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Eddington Luminosity

Near the surface of a star, matter has low density and non-degenerate,
thenP=P, +P 4=kpT/(um,) +aT*/3.
We consider a region where the density is too low to transfer energy by
convection. Then the energy transfer equation is written in the form,
dT  3px I,
dr dacT’ 4w’
Using the relation P, = £4 s Py = —LKLi"Z.
3 dr c 4mr

the hydrostatic equation leads

dP, dP, c
dP Ay by W pr L __pOM (3
dr dr dr dr c 4w’ r

(1.12). (L, = luminosity, k=opacity)

dP,.
Sinced—‘“’ <0 always, (1.13)leads L, < 4”66”1.
r K

At the stellar surface this inequality leads (L, is the Eddington luminosity),
L < 4meGM

K

s

the opacity at surface which is in many cases the electron scattering opacity.

=Ly, (1.14), here Lis the stellar luminosity at surface and «, is
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Eddington’s standard model

In early stages of evolution for M >~ 1M stars, stellar interior is non-
degenerate and the pressure can be written as

P=Pgst+Pog=kpT/(um,) +aT*/3 (1.15),
where k =1.38 x 1026 erg K'* = Boltzmann constant, m, = 1.66053 x 1024 g =
the atomic mass unit, a = 7.56464 x 10'*> erg cm K* = the radiation density
constant, and p = the molecular weight.

We define the ratio of gas pressure to the total pressure B as,

B=Pg, /P then 1B=P 4/P (1.16).

From (1.8) and (1.9) we have

P=PustPog=kpT/(um,) +aT/3=kpT/(um,p) (1.17).

Deleting ‘T’ from this equation using a relation

1-B =P,y /P=aT%(3P), we have ( 3 ]"3[1_
B Iz j

1/3
43 1.18).
a;fm:: L ( )

(KH219, 2261t —EEWLTH D)



Eddington’s standard model

H n=3 Polytrope .
For the polytropic EOS, P = Kplﬁ, the stellar mass M satisfies the following relation,

3o . 312
M:qA%,qzmt%)dgig K2 (1.23),

Eddington’s standard model where p, is the central density, w'= dw/ dz, and z, is the solution of

+  He solved the energy transfer equation by radiation, the Lane - Emden equation at p = 0.

. . . 4 1/3 1/3
ﬂ == 3'DK3 L. 7 (1.19) (L, = luminosity, k=opacity) In the Eddinton's model,n =3 and K = 3k 1= .
as follows.  dr 4acT’ 4mr au'm’ I3
4 _ 12
From P, _aT s Ll :—ﬂ#. Therefore, we get an equation, M :%(] Aﬂ) (1.24) or
3 dr c 4mr- M B
. . . dP _ pGm dP,, , 2 4
using the hydrostatic equation oA we get P amim (1.20). 1-p= 0.00040[%J (Olglj B (1.25). (Eddington's quartic cquation)
¢ Since L/m typically decreases but k increases with radius (e.g. for Kramers ) ) ° ’ )
type ko< T35 ), he approximated that k L/m = constant inside the star. Then This equation shows that very massive stars (M >>100Mg) has p << 1 and
the right hand side of (1.20) is constant and Radiation dominated. From (1.22), L =(1-B) Lgy, and the luminosities of
P x L very massive stars are roughly the Eddington luminosity. 6
oo =constant=1-4  (1.21). , ‘
P 4mGM Ly, [ TCp p—
¢ Therefore, this approximation leads B=constant, and from the Eq. (1.18), )
the star becomes an n=3 polytrope. This is the Eddington’s standard model. =T \
* From (1.21), L=(1-B) Ley (1.22) LY
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Stellar core and fate of the star

Evolution after He-burning is mostly determined
by the mass of C-O core. (KH450)

If a C-O core isn’t too heavy, C-burning doesn’t £11 BEONHTHETT LB,
occur and the core cools monotonically (B). o . s
. y ( ) yoderA= B & RIE ; :ﬁ,q{f ( L"Sﬂ%{)
In general, more massive stars have larger £
H H . PR o of Te 1He 2
entro.py (upper left in the_ figure below) _ H RO 5 b p | 0.15-0.2
Massive C-O cores enter into unstable regions, 39 He—12C 120y _
K K He 20 9He— 1804 m(j 1.5
depending on their mass. e -
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— Pair annihilation neutrinos e +e" >V +V

4.9x10% 3 . —11.86T;
(pa.u') —g“ Tg [~} 9 3 Tg < 1
Ey 15

4.45)9:10 Ig ; Tg >3

— Photo neutrinos ¥ +e —e +v+V
e o1 v ea(ue +2) !
e1=1.103 x 108371 7§ 59/D |
£2=0.976 x 1 TE (1 +4.2T)" |
5=6.446 x 1078 T;7' (1 +4.21%) !

— Plasma neutrinos 7 piasmon —>V+V

1.
y mE -1/2
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2™ = 3356 x 10?97 1A8(1 +0.0158)TF ¢ < 1
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— Bremsstrahlung: deceleration of an
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Log{Mass Fraction)

M,/Mg

Evolution of a massive 15M; star:
surface and interior

1H, 4He, 12C, , 160, 20Ne,

“Si”, “Feu

Hydrogen burning
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Tfinal - Time= 1.2769E+07 year
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HR Diagram Yoshida & Umeda (2012)

Z=0.02 (solar metallicity)

Wolf-Rayet 2 M,,;;>40 M,
Red supergiant M,,; <40 Mo

SEEIERE DIRLERTS
EEmHNEE

(A &#HE 2010)

® Mass loss rate

OB stars == Vink et al. (2001)
o« 7085

Red giant branch msd de Jager et al. (1988)
x Z0S{KIF % BN

(e.g. Kudritzki and Puls 2000)

Wolf-Rayet stars = Nugis & Lamers (2000)
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Smartt et al. 2009 (observation)
MNRAS, 395, 1409

* stars above a mass limit around
17-18 M_do not explode as
type II-P supernova

* Suggests no RSG above 18 M (?)

* many observations (Smith et al.
2004; van Loon et al. 2005) indicating
that red supergiants (or at least part
of them) experience stronger mass
loss than presently accounted for in
the models, which has led recently
some authors (Yoon & Cantiello
2010) to explore the physical
mechanisms responsible for this.
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* H-poor (Wolf-Rayet) stars (Xs < 0.4):
empirical rate by Hamann et al. (1982, 1995) .
— atmosphere model with parameters, M, T, M, v_,, Xs
— Over-estimated : multiplied by a factor ¥2-1/3
(Hamann & Koesterke 1998)
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This 4.8 light-year-wide view depicts
the Luminous Blue Variable called
the Pistol Star, the brightest known
star in the Milky Way and the creator
of the Pistol Nebula

Arches Cluster

1 light year *

HST - NICMOS

Star Clusters Near the Center of the Galaxy
PRG99-30 + STScl OPO « D. Figer (STScl) and NASA
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100pe  1kpe

Log{L/Lsun)

EXMLEE

The star has blown off two expanding shells of gas equal to
about 10 Solar-masses. Its largest shell is four light-years (ly)
wide and would stretch nearly all the way from Sol to the
Alpha Centauri triple-star system. The two gas shells are
estimated to be only 4,000 and 6,000 years old, respectively
When Pistol Star finally stops blowing off mass, it may be
reduced to less than 10 Solar-masses.

(Mid-infrared imaging )
http://www.solstation.com/x-objects/pistol.htm
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EAwES “Super Supernovac”

The R136 star cluster hosts several stars whose
individual masses greatly
exceed the accepted 150M stellar mass limit
Crowther {12010, MNRAS
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Na, Mg, Ca, Fe spectra
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Pair-instability supernova model TFHIR

® host galaxy D metallicity

P —
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Core collapse
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Case B CCSN
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OPISN »> Mvis ~ 515 - 575 M,
(Mwms ~ 310 - 350 M, for Case C)

®CCSN = Mys ~ 100 - 280 M,

(Mwms ~ 110 - 500 M, for Case B)
(Mwms ~ 100 - 170 M, for Case C)

Grids of stellar models with rotation II.
WR populations and supernovae/GRB progenitors
atZ=0.014
C. Georgy et al. 2012
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Fig. 1. HRD of the massive mosdels from 20 10 120 M, with the different types/phases marked in colours (O-type: Blue; neither

0-rype nor WR: red; WNL: green; WRE: purple; WC: cvan). Lefi: Non-rotating models. Right: Roating models. We plotted the
effective termperature at the surface of the hydrostatic core. The endpeints of the fracks are indicated by a circle.
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Fig, 2. Lifetimes in the RSG phase (defined as stars with kog(T, /K) < 3.66, see/Eldridae et al:2008) and in the differcnt phases of
WE stars. Lefi: Non-rotating models. Riphs: Rotting models.
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Gk =5 oA il N 17 1[Nk 7y

0

Vi V:—Iwzsds 23) LET D,
0

Total Potential .Y =D +V
(O:FEIRT %)
ZDEE, FKEFEEO,
VP =—pV¥ = VP& VPILFA4T
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EEREDHIER

— R E Tl (u—E)
FIRT T X VI TR N —E
T=T(¥)2DTR4). 21H)=>

. dac T dT . -

g, =-VY¥ A LhE N

ZD L XY =constEl DL HY,
L, = .[F-df)_qu, <F>,

Y=const

F =|F|,S,2Y = constif O HFHE

1 S
<fr=o jf-dQ,

Y W=const
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(Conservative rotation & 1L BIIZ—F%)
AT AT RTINS EF T,
Ly =8y <F >,
4acT’

dT _ A
F=Sg, o (HOIC K B

Kp
oL d s s

el BE . NS VL D)
oM,  d

M XY = constta O P DHE &,

My __ g, >pS, (GHfEDR)

oY
oP GM,
- 4 fp,
oM, Ar 1y,
4z, 4
fy = V(R =,

GMTST <&y >

IRILEF—EHEIZET S

Von Zeipel’s FE I (1924)
HRNT V)V, K, p,e
N—1E, (2.6) >

_dK Gy KA
¥

S

— W2 Z OFATAL Y ST 720

(v EH - PRSI LD

TRV — Wk 72 T Cldstationary
TV B
B, MHARIEER (@ = const) D H

s7d(s’@*)/ds = const THDH N, VY

X —E T,

)
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=(—E)ED,

IRILEF—EEICRET 5
Von Zeipel’s FE I (1924)

StationaryZ R E(dg=0)3 5 & |
(22) > V-F = pg (—7E)
dK

— 7 .(25) > V- F=—"2(V¥)* - KAY
d¥

_ dK - 1d(s’e)

- d‘P(VlP) (ﬂGp s ds j

= pe (—E) (2.6)

%LT_EE;)IL Meridional Circulation

o (2.6)D RRYILF=E N FRIRER
dg7# 0DjfiL, FFHEIETNAEL D
c 22)EEWZD

dq _ T(ldT_Vad dP)

d " \Td P dt

LR PEEE R COMSrd | di e w1k F

(d/dtz@/@Hv-V)“C“%%i‘ﬁ%K\

EL10T /0t =0P /0t = 0V RET D &,

- VT VP
Vs [T_V“d Pj

ad)(‘_;.ﬁp)

meridional velocity: VIFiEKE Dz,
V-(pv)=0 bililz T HNENR D 5,
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Eriguchi & Muller 1991, Ap)
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/
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* Heger, Langer, Woosley (2000)

— HeEAKELGD
-SRIV - REMEMEL
- ENFRRERET

* Maeder & Meynet (2000-2005)
— CBRYFEE T, [Bl#EEMass Loss, = E A A

(C,N&)
— [E#EMass LosslEPopll 2 TEII<HBL
niy

o« Bi¥hpoplll 22X DGRBOD AT HEME
* Hirschi, Meynet, Maeder (2005)
— SRR E T, B EERIDEDEEL
- BHIEEAREZELABEENHD
M ? —GRBIZH S
* Petrovic, Langer, Yoon, Heger (2005)
— CHAIEER T,
oA AOEIIES
— GRB[Z#3H M ?

[EERZE D HEXDERE

« IRFTTTAHEBANEIFT=LIICR
Z5D ., ERIEX3XRTOFF @
ERMNFELTLS,
—CONREMEDEEDRIZH

Lt T1RmELZEEL
- ,§|)7_

« EREDEDEERIXRBARIELT
[%:L L . Conservative THZELY
— Shellular rotation MFE D E XL

Homogeneous rotation
and u-barrier



[l Our calculation (formalisms)
Yoshida & Umeda 2011; Takahashi et al. 2014

Mass coordinate and radius

' on isoba //_
Rotating Star Model
CEFENSRIBEEHEEM, — Mp
) EFE EO¥ERE r(ro,0): r(ro,0) =ro{1 - A(ro) P2(cos0)}
= EEHELTHWDEE rp: rr=(2Vp)”

(e.g., Endal & Sofia 1976, Meynet & Maeder 1997, Heger, Langer, & Woosley 2000)

Grav. potential is assumed

® Roche model to be shpherical.

) FEHRT VY v I)UIEERT IR
gr=— % —?rsin2@ g g = ?rsinfcos0
r(ro,8) = ro{1 - £(ro) P2(cos0)}
8(]‘0) = (021'03/3GM P
rp=ro(1 + 3&2/5 - 2£3/35)

(Denissenkov & Vandenberg 2003)

=

log L/L,

Our calculation (one example)
Takahashi. Yoshida, Umeda 2012

4.9 . )
. Rotating EREEEFIL
48 | Non-rotating — EE2E 7)1 [
® 15 M, o i

4.6 |
4.5

44 |/ —— R [
43 |

EEEERLIHE T~
42 | EREOHSHR G, JKﬁﬁéﬁb\'ﬁ‘ﬁhle_ﬁ&
41

FORRELT,

i OKEITRBEDEZ EHAE LS
QFBEEROBESTHAEES

39 HMBEHBENTE,

3.8

4.4 4.2 4 3.8 3.6
log Tg (K)

In a rotating star model, rotating mixing is

effective, causing stronger convective H-burning,
(DBrighter H-core luminosity

(@Brighter RSG luminosity because of a larger He core

HA2DFHE (FEHX)

Rotating Star Model
o @B Basic equations: 1D like

) —RITHIZRER D | WHIPTEE '

_ 4wt 1
oo, =i, <
ar _ 1 fr=(z2y’
W};_ 4nrp?p <g1><g>
_ <g>: AEARICTIUICBEN
dlnT

o fr
Finp=minVes, Vea 75) 5, SEBORER

g::; = Enucl - & + Egrav

M() = M(=0) (

)0 43

j = Mjsurfnce

1 -v/vm(

(e.g., Endal & Sofia 1976, Meynet & Maeder 1997, Heger, Langer, & Woosley 2000)

e B A & B RS Diffusion like formalism
Rotational mlxmg’é': SHIEYERS
Xy

s = {(4nr,»2p)21)mﬂ—"x + —L"X ) nuct

ﬁfﬁ@gﬁfﬁ_ Angular momentum transfer
do _1 210 (ory 10dlni
a i &Mp {(47”"29)2' Mp (a )M,,Z dlnrp
i: specific angular moment, v: turbulent viscosity
D = Dconv + Dsemi + fe(Dpsi + Dsui + Dssi + Dgs + Besr)
v = Deony + Dsemi + Dpsi + Dsn1 + Dssi + Dgs + Bosr

©® Convection ©® Dynamical shear instability
©® Semionvection © Solberg-Hoiland instability
@ Secular shear instability

© Eddington-Sweet circulation
@ Goldreich-Schubert-Fricke instability

(e.g., Heger, Langer, & Woosley 2000)

KE=EZ:[A¥EB/RE

Maeder & Meynet, (2001) A&A 373, 555
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Log(lile) &
a ©
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BONRERBID, Hoth o e
WFER%(ZBlue TLVAEERE A

R0 B N '
LEMN L EMass Loss HY N =0
ZLAEHEEZKRD
(KX [E1ER)
[EIERE L DEEHL ?

Tk g,

Tog Tuy

M BJR B/R
iz =1 Ui = 300

25 63 0.30 e ::‘:H N
20 47 0.43 o
15 5.0 0.24 e

12 206 85 £5E55 LRI TIEH BN,

[FELNDH, FEAHA

7=0.004 #AI{E 0.5~0.8 (SMC) 64

a function of the fraction of the
rring phase o 21 i ke i
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Eldridge et al. 2008 SN |b/ /
Rotating single star or Binary interaction ? C
Eldridge et al. 2009 SN ”:E)OK
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0.8 o
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04 \ .
Single —— T B ot
z ozp
% ”
z s :
2 0.1 o
B o.08
= o s
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2 B IRE R DX D%
O [E]¥55R

B HIBAEHE AL HN

— A DBEAN=R L LR

R EE

= HHOHIE

HRRARRE LT Ty MR
= fOHOIAVRIFREOEY
R PBER R TES

KD D ElEREE (L Mass-loss
EEHRL TS !

— Mass-loss S I[CHEFEFKLVE

R[EIERIZES
LAL.

ENREENRIER

HetAIEZR D EDHILIXC-OBDEEIZLST
(RXRESIND,
CORMBETNIXRZFRENERET I, HE
TBH—HELDEMN, BEITNIETEIZHEIENED,
—fRICEVWZFEDRDDOIVFAE—NKEL
(TRITE LDRIZHIE) . BEIZEK->TED
AREMEBICABDZIIVINELS,

Ig Ty

ENBRRE

LU, BEBEFE OH iR/ N—R b
BRE . TIvIHR— LA REEN
SERICHPET HHEIEL GTEH
CNFETREHITAT IAEEHE

=>HZE(LCOE . KEDMass-loss

R DX D #% O [B135E B

BEDRE TII#HZD SR EERE
SBATELGW, HEICE->THES
EAMLHNEBIZEHESN ., TN
Mass-loss TEXHhNn b,
FRRIDETIV:
—FRIL R RGEIE S F1) A (CHES

- E€E. VHOEEIENE

— IZIEEESER (RIR) T ELATREM

EOS and Stability of Stars

GM?
R

Ezfu dm—_[@dm:<u >M —c,
r

u TR L& —

(BB LOME p DR ZERDTZ V)

P=Kp'DEOS%®#% %25 &

dq:du+Pdv=du—£2dp:0 (Y
P

y-1
=du=Kp" dp=u= Kp

=<u >= czKp(y_l,i 7“R=c,(M/p,)"
(R br—7)
LE=c,Kp "M —c,GM*"p "

34
AR j—E =0=>M o p 273
P.

am >0 (stable)= y > 4
dp, 3

<0 (unstable)= y < %
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BWEFFEIVMAE—TSiENBEENDLELY
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Neutronization (BEF{#¥&) 7 >
FeDJt 7 f&
- WRERE.EHTHFS

- y<4/3 (Collapse)

FeD Jt 77 fi#
7+ Fe < 13*He + 4n

(Q -value :energy required forthis process)
Q=c’(13m, +4m,—m,)=124 4Mev
Up =13, +4p, (chemical potential)

FEFEXFMA) Maxwell - Boltzman — gas

3/2 )
n:g( mk]_"zj exp(u_k;jc J (ZZE'FIZ)

2 h

—> \372
w,—me’ n,| 2zh
Eim " _In| ==

kT g\ m,kT

g, =2.(21,+1) e 57

(I, :spin of the r-th excited state)
g, =1U=0), g, =1U=12), g, =1.4

13 4 13 4 KT 24 13 432
Lo, 8. 8 m, m, o Q7T

nFe gFe kZﬂ'Ez mFe

ENFRIR

Electron capture

e.g., pte->n+y,
Homologous Collapse
EOS

FeD 57 i

NSE

—a—k)/ IN\—Xk
Za—k)/ YT

FeD I 5 fE
o DEEAIZCOMENIZITZFeMDRHEHTLY
LT BE.
—n,=4n,/13
—SFeDFE R NN ET HEE,
* Log p= 11.62+1.5 logT4-39.17/T,

« BLANERE  y+'He<2p+2n
M Q-value [FQ’ =28.30 MeV
T*HeFRTORFEFIYLEIYZESIC
RZ5. N,

Required energy per new particle

AN = 4-1=3, Q’/ AN=9.5 Mev [&.

‘HeFX TR EDEFD

Q/AN=Q/(13+4-1)=7.7MeV KU

REW=®D., *HeD R RIFLYSET
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