4t
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halo star orbits (green)
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iR F] (Open Clusters)
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BREF (Globular Clusters)
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B (Stellar Population
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Population I Population 11

Distribution disk halo / spheroid
|z| <~ 200 pc (O stars)

Kinematics disk rotation ~ 1o rotation

Radial dispersion v~ 30 km s7* large

Metallicity Z ~ (.02 Z < 0.01

Age young old
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VIR 72 701 &

X2 B AAR, B AR, AT LSS H R IL R R IE 5L,

P —nkT =2 57
Y7

A Hd u AFEB4rTB  (the mean molecular weight per
particle)

XFHEZ N AR, AITERAX, YR REAZH
Jii &= = & (the fraction of mass or mass abundance), Z%&7~
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Table 2-4 Properties of a hydrogen gas near 7' = 10* °K

Fraction
lonized
0.00
0.05
.10
.19
.20
=20
.30
.35
.40
.45
.90
DO
.60
.65
Fil
.70
.80
.89
.90
.95
.00

—_ 000 COOO0OODDODODOODODOOCOO0OO0O

HHHHHD—‘HHHHHHHHHP—‘HHD—‘HH

| A

.6666
.2097
.1688
. 1537
. 1460
1415
.1386
. 1368
. 1356
. 1349
1347
. 1349
.1356
. 1368
. 1386
. 1415
. 1460
1837
. 1688
. 2097
.6666

.—A)—A)—d)—‘)—‘)—a)—"—‘)—n.—a.—‘.—l.—dy—l)—‘.—d.—ly—‘.—l)—d)—‘

I,

.6666
.1593
.1160
.1000
.0920
.0872
.0842
.0822
.0810
.0803
.0801
.0803
.0810
.0822
.0842
.0872
.0920
.1000
.1160
.1593
.6666

,-a.—l)—a.—.)—a,—‘p—‘.—.)—)—-,_a)—lp_np_‘p—l'-d.-d’_"—l)—‘)—i

Iz

.6666
.1662
1214
.1049
.0965
.0915
.0884
.0864
.0851
.0844
.0842
.0844
.0851
.0864
.0884
.0915
.0965
.1049
1214
1662
.6666

Cv

SN ok

1

-

0.
10.
14.
18.
22,

-

25.
28.
31.
33.
34.
35
30.
35.
33.
.6003
28.
23
18.
10.
.0000

31

D)

.0000

8974
5264
8650
8891
3716
8826
7882
2503
2262
6670
5176
7147
1856
8465

3336
9133
1820
9524

3N ok

e—

12

18.
23.
28.
32.

36

39.
42,
44 .
45.
45.

42.
39.
35.
29.

29

-~ .

13.

.6666
.3037
.8572
2437
3797
1816
5659
. 4492
7478
3783
2572
3010
4261
.5490
5862
4542
0695
3486
2079
5640
.3333
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A key reaction of the Mg-Al reaction chain

The Mg-Al chain of nuclear reactions was basically taken as a closed chain(T,
00.4) for all calculations of 2°Al yield in Massive MS and WR stars. The branch

ration, R , was taken much greater than 1.
~_ o(*'Al(p, @) Mg)
a(*Al(p, y)*'Si)

But according to new experiments of nuclear physics on 2’Al(p,25)#*Mg
(Thielemann et al. 1988) and 2’ Al(p,Y)?8Si (Champagne ea al. 1989),

o o(*'Al(p,@)*Mg)

a(*Al(p, 7)*si)
It means the Mg-Al chain is a non-closed reaction chain and the %Al
yield in the H-burning of Massive MS and WR stars must much less
than ones calculated before 1989.

The conclusion i1s: The Massive MS and WR stars are hard to be the
sources of significant ISM 2°Al ( Peng, 1994, Chin. Phys.Lett.11:480

>>1 (T,<0.4) (before  1988)

<0.01 (T,00.07-0.3) (after 1989)




lll. Alternative way to nucleosynthesize 2Al
A fusion reaction of *N with 1°QO:
14N + 160 N 30 P*
—  *Si+ p+n+4.247MeV (a)
— Mg+ p+a+1.604MeV  (b)

—  Al+a+7.909MeV (c)
The branch ratio is:

(b)(;)(c) «<1 (©)<(®), for E ~(6-8)MeV
or
(c) > (b), % — (0.1-0.3) for E <1MeV

(Switkowski et al., 1977, Nucl.Phys.A279:507)



“N+P0 2 Al + o

This reaction has been reinvestigated by He,Yang and Peng (1992).
It is further reinvestigated ,especially, through a experiment by a

group of The Institute of Physics in the Chinese Academy of Atomic
Energy (2004).

The branch ratio n= (C) / ((a) -+ (b) + (C))

may be ~ 20% for E,.<1MeV
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Fig. The curved of Ny,<o v> vs. T,

(From the top down to the bottom, the curves are corresponding to
12C+12C( X 105), 22C+14N( X 1012), 12C+160( X 109), 14N+14N( X 109),
1AN+150(X 10%) and *O+1%Q)

(He, Yang and Peng, 1992, Acta Astropfysica Sinica, 12,122 (in Chinese))



IV. Suggestion of Sources for the ISM 2°Al

By the fusion reaction of 1N with 160

14N 160 N 26A| a

In a) SNI1+SNI, and b) SNI, .

a) SNII+SNI, :

Due to the sharp convection during SN explosion, 1°0O in the shell
without Si-burning may be mixed with 14N (in the shell after
H-burning but without He-burning), enough 2°Al will

be produced by the reaction branch (c) under the explosive
temperature (2-3) X 10°K.

b) SNI, (for the case the accreting WD is ONeMg WD ):

14N deposited beneath the surface of the WD , from the accretion
flow , is mixed with O (with a few of *°C), enough 2°Al will

be produced by the reaction branch (c) under the explosive
temperature (2-3) X 10°K.




A Simple Estimation

3.4x107" p Xo("N) n__t (T, =2)
- * 102 0.110°%s >
X (2AI) ~{ X CN) t
2 0x1072 0 7 T =3
P07 0i10%s o=

(according to the nuclear reaction rate by He, Yang and Peng, 1992)
p ,= p /(10%g/cm?3). Taking X(*°0)=0.5
We take :The frequency of SNe in the Galaxy:

g~ 3/10°Yr. ~ 3x10* / Myr.

Assuming: 1% of mass of the SNII takes part in the reaction above
And the average mass of SNII is about 20 M Then total amount
of 2° Al produced in this process during 1Myr. is about

M (ZAl) ~ 6x10° - X (ZAl)



Conclution

14
XO( ZN) 77 t3 M3un
10 0.110°s
Xo(14N) n
_2 3 |\/ISun
10 0.110°s

It is promising, and This way to nucleosynthesize ISM %Al
Is independent with nucleosynthesis of 2’Al and *°Fe.

2x1073 p, (T, =2)

M (*°Al) ~{

12p, (Tg =3)
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§5.2 TIRE (F)

“He + “He > Be + v
5Be + “He > 12C + vy

Triple Alpha Process

BeAEH eI

FERLZBERERB) — T>108 K
VR, R He k)

A

P N1012s. {H'E Eﬁ%‘?ﬁ—%ﬁ%?ﬁﬁ
BH—A~ a B TR ANPC —3a RN

4H'v.32+ 4Hn.32+4Hn.3E — IECE +7+Y

when stellar core temperatures exceed 100 million degrees, the triple
alpha process starts where three helium nuclei are fused to form
carbon and energy as photons
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Spirograph nebula Ring Nebula Cat’s Eye Nebula
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Fig. 7-1 The binding energy per nucleon of the most stable isobar of atomic weight .
solid circles represent nuclei having an even number of protons and an even number of i

Mass number

whereas the crosses represent odd-A nuclel.
Wesley Publishing Company, Inc., Reading, Mass., 1962.)
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