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2 B49/d (interstellar medium)
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‘& 22 & ~101° molecules/cm3
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@%ﬁ%Fx%%iﬁ%%zﬁﬁﬁ&% ﬁ%
BE EXNRKBEEREAT R ALNARERER

e T & w203 a2 | (dark molecular clouds) %5 E%F;—'}
(& cc EBEEEETT)
B EAR (~10K > BERZE F26044%)

)




Extinction (7 3% ) --- absorption and scattering of radiation
from a celestial body by dust and gas

Reddening and Extinction

L o n g wavelength
(redder light)

less intensity

. —_
- . F s
, d i\ |
i
1 o | ; ) i
" ; ), ¥ h
; ' & g
: S

| i | | |I |"'| Ilost of the long wavelength
I|I I| | 8 ' | light makes it through, The
I I| | | ll | I | | original lightis “‘de-blued.””
I |
hDrT fa elength

(bluer light)

Ilost of the short wavelength
lightis scattered swray from
its original dm:r_nnn

Extinction is wavelength dependent. From UV
to IR, the extinction goes down with wavelength.
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- B [ 4= i 3 % (interstellar reddening)

As light from a distant ...short-wavelength blue light is
object travels through scattered or absorbed by dust grains...
interstellar space...

...while red light passes
through more readily
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Observer

Distant Dust grains
object

Dust causes interstellar reddening.
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Star Shadows Remote Observatory


http://orion.pta.edu.pl/apodmain/apod/image/0602/horseregion_ssro_big.jpg



http://www.noao.edu/outreach/aop/observers/horsewide.html
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http://www.noao.edu/outreach/aop/observers/horsewide.html

B33 (NOAO)


http://www.noao.edu/outreach/aop/observers/horsewide.html

Horsehead Nebula

Horsehead Nebula Barnard 33 fistd,

NASA, ESA, and The Hubble Heritage Team {STScl/AURA) « Hubble Space Telescope WFPC2 « STScl-PRC01-12



APOD 201407.29
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(dense cores) ... where individual stars form

Photograph by David Malin

| /)({) © Anglo-Australian Observatory
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http://www.allthesky.com/constellations/orion/bigm.jpg

* Densecores & E i (EWEFI /A5H#)
BEAR (E 3R /155 ) = Jeans instability

> Sl B ENRMELRRIEL (protostar)

Rapidly-infalling

Regionof _“ gas and dust
Jeans |nstab|||fy Young
Voo . [l protostar 5 '-
\ Pre-main-sequence

star \
) i

\

Darkcore [




Virial theorem
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(a) A dark nebula (b) A hidden protostar within the dark nebula
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JRAR & fm LA R BB

Pre-Collapse Black Cloud B68 (visu: j Seeing Through the Pre-Coll:
NTU + FORS 1) (VLT ANTU + FORS 1 - NTT + SOFI)

£ European Southem Olservatny ESO PR Fhoto 02001 { LG


http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_vis.jpg
http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_IR.jpg







N - L
) Rl e v aam
- A:



o
=/
[ ]
L
=
L

HI (4#&RF)
HIL (— kb &R T)

OBE B HWRELRII AR
S F e > Hllregion




ke . .
% .
- ‘.'“r- 3
e ’
- O : ) g :
-+ w gy, : :
] B 5y .
& o4 o 33 < l..:, s ® = .
- IV R S 8 A
’ x y s -y -
) » N » 3 &
el Spiral arms
= : X _
- .
. A E v
X 250 TP .
. .
, - T o A A
e N ok ;
g 3 8 .
" fo'e
%
v ) . [/ o

H Il regions lie along B
d the spiral arms. L . I

: We sée the spiral galaxy M83-almost face-on." - -
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e see the spiral galaxy NGC 891 almost edge-on.
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The Trapezium
cluster in Orion

2000 stars within 20 ly

Trapezium Cluster (Orion Nebula)
HASA & K. Luhmann (Harward-Smithonian CfA)
STScl-PRC00-19, WFPC2, HICMOS (Infrared)




Carina

APQOD 2015.04.15

Credit: Hubble Legacy, Archive, ESA, NAS '
Processing & Copyright: David Forteza
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A tour in the Orion molecular cloud


orion_2.mpg

Star formation progresses Shell of hydrogen that
in this direction ——>— has not yet been ionized

Older cluster Old cluster

Expanding region of

ionized hydrogen (H 1)
New stars

being formed




Radiation and stellar
winds from this massive,
luminous star...

...may have triggered the
formation of these stars.




kBT > %% (brown dwarfs)

< .-:: f‘ .4 t ol .Vi.‘l».r

~ M ypier ~0.001 M

Jupiter
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E Stars:
-~ M>0.08 M,

Brown Dwarfs:
0.08 Mo >M > 13 M,

»
* Planet-mass Objects:

S M <13 M,

B Rw &k HiTeiz A E

Credit: G. Schneider (UofA), K. L. Luhman (CfA), et al., NICMOS IDT, NASA
WFPC?2 data: C. O'Dell and S. Wong (Rice)
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Stars form by accreting surrounding material.

Sk (accretion) B2 > —FTHEAMRELHE > 57
7 e H E  (stellar winds, outflows, jets)

TfLé'—i é%ﬁ?ﬁ’?’a mu% (mass Ioss) Iﬁug

N oung stars i 3 '.‘ 1 :
nebula around the H Il region. R by
- ’ P ’

(a) Visible-light image (b) False-color infrared image (c) False-color X-ray image

Mass loss from massive stars
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Circumstellar = | Swirling motions in the
accretion disk disk distort the field
lines into helical shapes
L

Protostar

As the disk
contracts toward
the protostar, it pu"\
the magnetic field
lines with it

Magnetic field
lines thread
through the disk

Some infalling disk
material is channeled
outward along the helices

i1 F% 42 4%
BAR AR E A AR AR o (jets)

aF %ttﬁxa%ﬂ"%ﬁziﬁﬁ o] W 0 (45 7] AR A
Koo B




Circumstellar accretion disk

| Protostar hidden by dark,

jet

dusty nebula

- e Mg W

: | HH30 || HH34

—  HH47

Jets from Young Stars HST - WFPC2
PRC95-24a - ST Scl OPO - June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA
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Protostar hidden by dark, dusty nebula

.
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Jets from Young Stars - HH1/HH2 HST - WFPC2

PRC95-24¢ - ST Scl OPO - June 6, 1995 - J. Hester (AZ State U.), NASA

Jets FEWME R EBE R 2 shocks
Herbig-Haro objects (#%+s % %8 )
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Deuterium burning
D+H —>3%He+y (T > 10°K) ISMD/H =~ 2 x 107°

Lithium burning
Li+1H —»4He+%He (T >3 x 10°K) ISMLi/H=~2x 107"

61 Cyg B
va\wwm\/»mm A main sequence star
£ 0 AN— 1 AT Tauri (pre-main sequence) star,
| | showing the Li6708 absorption line
Lil Cal

Wavelength N (A)

Figure 16.9 Lithium absorption in a pre-main-sequence star. Shown is a portion of the optical

spectrum of BP Tau, a T Tauri star of spectral type K7, corresponding to an effective tempera-

ture of 4000 K. Also shown, for comparison, is a main-sequence star of the same spectral type,

61 Cyg B. Only in the first star do we see the Li I absorption line at 6708 A. Both objects also Stahler
have a strong line due to neutral calcium.



H burning --- Proton-Proton Reaction |

IH+1H —2H +e* +v,
er+e — 2y +1.02 MeV

°’H+ 1H — 3He +y + 5.49 MeV

3He +3He — 4He + 1H + 1H + 12.86 MeV  twice

(T > 5 X 10° K)

SH O (51) ceeeeeen 158 F ~ 2

)

o

§ 5 F

SHe (=) ..21HHEF ~ 11

7 F



H burning --- CNO cycle

B Carbon, nitrogen and oxygen isotopes join the various nuclear
reactions, as catalysts.

B Net4 H - He + 2 positrons and 2 electron neutrinos

41H+ 2e” - SHe+2et+2e +2v,+ 3y + 24.7 MeV
(ete”annihilated) - jHe +2v, + 3y + 26.7 MeV
(T > 18 x 10° K)

He burning --- triple-alpha process

*He + *He » ®Be

8
8Be + “He — 12C + y (T > 10° K)
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AREEREERERMHEE > sLEETRT

A 15 M, protostar takes about 10°
years to reach the main sequence...

Luminosity (L)

—t
|

Main-sequence 3
hydrogen fusion

..while a1l Mg
protostar takes
much longer, more
than 107 years.

40,000 20,000 10,000 5000

~<— Surface temperature (K)

2500

N



0.4~4M, W18 E N

#p
#p

e

ARE SR

1o LA St

» 4}
> I
L3y

Convective Radiative

\ .
\
\ g/

56 0%
M‘{Q Core C)}W
O O
£ -

$

(a) Mass more than about 4 M_..:
Energy flows by convection in

the inner regions and by radiation

in the outer regions.

-onvective
\

(b) Mass between about 4 M.
and 0.4 M_: Energy flows by
radiation in the inner regions

and by convection in the
outer regions.

>4 M, W8 E A R

e & L

AN N

ik

<04 M,
B UL

8 E 2

7 VABE A5 I

(c) Mass less than 0.4 M.
Energy flows by convection
throughout the star’s interior,
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AR TEM G

For a main-sequence
star, high mass means
high luminosity...

-
o
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...while low mass
means low luminosity.

0102 051 2 5 10 20
Mass (Mg) —

50

Roughly L ~ M3>

-
o
S

Luminosity (L) —
)
N

—

40,000 20,000 10,000 5000 2500
—— Surface temperature (K)




Main-Seguence Lifetime of the Sun

Energy Gained in a PP Chain Y o~ 2 %1033 [g]
* 4H - 1 He + neutrinos + energy Lo = 4 x 1033 [ergs/s]

e Massof4H =6.693x 102" kg

— Mass of 1 He = 6.645 x 107 kg
Mass deficit = 0.048 x 10™%” kg = 0.7% Fusion efficiency

(0.007)(0.1)c?

= 3.15 x 1017[s] = 10° [yr]
Lo

TzM@



Main-Sequence Lifetime

Massive stars are very luminous, L ~ M3?

L [ergs/s] = emitting power ...

avallable energy
= M/L = lifetime of energy generation ~ M —2°

ikkehd b o (EEFE) 2

HEd AR E » 3 I 7 iy 7 op i

AXFLOfEWIELE (I0M,) X7
9/7 0.3% > J@?}EE/\ ﬁ%ﬁ%gﬁ

consumption rate



Main-Sequence Lifetimes

Mass | Surface |Spectral | Luminosity TMS

(My) | Temperature | Class (Lo) (Myr)
A 35,000 O 80,000 4
15 30,000 B 10,000 15
3 11,000 A 60 800
1.5 7000 F 5 4500
1.0 6000 G 1 12,000
0.75 00/ K 0.5 25,000
0.5 4000 \ 0.03| 700,000
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Z269H =% E)

s HE X/ (<0.08Mg) WWERE » FPHRIEET
R UL % K&
c HEXRKN (>150Mg > PRAER) WEH
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Bl FEhi B % (0.08-0.4M,)

o |H B BE 5T N E BRI QIR E

e 0.08~04KGEEWE)F EfRA41%% 2 (red dwarfs) >
VA i EAR ~ B AN

— %%?%7 \ )ﬁ%%ﬂlyjlb }V{,\\g (convection)

> ETERENEA#R MR

@@EVM%A%EK#%F *,
-n—ffnn M TRE WFHFFHERK !
B A& A iy, 2 B.3% 2 (black dwarf)
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B (ClFEELR
* BNEBEAXERI A D WHE
s WHRIZCIEE EA > 108K > BRI KR &
‘He + “He + “He - 2C + v (triple alpha process)
%G T B B TR
2> N EWINERK  IBET
HEEK “C+4He 2> 00 +v
* BMERINEZE KR~ B (B4A)
= 41 B % (redgiant)

- BRI EREBRTR  BKHE - Bk
> RE2E - Wﬁlh & 2 (Cepheid variables)




The Sun as a main-sequence star

(diameter = 1.4 % 10° km = 1_(1)6 AU)

iﬁ-ﬁ-ﬁ)ﬁjfr’?l" ”}"‘5

The Sun as a red giant
(diameter = 1 AU)






‘ Outer layers: no thermonuclear reactions

[ 1
L

C R AERZC
RIS E IR

Hydrogen-
fusing shell

Helium core, no

Hydrogen-fusing thermonuclear
core reactions

Main-sequence star Young red-giant star

Ull

Hydrogen-
fusing shell

Helium-fusing
core

Red-giant star
after helium fusion
begins

R B EL B AR
= BHIHE T

A I IMYRR TR

A e B A 47T S BB 1100
> K% AR KT E BURF

E‘

Bal B EIZ s
ZE 1097 -

S t=uh A . EBILRER
> X

(T2 =

allyie: ﬁﬁﬁ]

I/
H\



Hydrogen
fusion shell

Helium
core

©® Brooks/Cole, Cengage Learning



Core hydrogen Shell hydrogen  Core helium fusion and
fusion fusion shell hydrogen fusion

10,000

R

1000 2
Helium

flash

Contraction \

from protostar dun 1s a
red glant

Luminosity of the Sun
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Sun joins the
main sequence

10

Age of the Sun (billions of years)




5 m’?"%} /,.-.Ja (mass loss)

* NG RmANE £
~10~1 M lyr

* AEEMABREARF
% ~10= "M Iyr
(B2

* MAYE WK E L
10 km/s » ] F| B 3%
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“bo » 2 L ) I\
o 3 ﬁééﬁ e g\

B AR 2~AERGEEWER AR UE A
7 NEAT

ANV 2~4T—‘Lﬂ%’§g QR T 0 EE
(degenerate) sk f& - .zt mAR B 7 SR E B (i
%—%ﬂ%@ﬁFm/m£¢$m>°"#Tw@
FHE > fEEEHS > TF f BHERA (electron
degeneracy pressure) %ET ﬁ ﬁ]‘ EI’]@]']

A > EARGEBLEE > BT EIR > W T
e B MED RRERARESN (ARG TR
BER L)

= 3 B (helium flash)

dad




Low-density gas High-density gas
(nondegenerate) (degenerate)

@ Brooks/Cole, Cengage Learning



o Helium flash B » #Z.Q 08 JE 3
B A A —
ﬂ‘?fi% 5=
r‘T]JJm > I‘T]}@
2> Bk 2 R4l
> BAR
> XETE
> 4 E ik .
> BEERENTE L e

© REEBN > BHEE

%ﬁ#& 40,000 20,000 10,000 5000 2500
<~—Temperature (K)

Zero-age
main sequence
(ZAMS)

K
=
>
=
v
e
=
€
=
=




EIRHENEF
Z &3 B (zeroage
main sequence)

oA ER e R IER I

RSN BEAAS A

—I%’]— - %/X EI]IJH (40%) 'g mai?zs:'ell;?nce

7]7 \‘ L]k% ﬁ]\ }@ Bﬁjﬂ% § 1 Termination of core
(;‘-f—. /TW}LBQ 6%) ; %% z hydrogen fusion

18 & F8 # (5500 K to 1072

5800 K)

40,000 20,000 10,000 5000 2500

9 MS m _J:ﬁz é]!] | <~—Temperature (K)
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Average binding energy per nucleon (MeV)

Nuclear Fission
(e.g., power planets)

Fea
The "iron group® i yiekd from
8 of isctopes are the ! nuclaar fission
o mast lightly bound,
. E - 1y SENi {mast tightly bound)
=4 !
FUSIOn %E 6 ;gFE ; Elaments heavier
= £ - 56 e f than iron can yield
ags H 26 : energy by nuclear
hava 8.8 MaV. o
3 H 3 (e - g 'y StarS) & E = per nucleon | fissicn.
T 5 44 vield from binding ensrgy. |
H = 3 T = nuclear fusion 0
[= 0
=l
== o
2 58 5 i
E Average mass [
I i of fission fragments o ;
- ' is about 118. 35[_] .
1 H 2 i 1 1 1 1 1 [ 1 1 1 1 [ EI 1 1 1 [ 1 1 1 1 [ 1 1 E
50 100 150 200

Mass Mumber, A

Hl
0
0 30 60 a0 120 150 180 210 240 270
Number of nucleons in nucleus
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This star cluster is so
young that most of its

cool, low-mass stars
have not yet arrived at
the main sequence.

Main sequence

Luminosity (L)
1

-

S
N
|

40,000

20,000 10,000 5000 2500
-— Surface temperature (K)

An H-R diagram of the stars in NGC 2264



This star cluster is old
enough that all of its cool,
low-mass stars have
arrived at the main
sequence: Hydrogen
fusion has begun in their
cores.

-

(=
N
]

-
o
]

Luminosity (L) —

8500 6000 4000
Surface temperature (K)

An H-R diagram of the stars in the Pleiades

10,200



2 3% (stellar Population)

 GHREETWEERETEEESE (metal rich)
FRTZREMNAEERBATREFERDE -

Population | stars
-w&_ HWEE T4 )8, 4 21% (metal poor)
Wig E R E R B &Ik o Population 11 stars
(

TEE )

A

“\: \\

The spectrum f h Population Il star shows absorption lin
fhyd ogen (su H'Y Ha)b to Iy ry weak abso pt
lines of metals ucha s metal-poor.

Increasing wavelength —

The spectrum of this Population | star has stronger
absorption lines of metals ... such a star is metal-rich.
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Horizontal Branch Stars

£ A 2 1% By BB
core helium fusion and
shell hydrogen fusion

Horizontal-branch stars

Red giants

|
—_

Horizontal
branch., .

-

o

RN §
b hoo® o feg
Turnoff = Sl "5 - . o ° %
point - 34 : " e

Absolute magnitude

Main . -
. sequence—" ¢

1
2
3
4
5 .
6
7
8

e
10,000 80007000 6000 5000
<~— Surface temperature (K)

Globular cluster M10,
d=16,000 ly, size~70 ly
across, with ~ 1 million
stars

Luminosity Lp




& 2 (Variable Stars)
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Period-luminosty relation ( % sk B¢ %)
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For a mathematical derivation, see

Restricted 3-body problem.
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http://map.gsfc.nasa.gov/ContentMedia/lagrange.pdf

In addition to the WMARP, other L2 point
missions include Herschel, Gaia, JWST, etc.

http://map.gsfc.nasa.gov/m mm/ob techorbitl.html



http://map.gsfc.nasa.gov/m_mm/ob_techorbit1.html

g 28 2 (close binary) sy4r g & # (mass transfer)
& R R BRI B B R A

Roche lobe of Roche lobe of
smaller star larger star

,""“\\
7 N i R
. \
7/ .

a Detached binary: Neither star fills its
Roche lobe.

Mass can flow from either star to the other
across the boundary point

¢ Contact binary: Both stars fill their
Roche lobes.

Mass can flow from the enlarged
star to the smaller one

b Semi-detached binary: One star fills its
Roche lobe.

Both stars share the same
outer atmosphere

d Overcontact binary: Both stars overfill
their Roche lobes.
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Small star
eclipses the
large one.
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A semidetached binary
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Mass flows from the large star
onto the small one, forming l—=12.9 days —|

an accretion disk. Small star eclipses the large one.

Large star
eclipses the

small one.
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A semidetached binary
with mass transfer
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Both stars are about the
same size, so all eclipses are
roughly the same.

© 0 ® 0 N
S A N O O®

Apparent
visual magnitude
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W Ursae Majoris 0.8 0.0 0.20.4 0.6 0.8 1.0 0.2

An overcontact binary Phase




2 E M52 w8 5 # (mass exchange)

0 Held in a gravitational embrace, QThe duo’s quiet lives end when 9 As the aging star expands, it
the pair of stars in Phi Persei have the more massive star enters its begins dumping its mass onto
lived normal lives for the last twilight years. The aging star its companion.

10 million years. swells as it runs out of the fuel —
hydrogen—which powers its
thermonuclear furnace.

Q The once-massive star sheds 9 The smaller companion, on the @ In fact, the star is spinning so

practically all of its mass, leaving other hand, has captured most of rapidly that its shape is distorted

its hot, bright core exposed. its partner’s excess mass and into a flattened spheroid. The
changes its identity from a mild- rapid rotation also causes the star
mannered, moderately massive to dump hydrogen gas, which
star to a massive, hot, rapidly has settled into a broad ring—
spinning star. like the rings of Saturn—around




