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Planetary nebula and a White dwari
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Supernova explosion simulation
(Core collapse SN)
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o BERELGDARER: 1 RITERRFH
_EsED %’:wzp (L) (KHa, 10)
“HAETEOR L0
_ARRESFER(EOS) Plp.T)
HARSE P = ol (1.3)

SEAMIR L2 A P o p°*(non—relativistic)
P o p*(relativistic)

- BRI5E (Pl p—E. EOSHVREITIK
FLEWSE) ELEREOAEXEEYD
;'EJEiEkG)EW:ﬁil:Z(:ﬁ@(C&?ﬁ“'G%é

— $HIZEOSHS P=kp " (1.4) LEITHIHE
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dP Gmp
1.2) > —=-
(1.2) dr 72
R R M
J.4ﬂr3d—Pdr=—I%4ﬂr2dr:—jG—mdm=EGR
0 r 0 r 0 r

R
ke (s = =3 P(r)dm’dr=-3<P>V
0

<P>=—@ (1.5)
k14

KAHEB)E (BHESKR . FERXRAO AT Z)

<P>=E<p-v>:2—n<lmv2 >ZEEKE
3 32 37

(15) > 2E, +E,=0 (1.6 EUT/LERH)
nlFHALRFEY 72 0 ORL 74K

GRS REI A DI 15 < P o= < posm L 2

D TE,+E,=072%)

KEDEHEFE., BE

SZIAER A ~ M
BOVHEE < p >~ i
M, =1.99-10% g, R, =6.96-10% cm,

G=6.67 108 cm3/(g s?)

(=1.4g /cm > KBEDOBEA)

R 2
Eg = _J%4W2dr =— 3aM

(p = —EDOH)
17 5R e
GM *
e B~ (1)
R
2
(15) > < P> M
4R
FRABSIR EOS 2H5 & <T >= %”T’"

=4.7-10° K (KK

EHHRFE n =062
(X=0.7,Y=0.28, 7=0.02)

AKB&DPolytropicET JL
P= Kpl% (polytropic relation)
- BRSIEKTHOTEHTEPIZHLE RN
H B[ polytropic &% 5
« dinT/dInP=1/(n+1) D &=
* Lane-Emden equation

* n=3 polytrope .
* pJ/<p>=54.18
- p=54.18*1.4gem? L
=76.4gcm3
« T=1.4x107K e
c EYBLULVEEE
1.5x 107 KIZ3ELY =~ N
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Polytrope & White dwarfs
n—1
K=cAGp," (KH19.9),

¢, : non dimensional constants

3
& p, oc poc MR™ :M(ij

—sAd=c,p "M
12 11
—> K= c3M2/3Gp "3 =, M*PGp3
1+l 4
also: P =Kp, " =c,GM*”Gp}
4

P =048 GM**Gp>  (n :%) (1.21)

4

=036 GM**Gp?  (n=3) (1.22)

Lane-Emden A2

EHHT v L orEA 902 G—'Z"
dr r

dP do

12)»—=— (4)
dr dr L

Poisson s TFET

1d,,dd

——(?==)=4sG (B)

2 dr d dr L

)9 _ Kp'™ dp (P=Kp'=Kp ")
dr dr

If y#l->p= [( -:l? ]

K
dCD 2dCD [ j
(n+1)

(B)»
::T z=Ar.
. 4G MG -
= —® )= (p)7
'K ) K

w:§:[£J" (RZFATRDO T LTOHE)
RV

(FLr=0Tz=0.0=0_p=p, w=1)
L9 B L. Lane— Emdenita X505,

Lane — Emden equation

1 d| ,dw \
—— |z —|+w" =0
z°dz dz
f ldw
M=4mp R°| ——
‘ dz
Z zZ=Z
PO 3 dw
P, zdz),_,
2w §
n Zn (—z 3 e ocfé
0 24494 4.8988 1.0000
1 3.14159 3.14159 3.28987
1.5 3.65375 2.71406 5.99071
2z 435287 241105 11.40254
3 6.89685 2.01824 54.1825
4 14.97155 1.79723 622,408
4.5 31.8365 1.73780 6189.47
5 o0 1.73205 5]

wi(z)
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0.81
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0.2 4

0.01
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Using python SciPy odeint
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"str05480.txt” u (13+10++$5):(10%+$9/87.9) ——

2 4 6 8 10

6.52599, 0.650548

F&
(EDFEDAHITEHIZRT—IL)

Protostars,
Proto-planetary disk

A15XK: NASA
Grav. Energy~ -GM2/R

Half of the energy is inside and the rest goes
outside. (Very Bright but usually hidden by
dusts: Herbig Ae/Be star, T Tauri star)

L ~ GM(dM/dt) / R
~300 (M/ M) (dM/dt.) (R /R) Lo

BEDRENSERINZ
[Z73HET

s BEAICK->THBUIMELTWAARE
FEEN ENYEENICECLGDH LR
BMIEENAERLTULK

. BLEADHRDBEENHT,
accretion time-scale HANE HYLHED
time-scale, Kelvin-Helmholtz time-
scale, KYRCHDEEITHEERIZ—
EDEMEBLELTELTIRO S,

« TOHRDELLITEFHRMTHLIEER
TEL ROIRIILEF—DERIZEY
FILEE(1. 6) 1255,

* Ep=|El/2 THY. BISNhDE
NIRIILF—DFERHLEZLN,
FRFEDORELLTHRESNSD,

HEFPRYIRNHE

Quasi-static Contraction

R 2
Gmp 3GM -
Eg, =—I|;T4zzrzdr=— SR (p=—"E DI)
GM?
—f%iz E;~— R
GM?

(15> Po<P>x 7 (1.8)

4

PR THBE L p, o 4M
§7Z'R3

3
L M g9, Laew a0
p. R p.

BESRIE R P =~ oT
/leu

3

+(1.10)—>£ocG3M2 (1.11)
IDC
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Quasi-static contraction

T b a e (BALERESH D D)

slen(T3/2/p)+Cl,
um

u

+(1.1) >
um, M? M
( . )s, =ln(ﬁ)+C2 =IH(W)+C3

112)X = M—E Ts N+ 5 L T EH-

WA Cg=d?S“T .
n c

u

1.13)

(1.12)

: P
Main Sequence | esue
by degenerate
l electrons
Hydrogen
VEios Hydrogen

Grav. contraction
3
Pc o Tc

‘burning

Contraction stop

Protostar

* Maximum Stellar temperature determined
by the degenerate pressure (rough estimate)

M/N
(1.6)E Y TIVER  2E, + Eg =0
2
Eg = —G% Eg :%NkT NS L PNV
+AMREDOSEE - K - T e R
h m (m kT )"

A~ , ~ u A )

Jm kT PR T M/R3~ p

m ,
—— e 4P (1.14)
h }

TEMPERATURE T{K}

Electrons in stars

Electron degenerac

ELECTRON CONCENTRATION #(m '3)

* In a white dwarf, electrons are degenerate
but nuclei are not.

T
CLASSICAL, ULTRA-RELATIVISTIC e
P=miT i
Core of
Lﬂm SUPEMOVA |
""""""""""""""""" progenitor
CLASSICAL, NON-RELATIVISTIC !
P kT L
. 1
o )
i
H
i
i
. 1
Sun ,° !
White dwarf
2 i
8 ,’J i |
10 ¥ 1 DEGENERATE,
; | ULTRA-RELATIVISTIC
DEGENERATE, | p_p n
NON-RELATIVISTIC! -
F= Ky i
: i
S i
i
Normal metal
, i
o L ! L i i i
10 25 30 - i5 40 45
e
10 10 1 10 1]

Nuclear fusion

O Ik ETIHRFROBERDRFEICKYRAIZIE
BEE SRS (IESF R FIF TR EE)

4 o
KEF H) KF
ET (Charge) +1 Tl +1

S EDMNBIEEER (T>107K) IThhdE, KEEM
D, Tahs, BREDATREEDIIENTED

(Quantum mechanical tunneling effect)

A BKkFEF SEF
— I
—a—K)/ T+ EXCa
FIRILF
BT +6 B +6 B +12

S EABMEDIRILF—THETLD (RER
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B Sun is a nuclear fusion reactor
. EFNEFEMETE(KH178)
- /—nUEE S Tc=15x107 K
— Tunnelling probability S Shining by the

- RICHEIE. ST7I45— fusion energy
of hydrogens

IKRIABE (KH193)

Hydrogen

(proton). neutrino
ANE=a21—k/ (kH338) .>\‘/—>
. / ﬁton Helium

(proton 2, neutron 2)

2 We are observing photons created 1 million
years ago and neutrino created 8 min 19 sec
ago.

-10

Hydrogen Burning

* (1.14—>M<0.08M;-T <~ 107K
Hydrogen can’t be ignited.

= Brown dwarfs ({8 %&£, supported by the
degenerate pressure)

* T~ 1.5x107 K: pp (proton-proton) chain
ptp—d+te +v,
ptd—‘3He+y
1)*He +3He — *He +p +p (ppl)
2) 3He +4He — "Be +y
2a)e-+7'Be — "Li + v,
p +7Li — “He +*He (pp2)
2b)p+7Be — *B +vy
8B — 8Be* +e" tv,
"Be* —*He+*He  (pp3) 2000,/01/08 02:40:36
€pp ~ 2.36x10° X2 T2
xexp(-33.8 T4 1) erg g'lsec’! §




Solar neutrino

* pp (proton-proton) chain
ptp—d+e’
p+td—3He+y
1) 3He +3He — “He +p +p (ppl)
2) 3He +4He — "Be +vy
2a) e- + 'Be — "Li
p+7Li — *He + He (pp2)
2b)p+7Be —» *B +y
8B — 8Be* + et
8Be* — ‘He +4He  (pp3)

Process Neutrino flux Maximum neutrino
(10" m-2 -1y energy (MeV)

ptp—d+et +u, 6.0 (1 +0.02) 0.420

e~ +"Be —'Li+ 1, 0.47 (1 + 0.15) 0.861

58 —*Be + et + u 58 x 1074 (1 £0.37) 15

BN B0 + et 4, 0.06 (14 0.50) 1.199

B0 BN + et + 1, 0.05 (1 +0.58) 1.732

Ve t 3Cl > 3Ar+et (detectable only above 0.81MeV)
Predicted 7.942.6 SNU, Observed 2.5+0.4 SNU

Kamioka Vo + 2H-> p+p+e ,v, + 2H> n+p+ v,
Result v, changesto v, & Viu

Discovery of the neutrino oscillation (& neutrino mass)
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Hydrogen burning
* M>1Mg,atT~2x10"K

CNO cycle
2l 1y, BN 4y
13N 5 !3C+e++y lgey
BC+H— YN+q 5
|-#N + 'H— 50+ |Slowest |

50 & BNtet+r
BN +1H - 2C+*He
I
| o
i
I
|'__"160 +y =
160 +1H - R4 4 r
”F—b 170+€++V
0 +1H - “N+'He

L
8 IgT

=heavier elements can be produced a little
Eeno ~ 8.67x1077 X no Xy p T2
xexp(-152.3 Ty13) erg g-lsec!
¢ pTI6 at T ~2x107K
12C: BC: "N: PN =4:1:95:0.004

Stellar evolution calculation

* Basic equation: 1D-Spherical

— continuity %’=4ﬂr2p By

— hydro static ”ZTP __Gmp 1)
r r

— Equation of state (EOS) P(p. T)

Ideal gas P :L ol (1.3)
um

u

5/3

Completely degenerate gas P oc p”'’(non — relativistic)

4/3

P oc p*"(relativistic)

* Other equation

— Energy generation and chemical evolution

* After the main-sequence, stars are sustained
with the nuclear fusion energy

* By solving nuclear reaction networks, one can
calculates energy generation and chemical
evolution at the same time (later for detail)

* Below, following equations are explained

— Energy transfer equation (radiation &
convection)

— Energy conservation equation

Energy transfer in a star

* Radiation (rondom motion of photons)
— u(x) : thermal energy per unit volume at x

— Assuming that 1/6 of the photons moves toward x
direction, and letting the mean free path /

Heat flux density:  J(x)=
1

1
x+1 (])—u”(,‘w[)l T +1) gVu(X—l)—gvu(x+l)
T (S 1 .du 1 dudl
=y —=——y]—
| ‘ 3 dx 3 dT dx
=1 uwlx-0) Tx-1) AT |
=—K— (K==vIC)
a3
Radiative diffusion: Heat conduction

coefficient
u, = aT4,C, = 4(1T3,KV z—claT3 Heat capacity
per unit volume
I=(px)" (x:opacity)
dac T’ dT

T
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Energy transfer in a star

* When radiative diffusion
dominates, energy flow rate L(r) is

3
L(r) = 4 j(r) = —4m> 2ac T dT
3 px dr

—a{dT} __30k L s
rad

E - 4acT? 4m?

* Transfer by convection
Surroundings: T+AT, p+Ap, p+Ap

T+6T, p+6p,
p+6p

Keep moving up, If the lifted
gas pocket has lower density
than the surroundings.

Condition for convection

Sp<Ap (|6p| > |Dpl)

Lift Tadiabatic

Gas pocket

Energy transfer inside a star
* Transfer by convection

p_lo
prp

. Ap Ap AT
ideal gaspocg NG
r p p T

adiabatic > p < o —>

Convective condition
Sp<bp (I6p| > |2p])

Pressure inside the gas pocket quickly is
balanced with outside: 6p = Ap

lop Ap AT AT -1A

rp p T T y p

—>£ < 7=1Tdp = [ﬂ} (Note :E <0)
dr y pdr Ldr dr

crit

Summary of Energy transfer equations

* Transfer efficiency by convection
is very high, so in the convective
region: 4T _{dT}

dr Ldr
dT| |dT
*if — <‘— (radiative)
d}" d}" crit
dT 3px L
— == @I5
dr 4acT? 4o’ ( )
T T
*if 4z > T (convective)
dl" dr crit
T _y-1Tdp|_ {ﬂ}
-y par\ Larl,
-1T
_ TG g6
4 r
(equation for hydrostatic % =— Gn;zp )
r r

Energy transfer equation
(supplement)

(de _y-1TdP

dr erit Ty Pdr
P[dT) (dlnTj y—1
- —|—=] = =
T dP crit dlnP crit }/
define din? =V,thenV , = 7=
dinP 4

P dr dT 3xLP
(1.15 when radiative) -V, , = L —
T dP dr 16macT Gm

therefore, energy transfer eqation is
crir) :V = Vrad

when convective : V=V __

when radaiative (V <V

* About Le doux criterion

10



Example of the convective regions

* Central part of massive stars & Outside
of the shell burning region:
nuclear burning is strong (large|dT/dr|)

* Regions where dissociation of molecule
and ionization occurs (y =~1):

e.g. ¥0.2R; below of photosphere of the
Sun

Solar optical telescope satellite @ Tl Hinodel
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Convective and radiative layers
in main-sequence stars

M~ 0.1-1 Mg M>1 Mg

BTG

UN§idil
Low mass stars K o B

Intermediate and massive
Outer layer is stars )
. Central part is
convective

convective

IRILEF—RFD (KH30)

o SE2ZEEM (stationary)HIEE, T
RILF—ERFEeEFOESID
Bk @id g HEZ Denergy flow
rate (luminosity) D Z L= (X
dL=4nrpedr=edm XI[&

- —figIC

dq:(g—a—L)dt:TdsaTézg—a—L

om ot om

o el B s

ot

&, . nuclear energy generation rate

£=¢,-¢&,, &,

&, . neutrino energy loss rate

oL
— =g, —&, +¢&
om g

(117 : = F—RAF D)

Energy conservation

Modifying &, into a more convenient form

(using the first law of thermodynamics)

Tds=du+Pdv=(au) dT + P+(auJ dv
oT ), ov)r

Po

=c,dT ——;
pa

dp (v=1/ p:specific volume,

¢, :specific heat at constant volume)

aE(@lan ’ 5E_(81npj
OolnP), oInT ),

oy ot2) oo T 202

=-c, 5
ot ot pa ot
— 10T Vv, 0P (1.18)
P\T ot P ot

¢, :specific heat at constant pressure

((ﬂnT) PS
VadE ol B
omP)  Tpec,

: adiabatic temperature gradient (1.19)

11
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Full set of equations

* Rewrite equations as a function of m
B
om  4rrlp

aP Gm 1 &

Bn . Arrt  AmZ OB ° (with acceleration term)

il sons | or éap
T N ot o ot
T GmT 3P
% - _m ’ (V:de ZM‘V:Vconvec)
oX; my; % ~
524 (- S (40155
7 k

* Usually solved by the Henyey method
— Non-liner boundary condition problem
(boundary conditions depend on time implicitly)

— Define 8y as the difference between the temporal
and true solution. Then linearize the equation for
Sy to solve

— Repeat (iterate) this procedure until 8y becomes
sufficiently small

Time scales

® Nuclear Timescale 1,= E, /L (KH p.35)
(E,, : nuclear energy)
(t,~ 10" years for the Sun)

® Hydrostatic timescale
Thyar = (RY/GM)2= 12*(G<p>)""2 (KH p.14)
(Thyar~ 27 min for the Sun,
~18 days for a Red giant)

® Kelvin-Helmholtz timescale
Tkn = Eq/ L= (GM?2RL) (KH p.22)
(Eq : gravitational energy)
(Tkw~ 107 years for the Sun)

BEE T, Ty > T,

Mass, Radius of main-sequence star
and HR diagram

® Larger L is required for a larger M to
sustain the star. However, Tc is almost
unchanged because gqyg o< T'6.

(1.9) > R oc M/T, < M
® Hertzsprung-Russell diagram

lgl/Le

19L/Le
it ot =
s (s L=4mR20T,.*
N LN
(8¢ > N
< N
- \ ? - ZP
S 0 e \,
N\ 1= N e
L 5 - \
\
L \ X L |.5\P
M/Mg =2 i e
I M/Mg=1.25(
| P
(3 RO S N S N N T -—|~|*I_I_I_|_‘L,|_|
W23 4z 4 W 0 33 38 a7
Ig Ters g Ters

Mass-luminosity relation

Loc~M? (M2 M.} T o M4

lifetime oc M/L ~ M2 (more massive stars
have shorter lifetime)

(More precise) Observational fit
(ERINE)

® R oc MOELi50N
® Mass-luminosity relation
Loc M@
a=2.3 (M <0.43M)
=4 (0.43Mg< M <2 Mg)
=3.5(2Mg< M <20 Mg)
=1 (20Mg<M)

12



