
9/5 (목) S
.
M black bole w 4 million Mo.

1
.

Celestial Mechanics ( Estimation )

Howmanystars ( in theMilky way ) ? w 100 - 1400bilion

Binarystellar system ~ 113 - 12 of

-

Gravitationally bounded all staws

7 How the motions of individual staus Cand masses ) can be inferved ?

(
mass is very important falto

Newton' sandLaw : F = m
in astro physics

- simple case : u , mawhere m , 7pma

- m is the mass of seellaw object ( Neotron stans
,
wbite dwarf

,
blackholes . . )

Brightness
1 ) Binary star systems

<-→ d:stancr
.

( = Astrometry)
visualbinaries( ex: Kruger G 0 )
Astrometvic binaries ( ex : AB Dorados) → 하나의 별이 흔들지는 모습 관축

visual bimaries

optical - Eclipsing
binaries (IrgodMosilyburntogetberduving evolvtron .[

spectroscopic binaries > very clos [
공전주기

ine-of- sightGelocity.
t astromet rie bipavies

> We ↑,LP .대부분의정 @< IAU, 식도 같이 발생 (
←ali (y?sg spectre

parallay d = po I PC = 206265 AW = 3
.
086 × 1016 m = 3

.
26 1 yr

scopic )

ex) d w 2 X 108 m (.8 : π2 = 10

3) a i 24mm not 9
. : )

θ= 24.Mavase

∞
"
(

↑
24mm 가 d 만큼 딸어지면 24 t 10

- 6
ave see

⇒ 24x 106 avesec =
24mm

=> d =
24 x 10-

β
m

a 24 X10-6avcsecy
vaid

.

lamasec



9 / 10 (화) : Basic Mechanics

1
. Kepler

'

s Laws focal

1 ) The ovital track of the planets follorstheeipse
.isI. -

:

'
§ \

2) The radius vecfor ( son s planet ) sweeps out ㉚ Sa * @

Percheion .

equal areas in equal fime ←) 강운동향 보존 (fastest ) \ -
어
Aphelion

S , = S2

3) G M: = 4πα a
3 ( M ) m ) ( slovest )

τ
s semismaj or axis length ⇒ Equation of elipse

orbital period
al - e

Σ )
γ ( D ) = cofes )

I + e cos θ

2
.
Two - body problem : where is the refecence frame ? = rez
ma

( 겊

t
5 ' = - γs may

↓
'

께 5 베 ^

Bary anter ( Assmmption : . Nof accelerating
bs

b
.

C
.
due to external

→ { √

B =

m ,ni + marz forcel as

m ,
+ mz Sm, reference frame >

= o ( : Bary center af the origin
,
β= 이

: minntmz *
=

0 . J
-- 5=- m

3
.
Equation of motion ' = mit51 =
Fπ ' =m .d F= m

,s
µ ≡ mitmmime IBedueed mass )

.

M + = m
. amz

F☆ ' +F = 0 ( (Newfon
'

s 3rd)
caw

⇒ 따- =
더
( 몇 )⇒ - *

m
. me5

=µ없,
:

- S

5
GMM 5 =µ dv

25'

Eqvivaleny I - body cq uayTon
4
.
Solutions of the equation of motTon .

- Angularmomentom (keplen 's andlaw ) I = m , mpo tmarzwMimbs
⇒ µ S

"

ω



EITpticalMotlonsCo )=GMeeost Try To

. Keplev #
.

G M+ P
=
= 4π

2
a,

show thiis

- Totolenergy Ee=
-Mu ㅣ Cmy homeswoasa)

5
.

Mass Determinations : Badialvelocitles inaspectroscopicBinavyystem

. sPectro scopic binary ( Poppler shif + )

이

여 Gprmitm
)mz "= 42a 3 ( ai =mm as )
_

3 m , +ma)
-n βsinz

=G
4π
2

( a , sinz )
3

Ideal Graph of radial veloatly ( n
mass function for syar 1 ( f, ) 5

Q.Why he need a ( incknortiom ) *…- …;
은.더l

x The line of sight velocity obserrer '

Un ( f ) = ① , sinz) sinot
" 없Plane

Le Maxusun valve of Un

fs =

mitm☆
5n3 =2

π

(U( simiβ→f, . masins=( p = 때 ,)
m
, comy

(8) 킵곤 박사

blackhole

( Stellar mas
?

up) er mag )



9/ 12 ( 목) : Celestia 에 Mechanics t History of Danle matfen

Gailleo' sDiscoveries s Invisiblethingsbecomevisiblewichtech -devehopmo

'

" Dark
. " ? swhay wedon 'y know

.

)Dark stars : Black hle! JohnMiche's imaginaaycon

2) Dark planet : Neptone

[
Vuican Cil + Einstesn 's L .0. 13

.

37 Millay way Structone

Evidence of Dank matle .

1
.
Galaxy cluster

Ewicky ' sgaulaxydostermass detcaminaaton :Mt .wilsontelesope . (callech

비리얼 정리 10) n 8okmls VS 200 lkm / s

Tnvisible mass ? s indireay evidenceofD
.

M
.

2
. Galaxy

. Noe alom

관추 X[같은 양독 모릴끼리도 상호작용 X

L 와라운 글일



9 ( 19 (목) 2
.
Eqvilibriom in stars

.

solidangle2 =
7 .

d

.f = sinododd
.

.
F 1 ox F = 뉴까.

* Sun ( stellar ) Energysourcers :
"

what is the process that prodoce

the star ' sLuminosi + y
.

"

I ] Chemical Energy
L
. = 4 X 1026 W

18 thw :
"

Burning
,

" - Oxidati on
.

MO = 2 X 1030 kg{ Ro = 7 × 108 m

- Let
'

s assume if every atom in the sun is d = IAW - 1
.
5 × 10 .11 m

available to redease n loeV . Age w 4
. 5 bilion yus

.

How long it will take tor the sun to use allability
.

⇒ n = 께 =

2%
" 1057 atoms , 튼 로 ← 구하면 (lifetimel

tr 105 yeans

Too short ! !
2 ) Gravtation에 Enevgy

.

: Shinning : g potential
\

⇒ Son ishould be lange befone ( sbrin king happens)
.

"

How long the Son could shine if grav potential E → only sounce?
"

⇒ du = - GM. dm = -
GM . ( 4πV 2) β

dn where Sp ) =s
⇒ UN4 π G (07

f

.
r4 dn I ME√ RGM

2

.

virial thm
) w loels

.

:
t w 107years , still short

.

DEn - Iu
=
pGm

.

cf) Accretion

부작 (강착 )
3) Noclear Enengy : E = mC

2

Atomiicmassunit : I = 1 . 660540 x 10
-2

kg
.

시 : mH = 1
. 00 7825 u Imhe -4 .mm l = 0 .028 67 7 u

.

He = Mhe = 4
.
00 2603 u τ 0

. 79. mue )



⇒ DE = 26
.

7

MeVr=- 6 -4 xloky / l0g
.

En CIMo )
×
0 . 007

x
Ca m10443 .tnompime

.

AssumptTou ?

"

Stability
"
+ key to describe seellar Thtevior

- size ? : Sike requivement in Stan formation

s Balance betneen Ek and Ep → Different system
- Time scales } ex) Clusten

- Lominosiyy

. Stabiliyy
- size requivement in Star formation
- Hydrost aflc -EquilTbuium : virial theorem

- Mass
,
Lominosi+ y

2
.

2
.
Jeans Length : 성간 구름이 붕괴하려면 , 퍼텐셜이 운동 에너지 보다 커야한다 !

\ Perturbation of size 7≥ λ g ⇒ Confinue to Coytract

41,N
는업들어진다야

. G raviyafiom에 Collapse Condiyion EK 는 I ㆍ1

⇒ Imnlar: GMn( M = masof the cloud )

= Average EK MN PB
3

< Gas cloud > ⇒ U
"
≤ G B

2

P
…

Cryical sizefor collapse R
2G
?

US
'

=

OP
= OT( 1 *55)

Cordernl fastob 역시 ) =Jeanss length

β

( 4 = roallo of specific heat ) e
Usrk? ≡ λ)=

2 .CrHTcalMaseMe
w
P

. l
3 = G(: where µs

is the speed of sound

= Jcams mass ( ordeving ! ! ! )
Example .

. Nevtray Hydrogen clood of ISM ( Inteuseell ar mediom )

.Nomserdensty(t/pical ) : n = 4 x107ms Trlook Chomer denstty compared to oun doily

( After calculailon ) ( Mow
3000 Mo Iige )

λy
w Golyus



↓ f
- Assome x

isize IMc 'n iMoㆁ - Tu look

s

p
←

⇒ From one gianygrowp ,single ,honded sn toousends of stans

g Collapse dominant fou mul aying
.

2
.

3
.
Mydrostatis Equilibrium : No net force

*AF=
P

, AR : - 「PAt.Eachmass elementhashonelfareon tt
.

Fo
wr P. P2 → Gas pressone N -A (Pz - P , )

dp = P2 - P , Copwarnd ) so
π

Fp =
- Adp 없nAar

⇒ n: - GM
( yP(=-

PCygors gl = GM( 0)

( Adv ε 사워룸 ) MCv) : h 내부 총 젤량

' β( u ) : "에서의밀
.

2
.

4
.

VivialTheovem :내부구로고려
X

,에너지로평형심태설명하는요구 [암흑물질
.
? )

VCuldr =
5 π v

β

dr . Vendp = -
5GM 약 [4 파

a PdvJ ( Valid for Un n )

= dM

1 Ssya
,

vcudpa fsiar hma " dm i ; whene dipu) = Plk eudp 적분
.

V → O N = O

{
p s o r = B

ㅇ

= 3 Ʃ Ep IstarPar + fsea
.

ldp = 0

Isum of Pofential energy of staus )

⇒ - 3f pdv = Ʃ ㆍ
P O Judp a - fpav

( Staristicalmeale auguemeny ) ( p = nKT )

For a perfeat
,
Mon -velafiuistic gas , p

= jnlamua - plug this in above
.

⇒ IƩEE + Ʃ EP = O
,
EL= Σ EK+Ʃ EP=

Z Ʃ EP=
- ƩㆍK

f없 etic energl
. .

Virial thm density

→ Good velayionofundenstandingideaycenditlonPhyjical Properyy
.

→ 음의 비열 ∴ e× )핵이수측하면오히려온도상승 → 은하단의 안정성 : 암독물절



ex ) Zwicky'
s

galaxycluster mass detevriinafon

G
.

C . -Belayivelystableassompton -abse sVivialMass fExistaca of D .
-

M

M =
257av

G 5 EjDav
2
.
6
.
Nuclean burrsing음성피드백메커니

- power source Sun: relaively - SlablestagePeried w 1
oo
years

Multiple - chain eastion involved
.

. P - P ( protomI weaction - →TonizedCondiyion

. H
,
He
,
Metal

.움 Q
.

How to malntaiin syableeqilibuiom ?

core - staw is Parturbed to orsmall size BN
.

→ P
,
TX

- In creased Eneugy veleased
.

( Mome Nucearweastom )
. R p CEn crease the size )
( Enverse divestion is possib) e )

I Self tegolating,Negartiul - feed bacek

2
.
7

. Edding ton LumimosHy
.

- proactisalMaximum tothecomiosityofnoma stan

1
Photo spheric plasma

L Belatibly lable
,
hydrost afic

( Zopized tH : potor + eleatron )

D
스

'

s frad,eForce ? 「
양생자에 감한힘 작용

PC
e!

1 ) Grav
→ Proyon mass 7) elesthon

I Lovegoingbadiation [
_

mas ?(-o 2) Badiaton pressore

photen 강한전기력왜 → ComptonScaffeving .
[전자에 작용 )

Fenengy flux [W /m2 ] = 1D2 의해 크레 분리
간극능-← electron sole culan weight

D Frad
,
e

= Prad .: =( - 2) FG=↑Mµem마브
9B

:) folly Torijzad H

Me 의
= 톰슨 산란 ::) " e

L GF 단면적 ( - : P =
틈

, =Fouce )(tie, )prassono=qrea
=

Fea )
Me ≥ 2

=

4TB
ㆍ C ⇒ Frad

,
e
+ FG , =

O

5 L =
4π GMMempCIMOμ) [ ω] = 12. 6 × 시

β

me [ Mn)머
. .
Ed dingfon Luminosiyy

.



if Lo ) LEdd : ExPansion , noy nstable :
. 2Edds maximumPointwalh- Sfabi) H)

.

Z
, significant mass loss happens

←

Fon son
,

L = 10 x ho s Very stabbe
.

실제로 L α M
( 615

. buy L a M
.

→ 어느 간 hel Lead 따라랍"
,

그 이상 절량 [ MW BO ∞ ) 글과관측X .



3
.
Stellar Structure and EvolufTon

SStellar sthucture > → 구형 대칭 / 회전 X 가정

Y ) Hydro stayi ( EquTlibrTum
+ Eqvaion of stae P ( P,T )

⇌Fundameptals (2) Mass Diseribotion

㉛ Luminosity Pistribofion

4) Energy transpory

steldar Model

D HSE : o = - GMc1' =
-
gcusecuy INet fore = o 이

2) Mass DistuTboy ion ( SPheri sal mooel )

쁨 = 4 π v
= Pcn )

3) Lumin osify

LCr ) : power passing through Spherical surface of waadios

. ε [W/ Kg ] - →에너지생성합수 .[
뜨 |젤량당전력생성 ) ε (γ,9) = ε (√ )

(.

Ep = E
. Xo 105kgm p Cwlky

]
…Matter Conleay,den5(y)

,
femp

fumctiom
.

→ 2
.
5 × 10

- 3
wlikg (= ε. ? )

4) Ereagy thans port
.

- Badiation ( 복사) z ^ ryT 3FzF☆

㎡
㎡

δ x
o photonp x . √ ^

、
- Convection (대류 )

Er = mean Suee patb
γ

,
T, F1 = µT, 4

= Aopacty
( cros-secto.

pen mass ) [m 2//kg]

⇒ Assume Perfecy black todf
.

F = 8T4,



> Fney = δ ( T ,
4
- (24) [w /ma] where F =2

.

⇒ Lwad (v ) = -4 π
N / σ (ψ- δ+.4)= - 4 πV

음( σ+×) r= - 4πV γ
. 4 δT

3
. ar-if

∞

d= - 6(scn
β (

)B(r= L (v)
…

Badiasion

Tar ) 44l, why .

Otherwise
,

for the case of Convection
,

[ 상숭
,
한열 팽장

,
냉각 + 후변다 여전히 뜨리움

fIadianaic -(

I -8 ). peGMcypc
)

→ 계곡 상승 7

. ..기웨이
.-

.Convecton

fic

Sun

R S O
. 7 Bo : Badiolion

7 Nudeanboramling is happening in cove
.

B 3 0
.
7 Bo : con wection

⇒

4.
3
.Stellar Model

4 fondamen tal equations
Equatlon ofstoaees

p=
maRT

+

Secondary equations
o8 )

.Sahoa eq
.Higb h

,
hoy stans most ) massive

(8) Exoplanbey 8indring

S $ B diaguam : A Plof of logl - l.gT > 1
.

Badil celovly

^
Absoluteviaulmagnitude ( same d )

, Lovinosty tin 2
.
Trangis

어
σ

NA Gsapl branch
.

Why? a) Evdotion
3
.

Direct Imaging

.= \ of seaus ! 4
.

GravitationalMicrolensin.

O
s Main sequence ( H - burring stable ) 5. Astvorsetuy

: : * > B- ψ ( mag )

bliu π To vicoal (Yellow )
filfer

δ
Lowhr Cominos?y

,
Cool Stars

,

leaslmas : ue

temp ↑



. Lumin ostty Cax the outer saface ) of oasta

L = 4 π B2 .ITes
ex) Fou Son

,

Badios <
L
, effeative temperatuve Tegs n 5800k

「

. Solan EvolutT on ( af . Tefs S T )

- stars form from the ISM gases
s

"

proto stars
"

- The star sefeles on MS
.

( Fonsison of Mass )
s Zeo - age MS

= (삶)
^

R Fgrailast The core shrimks
,

tug ⇒ B ↓
,

,PT

at red grant fI bonning Covesid eJ increased

1 III⑲ burriing rate
sun Hinthe Hitle I He bouning

shell
' ( Red Giant )

HB of sun
. Whente is

. BM* L ↑
,
TV

exhausfed
,

What happens ? s C
.

O
,
Ne (Heary elements)

10115 Evoqvtion of single stan ( M . ) - M 5 . 2 . 2Mo

: le cove bocomes degenevate
Lomino5+y . ho]
^ same star s

1000 - 3) He flash ( M * 2 . 2M. )
hot hish ano ugh

.

l00 - ← Atthe bejining
,

TP
Mr 8 M o0

2) Bed G: anf
It

θ -- ' Tune sqveneIBelatinstabler lolicenpel te boving
.

while Pwarf s Now 4.
5 bllbiom yrs

\ ㅣ > Surfae Temp [ K]
20000 lboook 5000k

.

Ssolaw mass star ?



I burting af the cone ) ends
→ Evolutonoffthe main sequence

, Gecove and residual tHsherr
→ Cove begins to contract

,
while H around the cove bowning stil

.

→ T rises in the shell
.

s L T s Tess ↓
. ( : RI↑ )

but

. Bed Gianf

-
1

Expansion of the envelope d Teff N
.

s H
-

ion forms
.

→ Convecton ( theefficiencyofE transport↑λ )
→ Mome E tvansport

,
expan sion ! !

. He flash ( Posieive feedback )
s Collapsing He cove hightemp
s the coke : electron - degenevafe PrPIsT , Pa P

513

'
T - 108

k
, Pulo 7kgm

-3

,
He bursing (Not a funation

of Temp anyhsone )
If PIO,T ) s stabily. But, ifP ( P ) , think abous istle

Contracy Partwr bation
.

∠ TP
,

pp
.

icollapse
, TM P ,notenoush.

⇐ Also He buriingt
.

He cone
F - npressure guadiany for he bovring

. (
M ≤ 8 M

0

(
.avre.

그 8M.

elemerats
.

4
. 4

.

compaa stars : The final slate of a stan (WD
,
Ns
.

BH )
EOS P ( PBT ) ⇒ Pe =( jme fuj …Nonrelyivisila

x d
= $$)

'
" cn fins )"

ual. 4 ino

PaX P5 . he / ay? visf : C

M

: 1 .
4
M 0 : 흑회압↓ ,WD붕광. ( 지억 필EX )

Whlle Dwauf ( Supported by Dememeraye of electron ) : Chandvasechva Mass Tiosty

"Maxmassofoa stable WD

.Mny
=2jtimem 많 = o. o1IJ " IBα ??



stallar m 10 Mo

Bladchole <
Supermdssive w 106 - 108 Mo

< infermediate

svevyityleislksnors

. Bs = .
(

M - Mo - Bsu
3 lkm )

M
,
3
.
①

o
Angulan momentu.

(Astrophys]cal

Bu =n ( 1 + l 11
'nljsJ, sman= MC . M → IsCo

scarse)

t 53 :
"

Stable
" orbly bith circulaw motor slosese to tbe blacklobe

.



CH4
.

Radio ( 4 MHz
. Im wavelengtb )

d

< The natune of radio sorres >
lom I ym

sr-zy)
' "

↓

Jansky

IdmHz :시z

( Bremsstrablong : Free eleatron Badiartson + optisally thin >
'

→ 광학적으로 얇운,비성대표적Plasma의 thenmal 제동 북사

Beviewof E & M ⇒ 5. ( 2
,

+ ) 유도하자 (부피 방률률 )

. Radiated elestric ve cyor

poynting reabu

‰
*
Ts : Instantaneous pafternofE fieldof a charge ε

범
⇒moving inoa straight libe ony speed w ase

d와
rhokma

에 veetor

- t 4 ishon -alaeksllechan 1Aiciecnton
. The propagating E due to a prevlous L☆ a cEelevafion

instan faneous accel erarlion EM Pulse
□ Ψ of chauge 8 ay iime

" lies in the plane definnd ay p.51y Ton r
,
θ

(an = asino a
'
= t-

by the i I the propagayion → at iirme t
ㅷ

ㅢ

Vector k …
-
ax

. For a posati ve chauge , E isdirectedoppositetoandbasampltude
「

proportlonal totbeprojection anCof )onebe planehoumaltotbelibe rof-sgbs
.



Itsanopitode is propoutlonaltochange E
,
and vouries wasb distance as i

ㅣ
'

t the ebergy flox is propor tlonaltoE
2

.

n
g

Themngnttude of tbe vadiated trabs verse E field Iin a vacoum )

: Eer a
Ean

= fa) sino .
r
e
'
가곡도

E ( r,t) = Een n =

E a (e ' ) jnd
in= 4
CA ' XR ) x β4 T π

E .
C 라

∆ τ
( uske valid ) SI unrt

Unit recter in the transwerse directlom

houmal to i in the plane of E &
" PTpole Radiation patfern

"

⇒ for a rerti cal accelevationa ofa pojtyive chanuge

B1B티 En α asind ( transverse E fleld )

흥
-

"*oas,0
/
1.(

/

1% ,1 -?"-홑ㅇ
0
n onpu . The powervacriated a E2.

K ( 5
'
3 : Ʃ

'

×☆

. The distancetefrom the oviglatotheintercopt of the J - ors

with theouterboundary of the dougbnot - shaped Payfern

$ Re layive mag riitodeofthe8ialdattheangle( o )for

fixed obsenvartion distance

** Poynting
.

Vector

- At any givep polt( attime t ), the energy flox denslty F ( W /m2 ) carvsed

by an En ware depends ony on :

the instanfaneous valves o8 E . Bof tbe wave ay thay postion (and fime
,

speed of propagartion )

- From tbe emeugy densiies (LJ Im33 of EeB fields

ε
. 고리그 $ L ∞B지. + B = E/C

⇒ F= E

'
XB'

( w(ma )
M. = 4π × 10 ( T /m )

→ ε
.
= 8

.
54 × | 0 - ~ 2 ( 5 /m )

C = AEu.



+ Be Cause I B ,IFI= E . C
E .
E = E

.
CEer

IF5 (r, θ,t기 =

E2 sin
ㆍ

oa
. (t ' )

[ wlmzy
→ 핵심은,

(

r .θ , ← )에서의IF업 가

4Tπ)(
2 ε

.
C
β
r
2

θ
,
t
'

의 함수이다
.

"

Lammot
'

s Foromol a
"

. The topal powen vadiated by the electwon into all direat, on

sSummmatTonoveria sphevical Souface atdjptancew
.

'
→ t 로 차환

.
순간적인

다 방출 Powe와

⇒ Py =
fo

.

"
f . .

.

"Fr ( r , d , t)2 smadodo =Gπ
a용 (W )

도 해석
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Fig. 5.5: Theoretical continuum thermal bremsstrahlung spectrum. The volume emissivity (37) is

plotted from radio to x-ray frequencies on a log-log plot with the Gaunt factor (38) included. The

specific intensity I(n , T) would have the same form. Note the gradual rise toward low frequencies

due to the Gaunt factor. We assume a hydrogen plasma (Z = 1) of temperature T = 5 ×107 K with

number densities ni = ne = 106 m−3.
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Fig. 5.6: Thermal bremsstrahlung spectra (as pure exponentials) on linear-linear, semilog, and

log-log plots for two sources with the same ion and electron densities but differing temperatures,

T2 > T1. Measurement of the specific intensities at two frequencies (e.g., at C and D) permits one

to solve for the temperature T of the plasma as well as for the emission measure ⟨ ne
2 ⟩av !. [From

H. Bradt, Astronomy Methods, Cambridge, 2004, Fig. 11.3, with permission]

exp(−hn/kT) ≈ 1.0. The dashed curve in Fig. 5.5 is thus flat as it extends to low frequencies.

The effect of the Gaunt factor is shown; it modifies the exponential response noticeably but

modestly over the many decades of frequency displayed.

The curves in Fig. 5.6 qualitatively show the function jn (n , T) on linear, semilog and

log-log axes for two temperatures T2 > T1. The exponential term causes a rapid reduction

(“cutoff”) of flux at a higher frequency for T2 than for T1. At low frequencies, because

the exponential is essentially fixed at unity, the intensity is governed by the T −1/2 term if
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