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L comechion occuss when the oshinbodic froces)
counses o lower {emp. groolient y raciodive,

3.\::’:\304 1)—%3 gc‘\wMchIo( aidevion

E { Gonvechon)
a—f'(ad > ’ A r | adiasbadic =) CO"\\/eCHOn

v-e if heak Flow i (low, convechon i the only way f equilibrinte.
« Fom the la‘eq,( 9ay law, = K/ab/, 3/.':’%: (GSC,)

= PT 717 = const

- In slollos l\yln«}a/i( . 3@«[—!, is balase] lgy presue
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dinT

o iInt
ounrlsw <

L> Schwgwachill critorion = { oA np ) ) s / otﬁr/ud
)
e

>

L> }\fﬂlce WAM CP ~ (v (X’:f—’) , calwe,chn 19 mMor< /:kdy_

|' Xl. A
‘To estimate the conective flux R (ie ooy hanpoct due fo onserlio)
we need fo consiclr bhydlrostate e?m'/fbriowv\ omd e oénmlw( hmescak

6 R
mf ’ . / l’
T
b precme gradient wut to pegofive (T ia infeyior). Fes

L the predine seale heaghi  Hp s the rodial distance over which
presswie oWOpJ 5\, a faclor of e: ':;05 ';:}f = P-= Poe'r/”"

Lalp = -6 @-_ﬁr:ﬂg & ¢ loolly contont

L df - _ 6M/ AP _ _
- - (“/ =) If-/j

c The ,lymmml timescole i the fmesale for o clas fo CO(/aﬂe i€ theee

were o pregwre.
G Gom SWAT e <[7%

Lo 9= E2 with M- R D |y~ /67’4

b falyn amn be 'Hmy"f of as the hive hken for Changes one.fW/ of
H\e !faw ‘/0 /Iaﬂa;a,k

L ablumhiny, iy 15 e tine fo move befwemn equiliviam siodes.




’ ﬁminj convechod, a buoyw hot bwbble will rie wntil it ezw'l"ﬁi%‘el.
The m‘siﬂ7/.(idkiey olhitance 5 the i ring /gnjﬂ\ (= MHf, wheve o~
(§ & fee gwomettr (ye don't know more abont o).

- We con mody| how the heot fow fom e M“&dm.,q over
a minng leth fo arrive of an expresion for convefive Ay

£ y Cp(fmn)zpuzo(z (37:) ¥2 [ S(%{r)]&z

) In Iew‘H,' we need o lak mﬂinehlvvlfonénmy o accoun £.
5 convection leads rRing Vetwesn /a,eﬂ oy cells cam ovashoot,
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Ctolln Modeds

* Assummpbions e shakic Mo@(b}y-.
b Sph@ﬂcq/ .(yynme(/j VWJ'{’ com le wed éy-r?"”\) +hat
L dadic (pot m‘alinj) "Qf""’";'l’q from ickali Yy owe o uch M/:U‘V
L; no ;Maf/'g{»ic ﬁdd }'!M@J( e VS t’o‘gn, So we li’l”b .

A basic stellos modgl hay 4 cowpled OPEs:

vv\eclr\a/wimlg I May CaMiaM'ly :gr = 4].“,1/
2 Hydmlafic equilibrim ;(TM' = - g/\%p
2- r‘\wul eqml“,"w a%r: qrrr.';og
therma| ) (- Energy ‘WJPW‘" (chonse. ) e L
> Reokintive ‘Edd"‘"ﬂ”") Ar = "4 ac 1 qnrt
b nveckig 4 1

L rachiad distomee i the a‘/\ebpaw@n'/ variahle; +he above epuafion

owe in Ewler coo rdynates

Pk E com be sprued in domy 06 the fundaments] pharad
dwadenstic of he plagma (7, T, chemistey). Thy gives the

Conshdndive reladion :

). Nucleos emgrgy produchon
2. Opacrty (bownd-fee)
3. Peyne

<’k€F> = k,/ap T.g.r
P = P& t Prad :%;ij'qﬂ

S & Tr |

c#@md/’ry

ym ffCJJVW{

[N . <
N raotaondy on presyne €



- The Gy presnve pj comes from the 1oleal gad law:
L Pov=NKT &= p=N<myv, <md= pmy,
L ,V\ 18 the Mmeam mlem/[;w w&fﬂtf ,@M,. g on chewiead omgoS fion.
(romemmbey €ach spccies contribubes difamont N o p7,e”).
> P, = ""Ypum,
* Radiofion PrRSIME 15 o result € phofon momentum .

20 /0
' /o ﬁ T2 oA cog*Guingdod = 3 Trd7

prqo(,’) 0(;\ = c
Lo a Hackobody: FPua: T [ 8aCTda < faT?

L Pad 11t S'w whoe u \ the enogy ouity. The prssue
of om kol ponafomic 9as IS %’m.

“The eqm;(iom of ctollan Hrucfwve cam (astead b2 Cormuloted
) La.grtmye coofo(/l'%k.r e n fermy of M= /V'(r)

D fo convert, wie He chuin ruk awl o = 47y
L the equw(—wvg beowme -

). Mag; andiaw y %‘: : aiip
2. HW‘W/{C eflm'libfm ;LT’:,\ == ZT:.,
3. Thormal equilib riwe A = €

Y. Enorgy promport
L paoMative (Eddinglon) %ﬂ Tae T @)

L (onvective A =-T S et
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Qowo(aq Condibions

‘The core of a stow has finite 0‘%)!’7 of the core , c0 o -0,

Mo =0 MD( L/ 30.

“We owm q/p‘sfo;imle Showt N hawfry o cleav-tut cuvbace o r=~y ,

So P(ﬂ =0 Mol T(Q)

L Hy Jm-hﬁeo( becomse P(ll*) <« P> amd Iikent (or I
9 efeective

L may he more appiyrioke fo nie r(£s)= (/mrﬂ,.) tewmp

- The 4 Q,lml.an; comnol be Ia[m( %a[yhmﬂy withouf making
Mo aquwphions, €-9 om adhabafic presswee P> KP¥ femols 1o q
éow\,‘ly of Jolwtrony called /mlyﬁg,@,

Hemobgy
e cziumll'w of ctellar structue ave Amv/qﬁdw ~ jiven the
,(olkﬁm for a Ho, o€ mas! M, we cam and a golution 1o
amtey ol of magp M' oy goabing Hhe other phycical wwiabler
(pravlvou c‘mdhy U the some).
Lie agme that foc difloront ors, quamfihies vay in e
e oy
b thy agprnch may helyp dorive  marn-sequmee ghape .
“For two dows of may M, My gnd radins £, 4,

() _ m(n)
Lokfine the focimal may onfoinel in a rodhns = m‘r':’tj I

dm, = My dmy Mz 2 o, < Mg Yy ,
AT M o MR G g, n )2 > fxfx)a[’_t‘e)[‘{')/”,[oc)
) 2

o{mz_ - l-hTr o, = q“(ﬂl) Y, '0z



LoHhis gives ns Hhe }\omvloyy fromstormakion for the obmiity.
bg&namlly} o pw“cula,/ ezuwhbn for st 2 com be rlafed fo
the equation for ctav 1 either by Framseaming tHhe obwivative o
cabng R ot M Thee q,’ap/oa;/\ej muil- equate, ginng a sealang
ralq,;;,,uh.‘p tor ame ther e H#,,
- The 5}(9“4:4 e?mq}ibm (omd consttubive robbions) n loramye
coaroMnoder give r(m) Plw), Lim), Tlw) p{m These com
be fqol%eo( with rv‘wf-wmhp.( ihveving x| the fanchinal magy

r= £(x)- A < *qumh'h'ej e yus ¥ omend1onad
P=E(x) P’ coefeicients (ol i oamenionles)
L"f;(x)' L* e 0c flx)e éy congfruchion.
T=fulx) T < £ =], £ =] ‘i«dmn
Pt P € o)), B0 =), Ry =l S T

* 4 stellor oquation  am 4&0?1 be rowritfen, €9 hyowoshtic €5. i

ém
Loxj'w)e coounafesS am - Zqrt

G st oAP=df p? M, iy M =fR*

A6 . o . Em?

= S - arh* (z’}*f
N\

Structue (Hinoniones;)
5 thiy Gmulation sgponokes  clmetwe  aml caling
b combbn’nj oﬁmaﬂJfanJ/ P K= GW'e/(e*)‘*
- Likewise, ail of He dimensional coetficicnts cam be @(pfé((@?l "
ferms of the others - mosk I‘Nforﬂvl‘//z M amd P* Thiy
aan give wus usebul fda/-ivruhw letweay vosobles.

_((a/(m’l‘z/; (e o Jionas)

* The mag-radiug relokion § R =« M
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- The  Magg-Luwmiosily rolabion com be odced as | o M’ o chic

oypprot fo the trwe Ml ﬂhcrepm] fhecawe we .}naraa(,cmvecfﬁn,

leeaked K a5 onglamt ebe.
®- /Br;)

/

6 Cor Stors
Gwm’ry kym?ev. Vin pp-chaay (R= 4})/ X MY

- The leMJfly -7'Wp /M#WJM/’ Comey  £rom p/u” fnj He

mags-mdins el wowsluinouity olahons inks L~ 4R o Teret

IR i)
= L /3(4+3) ~ rezf

‘66’ pp C‘\AA;\, loe L"S—.élog leee + ¢ , W‘Hdﬁ a Wﬂd/e
wprox o e 9rmol4énf of the MS on fe HR alf@rawq.

To colve Hsmology G
|. Write ouf ol Known e7ua/wu (ej drvctue)
2. Cenverd to ‘prbpaﬁmnw{/f/le.l
b __ 6m M
ej LII é _Fz — 'E =< /0 R

3. E hminofe w/lu/cw\/@o( 7wm'h'ﬁe.r




"W can  find e minjmimn  mays wing /\0""0/%:
lem"ﬂl'vvxwvw core /’W’J "’?w‘reo( Gr fasion 1 Tmin % 4X10° R
Dwe cam then scole fhe solar  mass/ fomp : 5
T x MY7 = Mpin= Mo ""‘.—1'33;(0,) Yy 0.1,
b LM’ g #is o wordd howe L% (07 Ly
- The Iuml‘non'ty 0€ a gov 1§ bowndled by hi/o&/w/uﬁ? egunlihriom
‘7(70/!1 a exfosn /wml‘nou'/y , radhation /ueJJu/e > ynw'h//m
L the wppor bewnd 13 the  Ecllingfon limif,
L Pug s JaT4 D UYntdar = =% &
L but | Mo o S |y 476 Y L

L Hhe Eoldaixjfon fachor ?umh'l:-‘eJ he infleme of Pod: [t = Ly

The monimmn mass Follows  fom  Ledd , using elacton Jeaffering

Leb(al 7(e1 . ﬂy'
. . 4Tc6 Lo
L by gives Mma,, %200 Mo , overeghimede by ~S0%

L cam be exph\a'neol Q,, more accusode mo%hj of K.

ol the man sowrce of o,au'/'y: Mpe, =

e 7 @?m{‘ﬁa;
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g 1161// FOrmwhOV!

Wb Ao nof y@l hwe a frea(iu‘ille ‘erory Lor clar formafion (;iu&n lcs,
predlict  pvepartie of o).

- Stewy owt foymed (wwx the I‘ml—ml'd,{a/ meollign (IJW\, .r/et"ﬁtqll;,
Giowt Molecwlay Cloud;  (6MCs) of H, cmol dust.
L9+g,p|'ch M = 10" -10°m, 105 of pes .
L gud shields mglecules Grom ,Iiuou'm./—in] W rechakion

SThar : Gag cloud

[- Free-gall ollape of iattrstollar cloud

2. Clouwd ﬁuym%{a/fvn/ quohhj b o rong e of masser

3. Formodion of o pmbd#dla«r core (“ppeas on He)

4. Acredion of gas Vi accrokion digk.

. Dissociodion of mOl&cw(Q/' ,'om‘Jalim of HHe: H,»2H0—>2H*" 2~
6. Pre -masn fequemce  phase
N St ypesd an He Zero-Age MuinSqume — (2pms)

. Grayitakional collage

- The TJeaws Criterion 9I'V6J He condibion for a cloud fo caIIQfJ(.
- The initiaf equalibrivm & descrited by Hhe wirial theoom:
L 2K+ U=0 , eollage 176 251U feame KE hot omowgh
fo prevent collapre



2
b K=EVkT = 2 Mgy s -3

L pMm Ty Re
5 collage  hagpems i€ the mags of the clowl eweeds the Teans may

ThT \¥2/ 3 e
Ma > Z;mn) (4«/0)

* for o given chemical  composition, M3 o(z,oend,! enly on
Fowperakwe and clons iy, We cin allo (yeide olown o
Teomy ,emﬁh or Jeams dynsily.

L in i Fluse iy clouds, ,/\43 2 30000 My (Ve,y are).

Lbwt 1y OGMC coves, Mz 23My which is Ommon.

L 1aitial equilitria may be peturbed by e.g colliions or
Swparnoval , leading fo collapse.

. T‘\Q lew W"bl f7n0feJ (blﬂ.l—;cll, \/wtn'iy 7!*&0(1’9“‘/3’, Nq?neﬁ'(
Gields | extemall pressires.

T‘\e ef‘ﬂﬂj releageqd by oollagre oAoed not all become Hhemal (else

TT would stop Gurther allage)

Bin the eady sages of collapie, RE of pavticles i raokinfed
away as IR ( lowd fnw,q,ml- o lkf

b honce W‘y co"q,e 18 fJol—humw( 50 com applot « bree -fall.

'leze free - 'ﬁaﬂ fimescole can be estmabed by Godgng v(#] foom
r_ . oM.

it T s i whick cae Cer i He fme for =60
G mtily ¥t duan inly Lt onbe =L TR0 %]
L rhoif = éfplfi—?—;'/g

b homdogous collapie : oMl ity of the chud ollege in iame e,
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- Cloud FQ,MQﬂM‘M
‘ﬂhy it Och"'y in homag oneqf e f Moy cosse reglons of the
6MC 1o CO“@]"JC /ocq,l@.

'Frajmwhz‘ion vafd whon the ljothermald owmp Hon  lads - the

opacily prevents codiation so the gas heaty wp amd resuls  fuber
Collague. We cam moke Hhe agproximation of adiskabic wllege.
L P= kﬂx - pkr/MmH =T « 7!
L sub ko expresnon G Teand mass o gef My x
b M, pohaves like monafomic gas (voletion moole regures o
lob o tnemgy fo ercit). ¥=°72 = My o p*

(3r-4)
s (>

. Hencc M/;\M COI‘MJC bccameJ aoh'alw('fc, /‘4] ncreasel with

o([MJN-y Cim | ke "Jofl\evmop{)/ leadsng fo o raraimusm Fm;manf
Masst fo avoid colagre.
2 Ak = {lavl = g,
L Le 34_55‘ - @Q(%Jj)ru
b Led = 4me2esT%, whve ¢ i an eficioncy facton.
b Lmo{‘— Lpp = MJMM =002 e%:««)mé?
'Q‘VMQMM(M sty when fmymenh o apfK. sofow -mass -

3 6Mz*



825, Protushos Acciokion, Diecishion/Tonivoion

© AF some point dmh] collapse Hhe clud core teomes opogue = hot
The wre i in y\ewvlayobmhln‘o eq. (a pmlo.lhw)‘

“The ouber (LY, clouo( conkinues ﬁ‘ee-Fq,ut"l,v, érmlhj an
occrebion disk (A bo angilay momentum).

L fhe /wimou‘fy of the pro#ulw Come; Lroma Hhe GFE of

- b ~— .
acuel-ion 0(4:3/(51 L"’Lqu '2-’ Gv% S mag qerefion e

L {:Cf <L kelV;n‘“thoH’L I"}"CJ‘“'((, o core heots wy
achiabat-ically

As T approachey ~1000 K | the mergy Ervp confeaction

now goes to m}(acl‘m/r'nj H. . lack o€ presivwe feads  f,

Secondavy collagse, unbil My complehtly digeociobed.

b thiy prxess repeats af-ioniation overgies (T~I04k)

b allor jndion, fhe podator i in hyostahic eq af
a much-reduced radhing @p.

bestimade  Ep by euating AEj to  1he Jmm of
dissociafion /yonisation onengies .

= 3 6m M
a6

X 4

R,\,_?CV"UVM =X
'é Pﬂ'a—?

“The temp of the protoitor com e ephmoted i the wiried theorem
as (1) 5 E N =8x04K. Indegpmdomt o€ mass, aud 6o b0 focs
{or fugion. W,’j}. OPMH] (e (o H') so convedive /‘fa.m/u//s.
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é. pre - MMn SQZ!QZQQ’
- The n‘;H ﬁﬂ‘ﬁy‘\l' of the HR ddh;fm onfsins

o forbidokn region in which fempernbaves ae o

low for lmminggity fo be tramsported out. 4
Pre ~moan rgueme sjor; bllow /”ﬁ\,aghi tacks

ir su;N 4.2

@ Stow 5 bmrew due o @75y Grom ollagye.
As it entracks  fuminosity oheretseS focauge
opacﬂy iy Shll ‘w']h and w13 convechie r

@ At & porticular fempa/w"'%, opacify R
Sfowts olurw’@ via komery (aus LK T F
A cadiokive core M"P-‘/ s |'n7 Jumjnosity

Jo vacreage

L ' L L
42 4 38 a6

log Teff

@ Contocten confinues umfi| fhe @ 3 hof sowgh for Eugion.
Sovevad nucler reaction femporanily crenke emough pressuve 7o
halt contraction, ¢.g deterivm o lithiam bwm/'n;.

@ Eveﬁ{uaﬂq, PP Eusion etim'l(‘briu}eJ with Co/‘q,,mc’, Iew(iny fo
n Shble zevo-nge man sejueme ((24m8) cto.

‘The Hnescale Gor () > @) is e kelvi-Hetmbo/e timeseale: clovert
(or Imall| R L.



@U[eck associofed_with stor Lormadion

« T Tauri stors ove PMJS ob)eck IV'.‘V on Hq,yaJAi fc ks
b lw\inou'b V“"yif\j on ondlesr o€ doul.u odune fo accredion
b> ln'at. IR luminosidy oue o Switownoling olut.
L g}t rofotors ol "W@ convechve, o h’;l\ level of- achivity
(,e.3 flowes, Y-roy emiliign).
" Herbig-Ham objecls ave axcitodions 0 fhe intentelan medivm
asodafed with the ek Gone T Tawi shows.
* OB agociakions 0w groups 9€ yowy 0,8 moun seq. shasg that owe
not qermLfm@ bound, avmha/é: oliiperting.
* Sowburets ave (tene Peviodx of thow formoabion  hich may reguld
in the Gamation of syporclusters.
*0,6 shous hawe hgh Teg so rochiake photons Hhat an ionve H. This
reslts 7o o Nz rejfon ( Ho =H?Y)
L estimode gipe o€ Hp wyion by cwn‘o‘uin] steady stole wheve
VoNsation roke = recombinabion rofe.
L Reee = &(T) Ny Ne x (T) » the recombinadion geficiont .
b He shor cdeaes Qi 1onting pholors per seon] , 1o the
SH&"M}W rdius  (radius o Hg region) gWL,;,(.',eJ
Qs = Pree gm‘;ua = Vhg ~ chS;) T
L)tl,wfng recombrnafion, the muﬁa‘nj Hz hoy an excifed electron.
The n=32 Jwsiton glvey Vg regiont e ved colour .
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: Velly massive gtors (’“ZOMa] howe a .\’i;uiFicamf solar winol oumd
‘\l:t)“y wc/yd'fc Sugemova g, w“"’" oo olbpme CMG. Hoe i
belioved fhaf the ‘Myc shos Corm lagt.

Inihal magss fimction

“The oistabukion 0F 2AMS lellar mages iy described by +he
inthal mass funcfion (lMP), which @m fo clplued fom the
pmw‘ clug mass Gwekjon (PIMF) /roviabol w have g ewvolobion modsd.

* A simple  [MF modkl o pewer l[aw ~OM| = km-oc, whee
VmM)am s e pumm ity of stas wit mass MeLm, midr1]

- Other mockls chkh -pto;e)H\er powes laws.

‘Cwmwﬂg wnlknown whether  IMF 5 wniversal or O(z,}em‘&m" on
loca.l conol hony ey mehdli.;ily,

* [MF & importont \hon contidying Hhe dynawics of galasies,



Evolwhon on the [Mouin Sequence

“ The ouobtitn of MS shows dgpond; on may amd jaitiad chemis fry.
Tke M hay indringic widH (evom ofy amwaﬁnj for exrory) éem,f
Sty evolve hile on the M.
. 4( H )H(’, the mean molecwlar w(,,)k# ncreaqgey gam_(p
g P amd T must T fo key P const (fu-,'o/or/-ﬂw)
b S XpT? o s resibli n the st being pove fuinons
b glor oy uplledt o HR o(MyM
For oo 1Mo st the He core \y iikally not hot enough
bor He FEusion: 77 H
b Lere %0 ; all |umineiity poduced by H oudor e » H
L LyEo(aUnﬂan eq, L=o > ‘;-g,- %0
L the precme gradiont s puly provided by the obnsity gradien
OLP: /-n +ir oy = s
dr A e parid Jp
- The M“Wihj tomporoduwe pow comser the  cprface of the gt Fo
expaud, lowerig [ec of conttant . Bewls bo cight on HR
* The pres.(we 9ﬂ7«0(4‘w* from aw ied jyoHeymod core cam on ly
Support o much extemall wass, o there i am ugpov bownd on the
Core mMals.

b beyonol e chb}\barj- Chandiabhaw limt (M o 20.1 M), pressace
sugpo’t 1§ iniufeicient so core CO"MJej on Kelvin-flefmholts Himescate.
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Moggive stows

* UnliKe solw Mmag chows, magsive st have Gonvective core,  This
k“’ﬁl the Cvmpo.n'ﬁm in the core yutim (no et He inngr core).

‘The opacity in the core jj woytly due b elctron soteni -

b ke =%, ,iﬁ”ilff’!w 2 Yooy 4 (14x)

L H->He ()(bah&el e,*( a,mu"naluﬁry € omd rmlucing e,

L fower K mews that moiofion cw fraaport Uorgy efrediol,
50 less convechon needeo| =D cove shrinkd  (clitcot to My sh)

“n messive shws  codiohon pressme  cuves ouber lyew b eqpand
Mmore /‘qf)iolly thaw for Mo clas, o Hhoushout their whole MJS
[i€e, Tete dgcrenses.

"k Ny echanted, the whole stas {‘l\
contracts | aintesn enapy prad. by 7t I6M g
n‘ncuan‘ni core I»ew.lo, produciay o
[eF+ Mok on the HIR oliaprowm,

[ he Mip/or ﬂm‘lkfele sbell och lice miy »
© For o stowr with mghgl{-éwm'ry fomce , 1€ the Bé/
innex core controcts | the outty v expomll ol vice veya. ;
* Mol o p“}slw‘ (‘W/} &Mp.‘fical /.riMwlw/—/.on.
* Erovgy cons. amd vitledd theorem = both U ol F\@/
K one [nol4‘vfoan,M/ cotyepvesl b
LU LK = congt LV?+2 LK) =const

& |ogT

)
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L agsuwe thol the core mase dominades: lvl = 6—2‘2 t @N(TM&" Low Moy ¢ hoys
L ﬂ.‘ﬁ 0 > %ﬂ - - r'/;L )(_@)z * g O‘M'l'r, $0 bop MLOSETMo g frebime ijym/er 7haen
‘ ol \fee +hecwrenf age of the ymivewe so fone hove ewvolved  of
b duvjwadjon eQ/umd.( on c/wl;e.s kaﬂmfnj on Fimeseades ruch ohorter the me.
How Kkelvin-Helmho(t2  fimescale . oy with M L0 Mo owe bully convechve amd  fuse Imix
wik'l all H —=He.
E leckron dogenesmc © M £ 0-087 My dolanes frown duwndts oo gmald/eoldl For
“In bow mag chas  ((£2My), lectron olyoreracy 3 amother sonce of H Gugron btk emit IR ‘j ohuctorium 6wniv9:
presiwie o the cole moss may exedd fhe Ghishony -Crontbaekhan )imif el 53de vy
‘Due to the Padki exclion priciple, oly huo elchoy 'OBka with no  £ugon reackions ave plouets,

occupy o box of yolwme b i frage gpace.
+ egomenate gacer have o very olitorent dath o Maxwel-Goitz mman

. p&m'r m(u‘"' an MCW W e - (), Nondegenerate > (b) Degenerate

occpy Nyhaeigy sodes becmse S WL e
Fheve one mo Gee low-onergy stoter. Moo e \\['tpcgi% |
Pegerernde gases lose fewp  FSetms ), med |
Jﬂ»pwdwce ; predswae only ool ,,,l,".im.f‘""', | .d,(,‘.i.m‘{.f"""
on sty P p™ TR e
* Temp. cam only be menjuweo w-rt ;gio;:%;oo\— i ] |
non -degepevoke packcles (e pomm). gg%%&%%%_w] e
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PQJ{"/VU QVcoLwL[OVl for ~Mo story

[ 1 Man(Z=002) ? A e

Y
Horizonted /
bfmh L/ :

log (L / Lun)

log Terr (K)

@ The TMy clawr hay reached fhe ond of ity My 1. I s
'Mninj H na chel]l avowd om jrart He core.

@A’S H—=>He, the core becomes more magsive amd contracts  leadsry
fo &(pw'd{nj owter loyery | Ene{ﬂ pmoludlbn/ham‘wr/-i! e sawme
o Tete b to compemiake. Thig defines fhe Swhgiomt  bramch (s568),
which lasks €or ~2 Gy.
When  [eft fow muﬁt. , opacty increases due o A jons.
L the star becomes Fu,llj, conveclive amd cam troapoct much more

enoryy owt.

5 L1 ond day onbar Hhe red-giont browch (R66)

Robert Andrew Martin 2021

The RGB O~

-The RGB s the Hayoshi pack in revexe (full‘:f convective stovs)
« LD oy mote H onverted +9 He. The process acctlprples becamse

core controuckion feads to
/7' in the H shad —> fusion more e@ﬁcim/- = L7

-Cor omity > ower layer domjity , g0 the eicioncy of shedl

bwnlny 0&/3,.0(.( onb oh Coe mads Q#eepl,): L >2xi0’ r\”_jl‘a)él'@

. He’ﬂce Moluﬁowy pm% bor o wick mogy amge converge o

the rdmlfwely norcow R€P.

(D=0 lagy only 056y, ok the end of which the obgenerate

HQ, cor€ /\"J MNOS‘MQ OMD( HQ €ugion Com 6eim

“The R6D doponds on wetallcity :  higher medoliicity —> hirhay opact,

(K~ TtV ok they tomps) = photaphove Cunthor Grom core (of
ot wa53) > fouty Tor

- Red 3,’Mh lese may becani€ theve (s weak ?rw/l.t‘y of fhe Justace

bnd o /owye plw@on Flinx .
L groang of slid poticles ane Qe&ed amol beome /Mtl of The
W borstellon ol ot
L) o\._(alu mey cfor il lose ~30% of W maly qy J/-g/[a»’ wind.

* Duwing O -1, wavection troamsports makarisd €om the core 4o

‘+0 the Jwﬁce - dﬂwlge-w,o.
Llik tragile, so Li abumdame on the surtace indiceatec age.
L N M‘)wna(amce ncreases JMg ) C-)I’/ C‘l‘lﬂ'bb’lw (olmn/ CA/{)),



[he Hebis Flagh ()
cwhen T 210°K | He meler com ovtrome e Coulomb bamier
b“[ '}Mn&(/m so He Eusion by fhe #r-p/ea%proc&u bq;m.r
: He Euaion "NJCJ Twye , buk tecamse the core i okie'“”ﬂ/e
r)"‘”w"e (amol 0(1441#) ij conslom £,
L & < Yo T‘“’, so dhere i pasitive @eectfonck , causing
enenny froduction to ""1"&9’ (rease
b o(.wn‘nj this Heliwm Flagh — the ore moy have locaf
lww'fho_sl'ly ‘dloLo Cor o few _recolwl.f/ bk +hiy 1 ovksorbe o
by the ouler loy erz.
- when T = 3"‘0?“ , Hhe DQ?WMy i Iieded . The cove
Fhen upamol.l omol cools, Iew}lf o o reohuchon jn ety
?emeya/{'(Bn , uwnhl we reach h(/MoJMi egw'//bn}m,

Horizontad prowch @ - @

* After the He P[Q,rk the stow produces energy Eop
bo Hh He Ewion in e core omd H'bwmnj From the hel.
- The are hy er pawolp! (ompanes frof okgenarabe state) s
the oder omeloge condnchs. St leg [wwminows tham jf way befare
the fe €loh, ond bl on the horizontal fiamch (HE)
- bk L skl high compaved b MS, so HE on{y bots 0.1 Gy,

L 15 l‘l\o‘qﬁﬂo‘fmf of fobad mass becoumge fF ole/am:(f on the He coe

whleh fag magg ~0-SMy in all fow-mass Stows.
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‘The shype of Hhe HE depends cn mebadlriily

L color meballicities reslk i a ceol clump
b “7“” meballic/ties et in a !ﬂ'&ol ovev red/blue

. Howwev/, thove & om anknown Second fovometer flp./'&/’b.mj

HE chayes.

Aoymptotic Guank Goamch (Ae) @ @
«For M LM, , C amdl O camnot 6% fueol jnto heavie, nucley
* However , core confroc Fion Wakj enoush  heet o stavl fuing

the He shell. ThS resulfs in behaviowr timila, fo fhe 68
which way clomimated Gy H sheid - 6«ynl'nj

L core confmetion —> ouler layev expamsion —> ece ¢

L rioves /' on H-R clagrowm,  towowds the sosme asygmplole

as tor tHe HEE.
: lose-up of core region fora 1 M
i Asymptotic Giant Brar
Hydin
shell

.......

Logg(L/L)

“AGCE § wlable becamie thee (s both /e Sl buening . sta,
ollernates befoeen them, [eacing fo fhomol plsodion  (pediod ~ 1000 47)
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‘ gecma_(e 'K Aau increaged , conveckion becomel mere impar/-nwf So ‘ T‘\& 5(’604"& oF pNS owe nwfoﬂsw&‘e ewlidsjon lfn&s:

flee is a cecond dredge-wp | increasing  He awd W conbenk in L Sthnget lines bom  H{Ve vecombinafion
He envelqe. 5 treve ove alp liey cowefpanaéhg b coflirened excitation
“Coamd O in AP afmophores become  CO, with excess aboms G lines make it eayy fo olekerming  rodiad velocity

ému‘n, 10, HO, C Hn, silicakes. lmpt soumce of intess bollow olwst
“The  wrearhell veyion 1y rich in free nlitfrons, feaokng to ockive
nucleaynthesis by the c-process. Thi U evidkncel by e preiewce of
lcclm@ﬁw’ which hos no sk bl )ko/a/er
“On the AGB, mags log acclobs fom M= 0" Mo/ = 107 Mg /e

5 stellaw wind s £(L) emdl L i o Guction of core mpss , so as
chetls buvn, vneve wass 15 losk as wind .

L may bss accelrades umhl e coniechive envelope comof be
(usbosneol . (F @nfrck omd o new drative tiw//Z/’W 7
eshdlithet. The clow bos now leE+ the A66

L Hi contmedion occwrs ot conshomt L (olobtrmined by )

so Teee T

Plosehory_nehloe

'Hl;til\ Tt = lwminogity in UV gpechrum
Lw coufle; storgly with mvdapt and.  jynfles Swrtowmding dndf,
cresking o Ha region
Lthese oye planetary ebdae (PNs). Golled lasehony’ tecame ey
I\Mc Cinite eqtent on fle nfﬂn" i ky so olent fwinyle



While Dot

\/\/krle, JNOIG’ ovt HR remaants of [ow mal ¢fous
|—>occu{)j a noroy fond on the KR an;VM, but

come |0 many colowrs Iyl "
L> cone metly He, q 0/ wnth f)(bl)af Fons W,!’ >
on mad. <7

b sha with M £05Mg will fead fo He duorks
(‘JM‘ Hese hawen't ﬂ formed)
Litaw wl, M= 1 -8Ms [eove CO dwn with M=0.6 Mo
H,yt, swice growvity levls 4o ctrokificotion, so the fuvea ce
JPQC*’W 'S vevy pwe (either H or He),
b cliGied os PA 1€ H-dominatel (~Fo%)
> DB i€ He-omingel (~16%)

D FC i conbitum gpectum ; PR i€ C prewent, D2 i€ metals preseat

Elecf(on d@@gﬂcy Fgwe

- Geal U % dorive presdwe as a funchon of chnsity |
- Considor fhe olocton chies in & bex with V=%: k= znfn
L stede donaity in k-xpue dv= 9 (zn) d’k, 9 spin egen.
L dy Broglie 4o tomsam to p-space: o N = 3(21-,1;) d'p
L convert o N ber oloniity of particles (por wmit voluwe ) wing +he
whiin aumbe £(f) 1 dn = G R4

'Frowl 1% M @ °l"~‘*f,

’ Br non~rdal—-vuh< e}atm
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- For @,/miohgl pdwla Excluiion = .[(‘o) ¢) (e most one ehcfion

o be n o 3lven momgyfum ¢ hode, excl. S/Ino'ﬁf en).
"{"-(ZUMKT);“ exp( I’/kaf)a(/

L feve 1 some critical olfzml‘y where M— ;elo(r £Cp)> |
ab =0 (peak of digt) i fert = F "k'7’/‘

£ classiad M-P thws breaks olown whem n > Nepjf

L fr & Gred Mify, the classical regime 6fea1<1 olown as T—0.

- The t+okd nwmber onsity of My,lqj g n= (z,rf,-p fF(/’)dp

b bus in He limit 70, ctofes ave oc(u,{ueel on/] =
uf fo the F&/Ml‘ mgyﬂdﬂv’m /)p 4
bn= (2nt,)3f bp = (2m3 g e
Las nt , Pe 1 osine lower stafes £l wp.

2

* Pregme 1§ the €l of momentum: o = fu lle Vs

b df = pevxolne. > P = @y [PevefCAdp
L e symmefry and mk’gﬂué " ;phen ,ovle

o= dpv > ¢ Gy f £-Y p) dripolp
= fz/me /I\ fre T=0 Illvu/
JPdp fe’

n-m‘b

.'nkyrcv{-e wp to fe ! e 3(20#)3 L

L bt no fF > px p's
242 6 23

L hene o= Kip™” , K, - 1}“—:‘”3 9.")

“ At hgh dbwitits, e eam reoch relafivittic values

4.3

L v=<, f-v sfc = fe x PF > 40 2 Ky fe
L5 in both coses, oegen prevuve  inckp. of temperatue .



White VWM( mMass V/en’frgef&/
: Tle enchy o‘g/dﬂy of a ob,yem geu s U= (27,%,—)3 f:{(/)ﬁp)-tm,o’o(/
- In the @labivishic T—>° caie, E(p=pe, €)= 1(Ipl < fe)
> e :(uﬁ,; mepd o« n *?
bihe fohd KE § Hhop  Excx VeV x A9y « Mg
L Ey = Ex v €, = AMQ/;;EM)
L He ol mags 1§ such el the dwo fermy ase eiual so Ewnt0
C AMY 2 BM gives the Chandwosehhar limit, Mey = I-44Mg
for e eater mases the bl‘ﬂdiny eneryy Mcreases ag the grow shiinks,
lecsting fo unshoppahle graw. collage.
In the non wlahivishic cage Ex = CMII}/ , E, =-8M%q .
B b equilibrvm adiw s givea by LEesy 0 > = 2 mle
b Ve ? 2 [Muy vy = conil]
* More magsie Wis owe Mr: nees elchon to be more
closely @n€ined 4 Suppert rmore mass.

+ Gecamse mesk ehychon shkes cve occupicd, dogencinke e com fromd
fow without collia(A}lj — e conduclion & the olominamt encry y
Hons port mechomiim. Iy T T
L Im’gk efficioncy = dothermod core ’
5 i ituwuin] laver of suface; cheep T 7Im/ I N

wo
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* Eskimale T using the virial theotew - E, = 37 = 2 WhT

L)érq He OWWF Fhese a.:/e m‘; nw'corymd 2Mp e
> F« = - kl

L gives T~ 0"k (w!), radiofitg tonsing X rays

- Cooling i WO coves e:cluiv% from rucleon gas  (ogon. e~ emmnot- /)

b edt. coglig mbe wring L = By
)Qn'kch" ?%2%1; & we Ek——k/ excl @~
L thiy 1 an ugper bound on fhe rw/e ne;lec‘lvy #e mu/a/ly Jorfoce.
L T = 2x0° J° (,ozk) , ie seed Gyr for typied WT.
L wiy aclually cryJMlue, eleasing [afent heakt phot  futher Jous
woh"y.

L low rake of co°"'!7 Q«xplauu WAy Wir ore whife .



PQS‘}’MS E\/OIW?%V\.' M%ive Stous

'Mn&ive, stowy ( M )&’M@) com bwwvn €, 0 jn Hheir cores
Le M 21IMg, cor towps g emogh fo fuse wp b Fe .
L mags log i impriat of all shages or mossive stows. For

M ZI0Mp  fivescale G may Jay & nucleny fusaing,

* Becamse of therr Iwge, core;  magive shons ave overluminous
br thar magges.

40 35
log Tett

< Magsive  sour spitch  behueon ,W of cofe exhaustion amol Core
{jr\l'ﬁbn, mMoVIng lcFHrfyM on W= dingroum :
core exhaw bion = core  shanks — Owler IQyor a[thLl - [ex |
'V"dj massive cass (M 2 40M4) |ore most of ther envelope o5
Stellp, wl'no(, exforing the hebum ceve ~ WOIF-ﬂmfd' (wr) stovs
L WR dois have strong  emigion lines  Gom the extensleol gawe ous
e,m,da/&l (cedhor Ham wéaor/h‘on lines we'd see fiom cmoller ¢ tavr)
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L wN WR have shovg He, N |ives
b we/wo W hwe shon  He, /6 |iaes

- Conki'g propo.seol &IOIu,I'{onaq Scemowio "

M<zI§Mo MS(0g) = RS6 ( > Bs6 — ks6) » SWIT

M =S Mg | M((0) = BS6 —ps6 > SWVIL

M=2"-4o My [ms (0) = B6 = Ry = wwiswvEswe — SN
M2 doMy |M((0) > 856 = LBV >wwL swweswe = SNIb

S ol

- The solow wind com be eshmgbed a5 M= "My V 4'7'0(2' roughly
|U'“'Ma/7r. Mausive shis have mMuch Lf;lw Eactionad, lows rodes.

. Theve s direck evickmce Gr this mas loss: P Cygni line probites .
L lines in UV region corf&JponaWj fo Al}”y jonised gpecies
™ (xeﬁ'le hes o mirture of akborphion cwdl emisiion
L fut the ql‘!l(af_f”"‘m ffn_e  blueshitied leaue e dellow

ochmephere rqf)igdq expouds oubwonls.

Clax emislon Elu
bluulni&gl =
J o\bwrfhon
Vo vzo > v vio >
velocity ; wantlpng b “ velociby ; wontlpny 4

“Vp is He ferminal (,ebfi‘y of the owfflw ; cav be wf to ~3000Kms
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+ Providedd the line 18 net fa,{-w«ko(, we con okoluce the fon cdumn

L nuan Pl“""‘"\‘ per umit fime I8 g{, - ACLA/:‘V) = L:\‘ﬁ::j—'"

olonsities, which can Wi w relafive chem. chumclomees on sfors. \7{ = W«_(O_P_r_) ;_LLAV’O‘" ol Lyvidoe |
* The emission porkion of the profile dolls ws the ghape of Hhe 2 E0m Vel
velocrly Gield  v(r).

"\‘Vobs c .5m= ?&4?2/

L chell acebrakion Da,f@m‘! on He vel,oci#y 7/&\014@”{ . the lwyer the
M&M}Jﬂ&’ﬂ"ﬁ

range of yeloeikes, the 9reolgr the nwn of inlteracting phofons
"To find dhe totl acltvakion we need o sum over oll tramsibions
MOM a ‘\omoyewcoug, l'l'me'l'ndq@'*'/' amol g’,hw!“dé/ S}/m"'@/"; L> the ,orbbq/ﬂ'/ﬂ-y of a ji\en framsition (5 redoded fol—ﬂze. opecity
clellow wind; M"Jﬂy resonalle, but inhamopemerty (clm«/l}l;) d impt & mwklhj sovewod appmymations, 95y = € ‘fFrl( 7! Z(T:)K
*Momenhwm 1y pomgtened Grom clellaw fashiativn fo He Jai- wheve o > 23 observedyonally .
LS an chment of the wind absorks fhofvm trom Hhe 9«4’4 + The plbf&'”ed of +e skellov ,,.,c'vw( o be ool 6, &olw',,g
Shw  then e-emits a%i\ the ghruckue e,zuM‘{en.r. ,
Y et rachial mementum from ey 6, L resudb it M o LW[MU‘”]‘ “
APt =

bé (Vm ces Gin ~Vout Ceg goul—)

'9]’-'— )Z(%c"éw\ s fhe Eolo(a'nyfon Gclr (sucboce ;rowﬂy reslc A
L {eos Gout> =0 (isotoprc @mi.\ubn) ; LcgBin> =|  becowse L] ot edion pre&.su—vg)
ol inciolent (;Ao/wu ove fem clavs :><ZJP,«> = A%h L?ra(wl'e fo line proﬁle Wmdw: W\ 2emei-r)) 12
*Considor a shell of gos owouad the st el vz v (1- R’:)HZ Vio = (Fx) T Rn J
Lhell mass i Umrtpde
L lines of v, coregpord fo  oberiad Vo, Vo, * Increasing mefallicity makes shells offimﬂj +hicker = note momonfom Froms,
(ﬂl'i(Fevancc due +o 'Va’pbldlrﬁ-) : | Mz : MZ@( g )(l-rx)/o( L o ( —2-_)04.\
i e - Y Sy ) =
Vi > Voby tAdVsbs - '% (vidv) < oude, Swrbace

: ap
Lo shell cccelubion 6o a jamsiton ¢ itz 9ad =

Atom



gb{,l&l novae

“For higtorical reafors, Supeovrowe owe clag iGed as type L
(ro Hlin :feclwm} or Jye I (H inspectrum)

_ - 125 T-+
[ I — Plafean in liht cune? B> T -L
He # T
no I = Siﬂg vl TL
mHeI_? -
> Je

‘mee o M5 occur in godasies of ol types; I olo ot occe

n 3”(4?%4\1 7qllv~ier (oloer) .

= (( T come fom Ianq-llwo(, low may (o ;

O cowe Fom high mar v,

“To SN ove coued by The thesmonuclers explosion of a C/0 WD
thet has accredepl mage jn a binwj

L2C% of SNs ave type Ta

L on aevage, Hhese ose the most lumminous

L "W’ curief ade  mogtly Jhe same = we as Hamolowol camoldes.

"I, Ik, Le CNs ave core-calla,oue SKE: the [ast stege in
e eyoludion of massive flays.
b T/tbrre O@Mno(\/ on whih chells on the stan romasin
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“All the SN; we've oberd howe come Gom € 17Mo stau,
One l\wwﬂ\&ril s thod these ¢ fous collae  durecH nto
bl“(‘/k ho(ex, w i howt (eJccH@ amy mdn‘mhl.

Core collape (M2 11M,)

-Once the Fe wre reoches the C howotrayedcho limit, e‘o@;m.

camnot support it so H core collagies (in fess ham o seconcl)
Re,i ~3000km —2 Rc,¢ ~ 20k

' E&HW\DJ'Q energy relecse win‘, the vivied -

V _ ’E 6‘/\4"- *_3 60"'1cz ~ 4 GMLZ
9r T 10 @i WO Ree T 10 Bef

L {wu'cq,(/y U,r ~lo%T , 9r¢,°\}af Houn H\e/éfm(inj
energy o0& tHe star.
S mase ~10M, ejected af ~3000km ! D Eey ~10%T
b ~lo®*J releaged ou mw.aﬁan
L oll 4o accounts fr ~(% of anmdlable Uy | st cavmieol
ooy by newdnnes
 Core collogre is o fouitive feeclbuck loop:
L oy ekic phetors  profoijiintegrafe Fe | redducng the prerure
=  core conirochs
L oy TT/ phv}vm wn/w»@ become evwef'é enough b peak Ve
T e+ ¥ > 2 120
L when preswe u “'.jtl enaujl'n ,nverse f‘%my octuy,
'o*»,e‘ S0tVe o e 0(07“, ,,fwwe i lot — Coreptse



At a certoan MH% nucleon o(?,yenﬁl&cy ins foutoveoutly o the
core {nw,‘,,(re&;iéle, o the (,elfafue rvewses —> core boumce

b the_ inkeraction febween are bowne amd 6eetellyng maderiad
CTEDJ:J ﬂ\ockw«dex

it wag ‘)mw‘owly thought Hhaf Hee shockatney How off the
wudope y bud newey modols show thef the evieryy snrteac
alrﬁin"eyla//»a Mﬂynuc‘u'_

L some unbnown echamiim lofer cawes fhe exfaion . Che fhen;y
8 that redrives owe happed i te e becse o the hgh
obus iy . When these escope (~@-ls), te sk, Q,,Ploobf

' Pl\ohol,{Jin’regroJfM amd (e P-olecyy provide fiee nardmns,
which wm be cuup’wed by e r-procey h,ovao(m:c post-Fe  alymentr,
- The cort temmmomt pecoms o newhron st or 641, olgpncliny

on whethe, s wass s below the Oppeaheimer-VolkotF lind].

ght cowve; of core vollope Vs,

‘When the choc kwone reaches the suvbace Hhore s a bright Al

of K-raus  ofler which [winegity roqioldy oleclines.

"¢ theve i a law;e H shell, +he gas Mot wou ionived exparances
re“"“bn.nw‘"ﬂn , re'%inj phvloe&tlmyy amd ,reJu,L-luy n o //AIZAm

L L
WH-P vaﬂ-L

\t/a(o.gs ‘t/v(o.gj
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- The lodent (wwindsify s oo regub of olioaFive oloayy

L> fhe chee kwave cemgey uplo.rive nmclewy”'”lﬂd of f;ﬁ/i
6
Erom .?':Sl [hwc!m»lef bo short Gor fobery nle {6 Fe)
L> B releass radinkion: oo Vi T 6 BB
|’>‘\Onc¢ /M;IIOSl'*y (04 J@ca,] rw‘e) °@(‘V€¢U€J exponw/"h/‘/.

Gogamar - buvcds  (6#8s)

. GRBs ave the most enengelic wr‘mpl\y.rfm/ evends (107« brﬂn/ér

o Hhe mocl fuminoys SIVE).

- Stort-phud GREs oy <2, mk'yk Freg, owd ore asocioded i+

moess of rantron Slovs / BHs

- Longsof+ 6RBs may be o reswlh of cofe-collagie (M of

f‘o"lef\] MmaSive ctors.

“GRBs ove visthle owt o wmo'agicaA JA’J#‘\MCPJ, yiw'na w b

odooud the ew/ly whivevze.
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*A che birouy chos Sybern s one in which fre gepriotion

corparahly Jo the size of e shus,
* Werk jn a cortating oM Erame
by £y = -2 2 padameed by

rt -

n _—4est mass

r c® Mels E / / \
L e eftective folen-h'a/ s ‘"'1

M
d=- 6('_\(—“"1- _J,i)-;'w?r‘

Lorbitl freg i o= LT
: LC\gramgiM points howve %gc;o : A
bnonelénze on a fest mqi 3
L values 0f Ya owp. labelled [,
DLy are all wnstable ejulibio
5 the inner Lagramgiam point L& portieulesly
l.mpofh’w'} N the evolution of clae binaviey.
'gyﬂm_( oy expomd  fo ool efzw'po-’mf'ial
swifaces : obmily/preduse puct le congtamf
on etlw’pv*mh'ak.
Lin o semiclfochel bl.ﬂM), the secondlowy
st Eill 7 ng‘pm‘mh'a[ up te L,
L as it erpandy lveyona( its Roche bbe , mags
transte,  Gom Sczondwvy ->f“}%o'j 6ejin.r-
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fromgé,
“Orbidal mohon may ceqult in He Fmmakion of actrebin olasks.
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