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v'"What is a “star”?

v'How hot is the surface of the Sun? How is this

known? The Sun is gaseous, so how come it has a “surface”?

v'How hot is the center of the Sun? How is this
known?

v'How long can the Sun remain as a shining body?
How is this known?

v'Describe the radial structure of the Sun. How is
this know?

Stellar Formation and Evolution --- Syllabus

Instructor: Professor Wen-Ping Chen
Office: Y06

Class Time: Tuesday evening 5 to 8 scheduled (subject to change)

Class venue: Room 914

T'his course deals with the time variations of the structures of a star's interior and atmosphere.  We will discuss the important physical processes
governing the life of a star --- from its birth out of a dense, cold molecular cloud core, to shimng with the star's own thermonuelear
changes in structures when these fuels are no longer available, to the end of a star's life, with matter in extremely compact states

fuels, to rapid

What it may take for a star billions of years, will take us one semester to cover the following subjects:

B Observational Properties of Stars

B Molecular Clouds and the Interstellar Medium

B Cloud Collapse and Fragmentation

B Stars and Statistical Physics

B Protostars and Jets

B Circumstellar Disks and Planet Formation

®  Evolution onto the Main Sequence

B Binaries and Star Clusters

B On the Main Sequence --- Nuclear Reactions

W Effects of Rotation

B [nstabilities -== Thermally, Dynamically and Convectively

B Post-MS Evolution of Low-Mass Stars --- RG, AGB, HB, PNe

B Post-MS Evolution of Massive Stars --- SN and SNR

B Mass Loss, Stellar Pulsation and Cepheid Varic

B Compact Objects --- White Dwarfs, Neutron Stars, and Black holes
Text:

“An Introduction to the Theory of Stellar Structure and Evolution”, by Dina Prialnik, Cambridge, 2 Ed. 2009
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References

All the references you have found useful for the course Stellar Atmosphere and Structure will be also of use in this course.  The following are the
ones | have been using or were published in recent years

v Physics of Stellar Evolution and Cosmology, by H. Goldberg & Michael Scadron, 1982, Gordon and Breach

v' Stellar Structure and Evolution, by R. Kippenhahn & W. Weigert, 1990, Springer-Verlag

v Introduction to Stellar Astrophysics, Vol 3 --- Stellar Structure and Evolution, by Erika Bohm-Vitense, 1992, Cambridge

v Stellar Structure and Evolution, by Huang, R.Q. # . Guoshin, 1990
This book, originally in Chinese, has an English version, and has recently been revised.  The Chinese version (12 £ 73 ) has also been revised

v' The Physics of Stars, by A.C. Phillips, 1994, John Wiley & Sons

v' Stellar Evolution, by Amos Harpaz, A K Peters, 1994

¥" The Stars --- Their Structure and Evolution, R. I. Tayler, 1994, Cambridge

v Theoretical Astrophysics, Vol II: Stars and Stellar Systems by Padmanabhan, T, a hefty, mathematical 3 volume set; comprehensive coverage
of basic astrophysical processes in vol. 1, stars in vol. 2, and galaxies and cosmology in vol. 3, 2001, Cambridge

v Evolution of Stars and Stellar Populations, by Maurizio Salaris and Santi. Cassisi, 2005, Wiley

v The Formation of Stars, by Steven W. Stahler & Francesco Palla, 2004, Wiley

v From Dust to Stars, by Norbert S. Schulz, 2005, Spinger

v

Stellar Physics, 2: Stellar Evolution and Stability, by Bisnovatyi-Kogan, 2¢ Ed., 2010, Springer (translated from Russian)

For star formation, the book "Molecular Clouds and Star Formation”, edited by Chi Yuan ( £ 3% ) & Junhan You ( £47% ) and published by
World Scientific in 1993, should be a good reference.  Unfortunately this book is currently out of print, but Prof Yuan kindly donated his editor copy.

In addition to wnitten midterm (30% grade) and final (30%) exams, there will be homework assignments, plus in-class exercises or projects (35%)

For an extensive listing of books on “stars” ... http://www.ericweisstein.com/encyclopedias/books/Stars.html

Course Goals

» To know the properties of various phases of the interstellar
matter;

¢ To understand how stars form out of molecular clouds; under
what conditions;

* To understand the physical properties of stars, and to know
how these properties change with time as a star evolves;

* To understand the basic physics underlying complex stellar
evolution models;

* To know how to interpret observational parameters of stars;

¢ To understand how stars of different masses evolve and what
the end products of their evolution are.
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Stellar structure: balance of forces

Stellar evolution: (con)sequence of thermonuclear
reactions in different parts of a star

Often used fundamental constants

Physical

a radiation density constant 7.55x 1071¢] m=3 K+#
¢  velocity of light 3.00x 108 ms?

G gravitational constant 6.67 x 1011 N m? kg2
h  Planck’s constant 6.62x1034]s

k  Boltzmann’s constant 1.38x 1023 K1

m, mass of electron 9.11x 103 kg

my, mass of hydrogen atom  1.67 x 10?7 kg

N, Avogardo’s number 6.02 x 1023 mol!

o  Stefan Boltzmann constant 5.67 x 108 W m2 K* (= ac/4)
R  gas constant (k/m,) 8.26 x 103 ] K1kg!

e  charge of electron 1.60x 1019 C

Check out http://pdg.lbl.gov/2006/reviews/astrorpp.pdf
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Astronomical

Lo Solar luminosity
Mg  Solar mass
T,

3.86x 1026 W
1.99x 103 kg

e  Solar effective temperature 5780 K

T.® Solar Central temperature 1.6 x 107 K (theoretical)

Re Solar radius

mg apparent mag of Sun
Mg absolute mag of Sun
0 apparent size of Sun
<p> mean density of Sun
(B-V) o Color of the Sun
Parsec (unit of distance)

6.96 x 108 m
—26.7 mag (V)
+4.8 mag (V)
32’

1.4gcm3

0.6 mag

3.09x 10 m

Th— B poer e 20 — 60 pe D 10 — 20 pe D~ 0,05 — 0.2 pc

M SO stene Mo 107 1OS A seem W~ 107 104 A saerr Mo 0.3 — 1OM s0n
noe L em e 10% em @ T e o 104 e @

Diiffuse Clouds s GMC = Dark Clouds = Dense Cores

- Clond-cloud collision Pressure
Winds Density Waves (SN: H I; PN) e 01 — 0001 pe

Radiation T~ 10K
v M o< B0 Msun § v o~ I(I:' 107 e

Massive MS Stars = Herbig Ace/DBe Stars |« ‘ Protostars

(Star Clusters)

M

Sunlike Stars =— r

L 4
Compact Objects

¥ ‘ Ciren

Red Giants =

> 1.05 Msun
Fauri Stars
Winds; Jets |

mstellar Disks ‘

Grains

Planets

'y

Clondensation

1 -
. Planctesimals (= ({:F.II'J_',G‘ (:rnil-lj/j

Cloagulation

Galactic Ecology

o Outflows; HH Objects
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Properties of Stars

Vocabulary
Luminosity [erg s-'] L = bolometric luminosity = power
Spectral luminosity [erg s''um™'] L,  di= —(chH?) dv
flux [erg s'em™?] f

flux density [erg s cm? pm'] f; orf, 1Jansky (Jy) = 10723 [erg s~ tcm ™ 2Hz ]
Av=0)=3640 Jy

. . . oo
Brightness/intensity [erg s'cm™?sr!] B S, [uly] = 10@23.9-AB)/25

_ f
map = —2.510g1¢ <3631 y

Specificintensity [erg s' cm™?sr! Hz'] 1,

Energy density [erg cm™] u = (4 w/c) ]
J=mean intensity = (1/4n) [ 1d Q

Magnitude ... apparent, absolute, bolometric, AB
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Our Sun ---- the best studied star

Observable properties of stars
Basic parameters to compare between theories and observations
€ Mass (M)
€ Luminosity (L)
@ Radius (R)
& Effective temperature (7,) L=4mR?c T?
@ Distance = measured flux F=1L/4md?

M, R, Land 7,not independent

-Land T, Hertzsprung-Russell (HR) diagram or
color-magnitude diagram (CMD)

-Land M mass-luminosity relation

http://www.astrohandbook.com/links.html
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From wikipedia by Richard Powell based on Hipparcos
data and Gliese catalog

s

Abeolute \.']. mag-iuce

481144 non—HIP stars with & -z 1.0 mas and @ jo > 10.0

05
Colour index J - K (2MASS)

https://www.cosmos.esa.int/web/gaia/news_20150807

For (nearby) star databases http://www.projectrho.com/public_html/starmaps/catalogues.php
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=10

' o]
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Hypergiants 0
Supergiants !_a
; 5 ji o)
Bright Giants N
Giants m
Subgiants
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tude
(Mv)

("dwarts") v

Subdwarf¥]
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+15
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VI

Hertzsprung-Russell Diagram
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Spectral Type

Y

M jypicer ~0-001 M

Stars:
M > 0.08 M,

Brown Dwarfs:
0.08 M, >M > 13 M

Planet-mass Objects:
M <13 M,




Properties

To measure the stellar distance

& Neareststars d> 1pc 2> p<1”

@ For a star at =100 pc, p= 0.01"

€ Ground-based observations angular resolution ~1“; HST has 0.05”

@ Hipparcos measured the parallaxes of 10° bright stars with
p~0.001“ - reliable distance determinations for stars up to d=100 pc

=> ~100 stars with good parallax distances

Preliminary Version of the Third Catalogue of
Nearby Stars
Gliese & Jahreiss (1991)

CDS catalog number: V/10A
2964/3803 complete entries

GAIA will measure 10° stars!

In most cases, the distance is estimated

€ Stars with the same spectra are assumed to have identical set of

physical parameters (spectroscopic parallax). For example, a G2V star
should have the same absolute magnitude as the Sun.

€ By comparison of the apparent brightness of an object with the
known brightness of that particular kind of objects

my—M;=5log d —5+ A,

Aj; is usually unknown; it depends on the intervening dust
grains that scatter and absorb the star light, and also depends
on the distance to the object

€ Main-sequence fitting; moving-cluster method; Cepheid variables

€ Other methods for Galactic molecular clouds, galaxies, etc.

Chap 1 9
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FiG. 1.—Normmalized interstellar extinction curves from the far-IR through the UV. Several general features of the curves are noted. The solid and dotted curves
are estimates for the case R = A(V)/E(B—V) = 3.1 denived in the Appendix of this paper and by Cardelli et al. (1989), respectively. The dashed curve shows the

average Galactic UV extinction curve from Seaton (1979).

To measure the stellar size

@ Angular diameter of sun at 10 pc
= 2Ry/10pc =5 x 107° radians
= 1073 arcsec

€ Even the AST (0.05”) barely capable
of measuring directly the sizes of
stars, except for the nearest
supergiants

€ Radii of ~600 stars measured with
techniques such as interferometry,

(lunar) occultation or for eclipsing
binaries

| I
Size of Star
(V] B
Size of Earth's Orbit
= L i
Size of Jupiter's Orbit

Atmosphere of Betelgeuse
PRCS6-04 - 5T Scl OPO - January 15, 1995 - A. Dupree (C1A), NASA
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ALDEBARAN

FiLT
ooz0”

INTENSITY

Lunar occultation

Y Iy Beaver & Eitter (1979)
i : 1]
. Ft'ﬂlsﬂ A comparison of the (crorser) observed points and the (fine) theoretical pattern for the Aldebaran A = 7460 A record with
| y 8§ Cyg
1.0 [ i £ YE
[4X:]
= ""'-, 15
= 06 i
] ‘:\:‘ﬁ
1 .it“_r
mN
0 .
4

Optical interferometery CHARA 0.0l o oy i
0 1%10 2x10" ax10° 4=10"

White et al (2013) - ool i

To measure the stellar temperature
& What is 7 ;? What is the “surface” of a star?

€ What is Tanyway? Temperature is often defined by other physical
quantities through an equation (“law”) (by radiation or by particles)

blackbody, radiation, color, excitation,
ionization, kinetic, electron, conductive ...

@ Only in thermal equilibrium are all these temperatures the same.

€ Photometry (spectral energy distribution) gives a rough estimate
of 7 e.g., fluxes/magnitudes measured at different wavelengths,
such as the “standard” Johnson system UBVRI/

Band U B \ R |
@ There are many photometric systems, Mnm 365 445 SS1 658 806
ANMnm 66 94 88 138 149

using broad bands, intermediate bands,
special bands, at optical or infrared wavelengths, etc.

11
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Spectral Irradiance (W/m2A)

025 ,
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Relaive flux

UBWRI Filter Characteristics
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The larger the value of (B — V), the
redder (cooler) the star.
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Figure 1.8 Theoretical monochromatic flux emerging form an A type star with 7,; = 8000K. The
first four Balmer absorption lines, as well as the Balmer jump, are identified in this figure. Thousands
of other absorption atomic lines can also be seen. This theoretical flux was obtained with the Phoenix
stellar atmosphere code (Hauschildt, P.H., Allard, F. and Baron, E., The Astrophysical Journal, 512,
377 (1999)) while using the elemental abundances found in the Sun. The flux at the surface of a
blackbody with T'= 8000 K (dotted curve) is also shown.

LeBlanc

13
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¢ Calibrationfor B -V = f(T,)

@ The observed (B — V) must be corrected for interstellar extinction
in order to derive the stellar intrinsic (B — V)0

€ More accurate determination of T by spectra and stellar
atmosphere models, e.g., the Kurucz’'s model

1.6
1.5
1.4

1.3
1.2
1.1

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

8-V

0.0

log Tan

Color Excess
EB—V = (B - V)obs_ (B - V)int

(B—V)s = 0.656 + 0.005

A special (line) filter

Aralpha

BD +08 2735
X dwarf
B-v=1.09

gt
4500 s000

o8 |

0.8 |

4000

5500 8000 6500 7o00
Wavelength (angstroms)

8000 BO0DO 1o+

SIoan. Digital Sky Survey
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Line ratios - Temperature

=—— Surface remperaturne (K

[ --- neutral atoms; II ---ionized once; III --- ionized twice; ...

e.g, HI=HO..HII = H* ... He Ill = He*? ... Fe XXVI = Fe+2>

Hot stars --- peaked at short Warm stars --- peaked in Cool stars --- peaked at
wavelengths (UV); mainly the visible wavelengths; long wavelengths (IR);
He lines, some H lines H lines prominent molecular lines/bands

16
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Log f, (mly)

Brown dwarfs and Planetary Objects

Optical

L, Tand Y types

K L M

\""’\Jr‘"

%
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\

y .,WE;\I , f
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:;”\1

CH, CH,
HLO H,O co
CH 4
- ”
" L . i a L " . id
0.8 0.8 0.4 0.2

Oppenheimer et al. 1998

Brown dwarfs and Planetary Objects

1065‘ T

d
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_.
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i

L |
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http://www.exoclimes.com/paper-outlines/exoplanets-and-brown-dwarfs-ii/
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T N ;
08! cool star, type T7

0.6
0.4
0.2}

1.0
0.8 |- Quasar atz=5.8
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1.0 :
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0.6
0.4
0.2]
1.0
0.8
0.6
0.4

0.2}
0.0

0.6 0.8 1.0 1.2 1.4

Relative transmission  Relative flux

Using imaging photometry (time saving) to trace spectral features

One of the SDSS color-color diagrams

3

r.

R A
S

LI PP I PRI PR R

-0.5 0 05 1 15 2

http://spiff.rit.edu/classes/phys440/lectures/color/sdss_color_color_b.gif

18



Chap 1

Properties

J-H

® M dwarfs
O L dwarfs
e A T dwarfs \
A
o~ — .
L \l T dwarfs are blue in IR.

| | 1
0 0.5 1.0

H-K

Figure 16.15 Near-infrared color-color plot of M dwarfs (filled circles), L dwarfs (open circles),
and T dwarfs (filled triangles). The objects are from a variety of regions. Note that the typical
measurement errors for the L- and T-dwarfs are quite large, about 0.13 mag. Stahler & Palla

To measure the stellar luminosity

@ Absolute Magnitude M defined as apparent magnitude of a star if it
were placed at a distance of 10 pc
m,- M, = 5log(d,) -5

But there is extinction ...| m; - M, = 5log(d,) -5 + 4,

@ Bolometric magnitude - the absolute magnitude integrated over all
wavelengths. We define the bolometric correction

O _
® Bolometric Correction |BC = M,,,- M, Myo, = +4.74

is a function of the spectral type (min at the F type, why?) and
luminosity of a star.

That is, we can apply BC (always negative, why?) to a star to estimate its
luminosity (from the photosphere).

19
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Apparent Magnitude
- The Vega system: 0.0 mag (latest ~0.3 mag) at every Johnson band

- Gunn system: no Vega; use of F subdwarfs as standards (metal poor
so smooth spectra), e.g.,, BD + 17 4708

- The AB system:

AB, =

_25 loglo fV - 4‘860

- STMAG system: used for HST photometry

STMAG,, = —2.5 logy, f3 — 21.1

m = —2.5 log (Flux) + ZeroPoint

Table 15.7. Calibration of MK spectral types.

Table 15.7. (Continued.)

Allen’s Astrophysical

Sp M(V) B-V U-B V-R R-I Tg BC Sp M(V) B-V U-B V-R R-I Tg BC

MAIN SEQUENCE, V SUPERGIANTS, I

05 =57  —033 —1L19 0.5 —032 42000 -4.40 09 65  -027 -113 -015 -—032 32000 -3.8

09  -45 -031 -112 -015 -032 34000 -3.33 Bz -64  -017 093 -005 -0I5 17600 -1.58

BO -40 -030 -108 -013 -029 30000 -3.16 g; 'g-g ‘8’53 -g-;g ggi -g-% 1360 =04
-62 003 - ! y 1100 —066

B2  -245 —024 —084 —0.10 -022 20900 -2.35 A0 63 001 _038 005 005 9980 —oun

B5 12 017 —058 —006 —0.16 15200 —1.46 A2 65 1003 —025 007 007 9380 008

B8 025 0.1 —034 —002 —010 11400 —0.80 A5 —66 4009 —008 012 043 8610 013

A0 +0.65 —0.02 -0.02 002 -002 9790 -0.30 FO —6.6 +0.17 4015 0.21 020 7460 —0.01

A2 +13 4005 4005 008 001 9000 —0.20 F2  —66 4023 +018 026 021 7030 —000

A5 4195 4015 4000 016 006 8180 —0.15 FS =66  +032 4027 035 023 6370 -003

FO 427 4030 +0.03 030 017 7300 -0.09 F8 65 4056 +041 045 027 5750 -009

F2 436 4035 0.00 035 020 7000 0.1 G0 64  +076- +052 051 033 5370 -0I5

FS 435 4044 —002 040 024 6650 —0.14 Q8 pE i 0% Da s o1

F8 440 4052 4002 047 029 6250 —0.16 o 7 O s~ o Bl £

. 4 4107 069 046 4700 —0.42

GO, +44  +058 4006 050 031 5940 —0.18 KO —60 4125 1LIT 076 048 4550 —0.50

G2 +47 4063 4012 053 033 5790 —0.20 K2 -59 4136 +132 085 055 4310 —0.6l

G5 451 4068 4020 054 035 5560 —021 K5 —58 +160 +180 120 09 390 —101

G8  +55  +074 4030 058 038 5310 —0.40 MO -56  +167 +190 123 094 360 129

KO 1459 +0.81 +0.45 0.64 042 5150 —0.31 M2 -56 +1.71 +1.95 1.34 1.10 3370 -1.62

K2 464 4091 4064 074 048 4830 —042 M5  —56  +180 +160: 218 196 2880 —3.47

K5 4735 4115 4108 099 063 4410 —072

MO 488 4140 +122 128 091 3840 —1.38

M2 499 4149 4118 150 119 3520 —1.89

M5 +123 4164 4124 180 167 3170 -2.73

GIANTS, I

G5 +09  +086 +056 069 048 5050 —034

G8 408 4094 4070 070 048 4800 —042

KO 407  +100 +084 077 053 4660 —0.50

K2 405 4116 +1.16 084 058 4390 —061

K5 —02  +150 +181 120 090 4050 —1.02

MO 04  +156 +1.87 123 094 3690 —125

M2 —06  +160 +1.89 134 110 3540 -1.62

M5 —03  +163 +158 218 196 3380 -248

Quantities (4™ edition)
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Table 15.8. Calibration of MK spectral types.®

Table 15.8. (Continued.)

Sp M/Mo R/Ro log(g/go) log(5/fo) vrot (kms~!) Sp M/Mo R/Ro logg/so) Ilog(p/pe) vror (kms~l)
MAIN SEQUENCE, V GIANTS, IIT
03 120 15 —03 -15 0 2 - g w2 s
05 60 12 —0.4 -15 AD 4 5 . s 160
06 37 1o —045 —143 G0 10 6 -15 24 30
o8 23 85 05 =14 200 G 11 0 -19 -30 <20
BO 175 74 —0.5 —14 170 K0 11 i iy Tas =30
B3 16 48 -0.5 —1.15 190 K5 12 25 _27 —41 %
B5 59 39 -0.4 -1.00 240 MO 12 40 —3.1 —4.7
B8 38 3.0 —0.4 —0.85 220 SUPERGIANTS.T
e B TR
: : y ’ 06 40 25: ~12 -26
F0 16 L5 -0.1 -03 100 B8 2% P o e B3
F5 14 13 -0l -02 30 B 25 ¥ s T e
G0 105 L1 -0.05 -0.1 10 BS 20 P 3 . %
G5 092 092 +0.05 -0.1 <10 A0 16 pos 23 a1 P
Ko 079 0.85 +0.05 +0.1 <10 AS 13 60 —24 =432 38
K5 0.67 0.72 +0.1 +0.25 <10 FO 12 80 =27 —4.6 30
MO 051 0.60 +0.15 +0.35 F5 10 100 -3.0 -50 <25
M2 040 0.50 +02 408 Go 10 120 -3.1 -52 <25
M5 021 0.27 +0.5 +1.0 G5 12 150 -33 -53 <125
M8 0.06 0.10 +0.5 +1.2 Ko 13 200 =35 -5.8 <25
K5 13 400 -4, -6.7 <25
MO 13 500 —43 -7.0
M2 19 800 —45 ~74
Note .
#A colon indicates an uncertain value. Allen’s ASU”OP}]_,VSI'CHI
Quantities (4™ edition)
Table 15.9. Zero-age main sequence.
(B-V) (U-B)y M (B—V)y ((U-B)y M,
—-0m33 —1m20 —5m2 +0.40 -0.01 + 34
—0.305 -1.10 -3.6 +0.50 0.00 + 4.1
-0.30 —1.08 -3.25 +0.60 +0.08 + 4.7
—0.28 -1.00 -2.6 +0.70 +0.23 + 5.2
—-0.25 -0.90 =2.1 +0.80 +0.42 + 5.8
-0.22 —0.80 -1.5 +0.90 +0.63 + 6.3
-0.20 —-0.69 -1.1 +1.00 +0.86 + 6.7
—0.15 —-0.50 -0.2 +1.10 +1.03 + 7.1
—0.10 —0.30 +0.6 +1.20 +1.13 + 75
-0.05 -0.10 +1.1 +1.30 +1.20 + 8.0
0.00 +0.01 +1.5 +1.40 +1.22 + 8.8
+0.05 +0.05 +1.7 +1.50 +1.17 +10.3
+0.10 +0.08 +1.9 +1.60 +1.20 +12.0
(B-V) (U-B) My (B=V)y (U-B) M,
+0.15 +0.09 +2.1 +1.70 +1.32 +13.2
+0.20 +0.10 +2.4 +1.80 +1.43 +14.2
+0.25 +0.07 +2.55 +1.90 +1.53 +15.5
+0.30 +0.03 +2.8 +2.00 +1.64 +16.7 Allen’s Astrophysical
+0.35 0.00 +3.1

Quantities (4™ edition)
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Main-Sequence Stars (Luminosity Class V)

Sp. T,

Type (K) L/Lg R/Ry MiMg My BC My U-B B-V

05 42000 499000 134 60 —9.51 —440 -5.1 =119 —0.33

06 39500 324000 12.2 37 -9.04 -393 -51 —L.17 —0.33

o7 37500 216000 1.0 — 860 -3.68 -49 —LI5 —0.32

08 35800 147000 10.0 23 —8.18 354 -—46 —1.14 —-0.32

BO 30000 32500 67 175 —654 -—316 -34 —1.08 —030

B1 25400 9950 5.2 — =526 =270 =26 —0.95 —0.26

B2 20900 2920 4.1 = —-392 -235 -16 —0.84 —0.24

B3 18800 1580 38 76  —326 —194 —13 -071 —0.20

B5 15200 480 32 59 —196 —146 —0.5 —0.58 —0.17

B6 13700 252 29 — =135 -1.21 =01 —-0.50 —0.15

B7 12500 160 27 — =077 -1.02 403 —-0.43 —0.13

B8 11400 96.7 2.5 3.8 —-0.22 —0.80 +40.6 —0.34 —0.11

B9 10500 60.7 23 —_ +0.28 -0.51 408 —0.20 —0.07

A0 9800 394 22 29 +0.75 —0.30 +1.1 —-0.02 —0.02

Al 9400 303 21 — 4104 —023 +13  40.02  +0.01

A2 9020 23.6 2.0 — +1.31 020 +1.5 +0.05 +0.05

AS 8190 123 18 20 4202 —015 +22  +0.10 +40.15

A8 7600 7.13 1.5 — +2.61 -0.10 427 +0.09 +0.25

FO 7300 521 14 1.6 4295 —009 +30 4003  +030

E2. 7050 3.89 4 3 — +327 -011 434 +0.00 +0.35

F5 6650 256 1.2 14 4372 -014 +39 —-002 4044

F8 6250 1.68 1.1 — +4.18 —0.16 +43 +0.02 +0.52 Carroll & Ostelie

Main-Sequence Stars (Luminosity Class V)
Sp. T,
Type (K) L/Lg R/Re M/Mg  Mpa BC My U-B B-V
GO 5940 1.25 1.06 1.05 +450 -0.18 +47 4006  +0.58
G2 5790 1.07 1.03 —_ +466 —020 +49 +0.12 +0.63
Sun® 5777 1.00 1.00 1.00 +4.74 —0.08  +4.82 +0.195 +40.650
G8 5310 0.656 0.96 — +5.20 -040 +56  +030 +0.74
KO 5150 0.552 0.93 079 4539 -0.31 +5.7 +0.45 +0.81
K1 4990 0.461 0.91 — +5.58 —037 460 4054  +0.86
K3 4690 0.318 0.86 - +598 -050 +65  +0.80 +0.96
K4 4540 0.263 0.83 — +6.19 —0.55 +6.7 — +1.05
K5 4410 0.216 0.80 067 +6.40 -072 +7.1 +0.98 +1.15
K7 4150 0.145 0.74 e +6.84 —-1.01 +78  +1.21 +1.33
MO 3840 0.077 0.63 051 +7.52 -138 489 +122 +1.40
Ml 3660 0.050 0.56 — +799 -1.62 496 +1.21 +1.46
M2 3520 0.032 0.48 040 4847 —1.89 +104  +1.18  +1.49
M3 3400 0.020 0.41 o +8.97 -2.15 +l11.1 +1.16  +1.51
M4 3290 0.013 0.35 — +949 -238 +11.9 4115 +1.54
M5 3170 0.0076  0.29 021 +10.1 =273 +12.8 +1.24 +1.64
M6 3030 0.0044  0.24 - +10.6 —3.21 +13.8 +1.32 +1.73
M7 2860 0.0025  0.20 - +11.3  -346 +147 +1.40 +1.80
Carroll & Ostelie

22



Chap 1

Properties

Giant Stars (Luminosity Class ITI)

Sp. 18
Type (K) L/Le R/Ry M/My Myy BC My U-B B-V
05 39400 741000 18.5 — -994 -405 -59 -1.18 =032
06 37800 519000 16.8 — -955 -3380 -57 -—1.17 =032
o7 36500 375000 154 —— —-020 -3.58 -—-56 -1.14 -0.32
08 35000 277000 143 — -887 -339 -55 -1.13 -031
BO 29200 84700 11.4 20 —-758 -—288% -—-47 —1.08 —0.29
Bl 24500 32200 10.0 — —6.53 =243 -—-41 097 -0.26
B2 20200 11100 8.6 — -538 —2.02 -34 -091 024
B3 18300 6400 8.0 — —478 -1.60 =32 =074 -0.20
B5 15100 2080 6.7 7 —-3.5 -1.30 -23 -058 -0.17
B6 13800 1200 6.1 — —296 -1.13 -—-1.8 -051 015
B7 12700 710 5.5 — -238 —-097 -14 -044 —0.13
B& 11700 425 5.0 — —1.83 -0.82 -10 =037 -0.11
B9 10900 263 4.5 — —-1.31 -0.71 —-06 -0.20 —0.07
AQ 10200 169 4.1 4 -0.83 -—-042 -04 007 —-0.03
Al 9820 129 39 — —-053 =029 -02 +0.07 +0.01
A2 9460 100 3.7 — —0.260 =020 -0.1 +40.06 +0.05
AS 8550 52 33 — +044 —-0.14 406 +0.11 +0.15
AR 7830 33 3.1 — +0.95 -0.10 +1.0 +40.10 +0.25
Carroll & Ostelie
FO 7400 27 32 — +1.17 —0.11 +13 +0.08 +0.30
F2 7000 24 33| — +1.31  -0.11 +14 +4+0.08 4035
F5 6410 22 3.8 — +137 —-0.14 +1.5 <4009 +0.43
GO 5470 29 6.0 1.0 +1.10 =020 +1.3 +0.21 40.65
G2 5300 31 6.7 — +1.00 =027 +1.3 4039 +0.77
G8 4800 44 9.6 — 4+0.63 =042 +1.0 +0.70 4094
KO 4660 50 10,9 1.1 +0.48 —0.50 +1.0 +0.84 +41.00
K1 4510 58 12.5 — +0.32 =055 +09 +1.01 +1.07
K3 4260 79 16.4 — -0.01 -0.76 408 +1.39 +1.27
K4 4150 93 18.7 —_ —0.18 =094 +08 — +1.38
K5 4050 110 214 1.2 -0.36 -—1.02 407 +1.81 +1.50
K7 3870 154 27.6 — -0.73 -1.17 +04 +1.83 +1.53
MO 3690 256 393 1.2 —128 —1.25 400 +187 +1.56
Mil 3600 355 48.6 — ~1.64 —-144 —-02 +188 +1.58
M2 3540 483 58.5 1.3 —197 -162 04 4189 +1.60
M3 3480 643 69.7 — —-2.28 -—1.87 —-04 +1.88 +1.61
M4 3440 841 82.0 —_ —-2.57 =222 —-04 +41.73 +1.62
M5 3380 1100 96.7 — -286 -248 —0.4 +1.58 +1.63
Mé 3330 1470 116 — —3.18 =273 —-04 +1.16 +1.52

Carroll & Ostelie
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Supergiant Stars (Luminosity Class Approximately Iab)

SP. Tg:
Type  (K) L/Lo  R/Ro M/Mg My BC My U-B B-V
05 40900 1140000 21.2 70 —-1040 -3.87 -65 -—1.17 =031
06 38500 998000 224 40 -10.26 -3.74 -6.5 -—-1.16 —0.31
o7 36200 877000 238 — —-10.12 -348 -66 —1.14 —-0.31
08 34000 769000 25.3 28 -998 -335 -66 -—1.13 -0.29
BO 26200 429000 J1:7 25 -934 -249 -69 -1.06 -0.23
Bl 21400 261000 373 — —-880 -1.87 -69 —-1.00 -0.19
B2 17600 157000 42.8 — —-825 -~158 ~6.7 -094 -0.17
B3 16000 123000 45.8 — -799 —-126 -67 —-083 -0.13
BS 13600 79100 51.1 20 -7.51 -095 -6.6 -0.72 -0.10
B6 12600 65200 538 — 730 —-088 —-64 069 -—0.08
B7 11800 54800 56.4 - -7.11 -0.78 -63 -064 -0.05
B8 11100 47200 58.9 — —6.95 -066 -63 -056 -0.03
B9 10500 41600 61.8 — —-6.81 -052 -63 -050 -0.02
A0 9980 37500 64.9 16 -6.70 -041 -63 -038 -—-0.01
Al 9660 35400 67.3 — —-663 -032 -63 -029 +0.02
A2 9380 33700 69.7 — ~-6.58 -0.28 —-6.3 -—-025 +0.03
AS 8610 30500 78.6 13 -647 -0.13 -63 =007 +0.09
A8 7910 29100 91.1 — —-642 -0.03 -64 +40.11 +0.14
Carroll & Ostelie
FO 7460 28800 102 12 —-641 001 -64 40.15 +0.17
F2 7030 28700 114 — —6.41 0.00 —64 +0.18 +0.23
F5 6370 29100 140 10 -6.42 -0.03 —-64 +027 +0.32
F8 5750 29700 174 — —-6.44 —-0.09 —-64 +041 4056
GO 5370 30300 202 10 -647 -0.15 -63 4052 +40.76
G2 5190 30800 218 — —-6.48 —-0.21 -63 +0.63 +0.87
G8 4700 32400 272 — —6.54 —0.42 —-6.1 +1.07 +1.15
KO 4550 33100 293 13 —6.56 —050 —6.1 +1.17 +1.24
K1 4430 34000 314 - -659 —-056 —-6.0 +4+1.28 +1.30
K3 4190 36100 362 — —-6.66 —075 —-59 +1.60 +146
K4 4090 37500 386 — —6,70 —-090 58 — +1.53
K5 3990 39200 415 13 -6.74 —1.01 —-57 +1.80 +1.60
K7 3830 43200 473 — —-6.85 —1.20 -—-56 +1.84 +1.63
MO 3620 51900 579 13 -7.05 -1.29 -—-58 4190 +1.67
Ml 3490 60300 672 — -721 —-138 —-58 +1.90 +1.69
M2 3370 72100 791 19 ~-741 —-162 -58 +1.95 +1.71
M3 3210 89500 967 — —-7.64 =213 55 +195 +1.69
M4 3060 117000 1220 — -793 =275 =52 +42.00 +1.76
M5 2880 165000 1640 24 —8.31 -347 -—-48 +1.60 +1.80
M6 2710 264000 2340 — —8.82 -390 -49 — —

Carroll & Ostelie
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TABLE III
TABLE Il Adopted temperatures and bolometric corrections for MK spectral types
Adopted calibration of MK spectral types in absolute magnitudes My
log Ter Bol. Correction
Sp ZAMS V v 1l 1 Ib Iab Ia
sp v 1 11 v 1 -1
o e o2 0s 4.626 4618 ~3.80
07 39 T 06 4.593 4.585 -3.55
08 -37 o 07 4.568 4556 -330
00 3t T 08 4.550 4.535 -3.15
PO o 09 4.525 4512 -295
Bl s o BO 4,498 4431 -2.50
B re o BI 4423 4371 ~215
- B2 4362 4307 -175
By -10 72 B3 4286 4243 ~1.40
Bs -0l 72 BS 4188 4137 ~0.90
B6 0.3 -12 B6 4152 4.100 -0.75
B7 0.6 -72 B7 4107 4.068 ~0.60
B8 L0 -12 B8 4.061 4,041 -045
B9 14 -12 B9 4017 4013 -035
A0 16 -12 A0 3.982 3.991 -0.25
Al 17 -72 Al 3.973 3978 -0.16
A2 18 -73 A2 3.961 3.964 -0.10
A3 19 ~73 A3 3.949 3.949 -0.03
AS 23 =75 AS 3924 3919 0.05
A7 26 -11 A7 3.903 3.897 0.09
Fo 3.0 -19 Fo 3.863 3.869 013
F2 32 -80 P2 3.845 3.851 0.1
F5 37 -8.0 Fs 3813 3813 0.08
F8 42 -8.1 F8 3789 3782 378 0.03
Go 45 -82 GO 3774 3763 3756 0.00
G2 -82 G2 3763 3740 3732 ~0.05
Gs -82 Gs 3740 3712 369 009 022 013
68 8.1 G8 3720 3695 3663 0.3 -028  -02
Ko -19 KO 3703 3681 3643 —0.19 037 -029
K1 -17 KI 3695 3663 3633 043 035
K2 -16 K2 3.686 3648 3623 030 ~049  —0.42
K3 ~75 K3 3672 3628 3613 ~0.66 057
Ké 74 K4 3.663 3613 086 0.7
Ks 72 K5 3643 3602 3585 SL15 -L17
K7 ~70 K7 3.602
Mo ~69 MO 3591 3591 3.568 -125 -125
M1 —68 MI 3574 3580 3.556 ~L4s  -140
M2 —67 M2 3550 3574 3544 -165  ~160 -
- M3 3531 3562 3518 -5 -20
X g Woamo s W Swadysé
M 67 Ms b o Kuriliene (1981)
TABLE IV TABLE VI
Bolometric absolute magnitudes Msa for MK spectral types Stellar masses log Tt/ for different MK spectral types derived from the evolutionary tracks
Sp ZAMS  V % i it b Tab Ta Sp ZAMS VvV v it 1 Ib Tab Ta
05 -87 -9.8 -2 -103 -107  -110 05 160 181 185 1.89 190 192 199
06 -80 -93 ~98 -99 104 -108 06 148 170 176 180 180 187 191 2.00
07 15 -8.8 -93 -9.5 -0 -10s 07 140 159 165 1.68 171 1.76 1.83 192
08 -72 -83 -89 -9 98 ~10.4 08 134 148 154 160 1.65 172 176 1.9
0 67 76 -84 -89 -9.6 -102 09 128 138 145 149 1.58 1.6 172 183
B0 -62 ~7.0 79 81 ~00 —97 BO 120 130 134 1.40 140 148 1.56 170
Bl 49 -58 -6.8 -74 -86 0.4 Bl 104 L L 123 128 138 146 164
B2 40 —47 59 -68 82 ~90 B2 092 099 104 1.08 118 130 138 154
B3 28 36 47 ~62 78 86 B3 078 084 088 0.94 L1 1.23 132 145
BS 14 21 -30 54 73 8.1 BS 062 068 072 075 1.00 118 126 1.40
B6 09 -16 24 52 12 79 B6 056 061 0.64 0.68 0.94 L1 126 138
BT -02 ~10 18 48 70 78 BT 049 053 057 0.60 091 L1t 123 136
B8 0.4 ~0.4 -12 ~4.4 -69 -6 BS 043 048 049 0.52 0.88 1.08 120 134
B9 10 01 08 -40 68 1s B9 036 041 045 0.49 0.85 104 120 132
A0 14 07 ~03 36 66 T A0 032 035 039 043 0.81 104 118 1.30
Al 16 0.9 ~01 33 66 74 Al 031 034 036 0.41 0.78 1.00 118 130
A2 17 12 01 31 —65 14 A2 029 032 034 039 0.7 0.98 115 130
A3 19 15 04 30 64 14 A3 027 030 032 0.36 075 0.97 L1 130
AS 23 19 08 28 64 74 AS 023 026 029 033 0.74 0.95 111 130
A7 26 23 L1 27 65 76 AT 020 022 026 030 0.73 0.94 115 132
FO 30 29 6 -26 7 73 FO 016 016 020 023 072 093 120 138
P 32 31 18 25 Tes o 201 013 016 0.20 072 093 120 1.40
Fs 37 36 20 23 o e FS 008 008 013 0.18 072 093 126 1.40
8 Iy Wl By o 50 F8  0.04 004 011 072 093 128 141
Go 44 44 24 0 o1 GO 002 002 010 072 093 130 143
G2 46 46 0 24 s 62 G2 0.00 000 0.10 033 0.72 093 130 145
Gs 51 08 25 5 o3 Gs 002 008 039 0.73 094 132 146
G8 5s o5 27 5 a3 68 -0.04 008 0.42 0.76 0.94 132 146
Ko 58 05 _28 o o2 KO -007 011 0.46 0.78 0.96 130 145
Ki 5o 04 29 i 5 K1 010 0.3 0.46 0.78 0.96 130 145
K2 60 02 30 o 5o K2 ~0.10 0.45 0.79 0.98 128 143
K3 62 —01 31 o 5o K3 -0.12 0.38 0.80 1.00 130 143
K4 64 Y K4 ~0.15 0.36
Ks - _ _ = ~ KS -0.19 037 083 108 1.30 1.45
ks s; 0.9 37 5.4 7.0 8.0 b Tom
Mo - _ _ ~ Mo 026 0.48 0.83 115 132 146
M1 ; 3 _3;2 _Z'g 7;'2 »g'; M1 ~0.30 0.54 0.83 118 134 148
M2 83 Iy o2 o e M2 -0.35 0.54 0.81 118 136 150
M3 B > o - M3 ~0.40 052 0.84 120 138 156 iy
i 5 R 4 R 031 StraiZys &
Ms 110 - - Y ~10 -0 -41) 13
Mo 63 80 -1 -0 Me ©40) Kuriliene (1981)
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TABLE VII

Calibration of MK spectral types in surface gravities (log g)

TABLE VIII
Stellar radii log R/Ro for different MK spectral types

Sp ZAMS V v 11 i Ib Tab Ta Sp ZaMS v v i u 1 fab fa
05 413 390 38 38 3% 374 369 o5 055 L2t 125 128 130 136
06 416 386 380 376 3.69 364 3.60 353 06 087 L3 L9 123 127 133 137 145
07 418 385 380 374 364 357 35 345 07 082 108 L4 118 125 131 137 145
08 417 3.87 381 375 3.62 3.53 3.49 3.39 08 0380 102 108 L4 13 131 135 147
09 421 395 382 374 358 350 344 331 09 075 093 103 1.09 122 1.30 1.36 1.48
BO 422 4.00 3.88 3.74 339 327 3.19 3.05 BO 0.70 086 094 1.04 1.20 132 140 1.54
Bl 428 4.00 3.86 371 331 317 3.01 2.87 B1 0.59 077 087 0.97 1.20 1.32 1.44 1.60
B2 428 406 388 368 319 3.00 284 268 B2 0.54 068 0.80 0.92 121 1.37 1.49 1.65
B3 431 4.06 3.89 371 3.12 2.79 2.68 2.49 B3 0.45 0.61 0.71 0.83 1.21 143 1.53 1.69
BS 432 4.10 3.98 3.81 2.90 2.52 2.40 222 Bs 0.36 0.50 0.58 0.68 1.27 1.55 1.65 1.81
B6 432 4.09 3.96 3.84 2.7 242 229 213 B6 0.34 0.48 0.56 0.64 1.30 1.58 1.70 1.84
B7 435 4.07 3.95 3.82 21 233 221 2.02 B7 0.29 0.45 0.53 0.61 1.28 1.60 1.72 1.88
B8 434 4.07 3.92 3.79 2.79 227 211 1.97 B8 0.26 0.42 0.50 0.58 1.26 1.62 1.76 1.90
B9 434 4.03 3.94 3.75 2.81 220 2.04 1.88 B9 0.23 0.41 0.47 0.59 1.23 1.63 1.79 1.93
A0 432 4.07 391 3.75 2.85 223 2.01 1.81 A0 0.22 0.36 0.46 0.56 1.20 1.62 1.80 1.96
Al 435 4.10 3.96 3.78 2.88 222 1.96 1.76 Al 0.19 0.33 0.41 0.53 1.16 1.60 1.82 1.98
A2 432 4.16 3.98 3.78 287 223 1.92 171 A2 0.20 0.30 0.40 0.52 115 1.59 1.83 2.01
A3 434 4.20 4.03 3.83 2.85 2.20 1.86 1.65 A3 0.18 0.26 0.36 0.48 1.16 1.60 1.84 2.04
A5 4.36 422 4.06 3.86 2.81 2.14 1.74 1.53 AS 0.15 0.23 0.33 0.45 1.18 1.62 1.90 2.10
A7 4.36 4.26 4.10 3.86 275 2.08 1.65 1.38 A7 0.13 0.19 0.29 043 1.21 1.65 1.97 2.19
Fo 432 4.28 4.05 3.83 2.67 2.00 151 125 FO 0.13 0.15 0.29 0.41 1.24 1.68 2.06 2.28
F2 4.30 4.26 4.01 3.81 2.63 1.92 1.39 L15 F2 0.13 0.15 0.29 0.41 1.26 1.72 2.12 2.34
F5 432 4.28 3.93 3.74 248 1.81 1.22 1.00 F5 0.09 0.11 0.31 0.43 1.30 1.77 2.23 241
F8 439 435 3.89 2.38 171 1.06 0.83 F8 0.04 0.06 0.33 1.38 1.82 232 2.50
GO 4.39 4.39 3.84 229 1.62 0.95 0.72 GO 0.03 0.03 0.34 1.43 1.87 2.39 2.57
G2 4.40 4.40 3.77 3.20 2.20 1.53 0.86 0.61 G2 0.01 0.01 0.38 0.78 1.48 1.92 244 2.64
G5 4.49 3 3.07 2.04 1.45 0.71 0.45 GS -0.04 0.41 0.88 1.56 1.96 2.52 272
G8 4.55 3.64 295 1.84 1.30 0.60 0.30 G8 -0.08 0.43 0.95 1.67 2.03 2.57 2.79
K0 4.57 3.57 2.89 1.74 1.20 0.54 0.25 KO0 —0.11 0.48 1.00 1.73 2.09 2.59 2.81
K1 4.55 3.55 2.78 1.66 1.16 0.54 0.25 K1 —0.11 0.50 1.05 1.77 2.11 2.61 2.81
K2 4.55 2.63 1.59 110 0.48 0.23 K2 —0.11 112 1.81 2.15 2.61 2.81
K3 4.56 2.36 1.52 1.00 0.46 0.19 K3 -0.12 1.22 1.85 221 2.63 2.83
K4 4.57 2.16 K4 -0.15 131
K5 4.57 1.93 1.20 0.77 035 0.10 KS —017 144 2.03 237 2.69 289
K7 4.62 K7 -0.20
Mo 4.61 1.63 1.01 0.61 030 0.00 Mo -0.22 1.64 212 248 272 292
M1 4.67 141 084 051 019 -0.07 Mi ~0.27 178 221 2.55 278 299
% :-351' :i; g~;g 8'33 g-‘]’z ’8»; M2 —0.30 1.83 227 261 2.85 3.03
g - - - -0 -0 M3 -0.36 192 244 2.76 2.98 3.16 5y
s an s 4 on 98 Straizys &
M6 ©052) e o {ij‘,’é} Kuriliene (1981)
Table 7.5. Filter wavelengths, bandwidths, and flux densities for Vega.®
Filter  Ajso®  AXC R Fy Ny
name (um) (um) W m—2 p,m_]) Jy) (photons s~ m-2 um'l)
v 055564 ... 3.44 x 108 3540 9.60 x 100
J 1.215 0.26 331 x 107 1630 2.02 x 1010
H 1.654 0.29 1.15 x 1079 1050 9.56 x 10°
Ks 2.157 0.32 4.30 x 10710 667 4.66 x 10°
K 2.179 0.41 4.14 x 10~10 655 4.53 x 10°
L 3.547 0.57 6.59 x 10~11 276 1.17 x 10°
! —
L 3.761 0.65 5.26 x 10711 248 9.94 x 108
M 4,769 0.45 2.11 x 1071 160 5.06 x 108
8.7 8.756 1.2 1.96 x 10712 50.0 8.62 x 107
N 10472 5.19 9.63 x 10~13 35.2 5.07 x 107
117 11.653 12 6.31 x 1013 28.6 3.69 x 107
Q0 20130 7.8 7.18 x 10714 9.70 7.26 x 106
— —-23 -1 -2 -1
1Jansky = 107“° ergs™" cm™“ Hz : .
Allen’s Astrophysical

1.51 x 107 photons s™t m~2 (AA/A) 1

Quantities (4™ edition)
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Band 4, dA/A f, (m=0) Reference
pm Jy

U 036 0.15 1810 Bessel (1979)

B 044 0.22 4260 Bessel (1979)

\Y 0.55 0.16 3640 Bessel (1979)

R 0.64 0.23 3080 Bessel (1979)

[ 0.79 0.19 2550 Bessel (1979)

] 1.26 0.16 1600 Campins, Reike, & Lebovsky (1985)
H 1.60 0.23 1080 Campins, Reike, & Lebovsky (1985)
K 2.22  0.23 670 Campins, Reike, & Lebovsky (1985)
g 0.52 0.14 3730 Schneider, Gunn, & Hoessel (1983)
r 0.67 0.14 4490 Schneider, Gunn, & Hoessel (1983)
i 0.79 0.16 4760 Schneider, Gunn, & Hoessel (1983)
Z 091 0.13 4810 Schneider, Gunn, & Hoessel (1983)

https://www.astro.umd.edu/~ssm/ASTR620/mags.html

Notes

2Cohen et al. [1] recommend the use of Sirius rather than Vega as the photometric standard for
A > 20 pm because of the infrared excess of Vega at these wavelengths. The magnitude of Vega
depends on the photometric system used, and it is either assumed to be 0.0 mag or assumed to be
0.02 or 0.03 mag for consistency with the visual magnitude.

bThe infrared isophotal wavelengths and flux densities (except for K) are taken from Table 1
of [1], and they are based on the UKIRT filter set and the atmospheric absorption at Mauna
Kea. See Table 2 of [1] for the case of the atmospheric absorption at Kitt Peak. The
isophotal wavelength is defined by F(Ajso) = f F(A)S(X)dA/ [ S(1) dA, where F (1) is the flux
density of Vega and S(A) is the (detector quantum efficiency) x (filter transmission) x (optical
efficiency) x (atmospheric transmission) {2]. Ajs, depends on the spectral shape of the source and
a correction must be applied for broadband photometry of sources that deviate from the spectral
shape of the standard star [3]. The flux density and A, for K were calculated here. For another
filter, K/, at 2.11 um, see [4].

The filter full width at half maximum.

dThe wavelength at V is a monochromatic wavelength; see [5].
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Exercise

Sirius, the brightest star in the night sky, has been measured
mg = —1.47, my, = —1.47. The star has an annual parallax of
0.379" /yr.

L.
2.

What is its distance in parsec!
What is its absolute V-band magnitude?

From the absolute magnitude, what spectral type can be inferred for
Sirius!

From the observed (B-V) color, what spectral type can be inferred?

What kinds of uncertainties/assumptions are associated with the
above estimations’

http://simbad.u-strasbg.fr/simbad/

SIMBAD Astronomical Database

20154121 sirius

@5 Portal VizieR Aladin  X-Maich Other  Help

sirius
other query ldentifier Cooy ¢ Criteria Reference Basic Serip! Quip Ip
modes : query query query query query submission oplions

Query : sirius

Available data : Basic data « [dentifiers = Plot & images * Bibliography * Measurements * External archives = Notes * Ann

Basic data ;

* alf CMa -- Double or multiple star

Other object types: * (* ,BD,GC,HD,HIC,HIP,HR,SAD,UBV) , IR (AKARI ,IRAS,IRC,2MASS,RAFGL) ,** (** ,WDS)
JPMP (LHS) ,W® (NSV) LUV (TD1)
ICRS coord, (ep=J2000) 6 45 08.91728 -16 42 58.0171 ( Optical ) [ 11.70 10.90 90 | A 2007ARA. . .474..653V

FKS coord. (ep=J2000 eq=2000) : 06 45 08.917 -16 42 58.82 [ 11.70 10.90 90 ]

©6 42 56.72 -16 38 45.4 [ 67.39 §3.09 0 ]

227.230% -08.8903 [ 11.70 10.90 % ]

-546.01 -1223.87 [1.33 1.24 @] A 2007ARA...474. 653V

Radial velocity / Redshift / ¢z : V(km/s) -5.50 [0.4] / z(~) -.000018 [0.686001] / cz -5.50 [0.48] (~) A
2086AstL...32..759G

Parallaxes mas: 379.21 [1.58] A 2007A8A...474..653V

Spectral type: ALV4DA C 2013yCat....1.20235

Fluxes (8) : U -1.51 [~] € 2092v€2%.2237..,.00

-1.46 [~] € 2002yCat.2237....00
-1.46 [~] C 2002yCat.2237....00
-1.46 [~] € 2002yCat.2237....60

s
v
R
1 -1.43 [~] € 2062yCat.2237....60
]
H
K

-1.35 [~] € 2002yCat,2237....80
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To measure the stellar mass

@ Stellar mass difficult to measure, direct measurements, except the
Sun, only by binary systems
(but uncertain even for these, why?)

@ Then one gets the mass-luminosity relation L « M%
where the slope @ =3 to 5, depending on the mass range

€ The main-sequence (MS) is a sequence of stellar mass under
hydrostatic equilibrium

€ Why are lower mass stars cooler on the surface and fainter in
luminosity?

a Vir
L/Le =(M/Mo)* (Spica)

® MAIN SEQUENCE STARS

- . o Aurigae
2 CORE HELIUM BURNERS: (Capella) @

3
3 L/Ly=0.398 (M/Mg)**
> 4
S OfF Sirius
M, .. ~120 M,
Mmax 0.008 3{ HR 6426 ® MAIN SEQUENCE STARS
L~ Fu46 A,B
min ' e © ¢ ® Wolf 630 A,B
Lo~ 1076 Lg -2 _n e o £2 WHITE DWARFS i
L. ~ 10—4 L oss Kruger 60 ridani
min © e g L870-2
Il " 1 m i n L 1 L L
-1 -05 0 0.5 1
Log (M/My)

Luminosity versus mass for a selection of stars in binaries

Iben (2013)
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Luminosity class and surface gravity

logg =log GM/R? -
B
* Betelgeuse ... (M21)logg =~ —0.6 [cgs] . Sweins
i;\ ~ Bright Giants
* Jupiter..logg =34 p oo B Gl
* Sun(G2V) ..logg =4.44 o omMain sequence
tude v
* G£229B ..(T6.5)logg =5 M) SubdwariV1
o - E . White dwarfs
e Sirius B... (WD) logg = 8 " S
Hertzsprung-Russell Diagram ::

TS TBTATETGIKIMIL

Spectral Type

Spectral type

FO _ dGO dKO  dMo dM,
T T 17 T

/«/////

Subgiants .

Lang “Data”
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Exercise
1. What is the spectral type of Alpha Scorpii!

2. What is its apparent magnitude! Expected absolute magnitude’
Bolometric luminosity?

3. What is its distance estimated from its apparent magnitude! Measured
directly by parallax? Why do these differ?

4. What is the expected diameter of the star in km, in R, and in AU?

What is then the expected angular diameter seen from Earth?! Can it be
resolved by the HST?

(Always show your work clearly, and cite the references.)

To measure the stellar abundance

@ By spectroscopy

@ Stellar composition X, ¥ Z= mass fraction of H, He and all other
elements (“metals”) Z metallicity X+Y+zZ=1

@ Solar abundance: X = 0.747; Y, = 0.236; Z; = 0.017

€ One often compares the iron abundance of a star to that of the
sun. Iron is not the most abundant (only 0.001), but easy to
measure in spectra. Why?

N N
; ' ecas y [FB/H] = logio <N_Fe> —logyo <N_Fe>
k- Asncane o s H/ star H/©
E | oy 7 ne Sig Fa k| Nre —_ —
Bl [FowWige Ax | log Gy, )o =433
§ AN Y S . ] i.e, 1iron atom for 20,000 H atoms
TR R M/H] =~ log(Z/2g)

mmmmmmmmmmmm
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Younger stars tend to be more metal-rich. Stars older than 10 Gyr almost
all have [Fe/H] < — 0.5; stars younger than 5 Gyr have [Fe/H] = —0.5.

5 [ I | ] | | l i I 1 I | | 1 I 1 T T I T I I I 1
I %% o . o ]
= a a & uﬂ.n a o o9 o —
o " " uugun”# %@ o B % ° e -
~N o 0g oo 9 o o o |
[ Dy Cogd o9 x ]
= - o o & ') nn o o =]
e 0¥ @ % a o a0 -
- v 9 e o ° © Le® o, ® -
—.5 |~ Galactocentric Distance a o Xo® L 3 —
- X o Q ﬁﬂ )?cﬂ o X
® Rp < 7 kpe o . Dol
~ o7 kpe £ R, < 9 kpa o @ - 7
| x 9 kpc = R, a9 e
e o
1 I 1 | | i | 1 | | 1 I, 1 l | 1 | I | | 1 I |
2 4 log T (Gyr 1 12
Edvardsson et al. (1993)
it;";:s Dark giagl'lg E ;taar?se ?.35:;'
v Energy i -
i 2% e Gonmie [ Jormas! il ag  Fedsidsudsuteds
Matter - 2
23% | Ti n Ni Gh |G Lagy Se | Br KT
3| B b el e S el
Pt | Au Tl |Pb | Bi |Po | At |Rn
5 5 5 |5 5 3 5 5 5 5
TODAY Pmls Eu|Gd|Th Dy|[Ho Erle Yb|Lu
5 5 5 5 5 5 5 5 5 5 5 |5 5
Ac|Th|Pa|U |Np|Pu
5 5 5 5 5 5
Neutrinos E;’;H
10% 63%
Photons . . .
15% Cosmic element factories --- the Big
N X Bang, stellar nucleosynthesis, supernova
oms o .
P o explosions, and compact mergers

{Universe 380,000 years old)

http://en.wikipedia.org/wiki/Abundance_of the_chemical_elements
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To measure the stellar age

® Very tricky. Often one relies on measurements of Mv, 7eff,
[Fe/H], and then uses some kind of theoretically computed
isochrones to interpolate the age (and mass)

@ Crude diagnostics include
v Lithium absorption line, e.g., 6707A
v’ Chromospheric activities, e.g., X-ray or Ca Il emission
v Evolving off the main sequence

@ ... hence subject to large uncertainties

References:

Edvardsson et al., 1993, A&A, 275,101
Nordstrom et al,, 2004, A&A, 418, 989

2.0

B —‘

61Cyg B

15 [A/WW\NW\QI fn/-—\,.\ur‘-—"‘-
| |

|
| 1

\/

) AV NS Wm‘“;/\ /7 APMS (young) star

\» 1i| lir BP Tau \ !
05 {f =

v
Lil Cal J
| | | |

0
6700 6705 6710 6715 6720 6725
Wavelength A (A)

An MS star of the
same spectral type

Relative Flux

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
have a strong line due to neutral calcium.

Stahler
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ABSOLUTE FLUX CALIBRATED SPECTRUM OF VEGA B ! i LALLM IR LALEE AL
S S A A B e S R
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FIG. 1. Kurucz's (1991a) new model for Vega compared with a series of independe=* TTV-nntinal manonea

ments, specifically those by Hayes & Latham (1985) and by Tug er al. (1977).

Cohen+92

discovery of debris materials
by IRAS.
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Pre-main sequence evolutionary models (tracks)

'/

http://stev.oapd.inaf.it/ Bertelli et al, 2008, A&A, 484, 815

Stellar populations

@ Population ....... Stars in the Galactic disk; like the Sun;
metal rich

@ Population II ..... Stars like those in the globular clusters;
metal poor

@ Population III .... Stars formed in the early universe; perhaps very
hot and luminous; metal free

Distribution of Star Populations
‘Way

in Milky http://en.wikipedia.org/wiki/Metallicity
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. %kac

° disk

30 kpc

Typical properties of Stellar Populations in the Milky Way

Population | Population 11
very young  young old very old
Scale height [kpc] 60 100 500 2000
%, [kms™] 8 10 25 75
V4 >0.02 0.01 0.005 <0.002
Age (rel. to the Universe) <0.05 0.25 0.75 1
Distribution generally in aggregates spherical
os|- a |} b -
o4l } Radial abundance - | Age and metallicity -
ol gradient in the disk 11 for open clusters 1
ozf | b 1F .
o 1F .- -
RTINS (A
L.l HH ‘ 1k S

-03- 4k -
e 8
~0.4r 415 . i
-0.5+ } - = .
PR ' . . s a : . a . .
-6 -4 -2 0 2z 4 6 8 i 2 3 4 5 6
ARM(IMI Age (Gyr)
Figure 2 (a) The radial abundance gradient in the galactic disk. Mean metallicities from DDO

and UBV photometry from Janes (1979) (rriangles) are plotted versus galactocentric distance
relative to the Sun. Also shown are results from Washington photometry of classical Cepheids by
Harris (1981) (solid circles) and high-dispersion abundance analysis of G to M supergiants by
Luck & Bond (1980) (open circles); (b) The relation between age and metallicity for the open
cluster samples of Janes (1979, Table 8). Ages are taken from McClure & Twarog (1978), Jennens
& Helfer (1975), Cannon (1970), and sources quoted by Janes. (Reliable ages were not found for
six clusters.) Open circles distinguish clusters with galactocentric radius larger than the solar value

by more than 1 kpc. No correction has been made for any vertical abundance gradient.
Y ? Y pracied Mould 1982 ARA&A, 20, 91

36



Chap 1

Properties

Star clusters are good laboratories to study stellar evolution,
because member stars in a star cluster

@ are (almost) of the same age;

@ are (almost) at the same distance;

@ cvolve in the same Galactic environments;
@ have the same chemical composition;

@ are dynamical bound.

Two distinct classes:
v'globular clusters (100+ in the MW)
v'open clusters (a few 103 known in the MW)

How do these two classes differ in terms of
shape, size, spatial distribution, number of
member stars, and stellar population?

Open Clusters

102 to 103 member stars; ~10 pc across; loosely bound; open shape;
young population [;

located mainly in spiral arms;

>1000 open clusters known in the MW

Globular Clusters
10° to 10® member stars; up to 100 pc across; tightly bound;
centrally concentrated;
spherical shape; old population II;
located in the Galactic halo;
200 globular clusters known in the MW
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Stars in M80 are mostly old, metal poor members of Population II.

|
[V

Absolute visual magnitude My,

(=]

wn

—
(=

15

T T T
(a) Solar neighborhood

1 |

25p T T !
(b) Globular cluster
M3 .
1 150
E
£
;N
17.5
20.0

0 1.0
B - y(mag)

2.0

Bradt “Astrophysics Processes”

Figure4.7. Hertzsprung-Russcl vdis amples of stars.
(a) Diagram of 16 631 stars of a 330LY of the
sun, from the V-band and parallax distance measures by the Hipparcos sat
color measurements. Horizontal-branch (HB) stans averlie the giant brarch. (b) Col

iagram from ground-based studies of ~12 200 stars in globular cluster M3. The stars i
aze at a common distance of ~32000 LY, and thus apparent magnitudes suffice for e ordinate
of this H-R diagram. The stars are mostly of the common zgc of ~12 Gyr. The data come in
two distinct samples. A deep photographic sample yields most of the siars in the diagram both
above and below the diagonal Tine. Short expasures with a charge-coupled device (CCD) camera
provide fluxcs [or the rarer brighter stars plotted anly a presenting B = 18.6.
The scatter just above the diagonal line is mostly due to increased uncertainty at the fainter end
of the CCD sumple. The distance modulus of M3 is 14.93. Thus. My = 0 in (a) corresponds to
V= 14.93 in (b). Note the absence of bright muin-sequence stars in M3 and alsa the well-defincd
horizontal branch. [(a) ESA SP-1200, Hipparcos catalog (1997} in J. Kovalevsky. ARAA 36, 121
(1998): (h) F. Ferraro er al., A&A 320, 757 (1997): photogrephic data from R. Buomanno ef al.,
A&A 290, 69 (1994)]
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OB associations
in the solar
neighborhood

Mon OB2 |/\|
o (@)

CMa OB1 @

Mon_ 0Bl

@ @ _i 2 P

o Persei r"@-\
Vel OBZ2 (s N

Cam 0Bl
L
@® Cas OB14

er OB Cep OB4

Lac OBI

@ Cep 0B3

kpec

{ 270 Tr 10 )
. ":@ v yg OB4
Sco QB2 R Cr .
ul OB
('c-}_\i{!”
Set OB2
.
N
e |4
e 50 Seo 0BI
@10 11 De Zeeuw +1999
® =
700
W 1 1 Best fit = 13.2 +/- 1.5 Gyr
) ¥ o0 i
15 Horizontal g 1 T - Lower Limits
i brancf:‘;z; .,‘-'—' 500 -1 1 1 95% CL: 10.4 Ga
] o &, Red giant 1 90% CL: 10.8 Ga
{g 23 branch 2 400 — _
i : ] Y =
= ] L
2 N
@ Main sequence ‘© 300 —
[o] @
% 20— turnoff @ J
2 200 -
2
= i
2
= Main sequence 100
7 0 5 T T T T T T T
25 8 10 12 14 16 18
N ‘E‘; Age (Ga)
] ¥« .
¥ Range of possible GC ages (Chaboyer & Krauss 2003)
] White
- dwarfs
V——TT T T T T T 1T T T T T T T T T http://WWW.aStro.CalteCh.edu/“‘george/ay127/

0.0 1.0
Surface color
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Molecular Clouds
and
Star Formation

Stars are formed in molecular cloud cores,
whereas planets are formed,

contemporaneously, in young circumstellar disks.

http://www.astro.ncu.edu.tw/~wchen/Courses/Stars/Lada1995summerschool.pdf

' ,)‘,é,al?‘ro'tic ‘.Cef_l,tel" .M. -gaseous disk
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A THEORY OF THE INTERSTELLAR MEDIUM: THREE COMPONENTS REGULATED
BY SUPERNOVA EXPLOSIONS IN AN INHOMOGENEOUS SUBSTRATE

CHRISTOPHER F. MCKEE
Departments of Physics and Astronomy, University of California, Berkeley

AND

JEREMIAH P. OSTRIKER
Princeton University Observatory
Received 1977 February 3; accepted 1977 May 2

ABSTRACT

Supernova explosions in a cloudy interstellar medium produce a three-component medium in
which a large fraction of the volume is filled with hot, tenuous gas. In the disk of the galaxy the
evolution of supernova remnants is altered by evaporation of cool clouds embedded in the hot
medium. Radiative losses are enhanced by the resulting increase in density and by radiation from
the conductive interfaces between clouds and hot gas. Mass balance (cloud evaporation rate =
dense shell formation rate) and energy balance (supernova shock input = radiation loss) deter-
mine the density and temperature of the hot medium with (n, T) = (10-2-5, 10%-") being repre-
sentative values. Very small clouds will be rapidly evaporated or swept up. The outer edges of
“standard” clouds ionized by the diffuse UV and soft X-ray backgrounds provide the warm
(~10* K) ionized and neutral components. A self-consistent model of the interstellar medium
developed herein accounts for the observed pressure of interstellar clouds, the galactic soft X-ray
background, the O vi absorption line observations, the ionization and heating of much of the
interstellar medium, and the motions of the clouds. In the halo of the galaxy, where the clouds
are relatively unimportant, we estimate (n, T') = (10-2-3, 108-%) below one pressure scale height.
Energy input from halo supernovae is probably adequate to drive a galactic wind.

Interstellar Medium (ISM)

Gas, dust + radiation, magnetic fields, cosmic rays (i.e., charged particles)
Very sparse ---

[star-star distance] / [stellar diameter] ~ 1 pc/10" cm ~ 3x 107:1

or ~1: 10?2 in terms of volume (space)

Mass: 99% mass in gas, 1% in dust ~ 15% of total MW visible matter
Of the gas, 90%, H; 10% He
Hydrogen: mainly H I (atomic), H Il (ionized), and H, (molecular)
Studies of ISM ---

- Beginning of evolution of baryonic matter “recombination”
- Stars form out of ISM

- Important ingredient of a galaxy




Formation

Material Constituents of the ISM

Component T (K) n (cm3) Properties
Hot, intercloud and coronal gas  10° 10*
Warm intercloud gas 104 0.1
Diffuse cloud (H 1) 102 0.1 Mostly H[; n,/n,=10*
H I regions 104 >10
Dark Molecular Clouds 10 > 103 Mostly H, mol. and dust
Supernova Remnants 104~107 >1
Planetary Nebulae

Energy Density in the Local ISM

Component u (eV/icm3) Properties
Cosmic microwave background 0.265
FIR radiation from dust 0.31
Starlight 0.54
Thermal kinetic energy 0.49
Turbulent kinetic energy 0.22
Magnetic field 0.89
Cosmic rays 1.39

There seems to be equi-partition between these energies. Why?
Read Draine’s book, page 10 .
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A “standard” HI cloud
D~ 5pc @D
M~ 50 Mg; - D - >
Gtercioud ~ 100 pc
Vaoua ~ 10 kms!

Clouds are patchy = extinction depends greatly on the sightline
Extinction = absorption + scattering

Extinction versus reddening Av=30 toward the Galactic center

In the Galactic plane, Av ~ 0.7-1 mag kpc~?!

Extinction € amounts of dust grains along the line of sight

Reddening €< - grain properties (size, shape, composition, structure)

Different clouds along the line of sight ...

Profile for
* zero bandwidth

. Rest |
Cloud stationary (@) frequency —af =30 = 180°
ch

Profile for Approuch Recession Approuch Reecasion
zero bandwidth

Cloud A,
moving 33° 245°
i @ /\-'\/-\ /\J\_\
Profile for
Cloud stationary zero bandwith K o 207°
but with internal 100 80 307
turbulence
()
Typical galactic 135" 333°
profile /-/\.\
(d) 1—/I\J.\ 1 1 n 1 \N 1.
100 =50 0 +50 +100 ~100 —50 0 +50 +100
km see—1 kin sec—!
v—e I B | | SN |
Rest +500 0 —~500 +500 [ —500
frequency KHz kHz
Fig. 8-60. Hydrogen-line profiles at different longitudes in the plane of our galaxy. (After Kerr
Fig. 8-59. 1ldealized hydrogen-line profiles. and Westerhout, 1964).

John Kraus “Radio Astronorrgy”
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The ‘normalized’ extinction (extinction law)

Ay — Ay
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The UV ‘bump’
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EXTINCTION IN THE DIFFUSE INTERSTELLAR MEDIUM
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Figure 1. Solid line: The extinction cross-section normalized per H-atom of the diffuse neutral (95%
HI, 5% HII, 10% Hel) interstellar medium from the far-infrared to the X-rays. Dotted lines: The UV
extinction on the lines of sight in two extreme cases, HD 204827 (upper curve) and HD 37023 (6;-
Orionis D, lower curve). Shortward of the Lyman limit, the dotted line corresponds to the ionizati
state of the solar neighbourhood (80% HI, 20% HII, 5% Hel, 5% Hell). The sources of the data are
given in the text.

Ryter (1996)
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Gas and dust coexist.

20 Y T T T —yrr———
Cyg X-3 O
.1 A gas-to-dust ratio ~100
15 ¢ meur__,o"
—_ o (by mass) seems
g L GX 341 B ) c
.E. 10| £q 1731-260 O ngm ro Cir X—1 ] universal.
5 B 0 & Cas A 3
I & :
LMEC X1 < GX 1742
LT pre oeom R

0 5 70 15§ 20 25 30 85
Ny [10%7 em™2)]
Fig. 3. Visual extinction vs. equivalent hydrogen column density. The
fit (dotted line) does not contain GX 17+2 and LMC X-1. It yields
Ny = 1.79 £ 0.03 Av[mag] x 10*'[em™7]

Ny
Ay

2 1

~ 1.8 x 10%'atoms cm™2 mag™

Predehl & Schmitt (1995%)
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Exercise

1. The star Vega is used to define the zeroth magnitude in all the classical

(Vega) photometric systems, e.g., Johnson.

A N

why is this discovery significant?

Plot its spectral energy distribution (SED) from UV to IR.
What is the spectral type of Vega! What is its effective temperature?
Compare this in a plot with a blackbody curve of the temperature.

[t was surprising hence when IRAS data revealed IR excess of Vega.
What are the flux densities observed by IRAS? Given the age of Vega,

15

http://www.astro.utoronto.ca/~patton/astro/mags.html#conversions

|Band||lambda_c||dlambda/lambda“Flux at m=0“ Reference

| || um Jy

U 036 0.15 1810 Bessel (1979)

B 0.44 0.22 4260 Bessel (1979)

\% 0.55 0.16 3640 Bessel (1979)

R 0.64 0.23 3080 Bessel (1979)

I 0.79 0.19 2550 Bessel (1979)

J 1.26 0.16 1600 Campins, Reike, & Lebovsky (1985)
H 1.60 0.23 1080 Campins, Reike, & Lebovsky (1985)
K 2.22 0.23 670 Campins, Reike, & Lebovsky (1985)

Astronomical Magnitude Systems.pdf
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Stars are formed in groups > seen as star clusters if gravitationally bound

Lynds 43

=)
a
e
=
S
=
=
=
=)
i
&

%o -0

| @{1 s

th positions of
m Myers 1986)

Molecular clouds observed by diiierent tracers ... Taurus molecular cloud

dense NH,

17

Filamentary Molecular Clouds

Molecular clumps/

clouds/condensations
n~103 ecm3, D~5pc,
M~ 10°Mg

Dense molecular cores
n>10* em3,D~0.1 pc,
M~ 1-2Mg

D=20~100 pc
M = 105~106 M,
p ~ 10~300 cm™3
T =10~30K
Av =~ 5~15km™1!

http://www.bu.edu/galacticring/outgoing/PressRelease/

Chap 2

Giant Molecular Clouds
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Nearby Examples

Massive Star-Forming Region

- Per OB2 (350 pc)

- Orion OB Association (350-400 pc) ... rich
Low-Mass Star-Forming Regions

- Taurus Molecular Cloud (TMC-1) (140 pc)

- Rho Ophiuchi cloud (130 pc)

- Lupus (140 pc)
- Chamaeleon (160

pc)

4/5 in the southern sky ...

- Corona Australis (130 pc)

why?

19

[ T I X

5-9
1014

http://hera.phl.uni-koeln.de/~heintzma/All/OB_stars.htm

20

10



Chap 2

Formation

The Gould Belt, a (partial) ring in the sky;,
~1 kpc across, centered on a point 100 pc
from the Sun and tilted about 20 deg to the
Galactic plane, containing star-forming
molecular clouds and OB stars

= local spiral arm

Origin unknown (dark matter induced star
formation?)

Southof De'c./ EX

http://www.jach.hawaii.edu/JCMT/surveys/gb/  Gould's Belt superimposed on to an IRAS 100 micron emission map

The Local Bubble, a cavity of
sparse, hot gas, ~100 pc
across, in the interstellar
medium, with H density of
0.05 cm™3, an order less than
typical in the Milky Way.

Likely caused by a (or
multiple) supernova
explosion (10-30 Myr ago).

* Betelgeuse

..BetaCanis
Majoris The Local Bubble

Where is the supernova (remnant)?

Check out the Orion-Eridanus Superbubble

https://en.wikipedia.org/wiki/Local_Bubble 22
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Blue, green and red = 12, 60, and 100 micron

Barnard 72 in Ophiuchus




Formation

Massive Star-Forming Regions ---- OB associations

Visible sWFFC2 _Infrared « NICMOS

Trapezium Cluster » Orion Nebula
WFPC2 » Hubble Space Telescope » NICMOS

MNASA and K. Luhman {Harvard-Smithsonian Canter for Astrophysics, <-PRC00-19

(Bok) Globules silhouetted A dark cloud core seen
against emission nebulosity against a star field

n)

DEC. OFFSET (are mi

R.A. OFFSET (arc min

vatory  Photograph by David Ma )
vatory hetograph by David Malin Frerking et al. (1987)

Chap 2 13
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Molecules in space
H, molecules

* the main constituent of cold clouds, but lacking a permanent
electric dipole moment, so is very difficult to detect. A
rotationally excited molecule would radiate through a
relatively slow electric quadrupole transition.

* Only in a hot medium, where stellar radiation or stellar wind
excites vibrational and electronic states which then decay
I‘elatlvely qUICkly. 7/ Q=C=0  Zero electric

Tzaem  dipole moment

Refer to the slides for WPC’s ISM course . @HF Dipole moment
H i = 1.85 Debyes
http://www.astro.ncu.edu.tw/~wchen/Courses/ISM /index.htm

i
o

J J g
6~ 4
— 9 3 8
- L 2
I 5 1 47 m
£ 0 >
o 4 8 -6 2
- Q
2 1-0 §(1) g <
7 -
o 3k A=212 pm ts
& 6 1 e
> 21 13 =
& 2 5 H2 =)
) o @
c 4 =
T N . °
—_ 2
o _L_i_»] A=28.2 mm 0
v=0 0 v=1

Figure 5.4 Rotational levels of Hs for the first two vibrational states. Within the v = O state, the
J = 2 — 0 transition at 28.2 pm is displayed. Also shown is the transition giving the 1-0 S(1)
rovibrational line at 2.12 um. Note that two different energy scales are used.

Stahler & Palla
28
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CO molecules

 simple and abundant. Strong binding energy E=11.1 eV self-shielding
against UV field

« with a permanent electric dipole moment; radiating strongly at radio
frequencies.

« 12C16Q easiest to detect; isotopes 13C160Q, 12C180, 12C170, 13C!80 also useful

 Excitation of CO to the /=1 level mainly through collisions with ambient
H, Xco =2x10%° cm™? [K km/s] ™! (Bolatto etal. 2013, ARAA)

« Atlow densities, each excitation is followed by emission of a photon.
At high densities, the excited CO transfers the energy by collision to
another H, molecule; nq; = 3 x 103 cm™3. Low critical density - CO
to study large-scale distribution of clouds, as a tracer of H,

 12C160 almost always optical thick; same line from other rare isotopes
usually not. Ny= 10° N3,

1001 J —140
90
8ol 6 120
=°r 16 1'% 2.6 mm = 115 GHz
LE) or s CO —80 2
= 3
g r N Only 5 K above the ground
N 4 7% & level ... can be excited by
o — . a . .
s 30 1 Z  collisions with ambient
w 3
20 molecules or CMB photons
101 2 %
ol Ia A=2.60 mm o

Figure 5.6 Rotational levels of 12C!60 within the ground (v = 0) vibrational state. The astro-
physically important J = 1 — 0 transition at 2.60 mm is shown.

Stahler & P%I[!a

Chap 2 15
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CO band heads in the Becklin-Neugebauer

L0 L e (BN) object --- an infrared-emitting,
. . co :
BT oo embedded, massive protostar
L e '~"._. *. IRS2
3 Kl -
(‘1:) 'h'-.. ._-‘\.f_". “ -~ o o W’a\gﬂngth )T {pm) o - -
o g R S 238 236 234 232 230 228
c . - S106 (x2) T 1 T T
) A L i
Zl 0 s T T wwcase b \WM
HEs & | |
© S e .. GL2789 (xd)
o ) IL.-". N - .'_.p.- % 14 v WRMWM -
- 730 73 \ 23La T 42 31 20
Wavelength (p,m) 06 L Y
4200 4250 4300 4350

FiG. 2—Spectra of those sources in which CO band head emission was
detected. Linear baselines have been subtracted from each spectrum. The posi-
tions of the band heads are indicated at the top of the figure. Vertical scale
marks are separated by 2 x 10™'7 W cm ™2 um~". Noise levels are indicated
on the short wavelength data points.

Gaballe & Persson (1987)

Wavenumber k (cm™1)

Figure 5.8 Near-infrarcd spectrum of the BN object in Orion, shown at three different observing
times. The relative flux is plotted against the wave number k, defined here as 1/

Stahler & Palla

Relative Flux

i
2.292 2.294

i
2.296

Wavelength A {um)

Figure 5.9 High-resolution near-infrared spectrum of the embedded stellar source SSV 13. The
structure of the v = 2 — O band head in !>C!Q is evident. The smooth curve is from a theoretical
model that employs un isothcrmal slab at 3500 K. Note that the spectrum here represents only s

portion of the R-branch.
Stahler & Palla

32

16



Chap 2

Formation

Each species has a different set of excitation ;
conditions (density, temperature; cf. Boltzmann )
equation)

=>» Different molecules/isotopes serve as tracers
of these conditions, e.g., C180 traces denser
parts of a cloud than 12CO does; NH3 maps the
dense cores where protostars are located.

Myers et al. 1991

12co 13¢C ct?o o s oo |
= Jo I -

oy R o L

A= @ —=]

Frerking et al. £8987)

http://en.wikipedia.org/wiki/File:Orion_OB1_%26_25_Ori_Group.png
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HCN (hydrogen Cyanlde) the Layers of circumstellar envelope of [ff
poisonous gas? HCO*? IRC+10216 (Ledo+06) |
What is going on?
. IRC +10216  "|° = ]
. s = CW Leo, a carbon
z l o (i.e., evolved) star,
" a [ Peo " . HCN (0,1, N (0,19 1 . .
o % T R Jw " 1 puffing off its dusty
°L mesme —— p— atmosphere
ol o Orion—KI <0 ”“r’"“?ﬁ to| [so. s0, blend wen| Heo 0, bona |
CH’OH bond —=
e} o A protostar in Orion
Kleinmann-Low (KL) |
object °

. " L L L L )
330 3315 340 345 350 355 360
Frequency (GHz)

FiG, 4.—Comparison of the C50 spectral line surveys of IRC + 10216 and Orion-K L. The data have been corrected by the main beamn (0.6) and extended
efficiencies (0.76) for IRC 410216 and Orion-KL, respectively. Note the difference in vertical scale between the two panels.

Groesbeck+94;

. . . | I 50 pe y ||=|o‘m
Star formation is not an isolated event. | II i
MaSSive StarS in particular may ® Low mass nﬂnulﬂ!ibn of YSO! lormirxo within ¢loud -

t=axiofyrs

trigger the birth of next-generation N
stars = triggered star formation 4-@

' First OB subgroup forms in cloud l
~ 6
Second 08 f=8xI10 ﬂil
3 . “,n"“"‘"" \ aubgroun forms

... also possible by stellar jets, Galactic hc
density waves, cloud-cloud T

collisions ... w1 o
+ / ‘_{;_

t=12x10% yrs

fars
”,

s
*
A -
e,
*
L 4

+ ;.
-

.
W

Expanding Naked Associotion: Fossil GMC

Figure 1. Probable stages in the formation of an expanding OB

association from a giant molecular cloud. Low star formation
efficiency in wi ol di 1 af residual
Lada 1987 unprocessed molecular gas by OB stars result in a stellar system with

pesitive total energy.
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Luminous stars - photoionization of a nearby cloud
—> Radiative driven implosion

lonization -
) front __— molecular Cloud
"‘r' =+ i‘;g:::;_' (No young stars)
O star HAeBe g
-—
Older Younger

Figure 2. An illustration of a massive star to trigger star formation in a nearby molecular
cloud.

Chen+06

Luminous stars =

photoionization/winds
on a surrounding cloud
—> Collect and collapse

Observations of the LI region RCW79
al various wavelengths

in orange ared): the dust shell that surrounds the HIT region RCWT9

- in blue: the ionized hvidrogen that fills the HII region

Near -infared image of one condensation
n includes

nd-generation HIT region.

- the vellow contours {millimeter wavelengihs) show cold dust condensations

19
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Size Scales for Star Formation.

Galactic spiral arm 22
Giant molecular cloud 20
Molecular dense core 17
Protostellar accretion disk 15
Protostar 11

Myers in You & Yuan (1995), p. 47
39

Mass Inventory in a Star-Forming Galaxy

log M [M]

Molecular clouds 9
H, 9
He 8
Cco 7

Young stars 5

Myers in You & Yuan (1995), p. 47
40

Chap 2 20
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[pc] [Mo] [cm™] [K] [km/s]

Properties of Giant Molecular Clouds

20-100 10> -10° 10-300 10-30 5-15

Myers in You & Yuan (1995), p. 47
41

Exercise

L.

4.

What is the BN object (why is it called an “object”)! What is its

brightness, distance, luminosity, and mass (how are these known)?

Answer the same for the KL object. What is the relation between the
two!

There is a class of objects called the “Herbig-Haro objects”. What are
they?

“Quasi-Stellar Objects (QSOs)

42

21
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Cloud Stability --- The Virial Theorem
Moment of Inertia 7 — /,-2,;_.“,_ = > rmur?
d? 1 d? g e
= = m(mr oo (if v =0).-.
= 2?::%[:‘:") = 2m (7 +ri) m
1T N Y
=8 Dl B GmM v?
2 dt? == fit—
pe =
To be stable, LHS =0
2Ex + Ep =0 — 2 (1/2) mv? = GM/r

22
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Virial Mass

MASS, LUMINOSITY, AND LINE WIDTH RELATIONS OF GALACTIC MOLECULAR CLOUDS

P. M. SoLomon, A. R. RivoLo, J. BARRETT, AND A. YAHIL
Astronomy Program, State University of New York-Stony Brook

THE ASTROPHYSICAL JOURNAL, 319:730-741, 1987 August 15 Received 1986 October 2; accepted 1957 February 2

ABSTRACT
We present measurements of the velocity line width, size, virial mass, and CO luminosity for 273 molecul
clouds in the Galactic disk between longitudes of 8° and 90°. These are ok i from three-di ional data

in the Massachusetts-Stony Brook CO Galactic Plane Survey. From an analysis of these measurements we
show that the molecular clouds are in or near virial equilibrium and are not confined by pressure equilibrium
with a warm or hot phasc of interstellar matter. The velocity line width is shown to be proportional to the 0.5
power of the size, o, oc §%-°. Combined with virial equilibrium, this shows Ihat the clouds are characterized by
a constant mean surface densuy of 170 My, pe™? and have a mass M o a}. A tight relationship, over four
orders of magnitude, is found between the cloud dy ical mass, as d by the virial theorem, and the
CO luminosity M o (Leo)®®'. This relationship establishes a calibration for measuring the total molecular
cloud mas from CO luminosity for individual clouds and for the Galactic disk. The cloud CO luminosity is
Lco :\(. a?, which is the molecular cloud analog of the Tully-Fisher or Faber-Jackson law for galaxies.

luminosity law is d for by a cloud model consisting of a large number of optically thick
clumps in virial equilibrium, each with a thermal internal velocity dispersion, but with the clouds effectively
optically thin at a fixed velocity along the line of sight. The typical clump mass is of order a stellar mass and
approximately equal to the Jeans mass at the clump density and thermal velocity dispersion.

TABLE |
GaracTic FIRsT QUADRANT MoLECULAR CLOUD CATALOG ‘
M @ (¢ (@ (5 ® (0 @ ((® (0 (@) (12 (13) (19)  (15)
No. Tmin-I & by vp T, R D = ae a5 ay L., /10 M, /10" Flag

(K) (Deg.) (Deg) (kms™) (K) (kpe) (kpe) (pe) (Deg) (Deg) (kma™*) (K-kmes™'-pc?)  (Mp)

1 43 800 -050 128. 57 1.4 101 -89. 0.06 0.07 4.4 7.27 44.4
2 5-3 B8.20 0.20 20. 10.2 62 159 56 017 021 4.1 140.2 1763 F,\V
3 44 B30 0.00 3. 57 40 62 0. 040 011 3.8 22.6 65.4 X
4 45 830 010 48, 82 3.6 132 -23. 0.05 005 2.2 5.02 111 FRU
5 56 B840 -0.30 37. 17.0 44 57 -30. 032 015 3.9 23.3 665 NH 45
1
10
—_—
T
%]
A
S
=
il
5}
0
10
L L PP " A
0 1
10 10 10°
S (pe)
FiG. 1.—Molecular cloud velocity dispersion o(v) as a function ol'slze s [deﬁnod in text) for 273 clouds in the Galaxy. The solid circles are calibrator clouds with
known distances and the open circles are for clouds with the near-far d ¥ 1 by the method discussed in the text. The fitted line is a{v) = 5% km

s~ % For virial equilibrium the 0.5 power law requires clouds of constant average surface density.

46
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LHS = 0 - stable
LHS < 0 = collapsing
LHS > 0 - expanding
Ex
* Kinetic energy of molecules
* Bulk motion of clouds
* Rotation

Ep Eioral = Ex + Ep

* Gravitation

* Magnetic field

* Electrical field

. .. Eiotal = Ex + Q (mostly)

47

Cloud of mass M, radius R,
rotating at w

‘ Pext

U g 3GM
- 5@- I=:zMR? Q=-
Generalized virial theorem
igz){f:;\‘}}/f Frhn-}—ﬂ/f’(ﬂ—¢r’! ds
2 dt?
Ifw=0,and P, =0 0. 3 M .. 3GM?_
2 iy 5 R
1 GM pmy U= 237 for SOlar

R;=z—77 |Thisis the Jeans length.  shundance with H,

24
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Jeans length = critical spatial wavelength

If perturbation length scale is longer

- Medium is decoupled from self-gravity = stable
M, = %:nj}, p
15 &T 9 T
Ry=(=——)~ =
dmpmuGp i}

kT . T R o
M= [__U”””(;,J"" \/[: ~ o This is the Jeans mass ... the
' critical mass for onset of
gravitational collapse

If cloud mass M > M, .. = cloud collapse

Note the above does not consider external pressure, or other internal
supporting mechanisms.

49

A non-magnetic, isothermal cloud in equilibrium with external pressure

—> a Bonnor-Ebert sphere (Bonnor 1956, Ebert 1955)

2Bk + Ep — 3PV =0

The potential term can include, other than the
gravitational force, also rotation, magnetic field, etc.

At first, the cloud is optically thin.

Contraction = density T = collisions more frequent
- molecules excited and radiated = radiation escapes

—> cooling = less resistance to the contraction
=> collapse (free fall)

R;= ¢, Ty = [isothermal sound speed] * [free fall time]

25
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A spherical symmetric gas cloud with temperature T°
and external pressure P

: 0
For one particle, F, =m;7; <+ —
or
. d . o
mr; -+ 7 = my —(F; - 1) — mr; - 1
dt
2
1 d* (r2) &
= ) —
B g

Summing over all particles
(o]

_i.;L; lz HL,'I'?] — 2 Z é.r-,r-“'f':;_) = Z '!';FJ

i

Moment of inertial Kinetic energy

51

To maintain 2 £, + E,= 0, the total energy £,= £+ E, must change.
The gravitational energy

7;'7\"")
a2 o

r r2

For contraction, dr< 0,so d2< 0 - Thend£,=dE,+d02 =% 02 =LAt

This means to maintain quasistatic contraction, half of the
gravitation energy from the contraction is radiated away.

Eventually the cloud becomes dense enough (i.e., optically thick) and
contraction leads to temperature increase.

The cloud’s temperature increases while energy is taken away
—> negative heat capacity

52
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* HIclouds
Ry =25pc; M=120 Mg > M,
So H I clouds are not collapsing.

 Dark molecular clouds
M, .= 100-1000 Mg, > M]: 10 Mg

(o]

So H, clouds should be collapsing. But observations
show that most are not.

—> There is additional support other than the thermal
pressure, e.g., rotation, magnetic field, turbulence, etc.

53

Roughly, the requirement for a cloud to be gravitational
stable is

|Egravl > Eth + Erot + Eturb + Emag + ..

. 2 .
For a spherical cloud, Egray = —Cgray GM /R, where Cgpyy is a

constant depending on the mass distribution (=3/5 for
uniform density).

3 m :
— —— kgT, where uis the mean
2 umgy

molecular weight of the gas in atomic mass units.

The thermal energy, Eyy, =

27
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The rotational energy E.o; = Crot M R*w?, where C,,

depends on the mass distribution and is 1 / 5 for uniform
density; w is the (assumed) uniform angular velocity.

L 1 .
The turbulent kinetic energy Eryrp, =5 M o2, where ois
the mean turbulent velocity.

The magnetic energy Epag = —fBZ dv = B2R3 where B
is the uniform magnetic field.

55

For rotational support to be important

3G6M 1 t 1

ETZEM _—(—MRZ)( m) SMVcnt

S0 Verit = (3GM /R)Y/2, where v, is the critical rotation velocity
at the equator.

1/2

Numerically, v = 0.11 [M L [km/s]

50

For HI clouds, v = 0.11 [E]l/2 ~ 0.5 [km/s]

Typically, w ~ 1071¢s71,so v ~ 0.01 to 0.1 [km/s]

=> Clouds are generally not rotationally supported.

56

28



Chap 2

Formation

Measuring the ISM Magnetic Fields

Polarization of starlight Dust

Zeeman effect

Synchrotron radiation Relativistic electrons

Faraday rotation

The Zeeman effect is the only technique for direct measurements

of magnetic field strengths.

Thermal electrons

Unsold, Crutcher (2012) ARAA

Neutral hydrogen; a few mol. lines

Polarization of Starlight

- 2%

Biras0i

OPTICAL POLARIZATION &
B0 CONTOURS {Tq = 3K B 6K}

L L -
16" a0™ 16h35™ 16 30m
al1950)

1
ghas™

|6"I2Cf"‘ "™

FiG. 7—Orientation and relative magnitude of optical polarization vectors toward field stars at the cloud edges (Vrba, Strom, and Strom 1976). Solid contours of

T3 *CO)are at 3 and 6 K, with a dotted 1 K contour added around R5-R6 and RE-R9.

Loren (1989)

58
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Declination (J2000)
E

30 T =

I 3% 1

[ — Near-IR 1
29 [ — Optical data |

NG Organized magnetic field
28

morphology in the Taurus dark-
cloud complex superposed on a
13CO map (Chapman et al. 2011).
Blue lines show polarization
measured at optical wavelengths

r]lrl[.lltlrlr]

=k and red lines show near-IR (H-
" band and I-band) polarization.

Dichroic extinction by
dust (optical and

near-IR) PI B

T T
il

04nsp™ 40m 30™ 20"
Right ascension (J2000)

| Crutcher RM. 2012,
"1V Annu. Rev. Astron. Astrophys. 50:29-63 v

Interstellar Polarization

8
3 Ao 1 T
=0 ;:‘ Y
c S\ o
- RSN
. : / X ‘\'\zé?
20 / 7 IR N N T
s \#‘ N - / }i;_“ S /f/ o o
/l el ; — - 7 P ,’/ /.f/~‘,\‘l R o
) . B . B
S LA A LTS *
-40 B NN i
P \ { fo V7
/ ey T - -
1 / ~ :
R - B A v - . - . . . .
-60 +— T == T T T T T T T L T i
180 150 120 20 60 30 0 330 300 270 240 210 180

Mathewson & Ford (1970)

60
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T T T
M17 e o
Hertz (350um)

Dec Offset

Polarized Flux (Jy/20" beam)

-100

FiG. 6.—HERTZ polarization map of M17 at 350 gm. All of the polar-
ization vectors shown have a polarization level and error such that
P > 3op. Circles indicate cases where P + 2a 1%. The contours delin-
eate the total continuum flux (from 10° » with a maximum flux of
=700 Jy). whereas the underlying gray scale gi the polarized flux accord-
ing to the scale on the right. The beam width (~20") 1s shown in the lower
left corner and the origin of the map is at R.A. = 18"17m31%4, decl. =
—16° 142570 (B1950,0).

T T T T
150 M17 3
B field
100
50 B
-
D
=
S L
o
@
a
50
-100
I
150 L 1 L o
50 0 50 100
RA Offset

FiG. 11.—Orientation of the magnetic field in M17. The orientation of

vectors and the viewing a
scale n the bottom right corner). The contours a 4
delin total continuum flux. The beam width (=20° in the
lower left corner, and the origin of the map s at R.A. = 18%17%3114, decl
= —16"14'2570 (B 1950.0).

iven by the length of the vectors (using the

Thermal emission
by dust (far-IR, and
smm) PLB

Houde et al. (2002)

Zeeman effect
B=0 B0
+3/2
P —T— [ 1173
-3/2
P12 : b o
S1,-’2 | | " s
-1/2
A vy [Hz] = 1.40 x 10" g B[T]
A Jg [nm] =4.67 x 108 g (A, [nm])” B[T]
g: Landé or g factor (L, S, J) ~ 1
Ex: B=0.1T (1 kG) for a typical sunspot, at 500 nm, g=1
- wavelength shift 0.001 nm = natural line width
- difficult to measure 0
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Astron. Astrophys. 125, L 23-L 26 (1983) 1000

Letter to the Editor .

=7.0004

The magnetic field of the NGC 2024 molecular cloud:

detection of OH line Zeeman splitting -

Richard M. Crutcher"? and Ilya Kazés'

! Department de Radioastronomie, Observatoire de Paris-Meudon, F-92195 Meudon, France 15,000

? Department of Astronomy, University of Illinois, Urbana, IL 61801, USA 3,000 7,000 11,000 15,000 19,000

Fig. 1. Spectra of the 1667 (strongest) and 1665 lines
cbserved for 13" 18M toward NGC 2024 (RA/DEC [1950.0]
0Sh 39™ 1483 / -01° 55' 57"). The weakest line is the
assumed gaussian component used for Zeeman analysis.

The abscissa scale in all figures is the same and is
given in km s=1 relative to the LSR.. The crdinate scale
in °K antenna temperature is correct except that displa-

Summary cements of zero have been made in most figures.
Zeeman splitting of the main lines of OH in absorp- o o

tion has been detected for the first time. The derived
magnetic field for a clump in the NGC 2024 molecular
cloud is -38 t 1 microgauss.

Faraday Rotation --- rotation of the plane of polarization when light
passes through a magnetic field

Circularly polarized light = F field rotates = force on the charged
particles to make circular motion = creating its own B field, either
parallel or in opposite direction to the external field = phase difference
=» Change of position angle of the linear polarization

=

. _ B ,

L\!{\ Faraday rotation angle § = RM A
"o

BT A where the rotation measure (RM) is
T e3 d
e RM = —Zn-mzc‘l' j;) Tle (S)B" (S) dS
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RM (radm™)
- 0<RM<15
o 15<RM<30
O 30 =RM <60
~ B0=RM=<90
) 90 <RM <120
) 120 <RM <150
() 150 = RM <300

0>RM>-15
-15=RM>-30
-30 = RM = -60
-60 =RM = -90
-90 =RM > -120
-120 = RM > -150
=150 = RM =-300
RM =-300

Galactic Latitude

Galactic Longitude

Figure 3. A smoothed representation of 2257 Faraday rotation measures in Galactic
coordinates with the Galactic center at (0,0). (Kronberg & Newton-McGee, [3]). Blue
and red circles represent positive and negative RM's respectively, and the circle size is
proportional to RM strength.

http://ned.ipac.caltech.edu/level5/Sept10/Kronberg/Figures/figure3.jpg
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For magnetic support to be important,

0 2 ) -2

So, M « BR?, and since M « pR3, we get R « %

The magnetic Jeans mass becomes
B 2 B3
Mjeans X BR* « /p2

Numerically, M]Beans ~ 2.4 x 10* B ng® [Mg]

and Berye = 0.1 —— (‘”)2[ G]
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: : 1
If the magnetic flux is conserved, B < =

Because M o« R3 p = constant, the frozen-in (i.e., flux
conservation) condition would have led to B « R™?~ pz/ 3

If flux is conserved, B, (ISM) ~ 107° [G]
Ry=0.1[pc]> R =Ry => B~ 107 [G]
But what has been actually observed is
B x p1/3 to p1/2,

Implying magnetic flux loss.
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INTERSTELLAR MAGNETIC FIELD STRENGTHS AND GAS DENSITIES: OBSERVATIONAL
AND THEORETICAL PERSPECTIVES
T. H. TroLAND
Physics and Astronomy Department, University of Kentucky
AND
CarL HELES
Astronomy Department, University of California, Berkeley
Received 1985 Jamary 31, accepred 1985 July 16
ABSTRACT
We present an updated compilation of observational data concerning the relationship between the inter-
stellar magnetic field strength and the gas density. Pulsar and Zeeman-effect data provide the only reliable
information about the (B, n) relationship, and they now span nearly six orders of magnitude in gas density.
Field strengths show no evidence of increase over the density range 0.1-~100 em ~*. At higher densitics, a
modest increase in field strength is observed in some regions, in line with theoretical expoclations for self-
gravitating clouds. In two regions of the interstellar 1 the magnetic field is ly high; b
these are not locales where self-gravitation is important. Despite the consmlcncy between observations and
theory, questions still exist about how the magnetic field strength remains constant for densities up to
~100 em~*. Further Zeeman effect studies and a better theoretical understanding of the formation of inter-
stellar clouds and complexes will be necessary to answer these questions.
[ T T T T T T
wol -
3
i 10 -
= —|magans
A8 A veg)
1 . 4
L L L 1 1
0.1 1 10 10! 10?7 10
GAS DENSITY (cm ™}
Fii. 1—Observed mw*rﬂlﬂm.lhltalvnﬂ!ﬂnvfnllmll!ﬂm demwity. All mulummhmmm\nnflkHiluMﬁln!-ndDHld’-lM
tomes) Zosman effoct, excep for the point labeled * pubsars.” This poisi is derived from p ramges of 68
gt in? ade cither with a nnzie-dumm\mh lD!(hmtiuxhnn instrumsents. See § 11 lar!mll:n!:u:h.
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A&A 484, TT3-T81 (2008)
DOL: 10105 1/ 0004-6361: 200809447

A new probe of magnetic fields during high-mass star formation
Zeeman splitting of 6.7 GHz methanol masers®

W. H. T. Vliemmings

Argelander Institute for As v, University of Bonn, Auf dem Hiigel 71, 53121 Bonn, Germany

Received 24 January 2008 / Accepted 30 March 2008

Abstract

Conrext. The role of magnetic fields duning lugh-mass star formation is a matter of fierce debate, yet only a few
direct probes of magnetic field strengths are available.

Aims. The magnetic field is detected in a number of massive star-forming regions through polarization

tions of 6.7 GHz methanol masers. Although these masers are the most abundant of the maser species
ocowring during high-mass star formation, most magnetic field measurements in the high-density gas currently
come from OH and H,O maser observations

Merhods. The 100-m Effelsberg tel pe was used 1o the Zeeman splitting of 6.7 GHz methanol
masers for the first time. The observations were performed on a sample of 24 bright nonhem maser sources,
Resules. with an average magnitude of 0.56 m s
Using the current best estimate of the 6.7 GHz methanol maser Ze n sphitting coefficient and a geometrical - - - -
correction, this corresponds to an absolut field strength of 23 mG in the methanol maser region o

Conclusions, The magnetic field is dy namically naportant in the dense maser regions. No (]{.JI relation is Inlllld

wi ith ||1r.. <|\<|1|<|hl\ OH maser magi =ld surements. The general sense of dir

is detected in 17 of the sourc, -1

ignificant Zeeman splitti

B [uC]

|
4 ."f:‘/'ﬁ'

/ ON Mamers
H

CHLOH Masors

tog m, [emt]

PR
o = 4 o a 10 69 1z

B confines motion of charged particles.

Molecular clouds = most neutral with only a tiny fraction of particles;
ionized by cosmic rays or by natural radioactivity

~ charged particles
T Dmeutral particles collide with = decoupling of neutral
-—

o ki SPARER IR particles from plasma in
= Fasevd viee¥ien slas dtasen the initial stage of star
v = formation

MNeutrals corcentrafte cente€r carry e 8

=> 1. leakage of B
2. charged particles escaped from magnetic poles
(ampipolar diffusion=plasma drift)

70
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If M 4 > M. 2 supercritical = Cloud will collapse dynamically

crit

=» Massive star formation

If M g < M =2 subcritical > Cloud collapses, if ever, quasi-statically

=>» Low-mass star formation

Clouds tend to condense with M~104M@, but observed stellar mass
ranges 0.05 < M /Mg < 100
Why is there a lower mass limit and an upper mass limit for stars?

Cloud collapse = (local) density increase = (local) M decrease
—> easier to satisfy M > M, ie, cloud becomes more unstable
=» fragmentation

3 0O
Formation of a cluster of stars ~~ - T..' > @ G’) = 0 9
| 0

T _ 1
Recall Jeans mass M; =~ 1.2 x 10° (m)‘g/2 (10_24[)#) 1/2 g [Mg]

2/3
X T /p1/2

If during collapse, M; | - subregions become unstable and continue to
collapse to smaller and smaller scales (fragmentation).

Since during collapse p always T, the behavior of M; depends on 7

If gravitational energy is radiated away, i.e., Tcooling < Tfr and collapse is
isothermal, 7= const, so M; « p~1/2 D collapse continues

72
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However, once the isothermal condition is no longer valid, e.g., when the
cloud becomes optically thick, the collapse is adiabatical.

T o P2/5 e p2/3
So M; x p =p 1/2 je., grows with time (ever more difficult to

overcome/collapse), so the collapse halts

For a monatomic idea gas, the adabatic index

_f+2 _

PVY = const; TVY~1 = const;

73

Equation of motion for a spherical surface at r is

d*r Gm

dtz2 72

with initial condition (0) = ry, % (0) = 0,m = 4mry3py/3.

Multiplying both sides by dr/dt, and since 4 (d—:)2 = Zz Zt;
d dr - ZGm dr
dtdt’ ~— 1?2 dt

Integrating both sides, we get

<dr>2 <1 1>
— ) =26m(-——
dt r o1
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Substituting m, we get

dr [87TGp0r02 (ro )]2

| =

= 21
dt 3 T
Define a new variable 6, so that r(t) = 1, cos? 8, (8 = 0 att = 0) then

o 1<87tGp0>1/2
—co0s“ 0 = = -

dt 2

81'[Gp0)1/2 ¢

Integrating this, we obtain 8 + %sin 20 = ( .

1

7
The free-fall time is when 6 = ™/,, tee = < 3m )2 = M [yr]

32 Gp,

Bodenheimer p.34 ... when density becomes oo for all m.

08 e

0.6 |

rr'fg

0.4

0.2

T
—

0.0 - : ' :
0.0 1.0 2.0 3.0 4.0 5.0

Time (103 yr)

Figure 12.5 The ratio of the radius relative to its initial value as a function

of time for the homologous collapse of a molecular cloud. The collapseisas- Carroll &
sumed to be isothermal, beginning with a density of pp = 2x 10716 g cm~2. Ostlie
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8.0

7.0

6.0

5.0

4.0

Logo(p/po)

3.0

2.0

; 0.0

L

0.0 1.0 2.0

e e e

3.0

Time (10 yr)

4.0

5.0

Figure 12.6 The ratio of the cloud’s density relative to its initial value as
a function of time for the isothermal, homologous collapse of a molecular
cloud with an initial density of pp = 2 x 107¢ g cm ™3,

Carroll &
Ostlie
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1
Note that t¢f X ——=has no dependence on ry.
0

Tore

If py is uniform, all m collapse to the center at the same time

—> homologous collapse

If py is somewhat centrally condensed, as observed,
, inner region (small ), tg

e.g., po X r 1tor2

—> inside-out collapse
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Recall the relation between a circular motion and
a simple harmonic motion.

Acceleration to the center » ‘
Time scale = Y% period I

Applications: L A
- Gas in a collapsing cloud o :
- Stars in a globular cluster

- Galaxies in a galaxy cluster

http://prism.texarkanacollege.edu/physicsbook/shm-ucm.gif 81

Exercise

1. For a the sun, i.e., a mass M' = 1 M, a luminosity L =1 L, and a
radius R = 1 R, compute the free-fall time scale 7¢ and the Kevin-

2
Helmholtz time scale Ty =~ M / rL- Which time scale is longer?

2. Note that both time scales have different dependence on the size scale.
At what size, do the two time scales equal?

82

Chap 2

41



Chap 2

Formation

Ann. Rev. Astron. Astrophys. 1987. 25: 23-81

STAR FORMATION IN
MOLECULAR CLOUDS:
OBSERVATION AND THEORY

Frank H. Shu, Fred C. Adams, and Susana Lizano

198TARAG, 25,236

Astronomy Department, University of California, Berkeley,
California 94720

— N

\\i‘”‘" EZans

d

)
=

B2
7

<

Figure 7 The four stages of star formation, (g) Cores form within molecular clouds as
magnetic and turbulent support is lost through ambipol iusion. (&) A with a
surrounding nebular disk forms at the center of a cloud core collapsing from inside-out.
{€) A stellar wind breaks out along the rotational axis of the system, creating a bipolar flow.
{d) The infall terminates, revealing a newly formed star with a circumstellar disk,
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THE ASTRONOMICAL JOURNAL VOLUME 98, NUMBER 4

A TWO MICRON POLARIZATION SURVEY OF T TAURI STARS
MoTOHIDE TAMURA®
Department of Physics, Kyoto University, Sakyo-ku, Kyoto 606, Japan
and

Department of u of M i Ambherst, M h 01003

SHUJI SATO
ical Of y, Mitaka, Tokyo 181, Japan
Received 30 September 1988; revised 23 May 1989

T T T T

\\

4 \ 1 1 h (a4 ]

50™ aom 30™ 20™ 10m  4hoo
RAj950

F16G. 2. Polarization map at optical (thin vectors) and at infrared (thick vectors) towards background stars in the Taurus
dark cloud complex, compiled from the data in the literature (Moneti er al. 1984; Hsu 1984; Heyer ef a/. 1987; Tamura et ai.
1987).

OCTOBER 1989
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Evolution from a circumstellar toroid (geometrically thick)
to a disk; opening angle of the outflow widened

(c) (b) (a)

Nt 7

thin disk

thick disk

polarization

of o
scattered
light / ‘

cutflow

CD @ 6 polarization
small small large
HN Tau HL Tau L1551 IRSS e.g.

Fia. 10. Model of infrared polarization of (a) young stellar objects with mass outflows, (b) T Tauri stars with extreme mass-outflow
phenomena, and (¢) T Tauri stars withoul extreme mass outflow.
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OBSERVATIONS OF CO IN L1551: EVIDENCE FOR STELLAR WIND DRIVEN SHOCKS

RownaLp L. SNELL

Astronomy Department and Electrical Engineering Research Laboratory, University of Texas at Austin; and
Five College Radio Astronomy Observatory, University of Massachusetts at Amherst

.239L.

RoBERT B. LOREN
Electrical Engineering Research Laboratory and McDonald Observatory, University of Texas at Austin

1980ApJ. .

RicHARD L. PLAMBECK
Radio Astronomy Laboratory, University of California at Berkeley

ABSTRACT

CO observations reveal the presence of a remarkable, double-lobed structure in the molecular
cloud L1551. The two lobes extend for ~0.5 pc in opposite directions from an infrared source buried
within the cloud; one lobe is associated with the Herbig-Haro objects HH28, HH29, and HH102.
We suggest that the CO emission in the double-lobed structure arises from a dense shell of material
which has been swept up by a strong stellar wind from the infrared source. This wind has a velocity
of ~200 km s, and evidently is channeled into two oppositely directed streams. The CO observa-
tions indicate that the shell has a velocity of ~15 km s}, a mass of 0.3 M, and a kinetic tempera-
ture of 8-35 K. Its age is roughly 3 X 10* years. A stellar mass-loss rate of ~8 X 1077 M yr!
would be sufficient to create such a shell.
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Lissn
80—

Data cube oF —wa |
(sky position
and frequency)

oK)

L 45 4w
L ) AR
0.0 cxs iy St iy
O
1 1 L 1 1 1 1 1

=100 -350 00 50 100 150 200 %0

Vise (kms ')

Fic. 1.—Spectra of the J = 1-0 (solid) and J = 21 [fasked) lines of 200 taken toward five selected '(imn im L1551, Odfsets are
in arcmin nlum m the pm-l:leq af ms—! a1 al1950) = D4-25=40r, J{1950) = 15901'52%, The J = 1-0 spectra were taken at
NRAO with & 171 beam; u 1 spectrs were taken a1 the MWO with a 112 beam. The ratio of the 2-1 ml 1-0 antenna tempera-

tures in the broad v\:hﬂl)‘ l«lum can b used o infer the kinetie temperatiure of the gas responsible for these featares,

87

T T ChL T
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Fia. 2. —Coatour map of the J = 1-0 ™00 sntenna tem) lum m lhg beoad velocity components, an an optical photo of
the Fegion taken by Strom with the 4 m telescope at KPNO, The hased on C0 spectra r&“m i positions wm?.'. the enclosed
horder with 1'-2" spacings. A cross indicntes the position of IRS 57 lﬂkel’l A-E indicate the tions of the five n Fig. 1 from
top to bottom. Also shown are the directions of the proper motions of the two ‘compact ngﬁlﬂam objects, HHI8 ami Hli ; tracing
their motion backward suggests a commaon origin a1 the infrared source,

Snell et al. (1980)
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Stellaor Wind
100-200 Km s~

Herbig-Haro
Objects

—_ v
Fig. 5.—A schematic picture of the stellar wind driven sho¢k maodel for L1551, lndlmtlng the CO line ?‘
Ty shell;

at different positions across the source, The are no located inside the
ities, they may have been ejected through the :hl:ﬁ und into the surrounding medium.

Expaonding Shall
15 Km s~" - ]

rofiles which would be expected
because of their high veloe-

Snell et al. (1980)

BIPOLAR MOLECULAR OUTFLOWS
FROM YOUNG STARS AND
PROTOSTARS

Rafael Bachiller

Observatorio Astronomico Nacional (IGN), Campus Universitario, Apartado

1143, E-28800 Alcala de Henares (Madrid), Spain

..h,‘.‘ ‘ IU_T;".E;B)_"_

A6 (arcsec)

—20

FC—III FE 9661 'S.l‘i[do.lIS'V UONST W2y "NUUF

Ax (arcsec)

Figure 4 Superposition of a gray-scaled image of the HH 211 jet taken in the Hy v 1-05(1)
line at 2.122 pem (from MeCaughrean et al 1994) with a NHz (1.1) image obtained
at its D configuration (6" angular resolution) (R Bachiller & M Tafalla 1995, unpublished data).
The star marks the position of the jet source HH 21 1-mm (see also Table 1).
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Herbig-Haro (HH) Objects

-- (shock) excited nebulosity

HH 34

HH 47 o
BOW SHOCK
HH 83
sobad Amradil
END OF JET
HH 83 1-J
MIDDLE OF JET
HH 83 F
BEGINNING OF JET Ha6563
HH 83 A-B
- [sm) 6717
NI] 6584
[o1) 6300 ! (sm]6731
(0116363 [Nn]ssl.sh -M
V
gt Ao al ek A .
¢ T
6200 6400 6600 6800
WAVELENGTH [A] Reipurth (1989)
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M. Cohen, The T Tauri siars

T T T T T T
aol 4
HH - | / 4
pw4
20 |- A -
ol *C-S
STAR
-20f -
K
s
5 -40 -
“w
4
-60 - 4
-80 -
s}c
€ A
3 /.ﬁ 0 HH -2
-0} /1 B
-120 4
1 1 i 1 i 1 L 1 " ) —
80 60 a0 20 0 20

Aa (orc-sec)

Fig. 39. Proper mations for individual knots of HH1, 2 and the Cohen-Schwartz star [161].
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Molecular Hydrogen Objects (MHOs) 1000+ now known

Infrared image of molecular bow shocks (MHO 27) associated with
bipolar outflows in Orion. Credit: UKIRT/Joint Astronomy Centre
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Spectral Energy Distribution
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Exciting source of an
HH object = protostar

9 [
— E ;’% :-4/ \\x/
5 o) /
S |
5 /
= / HH83 IRS
g -mf

E 3
el dMk M 2 25 60 100
0 1 2
log A [pm]

Fig. 6. The energy distribution of the infrared source of HH 83 based on near-
and far-infrared photometry. Error bars are shown for the near-infrared data
points where the errors are larger than the extent of the crosses. No error bars are
given for the far-infrared IRAS data

very prominent IR excess; lots of dust; a very young age
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Accretion Disks

* Found in YSOs, supermassive BHs in AGB, binaries, Saturnian
rings
e Turbulent viscosity important
— generating heat
— transporting angular momentum outwards
— transporting matter inwards

Fact: The Sun has > 99% of the total mass in the solar system, but
accounts for ~3% of the total angular momentum (rotation),
whereas Jupiter’s orbital angular moment accounts for 60%.

Fact: Outer planets rotate fast (thus are flattened.)
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Exercise
1. Compare the angular momenta of the Sun, Jupiter, and Earth.
2. What is the specific angular momentum of the Earth versus Jupiter!

3. How round (or flat) is the shape of the Earth, of Jupiter, and of the Sun?

http://www.zipcon.net/~swhite/docs/astronomy/Angular Momentum.html

Water and carbon dioxide in solid form
- cold materials near the protostar

Silicate feature = thick dusty cocoon

10
Rest Wavelength [microns]

Spitzer IRS 100

50



Chap 2

Formation

T Tauri stars (= PMS sun-like stars) are seen against dark
nebulosity and characterized by emission-line spectra.

Figure 2

]

Log Relative Intensity

L L I n 1

3200 4600 6000 7400 8800
Wavelength (A)

Medium resolution spectrograms covering the spectral range 3200-8800 A of four

late-K or early-M T Tauri stars, shown in order of increasing emission levels. The relative
intensity is displayed in wavelength units.

Bertout (1989)

228 ’
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WAVELENGTH

a
s

NORMALIZED INTENSITY
B
@

o
8

o

"
L

Fig. 3a. Spectrum of T Tau and of « Tau, & standard star of the same temperature.

T TAU - « TR

bt 4

4325 Ful42)

NORMALIZED INTENSITY

8

T e T T
428346 4292 43 430139 431038 43193 432027 43T R 434819

WAVELENGTH

Fig. 3. The result of subtracting the optical spectrum of a standard stellar spectrum from that of a T Tau star, suitably normalised, having the same
phatospheric temperature. Note the seq of discrete emission lines in the T Tau spectrum. (From [17).)

Cohen (]13284)
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P Cygni profile - A spectral profile showing an expanding envelope

RO T Ty
E’ I Tow CallK E

W RM AP 01/08/77 . O LW P DROMTE

INTERSITY
"
g
—
R
WiEns|

A
A

Stellar velocity

Cohen'{1984)

T Tauri stars also show infrared excess in the SEDs.

L LA DAL L L N L N L |

]

&m
©
»

...and also UV excess
-> spectral “veiling”

lof AF, (erg

LN L B e
oo Lo o by e v byw g by g gy

SETR B | I BRI S A Vi B S |
—-45 -4 -5 -3 -25 -2
log A (em)

Figure 3 Observed spectral energy distributions from 3600 A to 100 um of the stars whose
spectra are shown in Figure 2. The encrgy distribution of the KTV WTTS TAP 57, shown
as a solid line, has been displaced downward by 0.3 dex. The filled symbols are simultaneous
(for DN Tau and DF Tau) or averaged (for DR Tau) photometric data (cf. Bertout et al.
1988) supplemented by JRAS data (Rucinski 1985). When available, observed variability is

indicated by error bars. When compared with WTTSs such as TAP 57, CTTSs display
prominent ultraviolet and infrared excesses. Excess continuum flux and optical emission-line

activity are often correlated. Bertout (1989) 104
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INTERPRETATION OF T TAURI STARS
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Figure 2. CS Cha SED. The ISO measurements are shown by stars.
The two arrows denote upper limits from ISO observations. Filled
circles are ground-based photometry. Open circles are IRAS measure-
ments at 60 and 100 pum. The solid curve shows the SED of the stellar
photosphere; the dotted curve the model prediction for a standard re-
processing disk seen face-on.
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Adams, Emersen_ ana Fuller 1 3F0)
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&
2

8

s
a

=I

Log{4ne'sF,)

Assumiing T = 7T, (T ot r
Fleax = U"T‘ e T
—p 2 S=hap
Z Flux = r P = r

annulus
FaXt gpectral energy A'stribution
( fe. AFa® emstd =5, _ _ -%
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Spectral index useful to classify a young stellar object (YSO)

_ dlog(AF,) Where A=wavelength, between
oy 2.2 and 20 pm; F,=flux density

Class O sources --- undetectable at 4 <20 um
Class| sources --- o> 0.3

Flat spectrum sources --- 0.3 > a > —0.3
Class|| sources ---0.3>a>—1.6

Class|I| sources ---a <—1.6

=>» Evolutionary sequence in decreasing amounts of
circumstellar material (disk clearing)
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Figure 11 Evolutionary sequence of the spectral energy distributions for low-mass YSOs as
proposed by André (1994). The four classes 0. L IL and III comrespond to successive stages of

evolitian Rafael Bachilley;

T Tauri stars are PMS objects, contracting toward
the zero-age main sequence (ZAMS).

1.5

=0.5

109{T )

Figure4  Position in the Hertzeprang-Russell diagram of all CTTSs and WTTSs with known
wsini. WTTSs are represented by open circles, and CTTSs by dark circles. In both cases, the

circle area is proportional to the stellar v sin . Approxi p ey q
evolutionary tracks for various masses are also plotied together with the zero-ape main Bertout (1989)
sequesce (dashed line), 110
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Fig. 3a—e. Evolutionary scenario; a embedded source (R CrA): b single dust disk causing near-IR and far-IR excess (HD 98922); ¢ double dust Malfa|t+1998

disk (HD 144432); d single dust disk causing far-IR excess (/7 Pictoris); e more evolved dust disk (Vega)
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One half of stars lose disks
within 3 Myr

Disk disposed in ~6 Myr:
planet formation timescale

Haisch+ 2001
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O Early-type stars are fast

300 T : : r T T
<v sin t) rotators
250 -
(km/sec) Luminosity Class & {Abt) D StaI‘S later than ~ F5
200 Luminosity Closses I , IV “1
i rotate very slowly
150 |- ", ’/,’ ] . .
. Hm” mm H ”h O Disk/planet formation?
100 |- M”’I/ Hl“ i
iuep:'r‘ I”I///III”" |
P.opulntlon IE 5:‘”"“"" R IPopquﬂon:;l
%os BO  BS a0 a5 Fo F5 60

Fig. 3. Projected equatorial velocities, averaged over all possible inclinations, as a
function of spectral type. On the main sequence (luminosity class V), early-type stars
have rotational velocities that reach and even exceed 200 km/s; these velocities drop
to a few km/s for late-type stars, such as the Sun (type G2) (Slettebak [20]; courtesy

Gordon & Breach)
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MASS INFALL

(a) Magnetospheric accretion

(b) Gaseous inner disk

accretion columns

Star

Dust+Gas disk
Dust subl. radius

'\

(e) Disk wind

(d) X-wind

MASS OUTFLOW

Fig. 1. [llustration of the regions which have been proposed as the origin of the permitted hydrogen recombination line emission observed towards

HAeBe stars (this sketch is not to scale; read Sect. | for details about the individual mechanisms).

Kraus+08
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Annu. Rev. Astron. Astrophys. 1996. 34:111-34

critical equipotential: gravitational force = centrifugal force

funnel flow Ry co-rotation (star and disk) Ry
onto the star

Figure 13 Schematic views ofthe (@) meridional plane and (#) equatorial plane ofthe configuration
modeled by Shuetal (1994a.b) for the origin of bipolar outflows. The circumstellar disk is truncated
at a distance Rx from the star. Both energetic outflows and funnel flows emerge from the disk
truncation region. Gas accreting from the disk onto the star in a funnel flow drags the stellar field
into a trailing spiral pattern. (From Najita 1995.)

Rafael Bachiller
117
|
\
= Molecular Outflow
o gu[alung
I = ircum-stellar Disk
T A pare
/ ‘ ﬂg )\\\\ - . Optical Jet
, |
J [
|
Figure 6. A schematic drawing of the magnetohydrodynamical model.
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-4 FU Ori outhursts
1 lﬂ Il | —T T T T

- . [ o} 4
& e \ 1
T | 11| 12} . 4
éa -"'/ \ ..‘| | | | Shu (1977) 14 s ; - ]
E VH | (R e wf . Bt V1057 Cyg

E iy II | 0 0 10 2

; 1 Il ||||l | |||| _§ 12 T l‘ T T T T

- | |I ll-' | ~ TTaur retior = . H .
: I || 2 gt #%}ﬁ#‘"r!
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Fig. 6.1. The diagram schematica X of the accretion 12F :

!]I'II.:: .'|:\.m.| aF N
; PYARH FUOri |

i | 0 10 2 30 40 50

nn shows additional features such .
and T Tauri disk aceretion. All rates apply Time [years]

for typical low-mass [~ M) stars only.

Inside-out collapse (Shu 1977) isothermal sound speed = constant accretion rate

Collision

Gas (hydrogen atoms) root-mean-squared speed

myVv < v?>=3kT

For H | regions,

T~ 100 K, < v >gg~ 1 km s7!

For e”, < v >.—~ 50 km s}

Cross sections o P .

e Hard sphere OK for neutral atoms,

i.e., ‘physical’ cross section 5
o=m(a,+az)

ol — @ ~ 5.6 x 1079 em

c.f., Bohr radius (first orbit) = 5.3 x 107 cm

120
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Cross sections o

e For free e, p*
0 > Ophysical Pecause of Coulomb force, need QM

2.5 —2 1
% cm (v in km)

a ~
If v.— ~ 50 km s ', a ~ 107° cm for e -~ collision

T =3 % 10" K, < v >~ 10° km s !

— s a4~ 25x10"% cm

c.f.. classical electron radius ~ 2.8 x 107 e¢m

e2

ro

2
—

o = S5 ~ 2.8 3 1071 em

Conventional unit for cross section

I barn = 102* c¢m?

oprur =~ 10% barns (~ 1016 cm?) 121
Collision vt
. n_ [
U/
p
# of collisions = # of particles in the (moving) volume
N =novt
# of collisions per unit time= N/t =nov
Time (mean-free time) between 2
consecutive collisions (N=1) = #conision = 7=
Mean-free path ¢ = vte, ie., £ = 3=
122
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Ex 1 between hydrogen atoms in an H [ region
ngr ~ 10 em ™ vgp ~ 1 km s™ ' ogrpr ~ 1071° cm
tarur ~ 100 s ~ 300 years

¢~ 10 em ~ 100 AU

= Collisions are indeed very rare.

Ex 2 between a hydrogen atom and an electron

»

e 5 o
To— pr ~ 1071 em? (polarization)
1

fe— HI ™ Toxio-T5x105 ~ SU Yyears

Ex 3 between electrons

O - ~ 1072 em?; n, ~ 0.2 cm ™3

1

te- e~ ~ Gaxio-Thmoxes ~ 10 days

2

123
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Stellar Structure
Structure Equations e
What does each of these equations means? S
d P Gm(r)p _ - - "
o == - Hydrostatic equilibrium ——— r
P &4 =
dm 5 o - Gmam/?
o 4mr®p  Mass continuity (distribution)
P =P(p. T,
dL (2T, )

o= 47r?pg  Energy generation
I

dr _ —3nplL by radiation
dr  dacdmr?T3

Energy transport
dT ~—1.TdP
ar ( ~ )E? by convection

Equation of state

k= rK(p,T,p)
Opacity

q=q(p,T,p)

Nuclear reaction rate

Structure
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Variables (7): mp, T, P, K L, and g

Vogt-Russell theorem
the structure of a star is uniquely determined by its mass and the
chemical abundance.

In fact, ... by any two variables above, cf. the HRD. It is not really a
“theorem” in the mathematical sense, i.e., not strictly valid. Itis a
“rule of thumb”.

In general, the equation of motion is
Gm 10P _ Gm 2 OP

Mean molecular weight

In a fully ionized gas (in stellar interior),
u=1/2 (H) ... 2 particles per my
= 4/3 (He) ... 3 particles per 4 my
= 2 (metals) ... 2 particles per my

u=4/(6X+Y + 2) for a fully ionized gas

Adopting the solar composition,
Xo =0.747,Yy = 0.236,Z = 0.017

>u=0.6
Note recent revision Zg = 0.0152 (Caffau+11)

Structure
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At the center of a star in hydrostatic equilibrium

dP._ Gm
dm — 4nr
Integrating from the center to the surface
: M Gmdm
P(M)—P(0) = — A T

With the boundary conditions,
P(M)~0 P(0)=PF,

Thus,
M Gm dm M Gmdm GM? 13, M 9, Ro 4 .
— — — 4 £ '_')—.' T"_')
Pf' [ Aqrrd o l 47 RA ST R4 Rty (;"11") ( R o
Hydrostatic equilibrium
4P _ _Gm) P _GM M _ ., GM?
dr 2z P R R2 R3 R4
M
Idealgaslaw P = L kT; p = =3
ﬂmH R
M T GM
So P =— —,andT~“—
R°> u R

This should be valid at the star’s center, thus
uGM,
R.

T.

Structure
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Luminosity

Ohm'slaw  in circuit | =V /R, hydraulic analogy
[flow] o< [pressure gradient] / [resistance]

(unit) Pressure = [energy] / [volume]

1
d (g CLT4) /dT‘
L ~ 4mR?
Kp
) 4aT3dT
T 3% dr
203 kp ar Blackbody radiation
N R°T d_T Energy density u = aT*
kp dr Radiation pressure P = (1/3) u
Exercise: Derive Ohm'’s law.
For a given structure,
ar T, uGM

RTYR BT R uGM
kK(M/R}) kM &M R

H._] G_l ﬂ-‘[:;
K

L

Structure
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The opacity & = k(p, T, i) prGiMs3

O For solar composision, Kramers opacity

K~ pT > valid for 1010 K.
S s ,u—:‘}.:')G—l‘}.-")ﬂ_I—Q.SR().S T ~

and j - #7-567.5?‘_{5.5}?_[;,5

O For high-mass stars, i.e., high temperature and low density,
opacity by electron scattering

k =0.2(14+ X) em’g~'= const.

and |L ~ p*G*M3

T T T T v
4 A
IJ
L i /::
2 R A
e
3|
20 L -
A
=] ,?
g 1 s
-2 - ?3" .
A
-4 "‘. 1 N i " 1 " [ -
-05 0 0.5 1
Log (M/M,,)

Figure 1.6 The mass—luminosily relation for main-sequence stars. Symbols denote ordi-
nary binary stars (squares); eclipsing variables (triangles); Cepheids (pentagons); double-
star statistics (stars).
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Opacity

Bound-bound absorption Excitation of an electron of an atom to a
higher energy state by the absorption of a photon. The excited atom then will be
de-excited spontaneously, emitting a photon, or by collision with another
particle.

Bound-free absorption Photoionization of an electron from an atom
(ion) by the absorption of a photon. The inverse process is radiative
recombination.

Free-free absorption Transition of a free electron to a higher energy state,
via interaction of a nucleus or ion, by the absorption of a photon. The inverse
process is bremsstrahlung.

Electron scattering Scattering of a photon by a free electron, also known
as Thomson (common in stellar interior) or Compton (if relativistic) scattering.

H~— absorption Important when < 10K, i.e., dominant in the outer layer of
low-mass stars (such as the Sun)

* Bound-bound, bound-free, and free-free opacities are
collectively called Kramers opacity, named after the
Dutch physicist H. A. Kramers (1894-1952).

« All have similar dependence k « p T3,

* Kramers opacity is the main source of opacity in gases of
temperature 10*~10°K, i.e., in the interior of stars up to

* In a star much more massive, the electron scattering
process dominates the opacity, and the Kramers opacity
is important only in the surface layer.

Structure
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3}» T T T T T T T T | T T T ]’ T 1 T T ! T T
r //_\\ X=0.70
4't -
5,0
¥ e ]
0— -
_2:»
3 8
Data from Iglesias & Rogers (1996)
Opacity i dniem® g uE (\
. T
Kp = Xin;o; f
[ kpds gives the optical depth
The Rossland mean opacity R / >~ B, .
<k> BJy kK

For Kramers opacity
Kir ~ 4% 10%° (1 + X)(Z +0.001) p T735 [cm?g™1]
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For Thomson scattering,

8t 12
K, =

— =020(1+X 2g=1
o (1+X) [em?g™]

is frequency independent, so is the Rossland mean.
Kes = 0.20 (1 + X) [ecm?g™1]

Here 7, is the electron classical radius, X is the H mass
fraction, and u, = 2/(1 +X)

the electron cross section o = 0.665 x 107! [cm?]

O For H™ opacity, Ei,, = 0.754 eV
important for 4 x 10° < T < 8 x 10° K

; YA - 9 _
K- ~ 2.5 v 10_31 (@) ptl,.) T,J [CIH‘) g I]

is temperature and metallicity (providing
electrons) dependent.

O For T > 10* K, H™ is ionized.

O At T < 3500 K, molecular opacity dominates.

Structure
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Main sequence = a mass sequence defined by
hydrogen fusion at the center of a star

Radius does not vary much; but the luminosity does.

logL o< logT

Luminosity (Lg) —

104

: ~
! ~
40,000 20,000 10,000 5,
-— Surface temperature (K)

uGaM
T, ~—
R

SoforagivenT,,M — R } L (o R2 T4) and 7
- L

Main sequence is a run of Zand 7.as a function
of stellar mass, with 7.nearly constant.

Why T, = constant?
Because H burning at ~107 K
regardless of the stellar mass

Structure
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Gas Thermodynamics

Heat capacity: heat supplied to increase one
degree in temperature; Cp and Cy,

Specific heat capacity (=per unit mass), cp and ¢y

cp —cy = kp

cp /ey =Yy
y: the adiabatic index or heat capacity ratio
e.g., dry air, =1.403 (0°C), =1.400 (20°C)
0,, =1.400 (20°C), =1.397 (200°C)
H,0, = 1.330 (20°C), =1.310 (200°C)

To Determine v of a Star

For an ideal gas, u; = %k:T per degree of freedom
Equipartition of energy — u = Yu; = 5kT" for n dof

nk/24+k __

For an ideal gas, n = 3,7 =5/3
For a photon gas, n =6,y =4/3
(3 propagation directions, each with 2 polarizations)

For a monatomic gas, dof=3 — v =5/3 = 1.67
For a diatomic gas, dof =6 - y=7/5=14

Since cy = (%)1 = 5k, and &£ =7 = e 1

Structure
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3 3
Equation of State Ethermal = §A'T = 5(6‘1) —cy)T
Stability of a star: 2Ex + Ep =0 _ g(,} —1) eyT
3
= 2(y—1)U
5(r—1)
Ep=0
S0, 3(y = 1)U + Q=0
4 3y — 4
Biota = U + Q = 1| Q= ———0
o =0 L%(v—l)* ] 37— 1)

Because 2 < 0, in order to be stable, Eyy. <0 — v > 4/3

In general, for a stable star with a mixture
of gas and radiation,

e

Q| W~
| ot

v — 4/3, radiation pressure dominates.

v — 5/3, gas pressure dominates.

Structure
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For an ideal gas, p = ﬁk;T =P g7
vV KM g
f = @ A ol and PdV + VdP = NkdT
P p T

First law of thermodynamics (conservation of energy)
dQ = dU + PdV

1 i
For constant V', ¢y = (Q) _au

dT )y~ dT
L du
dQ = dU + NkdT — VdP = (ﬁ + Nﬂ:) dT'— VdP
a
dQ dU
: cp=|—] =—=+Nk=cv+ Nk
So for constant P,cp (dT)p 0T + i+

Hence cp = cy + Nk,
and v =cp/cy = (Nk+cy)/cy

An isothermal (= constant in temperature) process:
internal energy does not change

An adiabatic process: d@ = 0
dQ = cydT + PdV = cydTl + (NET/V)dV
= dT/T 4 (Cp i Cp)/Cp(dV/V) =)

logT + (v — 1) log V = constant

TV 71 = constant
PV7 = constant
P77 = constant

Structure
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Convective equilibrium (stability vs instability)

H A fluid convective “cell” is buoyed upwards.

If temperature inside is higher than surroundings, the
cell keeps rising. E,;, of particles higher = dissipates

Otherwise it sinks back (convectively stable).

The rising height is typified by the mixing length ¢, or
parameterized as the scale height A, defined as the
pressure (or density) varies by a factor of e. Usually

0.5 s ¥y <20

Convective stability /instability .
Hevo 3‘"“ ,‘:o Lnergy ‘fnunsplrzaw'“ by rn.ﬂ(;‘u*-'n\'?
®. Sehwar 4 . -
Fehmannaatiln Convective stability: a

s fluid resisting vertical
" /—"—\\ Covarolan o wmaee 6} 9‘0

T . N motion
r  atmesphere Rises = fxpoves adiabarcally
" s Todiafve b e
E.ev'-f.'bri..m

-3 rf :> denser than +he Surreunsling ¢
— Sinks back . .
A So, vertical perturbation

Vo Stable in rad. agwt, dampens out
?“;( ‘{ rises , ,4.‘-6:?“-"7 oceling , bt sedtt
warmer than tht surrenndings

= Kess olenser than surr,

b ] kegs r-‘s:nj

Structure
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-—-> Cenveetriont sets Tn ohen dhe asliabatie

Compared with surrounding
Pemp. grastiondt io smaller shan temperature gradient

P emp. ,,.‘,(:u.'a( by radiatye G?u-'(,

Radiation can no longer

e, (_‘_'I ¢ T2E ) transport the energy
ar ol dr “red ..

efficiently enough

=>» Convective instability

For an adiabatic process, PV' = constant

r ._'\_——/
iy 88 2w Loy
ar  4T/r _ dénT
ar “r/p denp

= Criterien fov sonvection aau.‘/:i..-m be corving,

ALnT ALnT
(dinf ).4 % (6'9"’)

Feagd

With the netedoovn 7 ( nabla )

V.,.( < Vr“‘

Structure
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Convection takes place when the temperature
gradient is “sufficiently” high (compared with
the adiabatic condition) or the pressure
gradient is low enough.

Such condition also exists when the gas
absorbs a great deal of energy without
temperature increase, e.g., with phase change
or ionization

=>» when ¢y is large or y is small

In meteorology, dry and cool air tends to be stable, whereas wet and warm
air (smaller gamma values) is vulnerable to convection = thunderstorm

Structure

Hewe te calewlate Vipu ?

ﬂ:-l--_ﬁ" kr Mﬂ-.g;
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d@ = e AT+ PdC ‘f, Jee,dT. -Pd;._—,

22

S P
CvdT = -—‘9—'- d(’
gl 5 X _#F
A
a7 _ B dP dT . .
R VGl In practice, if y = 5/, the
. . condition for convective
— — -Cv o oy . .
% i akEpe ] stability (no convective) is
dlogT
Grozp) < 0.4
g PEUTY ol , og
———— dinp -4-(77,;—“ = "-?'-: :f-;

%.4., for menatem e gases , v= % Vao( e U

Structure

Nete . Vrad - P

At pofac Dy o

any:
Vad > 9y D ne conveetion !

The svtermeost Royers €3 o Star are 4/».7‘3
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AN, reeolat!ve ‘1»“\ !.‘5r?wa-\.

L
oo Convection eecurs e ther

® fm:’g Teorperature graoiend &vv
raea?'ve _.ﬁu.‘ﬁ'bn'm
@ small adiabat'e "'fh-'ura'fun ’Pnd‘?o«t
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Ionization satisfies both conditions because
@® Opacity 1
@ e receive energy 2 d.of. T,s0yl 2> V41

=>» Development of hydrogen convective zones

Similarly, there are 15t and 2" helium convective zones.

For a very low-mass star, ionization of H and He leads
to a fully convective star = H completely burns off.

For a sun-like star, ionization of H and He, and also
the large opacity of H™ ions =» a convective
envelope (outer 30% radius).

For a massive star, the core produces fierce amount

of energy > convective core

=>» a large fraction of material to take part in the
thermonuclear reactions

Structure
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Interiors of Binary Star System
Gliese 752

Gliese 752B (VB10)
Thermal Structure

Gliese 752A
Thermal Structure

Jupi

%“. o

er

Gliese 752A
Rotation and Magnetic Dynamo
Standard Model

A binary system at 5.74 pc. Gliese 752A (=Wolf 1055) is an M2.5 red dwarf (mass ~0.46

solar, m;~9.13), whereas Gliese 752B (VB 10) is an M8V (mass ~0.075 solar, m~17.30).

E nergy Tra.n:po rx

8y radiaten

_E.I. ke 3 ”f, Lr Ly: -Pum-‘n.ﬂfy

ar Hac 73 kjir?
K : opacity

e/ectnm scattering

b_’l" f'f/ H® )

(N

N_‘_f.’ R~ rediatve transpe 3

dbnT

4
) 2L L

Poiw P
- AP rad biTac F¥ " 4,

Structure

18



Chap 3

I} Yewperature 3mM,€o ter Larde  phem

By conveetion ( unstable fe conveerion ;

tonvective rn,gf.b.‘/,‘fy)

criterion

Structure
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Hayashi Track
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Fig. 53. The complete pre-main-sequence evolution of a star of solar mass.

A convection evolutionary track for low-mass pre-main sequence stars
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When a protostar reaches hydrostatic equilibrium, there is a
minimum effective temperature (~4000 K) cooler than which (the
Hayashi boundary) a stable configuration is not possible

(Chushiro Hayashi 1961).

A protostar

@ contracts on the Kevin-Helmholtz timescale

@ is cool and highly opaque > fully convective |
—> homogenizes the composition

A star < 0.5 M, remains on the Hayashi
track throughout the entire PMS phase. |

':.OHVQCf:VG rﬂS fab-‘l."ff

’
e
logL Q‘ 4

Zero=oQe
main-sequence

= log T,

= Rx J than pure
radiative case

_—:> A radiue max;mum
for & g:ven mass
P | ,Qum-‘rws-'fy

;37 A #eu.pemturv ”in

T< Tm.’n

convectively unstable

% (Hayash i 1966
o Hayas$h! Chushirp M.
T o Tradk ﬁ,gurrﬁ}'

Figure 1. Schematic evolution-
ary path of a star of 0.8 Mo.

Structure
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Convection occurs when V.,q4 > Vg

That is, when V.4 is large, or

when V4 is small.
_dT _ Ly kp
Recall Vrad = E = T_ZF

1 c
Vad=1—; wherey = %/,

—> V,q small = ¢, large =» H, dissociation

H ionization, T~6,000 K
He ionization, T~20,000 K
He Il ionization, T~50,000 K

Henyey track |Radiative

Dynamical collapse = quasi-static contraction

O half of £,,,, becomes particle £,
: I'uﬁ |- (internal energy); half radiated away
"I W | EESSR | O Matter optically thin to thick
i Convective

—> thermodynamical equilibrium,

T;'ad = 7I{in

O Energy used for ionization (for H,

7< 10*K), so surface temperature

remains almost constant. Protosun
now size was 60 R,

O Star fully convective
=» Hayashi track

Check out http://www.peripatus.gen.nz/Astronomy/HerRusDia.html for a good summary

21
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Astron. & Astrophys. 40, 397—399 (1975)

On the Luminosity of Spherical Protostars
I. Appenzeller*

Universitits-Sternwarte Gttingen

W. Tscharnuter
Universitits-Sternwarte Gottingen and Max-Planck-Institut fir Physik und Astrophysik Miinchen

Summary. Hydrodynamic model computations have
been carried out for a spherically symmetric 1 Mg
protostar. Compared to similar computations by Larson
(1969) we used a different treatment of the accretion
shock front. Our computations basically confirm Lar-
sons results and show that Larson’s disputed shock
jump conditions have little influence on the proto-
stellar models.

Key words: star formation — protostars — YY Orionis
stars

Structure

2t
‘°9'L|:,
17 !
i
]
1
|
o} ¥
v

-1 .
4 3 log Te 2 1
Fig. 1. Evolutionary path of a 1 Mg protostar in an infrared HR
diagram (solid line). The numbers indicate the time (in years)
since the formation of the (final) hydrostatic core. For comparison,
the evolutionary path of a conventional fully hydrostatic 1 Mg

pre-main sequence star is also included (broken line)

22
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log T

N W, O 9

M= 1My
1} Mc=0‘95 M, |

02 04 06 08 10
Mnd
Fig. 2. Temperature distribution in the hydrostatic core of a 1 Mg

protostellar model after 95% of the total mass has accumulated
in the core

The Evolution of a Massive Protostar
L Appenzeller and W. Tscharnuter Astron. & Astrophys. 30, 423 —430 (1974)

Universitits-Sternwarte Gottingen

Summary. The hydrodynamic evolution of a massive
protostar has been calculated starting from a homo-
geneous gas and dust cloud of 60 M, and an initial
density of 107 '° gcm™3. Initially the collapsing gas
cloud evolved similar to protostar models of lower mass.
About 3.6 x 10° years after the beginning of the collapse
a small hydrostatic core was formed. About 2 x 10*
years later hydrogen burning started in the center of
the hydrostatic core. After another 2.5 x 10* years the
collapse of the envelope was stopped and reversed by
the heat flow from the interior and the entire envelope
was blown off, leaving behind an almost normal main-
sequence star of about 17 M. During most of the core’s
evolution the central region of the protostar would
have looked like a cool but luminous infrared point
source to an outside observer.

Read this paper!

Structure
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12 T - - S—
My
M.
0+
P
8t /
&/
"\h;.‘!
6} 59,-" 5
9/ > de
/A0 deel e,
JEE2 s v €3¢
Al {)J)))c));)J 3¢ ‘(.
2 -
Nuclear
,/’ Reactions P
1 2, 3 4
ttlc‘yeurs)

Fig. 5. The variation of the internal structure of the evolving hydro-
static core. The abscissa gives the time since the formation of the
(final) hydrostatic core. (t =0 corresponds to an age of the protostar
of 361473 years) “Cloudy” regions represent convection. Cross-
hatched regions represent nuclear energy generation at a rate
exceeding 10%ergg™'s™!. The approximate extent of the hydro-
static core is indicated by the line p=001gem™!

-

5. L. 3 2. 1

——log Te

Fig. 6. Approximate evolutionary path of the optically thick central
region of the 60 M, protostar in an infrared HR diagram. The
numbers indicate the time ¢t since the formation of the final hydro-
static core (c.f. Fig. 5). For comparison we also included the position
of the zero-age main-sequence (ZAMS). The broken line gives the
approximate lower limit of the effective temperature of hydrostatic
configurations (Hayashi et al., 1962)

Structure
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Pre-Main Sequence Evolutionary Tracks
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1965Ap)...141..993

STELLAR EVOLUTION. I. THE APPROACH TO THE MAIN SEQUENCE*

Icko IBEN, JRr.

California Institute of Technology, Pasadena, California
Received August 18, 1964; revised November 23, 1964

ABSTRACT

The manner in which nuclear reactions replace gravitational contraction as the major source of stellar
luminosity is investigated for model stars of population I composition in the massrange 0.5 < M/Mo <
15 0. By following in detail the depletion of C'? from high initial values down to values corresponding to
equilibrium with N4 in the C-N cycle, the approach to the main sequence in the Hertzsprung-Russell
diagram and the time to reach the main sequence, for stars with M > 1.25 M @, are found to differ sig-

nificantly from data reported previously.

LoG (L)

+1-]

1 1 L L 1 1 1

45 44

Fio. 17.—Paths in the Hert.
0,

43 42 41 40 33 38 37 38

LOG (Te)
ung-Russell diagram for models of mass (M/Mo) = 0.5, 1.0, 1.25,

, 5.0, 9.0, and 15.0. Units of luminosity and surface temperature are the same as those in

Effects of chemical 06
abundances and “metals” in 05
determination of stellar o
structure .
Metal poorer - hotter -

X,=5.4x10 6

X,=5.4x10 5

T T

|
|
|
|
|
I
|
|
/

37 37
LOG (Te)

—
385

Fic. 1,—Paths in the theoretical Hertzsprung-Russell diagram for M = Mo. Luminosity in units of
L& = 3.86 % 107 erg/sec and surface temperature T, in units of * K, Solid curve constructed using a
mass fraction of metals with 7.5-¢V ionization potential, Xar = 5.4 > 10°%, Dashed curve constructed

with Xar = 5.4 X 1078,

Structure
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Structure

Exercise

A useful site to download theoretical evolutionary tracks (the “Padova
tracks”) is the CMD/PARSEC isochrones
http://stev.oapd.inaf.it/cgi-bin/cmd

As homework

1. Plot V versus (B=V) for an ensemble of stars (i.e., a star cluster) of ages

1 Myrs, 10 Myr, 100 Myr, and 1 Gyr.

2. Compare the Vversus (B—=V) CMDs of two 100 Myr old star clusters,
one with Z=0.01 and the other with Z=0.0001 (extremely metal poor).
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Chap 4

NuReactions

Thermonuclear Reactions

Eddington in 1920s hypothesized that fusion reactions between
light elements were the energy source of the stars.

Stellar evolution = (con) sequence of nuclear reactions

e Erinetic ® kT, = 8.62 X 1078 T~ keV,

_ ZyZye* 144747,
but ECoulomb barrier = 7 — T[] ~ MeV, 3 orders

higher than the kinetic energy of the particles.

Tunneling effect in QM proposed by Gamow (1928, Z. Physik, 52, 510);
applied to energy source in stars by Atkinson
& Houtermans (1929, Z. Physik, 54, 656)




NuReactions

George Gamow (1904-1968)
Russian-born physicist, stellar and big bang nucleosynthesis, CMB, DNA,
Mr. Thompkins series

1929 U Copenhagen 1960s U Colorado

H Nuclear potential well
(binding energy)
l=S:_= =4

Figure 4.2 Schematic representation of the Coulomb barrier - the repulsive potential
encountered by a nucleus in motion relative to another — and the short-range negative
potential well that is due to the nuclear force. The height of the barrier and the depth of
the well depend on the nuclear charge (atomic number).

Chap 4 2
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NuReactions

Quantum mechanics v
tunneling effect

Ekln

0

¥

Wy

Yo

Repulsive
Coulomb potential

Aftractive r—»
nuclear potential

Figure 3.4 Illustration of the polential seen by particle b when approaching particle A with a
kinelic energy E,;,, and the corresponding wavefunction W; classically, particle b would reach only
a distance r, from particle A before being repelled by the Coulomb force

Cross section for nuclear reactions (penetrating probability)

16 e—T[ZlZZBZ/E()hV

This 72asv /2

Velocity probability distribution (Maxwellian)

2
x e~mv /2kT

This Nvasv /

~. Product of these 2 factors = Gamow peak




Chap 4

NuReactions

D.c

* N\
lﬂy‘fm prinoiplea b‘6 Stellar Evoladlown
omd Mucleosynthesr's ”

MHaxwellian Velodity
:P.‘sqrribuﬂm

|‘i§' g Pe'C*mﬂ"“

Probability

Product {magnified)

L LT
kT=1-3kev E=15-30 kev

ol
B

Fig. 46 The dominant energy-dependent factors in thermonuclear reac-
tions. Most of the reactions occur in ;I:[g high-energy tail of the max-
wellian energy distribution, which_introduces the rapidly falling factor
exp (—E/kT). Penetration through the lomb barrier i i the
factor exp (—bE-1), which vanishes strongly at low energy. Their
product is a fairly sharp peak near an energy designated by E,, which is
generally much larger than kT. The peak is pushed out to this energy by
the penetration factor, and it is therefore commonly called the Gamow
peak in honor of the physicist who first studied the penctration through

the coulomb barrier. = Clayton
7
0.7
B (e 12(p' T) N 13
Ey= 37.9kev

/"'g; 0.5 A = 22.8kev
Fﬂ' -

+ T=30x10°%K
'°| ) 04
'-._./

S o3

; 27 .9 kev

o

- 0.2

0.1
] | | ] | ]
0 10 20 30 40 50 60 70 80 90
E, kev
Fig. 47 The Gamow peak for the reaction C'*(p,y)N#3at T = 30 X 10* °K
The curve is acfuﬂ_‘y somewhat asymmetric about E,, but it is nonetheless
adequately approximated by a gaussian,
Clayton 4
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Resonance = very sharp peak in the reaction rate
=» ‘ignition’ of a nuclear reaction

Resonance reactions
Energy of interacting
So there exists a narrow range of particles ~ Energy level
temperature in which the reaction rate 11 of compound nucleus

- a power law
—> an ignition (threshold) temperature

For a thermonuclear reaction or a nucleosynthesis
(fusion) process, the reaction rate is expressed as

q [energy released per mass] < p™ T™

vt

Collision — O

P

A two-body encounter,

[# of collisions] = [total # of particles in the (moving) volume],
so N =n (ovt)

v’ # of collisions per unit time = ¥/, = nov

v Time between 2 consecutive collisions, mean free time (N=1),
tecol = 1/ nov

v' Mean free path £ = vt.,;=1/no

10
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Nuclear reaction rate

1/3
v 115 X nyn, (oV) X nyn, exp [—C (Z;ZZ) [cm™3s71]
6

VAST 7,1 7/
v Major reactions are those with smallest Z,Z,

v’ n; is the particle volume number density, n;m; = pX;, where
X; is the mass fraction

v q12 < Q p X1 Xo/mym, [erg g~ ts™1]

11

Nuclear Fission
(e.g., power planets)
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NuReactions
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T ferme 1 nuelear reactiows
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Star

logo L/L,

Brown dwarf

Planet

log,, Agelyr)

Fig. 7—Evolution of the lumi

ity (in L.} of sol v M dwarfs and substellar objects vs. time (in yr) after formation. The stars, * brown
dwarfs” and “ planets™ are shown as solid, dashed, and dot-dashed curves, respectively. In this figure, we arbitrarily designate as *brown dwarfs ™ those
objects that burn deuterium, while we designate those that do not as “planets.” The masses (in M) fabel most of the curves, with the lowest three
corresponding to the mass of Saturn, half the mass of Jupiter, and the mass of Jupiter.

Burrows "
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Stars M /Mg > 0.08, core H fusion
Spectral types O, B, A, F, G, K, M

Brown 0.065 > M /Mg > 0.013, core D fusion
Dwarfs 0.080 > M /Mg > 0.065, core Li fusion
Spectral types M6.5-9, L, T, Y

Electron degenerate core
v10gem 3 < p. < 103gcm™3
vT,<3x10°K

Planets M /Mg < 0.013, no fusion ever
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THE MASS-RADIUS RELATION FOR COLD SPHERES OF LOW MASS*

H. S. ZaroLsky
University of Maryland, College Park, and Center for Theoretical Physics

AND

E. E. SALPETER

Laboratory of Nuclear Studies, Physics Department, and Center for Radiophysics
and Space Research, Cornell University, Ithaca, New York

Received 1969 March 14

ABSTRACT

The relationship between mass and radius for zero-temperature spheres is determined for each of a
number of chemical elements by using a previously derived equation of state and numerical integration.
The maximum radius of a cold sphere is thus found as a function of chemical composition, and a semi-

empirical formula for the mass-radius curve is derived. 1
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R/.OIXRg

LOG (M/Mg)l—>

F16. 1.—Mass-radius plot for homogeneous spheres of various chemical compositions. The points J,

S, U, N are the observed values for the Jovian planets,

17

120F 7 i

A (1000 km)
@
=1

o
o

Log({M/Mz)

Figure 12.4 Mass-radius relation for low-mass objects (following H. S. Zapolsky &

E.E. Salpeter, Astrophys. J. 158). Different curves correspond to different compositions, as

indicated. The locations of several planets — Earth, Jupiter, Saturn, Uranus and Neptune

are marked by the planets”™ symbols. Also marked are the locations of two white dwarfs,

Sirius B (§) and 40 Eridani B (€) (data from D. Koester (1987), Astrophys. J., 322),

Brown dwarfs and very low-
mass stars ... partial Pg,,

White dwarfs
~ completely degenerate,
RNas M/

_ Terrestrial planets
] R 7 as M7 €& complicated EoSs

Mass-radius relation

max @ M]upiter ~

(1/1000) Mg,
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- Mgc? = 2 x 10°* ergs
meer?uw‘ burning 1 amu = 931 Mev/c?

2Ht TH —> 3, + ¥ (T>roéf<)

X s

H('H ¥ ) H

D

F.& Mev

r B
[egg's

oL
-4
4
1]

!06K

wifx e [V ] (jfj;,)(
\

TSM value ¢ D/H >~ 2x el
% 3
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The lower the mass density,
the more the Dabundant
=» Das a sensitive tracer of
the density of the early
Universe

n+p — D + y (production of D)
D+ D — *He+ y (destruction) > faster‘JL

Before the Big Bang nucleosynthesis, there were
plenty of neutrons, but much less abundant than
protons, so all neutrons go into making *He

4 - n/2 _ 2n
> "He = (n+p)/4 - n+p

Current value n/p ~ 0.12, so *He =~ 2/9, as observed
today.

20
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D/H

e 156 ppm ... Terrestrial seawater (1.56 x 10™%)
e 22~26 ppm ... Jupiter

e 17 ppm ... Saturn

55 ppm ... Uranus

e 200 ppm ... Halley’s Comet

21
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1
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|
|
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/

. ! / Completely convective
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1 \
1
1
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Effective temperature, 10°°K

the main sequence.

hydrogen into helium.

Fig. 5-1 The path on the H-R diagram of the contraction of the sun to
The interior has become sufficiently hot to burn
deuterium after about 10® years. The contraction ceases near the main
sequence when the core has become hot enough to replenish the solar
luminosity with the thermonuclear power generated by the fusion of
After D. Ezer and A. G. W. Cameron, The Con-
traction Phase of Stellar Evolution, in R. F. Stein and A. G. W. Cameron
(eds.), “‘Stellar Evolution,” Plenum Press, New York, 1966.]
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THE BIRTHLINE FOR LOW-MASS STARS

STEVEN W, STAHLER
Harvard-Smithsonian Center for hysics, Cambridge, Massach
Recetved 1983 January 19, accepred 1983 May 4

ABSTRACT

Using the results of protostar theory, I find the locus in the Hertzsprung-Russell diagram where
pre—main-sequence stars of subsolar mass should begin their quasi-static contraction phase and first
appear as visible objects. This “birthline” is in striking agreement with observations of T Taun stars,
providing a strong confirmation of the fact that these stars are indeed contracting along Hayashi
tracks. The assumption that most T Tauri stars first appear along this line forces a recalibration of
their ages. This recalibration removes the puzzling dip in present-day star formation seen in age
histograms of several cloud complexes. Since the underlying protostar calculation assumes that the
parent cloud was only thermally supported prior to its collapse, the observed location of the birthline
places severe restrictions on the degree of extrathermal support provided by rotation, magnetic fields,
or turbulence. In addition, the hypothesis that the collapse from thermally supported clouds to
low-mass stars proceeds through protostellar disks appears untenable, since the disk accretion
process almost inly prod pre-main-seq stars with radii well below the observed
birthline.

Protostars are heavily embedded in clouds, so

obscured, with no definition of 74

Birthline=beginning of PMS; star becomes
optically visible = deuterium main sequence

log,,(L/Lg)

Luminosity

TAURUS -AURIGA

- 1 1 1 1
¢ 4.0 3.8

Effective Temperature

1
3.6 3.4
109,0{ Tett)

Stahler (1983, 1988),
Palla & Stahler (1890)
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1987ARA&R.

... compared with observations
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Figure 4 Hertzsprung-Russell diagrams from Cohen & Kuhi (1979) showing theoretical
pre-main-sequence contraction tracks and T Tauri stars in the Taurus-Auriga and Orion
cloud complexes. The heavy solid curve is the theoretical “birthline” of Stahler (1983).
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Presence of Li [ A6707 absorption = stellar youth
e CalA6718 prominent in late-type stars

—

2.0 T T T

15

Hela‘tl\f Flux
J
B
z‘
;
|
4

05 U i
: Lil Cal

0 L | | L
6700 6705 6710 6715 6720 6725

Wavelength A (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
have a strong line due to neutral calcium.

Stahler & Pall%

M > 1.2 M_sun - shallow convection = surface Li
does not deplete during contraction

For protostars with
T. > 3 x 10°K, the central
lithium is readily destroyed.

Stars = 0.9 M become
radiative at the core, so Li
not fully depleted.

Li abundance - age clock

Stahler & Pallg
28
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Older - depletion at higher T«

o Plaides 1% 105y

Stahler & Pallg9

A hyatm'?w geo — Prbfm- preten chaing

b H —_ u}/( un(:'ke!), => a chan r
reacsions

baryom §, Pepten i, ohavu a/f eamy erveo(_

+ +
4 +
P P = 2 D ¢ B 3 ¥ Ciung 0.420 MeV to the positron and
C 1y Mev yr) neutrino; position and electron (each
0.511 MeV rest energy) annihilate
0,26 Me\
D 5 P i ’H( + ‘) ( &S > tscape oA => 1.442 MeV

He + 3
‘ Ve =~ & N a2 P ¢t ... but the nucleus of
Migg - cimnd PPy :' > deuterium, a deuteron,
-_— c 7 o
et tp o, He 4 e consists of a proton

and a neutron!
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v p+p— *He (unstable)> p +p

v Hans Bethe (1939) realized that the weak
interaction was capable of converting a
proton to a neutron (!) first

v' Weak interaction = very small cross section

v The neutron is more massive, so this
requires energy, i.e., it is an endothermic
process, but neutron 4+ proton
—> deuteron (releasing binding energy, so
exothermic)

31

4 ’Jgit--—-)’l;'f
7

L}y +Po 2 ‘”i
P/O _‘? ".‘,"tﬂ.;'n_

All 3 branches 9 4
L’»"PGTﬁ*? Sfmuffanpmg.-"y. Be + P = ’a -+ ‘)'

B8, ve%s 0

‘31 = 2 ';V&
PP I chain
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The proton-proton chain

H+1'H — 2D+ et + 4,
°D + 'H — “He + 4

(1.44 MeV, 1.4 x 10" y1)
(5.49 MeV, 6 s)

pp I chain

‘He + *He — "He + 'H + 'H  (12.85 MeV, 10° yr)
Note: net 6 'H — ‘He + 2 'H

pp 1I chain

3He + ‘He — "Be + 7
Be + e~ — TLi+ v,
Li+ 'H— *He + 'He
pp 111 chain

3He + ‘He — "Be + 4
"Be + 'H = 5B + ~
B+ — "Be+e" +
SBe — “He + *He

pp | important when
T.> 5% 10°K

Qrotar = 1.44 X 2 +5.49 x 2
+12.85 = 27.7 MeV
Qnet =27.7-0.26 X 2 = 26.2 MeV

The baryon number, lepton number, and
charges are all conserved.

All 3 branches operate simultaneously.

pp lis responsible for > 90% stellar luminosity

35

Exercise

Assuming that the solar luminosity if provided by 4 *H — *He,
liberating 26.73 MeV, and that the neutrinos carry off about 2% of
the total energy. Estimate how many neutrinos are produced each
second from the sun!? What is the solar neutrino flux at the earth?
(How many neutrinos pass through your body per second?)

36
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Solution

2% is carvied away by neutrinos, so the actual energy produced for
radiation
E = (0.98 x 26.731 MeV) X 1.6 X 10712 erg/eV

Each alpha particle produced > 2 neutrinos, so with
Lo = 3.846 x 1033 ergs/s, the neutrino production rate is 2 x 1038 v/s, and
the flux at earth (s 2 x 1038 /4w (1 AU)? ~ 6.6 x 101° v cm™2s7!

37

The thermonuclear reaction rate,
Top = 3.09 X 10737 n3 T, *Pexp (-33.817, %)

(1 + 0.0123 T3 4+ 0.0109 T> + 0.0009 Tg) [cm™3s71],
where the factor 3.09 X 10737 n2 = 11.05 x 10 p?Xj

Gpp = 238 X 108 p X3 T, /% exp (-33.81 7, /?)

(1 + 0.0123 T3 4+ 0.0109 T> + 0.0009 Ty) [ergg~'s™!]
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PP1 vs PPI

e, 'He o react with ’H!'. Sower ‘Tesp

o with l’}-{,. T >.“,U>rr(,7k

Rc(nf.‘w T-uportm‘ 07 tach ehain
e, branching ratle «> 7, /J‘/M :

w5 3 0 te . PPIN olomivates

bk n real'ty , ok Shao Famperaturs  CA/C reactismis

Yake over,

Gvuqu rate a7 Lnerqy J(lea‘ﬂm m oleterminesd by

: . £ i
whe slewesd reactoon L e, Phe (5" pme, T avte yr

i1_n
gPPﬂ"o T ., mRel-f n~6forT~=5 X 10°K

n~38forT ~ 15 x 10° K (Sun)
n~35forT~20x10°K

@” ~2£.73 Mel/ x654MeV per proton

39

Among all fusion processes, the p-p
% A e W chain has the lower temperature
® - Y threshold, and the weakest
= @ temperature d d
iR ya perature dependence.
“Ha e - ‘\.r_.
- eyre vy
@, /m"".
.% Qpp = (Myp — Mpy,) c?
0\ o = 26.73 MeV
. But some energy (up to a few MeV)
i k is carried away by neutrinos.
i ly /. "
¥ i ’u\
H® ®®

Figure 4.3 The nuclear reactions of the p=p.1 1L, and 11 chains.

40
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CNO C?Cle CONOQ an “h’y’f‘

.
Bet o N+ Y MN B0+ y
BUN s BCet v min 150 — BN 4 et 4o
BC+ 'H— “N+typuuly "N+ H— %04y €—
BN 4 'H— 50+yaudy Y0+ H -+ "F4y
Yo~ UN+tet+v B28 '"F = O+ et 4w
—PUN+ H— "C4+ *Hey "0+ 'H— ¥N4 ‘He
0y

( bi-eyele)

Recognized by Bethe and
e i independently by von
Weizsacker

CN cycle more significant LY b

NO cycle efficient only a “\N

whenT > 20 x 10° K / \Tﬂ@ : CN cycle + NO cycle
Lt i '.\\J

: Cycle can start from any
[f‘...' reaction as long as the

54 w involved isotope is present.
J {I’/ Yo

s Bpo ~ 25 MoV

®: net after that carried away
.nu. ——— by the neutrinos

’
Figure 4.4 The nuclear reactions of the CNO bi-cycle. “® ~ {07
= uH->“He Bewe 4

|62 SUBBAOHR

T E R QMY (. Meyy  BENa<o>
Cemmol 571y

1 'H(p.e*w'H 1.442 0. 265 1.26X10°*
2 'H(p,y)'He 5,494 1.85X107%
3 'He(’He,2p)* He 12. 860 2.29X107%
4 'Hela,y)'Be 1. 588 167107
5 "Be(e™ »0)'Li 0. 862 0.862 *4,59X10°s
6 "Li(p,y)*Be(a)*He 17,345 3.21X107"
7 "Be(p,1)'B 0.137 1.38x1071
8 'Ble'v)'Be(a)He 18,072 6.710 10.77s
9 "C(p,"N 1.944 1.26X 1071
10 “N(e*wC 2.221 * 8708
11 BCpp"N 7,551 4.59x10°"
12 “N(p,»"0 7.297 1.30x10°"
13 %0’ W*N 2,754 0.9965 “178s
4 “N(p,"C 4. 966 3.62x10°%
15 “N(p,»*0 12,128 2,76X107%
16 *OGp,"F 0, 600 2.51X107"
17 "Fe*w"0O 2.762 0.9994 * 955
18 "O(p."N 1191 4.07X10°1
19 "O(p."F 5. 607 3.05X10710
20 WF(e*W)"0 1. 655 0. 3965 1678
21 "O(p,"N 3,980 7.63X107"
22 "Olp, " F 7.994 8.43X1071
23 "F(p,e)*O 8.114 6,25X107"
- PO R RN,

(4 Caughlan and Fowler, 1988, Harris, et al. 1983, Fowler, et al. ,1975; 34
AR YAR RN T ¥ B FET , R Fuller, et al , 1980, 1982, 1985, Clayton,
1968). P (MO MU T 0808, p—p B4 09 S 0ELE Y 1 107K, CNO 3R89
MY 2. 5X 10K .

Huang 42
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to [ .

At the center of the Sun,
qCNO/qpp ~ 0.1

CNO dominates in stars

> 1.2 M,, i.e., of a spectral
type F7 or earlier

—> large energy outflux

' ! L ' =» a convective core

+5

log €

65 70 75 80
log T
Fig. 10.1. Nuclear energy generation as a function of ThlS Separates the lower and
temperature (with pX?=100 and XCN=O.005X f;)r the
proton-proton reaction and the carbon Cycle, but p?Y* = 10*
for the triple-alpha process). upper MS

Schwarzschild

CN cycle takes over the PP chains near T,=18.
Helium burning starts ~108 K. -

The Solar Standard Model (SSM)

Best structural and evolutionary model to reproduce the
observational properties of the Sun

Lo =3.842 x 1033 [ergs/s]

Ry =6.9599 x 101° [cm]

M, =1.9891 x 1033 [gm]

Spectroscopic observations 2 Z/X =0.0245
(latest value seems to indicate Z, = 0.013)

Neglecting rotation, magnetic fields, and mass loss
(dM/dt~ 10~1* M, /yr)

Sun Fact Sheet
http://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html y
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Chap 4

A He Gas — the triple-alpha process He-burning ignites at Tc ~ 108 K

The lifetime of *Be is 2.6 x 107'% s but is still
longer than the mean-free time between a particles at T
(Edwin Salpeter, 1952)
*Be + ‘He — "C +~v (7.4 MeV) €& bottleneck

Note: net 3 ‘He — 2C

He + He — "Be (=95 keV, i.e., endothermic)

7 '.'.._‘ “ ”
Q,, = 7278 MeV 3 M= "c

. b—y § ‘i‘\Hr\:-'-"’jr‘,"'J ~ 0,1 B H =5 He = = o
‘g ~~ . T ¥e ' bettheneck = 2 i

Nucleosynthesis during helium burning

Cu(d_ ) o't Q=7.1b2 MeV
O'b (o, V) N’i’ A succession of (a,y) processes
> 1%0,%2%Ne, **Mg ... (the a-process)

A carben/exygen Gao

ia - 2 2
c+ C BC4 2 :Ms +y  Yo4leg_ Mgy, “0 ¢+ mO
. —+“Mg+n — g4 n P
Tz Exw'kK ::;. £ ~ B4y T 2%
— — PN 4 o ~+[Fsilt o T
— 16 Ty A el
0 + 2 e Mg 4.2 Qoo ~ 16 Mel

Qee ~ 13 MeV

C-burning ignites when Tc ~ (0.3-1.2) X 10° K, ,_é B
i.e., for stars 15-30 M, i =
O-burning ignites when Tc ~ (1.5-2.6) X 10° K,
i.e., for stars > 15-30 M

The pand a particles produced are captured
immediately (because of the low Coulomb
barriers) by heavy elements

> isotopes O burning = Si

46
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Qpp = 2.4 X 106 p X% Tg%/3 exp[-33.8 T, /3] [ergg ts71]

qo pX5 T*

Gen =8 x 1077 p X Xcy Te */? exp[—152.3 Tg /3] [ergg™ts™!]

X
ZEN — 0.02 ok for Pop I

q o pXpyXcy T <

Gzq = 3.9 X 10" p2X, 3 Ty exp[—42.9 T ] [ergg™ts™1]
~ 44 x 1078 p2X, 3 Te*® [ergg™ts™1] (ifTg~ 1)

Clay}pn

Chap 4

Does 2585: foltons +ha pane scenarie ?

cC+C &x:c’ﬁ:
28g; 4 289; = Fopg 7 ote st

,A)b o' Coulomb barrier beoowws axtrem/y M) ancther

NUuelear reaction takes Place

% A
" o~
L3

o <’

- ° Photoionization
a
EM binding foree
Likee 3@
h» o
— Photodisintegration
o <.

nuefewo
Nuel eon binding 'ﬁrct

48
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For example, '°0 + a < *°Ne + y

IfT < 10°K —

butif T > 1.5 x 10° K (in radiation field) «

So %8Si disintegrates at = 3 x 10° K to lighter elements

(then recaptured ...)

Until a nuclear statistical equilibrium is reached

But the equilibrium is not exact

- pileup of the iron group nuclei (Fe, Co, Ni)
which can resist photodisintegration until 7 x 10° K

49

Nuclear Fuel | Process Tihreshold
(10°K)
H p-p

~4
H CNO 15
He 3a 100
C C+C 600
0 0+0 1,000
Si Nuc. Equil. 3,000

He

He

GO

O, Ne, Na, Mg
Mg, S, B, Si
Co, Fe, Ni

nucleon (MeV)
6.55
6.25
0.61
0.54
~0.3

<0.18

From Prialnik Table 4.1
50
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>°Fe + 100 MeV — 13 *He + 4n

If T 111, even *He » p* + n°

So stellar interior has to be between a few T
and a few T,

Lesson: Nuclear reaction that absorb energy from
ambient radiation field (in stellar interior) can lead to
catastrophic consequences.

51

Alternative Energy --- Accretion Energy

[

]{['Ccrif'-‘i‘r\ énlr!y

L = ——Cz-ﬁ M
R
‘ _ 26M
n terms ‘Z vhe Sc,Aara.scA-‘/d rool W /?5 - Cz

Rs AL
= [ = [:R—] ke
A ———
( 5 4\ " 0 }
¢f{:enl~")’,‘ A e O B

. ) 2 i vela
Atcrefim P Ivu’ﬁ/y lff.c.‘uz mmte a oompacd oo)cvr

52
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o = F I
) e hemical react. owe QYP.‘:oHy L L
j r 5 A =1/
2.9, Ma dissecialion , O~ b il eV
W.HE e '3 -1 -7
~ to 279 [ ] w10 aoff,

—

ZMP
- s ’_A-
For wnuclaar yeect oo iyf:u”y ~ O f(w 1€

- oas N/
[ M&V

04, HH=> He , &~
9 -! -4
THeV 10 "arg g > 10 <ff,

mp

For acerefion process X~ IDHMQ—{

i " -
Ex. o wnewtrmn ifar R"'lfkml..l:,\,m,

’ LI e " a Y on
g ann FT:4R = Cneray Aftrphagore
J Y,
53

Time Scales

Different physical processes inside a star,

e.g., nuclear reactions (changing chemical composition) are
slow (longer time scales); structural adjustments (dP/dt)
take places on relatively shorter time scales.

v Dynamical timescale
v Thermal timescale

v" Nuclear timescale

v Diffusion timescale

54
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Dynamical Timescale

. . perturbation . adjustment . L
hydrostatic equilibrium ———— motion ——— hydrostatic equilibrium

Free-fall collapse

Equation of motion # = — G—A;IT _lar
r o dr
) - GM 1 dP
Near the star’s surfacer = R,M, = M,soR = —— — - —
R 0 dR
. .. G
Free-fall means pressure « gravity,soR = — R—IZW
Assuming a constant acceleration R = —(ié/Z) szf, SO
. | ) 1/2
Ter = (ZRS/GM) /2 =ﬁz 0.04 (TO) [d]
(gnGﬁ) p 55

Stellar Pulsation

The star pulsates about the equilibrium configuration
—> same as dynamical timescale —
Y Tpul X 1/\/;

Propagation of Sound Speed (pressure wave)

Pressure induced perturbation,
2_ R_GM 1dP _1dP _1P
R/tis = —

— — —_—— N

A R S —

2 RZ "0dR o0dR OoR

s0 = ~ \/g ~ ¢, (sound speed) o« /T (for ideal gas) @ Ts ¥ .

Tff

15 3
In general, 74y = 25 ~ 1'6:;1170 [s] = 1000 (%) (%) [S]
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Thermal Timescale
Kelvin-Helmholtz timescale (radiation by gravitational
contraction)
1 1
Etotal = Egrav + Ethermal = > Egray = —; @ GM?/R

This amount of energy is radiated away at a rate Z, so timescale
Ty =~ = ~a GM?/RL
= 2 %X 107 M?/RL [yr] in solar units

fir = 2107 (1) (59) (2) [

©

57

M=1MgR=1pc M=1MgR=1Rg
Tayn =~ 1.6 X 107 yr Tayn =~ 1.6 X 10% s = 30 min
Tther ~ 1 yr Tther ~ 3 x 107 yr

58
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Nuclear Timescale
Time taken to radiate at a rate of Z on nuclear energy
41'H - *He (Q = 6.3 x 10'8erg/g)

E
Toue = % = 6.3 x 1018 —

Thue ~ 10 (515 (%2) [yr]

From the discussion above, 7y » Ty > Tgyn

59

Main-Sequence Lifetime of the Sun

Energy Gained in a PP Chain

M@ ~ 2 x 1033 [g]
Lo = 4 x 1033 [ergs/s]

* 4H - 1 He + neutrinos + energy
Mass of 4 H =6.693 x 102" kg
— Mass of 1 He = 6.645 x 10?7 kg
Mass deficit = 0.048 X 10™%” kg = 0.7% Fusion efficiency

Nuclear Stellar
\ =4
0.007)(0.1) c?
~ ( Q@D ™ _ = 3.15 x 107 [s] = 10%° [yr]
Lo
Given Lys/Lg = (M/M@)4 - M5~ 1010 (M@/M)3 [yr]

@

60
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Diffusion Timescale

Time taken for photons to randomly walk out from the stellar
interior to eventual radiation from the surface
1 - o rn
= £ > (“classical” radius of the electron)
4TTEG MeC

8 _ . .
OThomson = ?nrez = 6.6525 X 10722 [m?] for interactions

with photon energy hv << m,c? (electron rest energy)

Thus, mean free path £ = 1/(orn,), where for complete
ionization of a hydrogen gas, n, = M/(mpR3).
So, ¥ = mpR3/aTM = 4 [mm] for the mean density.
At the core, it is 100 times shorter.
14if & 10* [yr] (Exercise: Show this.)

Te

For an isotropic gas

1 [ee}
P==3 [y pvynp) dp

- p and v,,: relativistic case
- n(p): particle type & quantum statistics

For a photon gas, p = hv/c, so
Proq =§ fooohvn(v) dv==+u= gi aT*,

3
a = 7.565 x 10'° ergs cm™3 K™*

62
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Radiation Pressure

Piotal = Pradiation T Faas
Since Pp,g~ T*~ M*/R*
But P, ~ M2 /R*
> Praa/Prot ~ M?

So the more massive of a star, the higher relative
contribution by radiation pressure (and y decreases to 4/3.)

63

When P,,4 dominates
F —d Prag/dr _ 4ac _,dT L

= T3 =
Kp 3 dr  4mr?
dPrag kp L
dr c 4mnr?

On the other hand, by definition

dPeot Gm
dr P r2
dPrad _ KL

dPt  4mcGm

64
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Toward the outer layers, both Fy,s N and Prag N, 80 Prop N,

and dP; s > dP,,q. This leads to
kL < 4mcGm

At the surface, m = M, P = 0, it is always radiative, so

atcGM | This is the Eddington luminosity limit

L< - = Maximum luminosity of a celestial object
in balance between the radiation and
Numerically, gravitational force.

LEdd/LG) = 3.27 X 104 HUe M/M@

For X-ray luminosity, scattered by electrons in an optically
thin gas, Ly < 1038 erg sec™?!

65

Eddington limit is the upper limit on the luminosity of an

object of mass M, L < <4n6mp) M

or

= Lggq = 10%° M/MQ [ergs™]

For 1 M@, LEdd ~ 5 X 104L®, Mbol =-7.0
For 40 M@, Mbol =—-11.0

Eta Carina, L ~ 5 X 10°Lg, Mpo = —11.6, M ~ 120 Mg

66
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NGC 3372
. @=10:451, b'="-59: 52 (]2000)
B I8T b= 08

NuReactions

L jcn:rnj. .

Gutsudl-' ty o yiolated
Leaa com be exceeded f
o

Aul’ﬂ"“j

monuciean
@® L 77 2.q., Tntense e

’

® H”,M- H n He

o o’ f{,,wd heat 'frw-‘slr MJO“\OI'ju\
nee a

68
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Comparison of 1, 5, and
25 M, stars

log (L/Lg)

T T T T T T L L T Ty -10.0
Core Collapse, Supernova ||
He—C+0 AR -
ciC -
51~ How He o
25M,, Thermal Pulses
., ToWnite Dwarf (0.85Mg) Bagin
2 v
T . PN
4 AGB Ejection
e ToWhite Dwart (0.6M,) -{-5.0
I = Thermal
He=+=C+0, Pulses
Fluorescence of . [*Begin
| Surrounding PN
Begins Here H-+He Core  —{-25
5M, e Helium
@ First Dredge-Up Begins Flash
AGB
2 40
Horizontal Branch
Low Z Stars He==C+0
1+ 25
RGB
H=+He
Frist
Dredge-Up  — 3.0
1M, Begins
— - L 1 L I L I T
46 4.4 42 4.0 <X 36 34
Log T,
Evolutionary tracks of theoretical model stars in the HR diagram (Iben, 1985)
69
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MainSequence

Stellar Evolution onto and off
the Main Sequence

Chap 5
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Lumines ity
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The equation of motion is
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D)

r* p Or

1.9P

r =

= + P(r)dS — P(r + dr)dS .
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X=o0708, Y:0272, #:0,020
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&
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Table 7-4A  Time ¢ in Years Measured from the Initial Model for Each Mass. The st
point for cach mass represents the main sequence.” [From L Iben, Jr., 1965 (3211]

MASS OF MODEL (UNITS OF THE SOLAR MASS)

POINT IN
maddA. T 9 s 3 aas 15 138 G0 s
@ e e 100 e 100 100 F‘] 10*
1 0,067 0.014 0294 0038 0079 0023 0045 012 0.003
2 0377 0015 1065 0208 05%4 0236 039 0006 0018
3 0935 0364 2000 0763 1883 0580 0530 0891 0087
4 2203 0699 2860 1135 2505 0758 LIS 1821 0309
s 2657 0752 3137 1250 2818 0562 1404 2520 L3550
6 3984 1019 1380 1465 1319 1043 1758 3418 -_
7 4585 1915 453 L7 183 13w 21me [IE] —
8 IIE!] 1505 5759 1514 5835 181 2954 — -

* Each entry misst be muliiplied by 10° a3 given at the head of each column.

Table 7-4B The Logasithm of the Time in Seconds, Jog f,

15 My Measured From the Initial Models for Masses | Mo and
8y s 15 Mg, [From data of L Iben, Jr., 1965 (321).]
125 Mg 2
sk ke e MASS OF MODEL (UNITS OF THE SOLAR Mass)
. 134
Ll 15 10
; 1 1033 1257
2 107 13.52
=19 05 My 3 1147 14.45 lOgT ~ 14.5
4 1184 14.76
s s 152 s logT =~ 15.0
8 1210 15.00
. ) ) , : 3 7 12.16 15.20
35 44 43 42 41 40 39 38 37 36 g - -
log T
Fig. 7-3A Evoluth ¥ Tracks of Pre-Main-Seq Stars in the

Russell Diagram. The mass, in units of the solar mass, is given at the left of cach
track. The small numbers correspond to the points in Table 7-4A, which give the E W
time measured from the initial model for cach mass. The units of Tuy are degrees

Kelvin, [After L. Iben, Jr., 1965 (321)] AP ¥ Ii.'l : ?93

Intreduct on to Stellar Atmespheres
ol Tnterlors "
by Eva MNevetny

.9931I

.141

1965ApJ. .

STELLAR EVOLUTION. I. THE APPROACH TO THE MAIN SEQUENCE*

The manner in which nuclear reactions replace gravitational contraction as the major source of stellar
luminosity is investigated for model stars of population I composition in the massrange 0.5 < M/Mp <
15 0. By following in detail the depletion of C!* from high initial values down to values corresponding to
equilibrium with N in the C-N cycle, the approach to the main sequence in the Hertzsprung-Russell
diagram and the time to reach the main sequence, for stars with M > 1.25 M, are found to differ sig-

nificantly from data reported previously.

Icko IBEN, JR.

California Institute of Technology, Pasadena, California
Received August 18, 1964; revised November 23, 1964
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Fig. 7-5A The Time Variation of Some Propertis of o Pre-Main-Sequence
Star of Mass. . The abacisss is log £, where ¢ is the time in seconds measured
from the initial model of the series for this mass. The upper and lower limits of
given. The ordinates are: M/ M, the fraction of the total mass
contained in & radiative core; log (R/Ro), where RfRo is the total radius refative
10 that of the Sun (Ro = 6.96 x 10°* cm); log (pdg) where p, Is the central
density and § is the mean density; log T, where Top is the effective temperature
in degrees Kelvin; and log (L/La), where LiLo is the luminosity relative to that
of the Sun (Lo = 386 = 10° erg sec?). [After L lben, Jr., 1965 (3211.]
Fip. 7-58 ‘The Time Variation of Some Properties of & Pre-Main-Sequence Star
of Mass 1 Mo, The abscissa is log £, where £ s the time in seconds measured from
the initial model of the series for this mass. The upper and lower limits of the scale
for each curve are given. The ordinates are Mee/M, the fraction of the mass con-
tained in a convective core; log p,, where g, is the central density in gm cm=%;
log T., where T, is the central temperature in degrees Kelvin; and LyJI, the ngt
mammmmw_wwmwmmmmm not

hat is due

tion—soe text). The value of L/ becomes negative near log ¢ = 15.0: zero for this
ordinate is on the horizontal nxis. [Adapted from I, Tben, Jr., 1963 (321).]

Fig. 7-5C A Model of Mass | Mp During the Pre-Main-Sequence Phase at

| Time logs = 14.941. The time is measared in seconds from the initial model of

the series for this mass. The abscissa is the fractional mass M./M. The upper
and lower lmits of each ordinate are given. Each upper limit ks the maximum
valug in the model. The ordinates are r, the radius In units of the solar radius
{Re = 6.96 x 10 cm); P, the pressure in dyne cm = s, the density in gm em=%;
T, the temperature in degrees Kebvin; and L,, the net lumincsity in units of the solar
luminasity (Lo = 3.86 x 10% erg sec™"). [Adapted from I. Iben, Jr., 1965 (321).]
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Pre main sequence evolution in the HR diagram of a low mass model (M = M, 7 = 0.00,Y = 0.25)

Iben 2013
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Fic. 6 —The path in the Hertzsprung-Russell diagram for M = 1.5 Mo.
surface temperature are the same as in Fig. 1.
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Fig. 7-3B Evolutionary Tracks of Pre-Main-Sequence Stars of Low Mass in the
Hertzsprung-Russell Diagram. The masses, and the ages at two points on each
track, are indicated. The heavy curve (MS) is the hydrogen-burning main
sequence. The convective parameter is assumed to have the value [/H = 1.0.
[Adapted from A. S. Grossman and H. C. Graboske, Jr., 1971 (400).]
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Figs. 3a and 3b. For non-rotating stars, the central pressure
and central temperature variation with mass along the
main-sequence

Parameters at the stellar cores for
non-rotating single MS stars

168~

leg Te

74

7.2

10

100

Fig. 4. The central temperature versus the central density for main-sequence stars. The curve is drawn through the data
referring to non-rotating stars (dots). The crosses refer to critically, uniformly rotating stars. The Arabic numeral refers to
the mass of the model

140 180
log ]

Sackman (1970) A&A, 8,76

Effect of Stellar Rotation

1

0.70 P R —
0.20 040 060 080 1.00 g
Fig. 1. The d of the 1 ity with increasing

rotation measured by Q%07 ., where Q refers to the

angular velocity of rotation and the subscript max to the

critical case. The Arabic numeral refers to the mass of each
sequence in solar units

Sackman (1970) ApJ, 8,76

Q

72=>L \

chit

More so for lower-
mass stars

Rotation effectively
lowers the stellar
mass.

~Blinmt

10

57\" Min 5% for 1.8 Mg b
(A5 SpTy) {

H 0 15 20
M/Ma

Fig. 5. The maximum change in the luminosity of a critically

rotating star from that of a non-rotating star of the same

mags, expressed in percent, against the mass of the main-

sequence model. The dots refer to the actual results of the

Stellar Interior models, while the crosses refer to the approx-
imations made for Eq. (12)




Chap 5

MainSequence

Rotation = star cooler and fainter
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F16. 1.—Angular momentum per unit mass, as a function of mass fraction interior to a given cylinder
about the axis of rotation, for three assumed laws of differential rotation (Cases A, B, and C) and for a
uniformly rotating model (Case D) of 30 M, log J = 52.73.

D: solid body rotation

Rotation law:

angular momentum distribution
j(my,) as a function of, m, the mass
fraction interior to the cylinder of
radius w about the rotation axis.

F16. 2,—Theoretical H-R diagram showing model sequences of increasing angular momentum (.wh'd:f
curves). Numbers on curves give calculated velocities at the equator in km sec™. The distribution of .
Bodenheimer (1971) Ap]J, 167, 153

angular momentum for each sequence is indicated by the letter A, B, C, or D.

Rotation A m ]
=> line broadening .| o ]
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@
@
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626514 Fe

Wavelength

F/F,

0.0

]
1.0 -,\W,mm,
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Fig. 17.7. () Computed profiles illustrate the broadening effect of rotation. The
profiles are labeled with rsini. the wavelength is 4243 A, and the line has an
equivalent width of 100 mA. (5) These two carly-G giants illustrate the Doppler
broadening of the line profiles by rotation,
Gray p. 376
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Fig. 3. Projected equatorial velocities, averaged over all possible inclinations, as a
function of spectral type. On the main sequence (luminosity class V), early-type stars
have rotational velocities that reach and even exceed 200 km/s; these velocities drop
to a few km/s for late-type stars, such as the Sun (type G2) (Slettebak [20]; courtesy
Gordon & Breach)

Fip. 7-6 The Time Yaration ol Some Frope o a P
Star of Mass |§ Mp. The abscissa is log £, where ¢ is the time in seconds measured
1 5 M from the initial model of the series for this mass. The upper and lower limits
@ of cach ordinate are given. The ordinates are Mec/M, the fraction of the total
mass contained In a convective core; log ., where g is the central density in
gm em~*; log T;. where T, is the central temperature in degrees Kelvin; log (L/La),
where L{Lz it the luminosity relative to the solar luminosity (Lo = 3.86 x 10¥

erg sec ’J aml L,/L, the net fraction of the luminosity that is generated by
{but not the fraction of the emitted radiation e rav J é nuc 7
that is due to gravitational contraction—see text). [Adapted from L Tben, Jr., ’
1965 (321).] £i
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FiG. 7. Color-magninsde diagram for all stars with measured V- and I-band photometry. Erors for the new photometry are smaller than 0.05 mag in V and
0.1 mag in V—J in 90% of the cases and are restricied in all cases 1o 0.1 mag n V and 0.2 mag in V— /¢, corresponding to the eror bar shown. Also shown

1% the reddening vector wi of visual extincti ulthmmmmwﬂ:nnfew.uw:iutul.l.w
10 isochrones and the 0.5 and | evolutionary tracks from the calculations of D' Antona & 1954] ated into
pla:srmluddulum 1 plus all sources which have been identified as being externally ionized; open circles indicate that
no proper motion information is & ; crosses indicate proper motion nonmembers.

&0,

[1]

Ts

Table 77 Evolutionary Tiemes. The times, expressed Is years, refer tervals besween
the poinas in Fig. T-24.* [Adapted from L Then, Jr., 1967 (327).]

eren
W " wass (Ma) =2 23 el 3 -6

» 450 (6] B84 (4

™ m 120 % 15T | al L]

BTIYAL
wam (Mg) &7 e ] - s-10m Lt

0 5.1 (4) 13 W

13 T (H 6.20(5) Ly (5) L3 (&)

¥ 483(8) $.50(4) 2.28 () 1.55(5) 186 (4)

3 6.05 (§) 102 (&) 9.00 (€) #30(5) .69 (4
4.08 (1) £.00(6)

* A mamber in parssthases is the pawer of 10 by which an sasry 13 15 be maltiplisd.

Fig. 7:25 Tracks in the H Russell Diagram. The mam
of each star ia given at the left of the track. The composition is X = 0.708,
¥ = 0272, and Z = 0.020for all 30 Mo, for which

I8 XY= 070, ¥ = 0.27, Z = 0.0), Dashed portions of the curves are estimstes
The lesters nlong the tracks for | Mo and § Mo have the following significance
H, = hydrogen-burning near the center; G = gravitational costraction of the
entire star; Hes = hydrogen-burning in a thick shell; Hy = hydrogen-burning
in a thin shell; He = helium-burning mear the center plus b ing in u
thin shell. The times requiced to reach the encircled points are gives in Table 7.7,

Ihe dorred lines indscate the boundaries of the main sequence. The lne (lower Jeft )
shows the slope of & path along which the radius remainy constant. The track
for 15 Mo does not turn back as do the other tracks because the semi-convective
zone was treated as fully convective [see R. Stothers and C.-W. Chin, 1968 (377)].

T ¥ S R R VI TR R TR e 7 [Adapted from 1. Iben, Jr., 1967 (327). The track for 30 M is given by R Stothers,
hog Ty 1966 (333)]

H eore burn ing
A thoek shell
H Fhon shell
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Fip. 7-104 A Model of Mass | Mo during the Main-Sequence Phase at Time
= 426950 x 10° Years. Radius r, density p, temperature 7, net laminosity L.,

and hydrogen abundance X are shawn as functions of fractional masi MM,

The lawer limit of the ordinate is zero for all vasiables. The upper limits, given in
the figuse, are the total radies R (units of Ro = 6.96 x 10** ¢m), central density
#e (gmem™7), central temperature T, in degrees Kelvin, total luminosity L
{units of Lo = 3.86 x 10* ergsec-"), and Initial hydrogen abundance X =
0,708, The central pressure (not shown) is 25186 = W'dmm!" The time
f ks measured from the initial model calculated for the p +ed) phase
(sce Section 2). [Adapted from L. Tben, Jr.. 1967 (326).]
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Radius r, pressure P, temperature T, net luminosity
1. and hydrogen abundance ¥ are shown as functions of fractional mass M,/M.
The lower limit of the ordisate b zero for all variables. The upper limils, given
In the figare, are 12681 Ro (with Ro = 656 x 10" cm; however, the total
rldlm is 13926 Rg), central pressure P, (dyme cm=%), central temperature T,
in degrees Kelvin, total luminosity L (units of Loy = LB6 x 10°? ergsec™?),
and nitial hydrogen abumdance X = 0.708, The central density (not thown)
s lmﬁnun" The time 1 is measured from the initial model caloulated
re-main-sequence phase (see Section 2), [Adapted from L Iben, Jr.,
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THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOFPY AND
ASTRONOMICAL PHYSICS

NUMBER 2

VOLUME 96 SEPTEMBER 1942

ON THE EVOLUTION OF THE MAIN-SEQUENCE STARS
M. ScHSNBERG! AND S. CHANDRASEKHAR

ABSTRACT

The evolution of the stars on the main sequence consequent to the gradual burning of the hydrogen in
the central regions is examined. It is shown that, as a result of the decrease in the hydrogen content in
i !

fraction of the total mass of

these regions, the convective core (normally present in a star) eventually gives place to an
gaze. Itis further shown that there is an L}M*iwmgg tot )
k gen which can thus be exhausted. Some further remarks on what is to be expected beyond this

rd
nt are also made.
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A ; Fip, 7-368 A Model of Mass |_Mp during the Subgiant Stags ot = 108747 1
kA Mpoes O, M::‘JL“L‘ p Shortly afler Leaving the Main Sequence, at m':m; Radiias r, ratho /P of gas pressire compated from the perfoct gas law
adius r, pressure P, temperature T, nel luminosity 1o the | prewsure with degeneracy included, temperature T, net lamincalty

L,. and hydrogen abiundance X are shown as functions of fractional nsss M,/AL

¢ A cts of fractional mass M./A
The lower limil of the ordinate i z¢ro for all variables. The upper Kruia. given in regen abundance X arc shown as functions of fractional 1

Ly ame
& step fanction rising from zero to

the figure, are 21334 £5 (with Ro = 6.96 x 10 em; however, the tots) radiug is
22179 Ra ), central pressure P, (dyne cm™3), central temperature T, ("K), total
laminosity L (units of Lo = 3.86 * 10° erg sec™1), and initinl hydrogen abus-
dance X = 0.708. The central density (ot shown) is 15,214 gm em~*, The time i
measured from the initial mode! calculated for the pre-main-sequence phase (see
Section 2). [Adapied from 1 Iben, Jr., 1967 (326).]

X=x sk > G;% M 0 eovveetion
C Mi:ilj b]

in the range O 1o 0,38, The distribution of L,
maximsum seale with the initial rise in X, The lower limit of the ordinate is zero for
all varisbles. The upper | gven I the figure, are | Ro (with Ro = 6.96

108 em; hawever, the total raiiss ks 61784 o), unity for the ratio of pressures,
central density g, (gm em~"), central temperature T, {"K). total luminosity L
{units of Ly = 386 = 10" ergscc™"), and hydrogen abundance X = 0.693,
The central pressaire (not shown) i 63522 dyne em™ 2. The time is measured from
the initial model caleulated for the pre-main-sequence phae (see Soction I)

[Adapted from L Iben, Jr., 1967 (326).]
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MainSequence

Present Sun

300  Stelfar Interiors

100
09 Ll 45 %10 yr

5 £ = 158 =3
ot Erisaxe R

X
0.7
0.6 T,
0.5
o4l
03
#leg

0.2
ol

TS, S ) o
0 Ol 02 03 04 05 05 07 08 09 10
MM

Fig. 7-114 A Model Sojar Interior, Density relative to the central deasity
plpe, temperature relative to central temperature T77,, net luminosity relative
1o total luminosity L,/Le, and hydrogen abundance X are shown as functions of
fractional mass M,/M. The chemical composition s X' = 0.730, ¥ = 0.245, and
Z-DM.Mwhﬂ_airE)Ln.uﬂer&whimhﬂ,Eﬁmm
and R. K. Ulrich, 1969 (329).]

Sun en the main

301 Srellar Evalution

X, (1074

o L L i i L
00 10 20 30 40 S50 60 70
+ (units of 10 yr}

Fig. 7-11B The Evolution of the Sun during 7 Billion Years. Total luminosity L

and central values of pressure P,, temperature T, density p,, and hydrogen abun-

dance X, are shown as functions of time ¢, which is measured from the initial

(homogeneous) state for which the composition is X = 0.730, ¥ = 0.245, and
be mualtiplied k

s seguonc

=0,37 i e -
%= 8408 P e e e L s oo S 7
Ulrich, 1969 (329).]
Pﬂ’ ~ 0,017 Pyt ot ZAMS
0.07% f.z::o,yr
(Fq7-108)
696 000 km

539 000 km

180 000 km
M/M=052

1 Mg
P~ l4gem?

convective
envelope

T, =15.5 1.5
p= 160 19

1.5 T=5800K
0.09 g cm?

The present structure of the Sun. The physical parameters are indicated in the figure.
The temperature T, is in million K. From Maeder (2009).

Lequeux 2013
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MainSequence

0.0

TIMES BESIDE THE
EVOLUTIONARY TRACK
ARE IN UNITS OF 10° YR

DEUTERIUM

F HYDROGEN BURNS IN A SHELL-" BURNING

-
0.0005 ]

_,g 051 =0. 1 l
0.001

7 H\E FT‘gE lg; 3.';' E‘ R s GRAVITATIONAL
ol CONTRACTION .
0.005
L A 1 L i
=03 3.75 3.7 3.65 36

Log Te(K)

Evolutionary track of a 1M, model (Z = 0.015, Y = 0.275) during gravitational contraction and central and shell
hydrogen-burning phases

lben 2013

log L/Lg
T
;
z

g b el 1331960Gyr .
13.158&35{';&#( b

R (1) P
10 Gyr =
| MS--. 0 Myr oo
0 ME 8 20 i Solar evolution
G 10%yr e,
i 1 1 ! 1 i
3.80 370 3.50 3.40
log TelT

SIRM  The evolution of the Sun. The evolution track of a solar-mass star is shown in the HR
diagram from its fermation to its death as a planetary nebula. Time is indicated at different steps
along the track. The two 4-branch stars correspond to the helium flash and to the subsequent rapid
rearrangement of the structure of the star. From Maeder (2009), data from Corinne Charbonnel.

Lequeux 2013
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MainSequence

'Eutv'tq Chemical Qa'hq"sr'-fa'ﬂ‘\
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log Toq

Fig. 7-154 The Effect of Chemical Composition on the Main Sequence in the
Hertzsprung-Russell Diagram. Each curve is calculated for a different chemical
composition. The masses 0.6 Mo, 0.8 Mg, and 1.0 Mg are indicated. [From
P. Demarque, 1960 (369).]
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MainSequence

Mt smaller outer For the Sun, convective Zene

7 Lonvective Zone

mly Z% selar maso belows Yhe
/ Piun-fosfa.ere

T

st

MX 63 Mg 02§ RO,
Star -F«Ny convective 0 ; n,é.‘,@ ?Cﬁ%‘f%{%‘i& A
0.4 0 0.4 0.8 12 1.6
Log (MM g)

Figure 8.4 The extent of convective zones (shaded areas) in main-sequence star models as
a function of the stellar mass [adapted from R. Kippenhahn & A. Weigert (1990), Stellar

Structure and Evolution, Springer-Verlag].

Subdwarfs: The Pop II Main Sequence

€ Luminosity class VI

€ 1.5 to 2 mag fainter than a Pop |
MS stars o the same spectral type

€ Low metallicity = low opacity >
(UV excess) = low radiation
pressure, so smaller, hotter for the
same stellar mass

-15
-10
L Hypergiants 0
S Supergiants
-5 —
g\; Bright giants
1 0 % Giants
SLi_viants
absolute 3
, =___Main sequence
magni- T I
("dwarfs") Vv
tude
(M) Suln:h.m'ar*_{'-l
hd +10: ‘—%
White dwarfs
VII

+15:

+2cHenzsprung—Rt.tss.ell diagram |
O[BJA[F[]G|K[MI[L
Spectral type
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MainSequence

+04 |
lo L
9T

0
+0.2

i

J 1 1 1

385 380 3.75 370
log Tg

Fig. 17.1. Relation of subdwarfs to the main-sequence
the Hertzsprung-Russell diagram.

in

Schwarzschild
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Post-main Sequence Evolution

-15

-10

Hypergants 0
Supergiants Ia
-5
Bright giants Il
0 Giants III
' Subgiants
absolute v
Main sequence
magni- +S ey
tude Vv
My) Subdwarfs VI
+10-
White dwarfs
VII

+15

Hertzsprung-Russell diagram
S TBIATFIGIKIMILIT

Spectral type

http://en.wikipedia.org/wiki/File:HR-diag-no-text-2.svg

Hypergiants

luminosity class 0; excessive mass loss

Supergiants
[a luminous supergiants;
Ib supergiants; [a* = 0

Subgiants
luminous class IV; between MS turn-off and
the red giant branch

Dwarfs

luminosity class V = MS stars

Subdwarfs (sd)

luminosity class VI, 1.5 to 2 mag lower than
MS; lower metallicity ,

PostMS
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NGC 2204, 1.9 Gyr ’\

12

NGC 6819, 2.6 Gyr i/

14

16

Data points are for
M67; age 6.0 Gyr

Sarajedini et al 1999

/‘ NGC 188, 6.0 Gyr
I Be 39, 7.5 Gyr

\‘ NGC 6791, 9.5 Gyr

3

Mass Lossduring Stellar Evolution

e Stars lose mass at all evolutionary stages.
* Pre-main sequence: protostellar (bipolar) outflows
YSO jets, (star/disk) winds

» Main sequence: solar wind M’ = 10™* Mg yr™1
For Tys = 1010 yr = 71055 ms = 107* Mg

Some stars, e.g., WR stars M = 107° Mg yr—1

e Post-main sequence: R T— g |,and P, T= M 1

PostMS



PostMS

¥
[/

L _a

4

{ '

&

v EUV, FUV, X
\\ —

A Disk wind

i
|

/ Rg l:tl:lisk
Star &
magnetosphere ' I3
Bound Unbound
Atmosphere

Fig. 7.6. Schematic representation of an irradiated flared disk. Below the radius
R, where matter remains bound by the gravity of the central star an optically thin
atmosphere develops. Above this radius flared matter may escape and form some
kind of slow wind. Adapted from Hollenbach et al. [403]. Schulz

For a stationary, isotropic wind, the mass loss rate
- d
M =47r?p(r) d—; = 4ar? p(r)v(r)  v():velocity law

v(r) T,atr - oo, v, = v(r - ) terminal velocity

B
Often v(r) = vy + (Voo — V) (1 — RT) , where
vy = v(R,) at photosphere

B <1,v-v,gradually f =1,v = v, slowly

For hot stars, f = 0.8. Cool stars experience slower
acceleration, so have larger £.
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M = 4 r? p(’l‘) U(T) mass conservation

1dP GM_dv_dvdr dv

v — momentum conservation

r =

Cpdr 1?2 dt _drdt = dr

Massive stars = radiation pressure = outer atmosphere
expands supersonically = winds driven by spectral-line

opacity in UV.

'Dg%l‘H I I ‘\\ln:u.,l|
5 % Mass loss (Reimers 1975)
\ . L/L
2 i M=~4x10"13 /Lo Mo yr~!]

-1

2 1 1
4.0 log Ty [K] 35

Fig.8.8. The evolutionary paths in the Hertzsprung—Russell
diagram of Population [ stars having 1.0.Mg and 1.1 Mg,
from central hydrogen burning (A) to the helium flash (E),
without taking mass losses into account. After A. V. Sweigart
and P. G. Gross (1978). The ejection of a mass of 0.1 .M, dur-

ing the helium flash was assumed. The further evolution of

the star of 1.0 .My was calculated taking the mass loss ac-
cording to (7.105) into account, after 1. Schiinberner (1979).
F — G: the asymptotic giant branch; only one of the thermal
pulses (helium flashes) which oceur after | is drawn in, at J.
The mass loss becomes important at H and leads to a final
mass of 0.6 Mg, which is reached at K

(9/90) (R/Ro)

g = GM /R?

Sunnow M =~ 2 X 107 M, yr~?
Cool supergiant M = 10~7to 10™° M, yr~

Unsold 8

1
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1500000 -
] 01599
1250000 WR Stars
> 1000000 Tets ~ 2500 1o frompe
= 750000 Ewlvest massive (2 20M5)
= i Sters
& 500000 twol ~ 2ovpkms’
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250000 m o~ 1o Mo yr
i Hell
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P Cygni profile of a spectral line
--- a blue-shifted absorption
superimposed on an emission line
- mass loss (cool gas toward us)

—_— 10
observer

Lamers and Cassinelli, /ntroduction to Stellar Winds, Cambridge, 1999 10
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P Cygni stars
« Higher mass-loss rate, > 107> M, yr—!
« Lower terminal velocity, v, < 10%° km s™!

e Higher wind density, ny > 10'° cm™3 at 2 R,

than normal stars (Lamers 1986).

11

Effects of metallicity RGB for a Pop I 1.2 M, star

B-v'®
Demarque & Geisler (1963) 12

os 12
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Next Tuesday (May 30) is a holiday, again.

A make-up class on June 5 (Monday) at 3
pm? June 7 (Wednesday) at 3 pm?

Stellar Pulsation

PostMS
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horizontal y
branch i ekt 2
"w?" - -‘.

i

2
asymptotic
giants o
H . L
RR Lyrae -,': 23" red giants
v stars ol -

16}

subgiants
8 blue
stragglers
turnoff
2 point . e
main “‘v

¥
sequence: "+

-4 -2 0 2 4 6 -] 10 1.2 4 16 18
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F1c, 5.~Color-magnitude diagram for M3 stars in the arguments ¥ and B = ¥
s
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. *
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Figure 5.26 A color-magniude (H-R) diagram of the globular cluster M3, with features mentioned
in the text pointed out. Data from Rey et al. (2001).
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M5 (NGC 5904)

*RGEB
ARR
HB
HAGE
* Star

https://en.wikipedia.org/wiki/Subgiant#/media/File:M5_colour_magnitude_diagram.png

17

Stellar Variability

O Time to transmit a perturbation of pressure changes
across the star

2R P,
hiv ~ == where v, = /7=
= J”
v = cp/cy, = 5/3 for monatomic gas.
. , GM
O Virial theorem, 2K + Q =0, .". Vi = ¢

2R 1

lr'\'i y ™ = : . - i
} AR T cf. free-fall time

18
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Approximate Relation between Stellar Density, Pulsation
and Minimum Rotational Period

Star

Neutron star
White Dwarf
RR Lyrae star
Cepheid Variable

+* Pulsational Variation --- hours .. weeks

Density
gcm 3
1015
107
102
106

104
1
104.5
1065

tVib
SeC

t

Tot, min
SeC

3x10°4
3

10

107

t (Crab Nebula) ~ 33 ms = cannot be a white dwarf
+ Rotational Variation --- sub-seconds .. weeks

+¢ Orbital (Eclipsing Binaries) --- hours .. days

Valve meechanism ( Edd:d*‘“)

. Heating > P r‘ —> 2xpemsion —> Coe(.‘uj

ik ,f.:f- rtgu-’l.fzj( S*\‘a.b-'f.'fr

. Aa;.rf".&;a ] rael,at e

™ WQ“Y A{ of T-

n

Normally T 7 2 x \

F .
', Heating . TP K-> cocling Recall Kramers opacity

w'rraﬂf:m — v-‘/t‘ses —2“"’7

X!fm;-- —>  abserbs enerqgy

20
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K mechanism —— a partially Ton' mael juy.r
Yo absord energy during compression
( M rtplnd wﬂ d--j‘ zwpm‘ )

In stars , there are 2 ToniRelievs Beves

u ‘lydﬂ’!ﬂ Tonifation Fonk
—_— T A (1-18)%10 K

HI — HI , HeI = Hel

e T (H-8)x 'K

1- He IL .
i helium jenipaleon Eong

But if there is an
ionization layer,
e.g., Het - He*+

TZ22k/7
energy trapped
—> expansion

Energy escaped
- Contraction

> pulsation

21

De(’“ﬂ i SeniRatim Eones

Zemes near surdace

>
"" 7‘.{-‘ ~ jmK ’

—-}m'I an

drive tW peeilfatior .

Tets :f (ol |, Zones deeper
=> S;‘_?n-‘{}cﬁ;—{ PM"SAf".n\
7‘(’ < ;_m K » WV!Cf"VQ Wier ‘PAYG"

= pulsafien suppresses

N_sk wass avallable *¢

There is a certain
surface temperature
range for stellar
pulsation ...

c. ‘7*‘{( - e;-n -Ftr ik for Puj3¢f.'m Yo Yalke /D/q @, InStablllty “Strip"

22
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Classical
instability 1
strip

Figure 4.9. Examples of various types of pulsating variable stars plotted as small circles on the
Hertzsprung-Russell diagram. The dark line to the right is the main sequence with evolutionary
tracks branching off to the right for different stellar masses. The ultimate evolutionary track
of a star that ends its life as a compact star of 0.63 M is shown. It moves leftward through
the planetary nebulae nuclei variables (PNNV) and then downward as a cooling white dwarf,
passing through regions of pulsational instability sequentially classified as DOV, DBV, and DAV
(DAV = Dwarf + type/temperature A + Variable). Other types of intrinsic variables are shown:
B Cephei stars, Mira (M), Semiregular (Sr), luminous blue (LBV), Wolf-Rayet (WR), slowly
puisating B stars (SPB), and subdwarf B stars (sdBV). The classical instability strip is shown as
two parallel lines encompassing Cepheid, RR Lyrae, and & Scuti variables; if extended, it intersects
the pulsating DAV stars. The thin lines represent loci of constant radius. [Provided by A. Gautschy;
see Gautschy H. Saio, ARAA 33, 77 (1995)]

Bradt “Astrophycs
Processes”
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%.9., cbservalions €7 heavy ¢lemends
iSc‘f‘T! raties ina Qb‘eh‘d Sf‘r‘ d"ff{r‘wf

oFrm Ccnr:chMOM:t_> yownng Stars
(7'#\ a Ster cluoter )

:> Z\u‘der\cc Ly Stellar evel ulren

gon cleay reacfions

25

Convection = chemical mixing

Much more efficient than the slow change of chemical
composition produced by nuclear reaction.

. . 0 X;
In a convection region, =0
aom
X
I
I Fig.8.1. The abundances X; are smeared
| l out owing to rapid mixing inside a con-
: : vection zone extending from m; to my.
| I _» At these borders X; can be discontinuous
my mz m

Kippenhahn & Weigert

26

PostMS
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The Dredge-ups

When H shell burning begins, the He core contracts and heats
up, making the shell burn furiously. The input of energy
forces the envelope to expand and the star moves up the "red
giant branch" (RGB). But the furiously burning shell runs on
the CNO cycle and now the envelope becomes convective because
of the low temperature, high opacity, and high temperature
gradient, and processed material from the core mixes for the
first time with the envelope. We call this the first dredge-up
which should be visible in the spectrum of the photosphere as
an increase in N at the expense of C and O.

27

For stars more than half a solar mass, the (gravitationally)
contracting and heating He core will reach ignition temperature
for triple alpha, and the star will (after a possibly traumatic
He-flash start) begin life on the "helium burning main
sequence". When the He is exhausted in the core (the H-burning
shell never provides enough He to keep the core going very long)
the He begins shell burning, and now the star rapidly moves up
the AGB, the Asymptotic Giant Branch. Now begins a second
dredge-up where for the first time new elements (C N and 0)
appear in the star's photosphere. The triple alpha shell is
really unstable and generates thermal pulses rather than a
clean burn. The C core is nearly degenerate at the C-He
boundary. The boundary shrinks, heats up, triple alpha starts,
pulses, and the explosion may shut

28

PostMS
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itself down. The pulse is quite muffled by the outer layers
of the star. But during a pulse the process can actually
initiate more complicated fusion processes including
neutron generation which can synthesize heavier elements.
So for the first time new elements can be dredged up during
the AGB phase of stellar evolution. Now these giant stars
all have associated strong stellar winds and so can
contribute to the chemical evolution of the cosmos.

But why wait for a dredge-up? Really massive 0 stars
evolve in a really short time and lose their outer
layers due to strong stellar winds really fast. There
is a class of stars, the Wolf-Rayet or WR stars whose
spectra are helium-rich and hydrogen-deficient which
are thought to have lost their outer layers revealing
directly the by-products of the CNO cycle (original
CNO recycled to mostly N -- WN stars) or even the
triple alpha (first production of new elements, mainly
C -- WC stars). Almost all WR stars are binary stars
which may help the envelope stripping process.

PostMS
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The Dredge-vps
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Schematic view of an AGB star
nukleo- mixing
synthesis

molecule formation dust formation

photochemical reactions

H;0 Maser OH Maser
s-process 10" -10"* M, fyear
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Y sapmapmanEnE
thermal CO interstellar

radiation field

degenerate

CO core

circumstellar envelope
with stellar wind
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shock
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Electron Degeneracy

34

PostMS

17



Chap 6

Fermi-Dirac distribution for non-interacting,

indistinguishable particles obeying Pauli exclusion principle;
applicable to half-integer spin in TE. Examples of fermions
include the electron, proton, neutrons, 3He (2 e, 2 p*, 1 n?)

Bose-Einstein distribution for particles not limited to single
occupancy of the same energy state. i.e., that do not obey Pauli
exclusion principle; with integer values of spin. Example
bosons include *He, the Higgs boson, gauge boson, graviton,
meson.

35

A Fermi gas is called degenerate if the temperature is low

in comparison with the Fermi temperature/energy.

£
4

1.0

0.9
0.8
0.7

Fgrm: - Dirac d'st-ﬂﬂ 26 ol

r -

04

feor: W 03
02

0.1

ieof
: chemie®®
M P"nf.a-e T T e e T L T

£ — p, in units of 7

(kT = D,) = EF éiélre 6.3 Plot of the Fermi-Dirac distribution function f(g) versus e — y in units of
"'/u M } the temperature . The value of f{¢) gives the fraction of orbitals at a given energy
which are occupied when the system is in thermal equilibrium. When the system is
. energy heated from absolute zero, fermions are transferred from the shaded region at g/p < 1
Ferm ; to the shaded region at ¢/ > 1. For conduction electrons in a metal, p might
correspond to 50 000 K. 6

PostMS

18



Chap 6

Chemical Potential ()

* Temperature governs the flow of energy between
two systems.

* Chemical potential governs the flow of particles;
from higher chemical potential to the lower

37
4
Bose- Tinsteam cuat. l
3
Bose-Einstein

Je) \

2 \
scal Linait \
clossical Li | 5
l [T ) Dirac \ $2c31 limit
: 2
- T S Ez =1 0 | 2
‘F _(f,-,l' /'QT & — p in units of 7
4y ¢© v

igure 6.6 Comparison of Bose-Einstein and Fermi-Dirac

distribution functions. The classical regime is attained for

(e = 4) » 1, where the two distributions become nearly identical.

We shall see in Chapter 7 that in the degenerate regime at low

Mo well- Buf tameann temperature the chemical potential u for a FD distribution is
X 't positive, and changes to negative at high temperature.
oist.
38
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100 - —110
80} 19
o
i £
v =-Fermi level ¢, for |8 -E
= 60— 16 electrons; in the 3
e ground state the I
& = lowest eight levels —{7 3
;;b (16 orbitals) are E
& o occupied 46 ©
—15
201
-14
I -13
2
0 1
(a) (b)
Figure 7.1 (a) The energies of the orbitalsn = 1,2, ..., 10 for an electron

confined to a line of length L. Each level corresponds to two orbitals, one for
spin up and one for spin down. (b) The ground state of a system of 16 electrons.

Orbitals above the shaded region are vacant in the ground state.
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WIHY I35 THERE A MEtium FLoasm ?

normal oleal g~ Pt > Tf

o Energy input = D beoxpand

Stable S v
ageins® vhermetl "- > T
instab:/lity

2 a safty-valve mechan.sm

14, Phe helium core o dt!encrafe

p T
when T 2 m’k, 717 D runaway Fhermat
nstabdi/ity

within a foa.) Secovnelo , ), ignited
S N kk o -
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O i e 43

The helium flash occurs for M e = 1 Mg

If M < 0.5 Mg - core never hot enough

If M = 2.25 M - core too hot, He ignited before a
degenerate core develops

= Only M = 0.5 — 2.25 M, stars experience the He flash.

44
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After the helium flash
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Core He burning is much shorter than the MS phase
of core H burning, because He is short in abundance,
not as efficient in energy supply (1/10 per mass), and
the stellar luminosity is higher.

46
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cove inerX

He shell buraing
M shell burning
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Figure 6.3. RGB, AGB, and HB in H-R diagram.
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planctary nebulae

log L——»

Figure 3-18. Schematic evolution track for a representative
low-mass, globular-cluster star from the main sequence to its
ultimate demise as a white dwarf. The major energy sources
are indicated at several key phases. Dashed lines indicate
episodes of very rapid evolution, during which details of the
structure of the star are, at present, not too well known.
Compare this figure with Figure 3-13.

Mkhalas o B—“nney

49
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Fig. 14.11. Evolutionary tracks for population II stars with 0.7 and 0.8 Mc. A helium
abundance of ¥ = 0.30 and a heavy element abundance of Z = 10~ was used. On the
main seq| and subgiant branches evolution times since arrival on the zero age main
sequence are given in billions of years. On the red giant branch evolution times from one
arrow to the next are given in millions of years. Also indicated is the instability strip, the
Teyr, L domain in which stars start to pulsate (see Chapter 17). From the tip of the
asymptotic giant branch the stars probably evolve through the planetary nebula stage to
become white dwarfs as indicated by the long dashed lines. From Iben (1971). 0
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The red clump = HB (core He burning) of metal-rich stars

hotter =—— —= cooler

4

el v v v e

0.5 0 0.5 1 1.5 E
color V—I

http://www.astronomy.ohio-state.edu/~kstanek/CfA/RedClump/
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Lgc independent of composition or age =» standard candles
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Distance to M31 With the HST and Hipparcos Red Clump Stars ¢ 1998 )
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Fig. 725 Tracks im the Il Disgram. The mass
unﬁ-mnm-nh‘d\a{wnﬁhmmkk = 0.708,
¥ = 027,404 2 = 0030 for al] 30 Mg, for

I8 X 0.30, ¥ = 037, Z = 0.0). Dashed partivar of the curves are esthmatss.
Tha latrers abang 1he tracks for 1 Ma and 3 Mg have the following sigaificance:
H, = hydrogen-burning near the center; G = gravitationsl comtraction of the
entire star; Hey = by rmnwln-mm‘&-wm
in a thin shell; He = hglmm—ht:fnlu Dear the eenter plus hydrogen-burning in
thin shell, The t

‘-—-l‘llk‘-'.’
e doited tines boundaries of the T i (lower it}
shows the shape of & path aloag which the radius remaims constant. The track
for 15 A does not turn back as do the other tracky becsue the semi-comvective
zone was trested aa fully convective [1ee . Stothers and C.-W. Chin, 1985 (377))
[Adapted from L. [ben, Jr., 1967 (327). The track for 30 M is given by R Stothers,
1966 (333).]
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Enel £7 Cere contraction

@ Fig. 7-284 A Model of Mass § M aortly after Leaving the Main Sequence,
at ¢ = 6.82461 x 107 Years. Radius r, pressure P, density p, temperature T, net
luminosity L., and hydrog; bund; X are shown as functions of fractional
mass M,/M. The lower limit of the ordinate is zero for all variables. The upper
limits, given in the figure, are 2.9198 Rg (with Ro = 6.96 x 10'° ¢cm; however,
the total radius is 3.9429 Rg), central pressure P, (dyne cm~2), central density p,
(gm em~?), central temperature T. (°K), total luminosity L (units of Lg =
3.86 x 10™ erg sec™?), and initial hydrogen abundance X = 0.708. The time is
measured from the initial model calculated for the p q phase.
[Adapted from 1. Iben, Jr., 1966 (331).]
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After (5)
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Fig. 7-288 A Model of Mass 5§ Mo during the Giant Stage at r = 7.03776 = 107
Years. Radius r, pressure P, density p, T, net luminosity L,, hydroge:
bund X, and carbon-12 abund. Xy2 are shown as functions of fractional

mass M,/M. The lower limit of the ordinate is zero for all variables. The upper
limits, given in the figure, are 47.088 Ra (with Ra = 6.96 x 10'° cm; however,
the total radius is 51.328 Ra), central pressure P, (dyne cm~2), central density p.
{zgm cm~7), central P T. (°K), total luminosity L (units of Lo = 3.86 x
107 erg sec™?), initial hydrogen abundance X = 0.708, and carbon-12 abundance
Xz = 0.003610. The time is measured from the initial model calculated for the
pre-main-sequence phase. [Adapted from L Iben, Jr., 1966 (331).]
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Between points (7) and

Fig.7-28C A Model of Mass 5 Mo during the Giant Stage at r = 7.73665 x 107
Years. Radius r, pressure P, density p, P T, net luminosity L,, and
helium-4 abundance X, are shown as functions of fractional mass M,/M. The
lower limit of the ordinate is zero for all variables. The upper limits, given in the
figure, are 35.852 Rp (with Re = 6.96 x 10" cm; however, the total radius is
50.612 Rg), central pressure P, (dynecm~%), central density p, (gmcm=?),
central temperature T. (°K), total luminosity L (units of Lo = 3.86 x 107
erg sec™?), and helium-4 abundance X, = 0.9763. The time is measured from the

initial model calculated for the pre—main: phase (see Scction 2), [Adapted
from L. Iben, Jr., 1966 (331).]
r B P T L Xy
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Two shells at M.=0.07 (He) and 0.22 (H)

r a T X,
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Point 11
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Fig.7-28D A Model of Mass § Mo during the Giant Stage at r = 8.79060 x 107
Years. Radius r, density p, T, net luminosity L,, and helium-4
abundance X are shown as functions of fractional mass M,/M. The lower limit
of the ordinate is zero for all variables. The upper limits, given in the figure, are
23.775 Ro (with Rg = 6.96 x 10'° cm; however, the total radius is 44.141 Rg),
central density p. (gmcm=-®), central temperature T (°K), total luminosity L
(units of Le = 3.86 x 10" erg sec~%), and helium-4 abundance X, = 1.0. The
time is measured from the initial model calculated for the pre-main-seq
phase. [Adapted from L. Iben, Jr., 1966 (331).]
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 Origins of DA and non-DA uncertain: (1) exact
phase when the last thermal pulse takes place
after the AGB phase, or (2) convective mixing,
radiative levitation, or diffusion.
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- ——

s 4 RG — He cove £ 0kFe
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Mass distribution of DA white dwarfs in the First Data Release
of the Sloan Digital Sky Survey
A&A 419, L5-L8 (2004)
1. Madej', M. Nalesyty!, and L. G. Althaus”
4, 00478 Warsaw, Poland
wi, Av. del Canal Olimpic s/n, 08560, Castelldefels, Spain
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M <0.7Mgp

< 0.16 Mp—> no RGB
<0.5 MO 2 Tms > Tyniverse
< 0.5~0.7 M@= no core He burning

Very low-mass stars are completely convective
—> more H to burn = 1 lengthened

A1 M@ main sequence star
o Tys ~1010 yrs

* Tpep ~ 107 yrs

e Tyg ~ 108 yrs

* Tpop ~ 2 X 107 yrs

¢ Tps ~ 5 X 10% yrs

A remnant of a 0.6 WD
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M <25Mo

Mass loss rate low

M =20 —25Mg
O type star = red supergiant = supernova
M <20

O type star = red supergiant = Cepheid
- red supergiant = supernova

M =25-60Mg

Mass loss not sufficient to remove the entire envelope

M =40 —60Mg

O type star = blue super giant - yellow supergiant
- red supergiant

—> blue supergiant > WN - supernova

M =25 —40Mg

O type star = blue super giant - yellow supergiant
- red supergiant

-> supernova
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M>60M@

Mass loss fierce = 1071 Mg yr~1, rid of almost
entire envelope during the LBV stage, left with a
WR star, evolving toward a SN.

O type star = Of star = blue super giant

- luminous blue variable = WN star
- WC star - supernova

71

A&A 564, A30 (2014) The evolution of massive stars and their spectra

I. A non-rotating 60 M, star from the zero-age main sequence
to the pre-supernova stage*-**

Jose H.. ('ml . Georges Meynet', Sylvia Ekstrém', and Cyril Georgy®

! Geneva Observatory, Geneva University, Chemin des Maillettes 51, 1290 Sauverny, Switzerland
e-mail; jose.groh@unige.ch
* Astrophysics group, EPSAM, Keele University, Lennard-Jones Labs, Keele, STS SBG, UK

ABSTRACT

For the first time, the interior and spectroscopic evolution of a massive star is analyzed from the zero-age main sequence (ZAMS) to the
pre-supernova (SN) stage. For this purpose, we combined stellar evolution models using the Geneva code and stellar atmospheric/wind
models using CMFGEN. With our appru‘uh we were able to produce observables, such as a synthetic_high-resolution spectrum and
photometry. lhcthv aiding the comparison between evolution models and observed data. Hcrc we analyze the L\ﬂ'llllﬂl] of a non-
rotating 60 M., star and its spectrum throughout its lifetime. Interestingly. the star has a su ant ¢ : .
At the ZAMS. We find the following evolutionary sequence of spectral types: O3 I (at the ZAMS), O4 I (middle of lhc H-core hurnm"
phase), B supergiant (BSG), B h)ergmm (BHG), hot luminous blue variable (LBV: end of H-core burning), cool LBV (H- shell
burning through the beginning of the He-core burning phase), rapid evolution through late WN and early WN. early WC (middle
of He-core burning), and WO (end of He-core burning until core collapse). We find the following spectroscopic phase lifetimes:
3.22 % 10° yr for the O-type, 0.34 x 10° yr (BSG), 0.79 x 10° yr (BHG), 2.35 x 10° yr (LBV), 1.05 x 10° yr (WN), 2.57 x 10° yr (WC),
and 3.80 x 10* yr (WO). Compared to previous studies, we find a much longer (shorter) duration for the early WN (latc WN) phase.,
as well as a long-lived LBV phase. We show that LBVs arise naturally in single-star evolution models at the end of the MS when the
mass-loss rate increases as a consequence of crossing the bistability limit. We discuss the evolution of the spectra, magnitudes, colors,
and ionizing flux across the star’s lifetime, and the way they are related to the evolution of the interior. We find that the absolute
magnitude of the star typically changes by ~6 mag in optical filters across the evolution, with the star becoming significantly fainter
in optical filters at the end of the evolution, when it becomes a WO just a few 10" years before the SN explosion. We also discuss the
origin of the different spectroscopic phases (i.e., O-type, LBV, WR) and how they are related to evolutionary phases (H-core burning,

H-shell burning, He-core burning). Read the first 4 paragraphs of this paper’
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Stellar Rotation
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Fig. 3. Prajected equatorial velocities, averaged over all possible inclinations, as a

funetion of spectral type. On the main sequence (luminosity clas V). early-type stars (

have rotational velocities that reach and even exceed 200 km/s; these velocities drop

o a few km/s for late-type stars, such as the Sun (type G2) (Slettebak [20]; courtesy
Gordon & Breach)

Fig. 2.2 Panel A The blue curv

is the median equatorial velocity (4/m) (vsin i) for each spectral
type from Glebocki and Gi (2005). The green curve shows the equatorial velocity of the
Kepler rargets, ©(s.1.), derived from the measured rotation periods and the KIC radii. The black
i ow measurements by Reiners and Mohanty (2012). In this sample 201 stars have an upper
mit of 4km/s (due to instrumental 1 ons), these stars are represented by the solid
bar. Panel B The rotation periods Py of the stars in our sample, averaged within
type. Panel C The same as panel B, but for comparison we show the median of the rotat

P [day]

measured by McQuillan et al. (2013) (black points with errorbars), for the stars overlapping with
our sample. Similarly, the red curve shows the median of the rotation periods found by Debosscher
et al. (2011). Shaded areas and error bars span the upper and lower 34th percentile values from
the median. Reproduced with permission from Astronomy & Astrophysics, © ESO
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Rotation = star cooler and fainter
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Fi6. 1.—Angular momentum per unit mass, as a function of mass fraction interior to a given cylinder
about the axis of rotation, for three assumed laws of differential rotation (Cases A, B, and C) and for a
uniformly rotating model (Case D) of 30 M, log J = 52.73.

D: solid body rotation

Rotation law:

i angular momentum distribution

j(my,) as a function of, m, the mass

. fraction interior to the cylinder of

radius w about the rotation axis.
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Fi16. 2.—Theoretical H-R diagram showing model sequences of increasing angular momentum (solid
curves). Numbers on curves give calculated velocities at the equator in km sec™, The distribution of

angular momentum for each sequence is indicated by the letter A, B, C, or D.

Bodenheimer (1971) ApJ, 167, 153

1. Introduction

Massive stars are essential constituents of stellar populations
and galaxies in the near and far Universe. They are among the
most important sources of ionizing photons, energy, and some
chemical species, which are ejected into the interstellar medium
through powerful stellar winds and during their extraordinary
deaths as supernovae (SN) and long gamma-ray bursts (GRB).
For these reasons, massive stars are often depicted as cosmic en-
gines, because they are directly or indirectly related to most of
the major areas of astrophysical research.

Despite their importance, our current understanding of mas-
sive stars is still limited. This inconvenient shortcoming can
be explained by many reasons on which we elaborate below.
First, the physics of star formation mean that massive stars
are rare (Salpeter 1955). Moreover, their lifetime is short, of
a few to tens of millions of years (e.g., Ekstrom et al. 2012;
Langer 2012). These factors make it challenging to construct

evolutionary sequences and relate ditferent classes of massive
stars. This is in sharp contrast to what can be done for low-mass
stars.

Second, one can also argue that the evolution of massive
stars is extremely sensitive to the effects of some physical pro-
cesses, such as mass loss and rotation (Maeder & Meynet 2000;
Heger et al. 2000), that have relatively less impact on the evo-
lution of low-mass stars. However, the current implementation
of rotation in one-dimensional codes relies on parametrized for-
mulas, and the choice of the diffusion coefficients has a key im-
pact on the evolution (Meynet et al. 2013). Likewise, mass-loss
recipes arising from first principles are only available for main
sequence (MS) objects (Vink et al. 2000, 2001) and a restricted
range of Wolf-Rayet (WR) star parameters (Grifener & Hamann
2008). Third, binarity seems to affect the evolution of massive
stars, given that a large portion of them are in binary systems
that will interact during the evolution (Sana et al. 2012).

Fourth, our understanding of different classes of stars is of-
ten built by comparing evolutionary models and observations.
However, mass loss may affect the spectra, magnitudes, and
colors of massive stars, thus making the comparison between
evolutionary models and observations a challenge. In addition
to luminosity. effective temperature, and surface gravity. the
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observables of massive stars can be strongly influenced by a ra-
diatively driven stellar wind that is characteristic of these stars.
The effects of mass loss on the observables depend on the initial
mass and metallicity, since they are in general more noticeable
in MS stars with large initial masses, during the post-MS phase,
and at high metallicities. When the wind density is significant,
the mass-loss rate, wind clumping, wind terminal velocity, and
velocity law have a strong impact on the spectral morphology.
This makes the analysis of a fraction of massive stars a diffi-
cult task, and obtaining their fundamental parameters, such as
luminosity and effective temperature, is subject to the uncertain-
ties that comes from our limited understanding of mass loss and
clumping. Furthermore, the definition of effective temperature of
massive stars with dense winds is problematic and, while refer-
ring to an optical depth surface, it does not relate to a hydrostatic
surface. This is caused by the atmosphere becoming extended,
with the extension being larger the stronger the wind is. Stellar
evolution models are able to predict the stellar parameters only
up to the stellar hydrostatic surface, which is not directly reached
by the observations of massive stars when a dense stellar wind
is present. Since current evolutionary models do not thoroughly
simulate the physical mechanisms happening at the atmosphere
and wind, model predictions of the evolution of massive stars are
difficult to be directly compared to observed quantities, such as
a spectrum or a photometric measurement.
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Fig. 3. a) HR diagram showing the evolutionary track of a non-rotating star with initial mass of 60 M, at metallicity Z = 0.014, using our revised
values of T.y. The color code corresponds to the evolutionary phases of a massive star, with H-core burning in blue, He-core burning in orange,
C-core burning in green, and H and/or He-shell burning in gray. b) Similar to a). but color coded according to the spectroscopic phases. Lifetimes
of each phase are indicated in parenthesis. ¢) Evolution of Ty as a function of age. The color code is the same as in a). d) Surface abundances
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Fig. 4. Evolution of the ultraviolet a) (rop) and optical spectra b) (bottom) of a non-rotating 60 My, star. The evolution proceeds from top to bottom,
with labels indicating the evolutionary phase. spectral type. scale factor when appropriate, age, and model stage according to Table 1. Note that
certain spectra have been scaled for the sake of displaying the full range of UV and optical emission lines.
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Test of Stellar Evolution by Star Clusters

(@) £ 1 )

10'yr | 5 4 16" yr

Figure 9.21 Evolutionary calculations for stars of different masses forming a hypothetical
| . cluster result in an evolving H-R diagram, shown at four ages. The number of stars and
R ' I L o N 1 their mass distribution is arbitrary. The dashed lines are lines of constant radius. The dotted
| I lines mark the main-sequence slopes. We note that at 107 years (a), the low-mass stars
are not yet settled on the main sequence, while the very massive ones have already left it:
the open triangles show the main sequence of massive stars at a much earlier epoch, 10°
years, The Hertzsprung gap is conspicuous at 10® years (b) resembling the Hyades-cluster
T TS = e Ty e 1 = 1 H-R diagram shown in Figure 1.5. By contrast, the continuously-populated track toward
the red giant branch is clearly seen at later epochs (c and d), when low-mass stars leave
D T T B R the main sequence.
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I nitial M ass Function

The birthrate function B(M, t) is the number of stars per unit
volume, with masses between M and M + dM that are formed
out of ISM during time interval ¢tand ¢+ dt.

B(M,t)dM dt =y (t) E(M) dM dt,
where Yi(t) is the star formation rate (SFR),
and §(M) is the initial mass function (IMF).

For the Galactic disk, SFRis 5.0 + 0.5 M gpc~2 Gyr~1
integrated over the zdirection.

IMF: many more low-mass stars than higher mass stars
as a result of cloud fragmentation?

The IMF specifies the fractional distribution in mass of a newly
formed stellar system. It is often assumed to have a simple

powerlaw E(M) =cM*=cM~O+D

In general, & (M) extends from a lower to an upper cutoff, e.g,,
from 0.1 to 125 solar masses. Commonly used IMFs are those

of Salpeter (1955

2
oF
—2F

-4 F

F Selpeter

Scalo

Miller & Scalo

—
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N

), Scalo (1986), and Miller and Scalo (1979).

http://webast.ast.obs-mip.fr/hyperz/hyperz_manuall/node7.html
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» Edwin Salpeter (1955) on solar-neighborhood stars (apj, 121, 161)
Present-day LF - mass-luminosity relation - present-day
mass function = stellar evolution = initial mass function

a=2.350rI'=1.35

* Glenn E. Miller and John M. Scalo extended work below 1 M
(1979, ApJs,41,513) a=0 forM <1 Mg
* Pavel Kroupa (2002, Sci, 295, 82)
a=23forM>0.5Mg,
a=13for 0.08 Mo <M < 0.5 M,
a=0.3forM< 0.08 M

A universal IMF among stellar systems (SFRs, star clusters,
galaxies) (Bastian etal. 2010, ARAA).  But why?

85

121, 1618

1955ApJ. .

THE LUMINOSITY FUNCTION AND STELLAR EVOLUTION

EpwiN E. SALPETER*

Australian National University, Canberra, and Cornell University
Received July 29, 1954

ABSTRACT

_The evolutionary significance of the observed luminosity function for main-sequence stars in the solar
neighborhood is discussed. The hypothesis is made that stars move off the main sequence after burning
about 10 per cent of their hydrogen mass and that stars have been created at a uniform rate in the solar
neighborhood for the last five billion years.

Using this hypothesis and the observed luminosity function, the rate of star creation as a function of
stellar mass is calculated. The total number and mass of stars which have moved off the main sequence
is found to be comparable with the total number of white dwarfs and with the total mass of all fainter
main-sequence stars, respectively.
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The Stellar Initial Mass Function: Figure 1
— T T

— KTG93

. Scalo 86

log[#(log M,)]

sub—stellar

intermediate

0
log[M, (M, )]

Figure 1. Initial mass function for field stars in the solar neighborhood taken from a variety of recent
studies. These results have been normalized at 1 M®. For both the MS79 and Scalo 86 IMFs we have
adopted 15 Gyr as the age of the Milky Way. Current work suggests that the upper end of the IMF (> 5MQ©)
is best represented by a power-law similar to Salpeter (1955) while the low mass end (< 1MQ) is flatter

(Kroupa, Tout, and Gilmore 1993). The shape of the IMF from 1-5 MQ is highly uncertain.
From Meyer et al. (2000) Protostars & Planets IV &
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Fig. 9. The IMF determined in a number of young (< 10 Myr) clusters and star forming
regions (offset for clarity). The solid lines show the log-normal model that best fits the
Pleiades (see Fig. 8). The MFs may be generally consistent with that of the Pleiades but
the MF of Upper Sco is quite different. Figure constructed by Bouvier & Moraux. Jeffries 2012
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Stellar Initial Mass Function and Dense Core Mass Function

Pre—stellar mass spectrum (g Oph)
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Fragment Mass, M (Mg)
Andre et al. (2000) Protostars & Planets IV o

Formation of Massive Stars

O Competitive accretion (of cloud cores)

... low-mass protostars competing with each other, and accrete
matter from the parent molecular cloud

O Coalescence of two or more stars with lower masses
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THE HIGH-MASS STELLAR INITIAL MASS FUNCTION IN M31 CLUSTERS"

DANIEL R. WEISZ"'?, L. CLIFTON JOHNSON', DANIEL FOREMAN-MACKEY®, ANDREW E. DOLPHIN', LORI C. BEERMAN',
BENJAMIN F. WILLIAMS', JULIANNE J. DALCANTON', HANS-WALTER Rix*, DAVID W. HOGG™, MORGAN FOUESNEAU*, BENJAMIN
D. JOHNSON®, ERIC F. BELL®, MARTHA L. BOYER', DIMITRIOS GOULIERMIS*®, PURAGRA GUHATHAKURTA”, JASON §. KALIRAL,
ALEXIA R. LEWIS', ANIL C. SETH'", EVAN D. SKILLMAN''
Submirted on February 17th, 2015

ABSTRACT

We have undertaken the largest systematic study of the high-mass stellar initial mass function (IMF) to date
using the optical color-magnitude diagrams (CMDs) of 85 resolved, young (4 Myr < t < 25 Myr), intermediate
mass star clusters {l()-‘-l()i M), observed as part of the Panchromatic Hubble Andromeda Treasury (PHAT)
program. We fit each cluster’s CMD to measure its mass function (MF) slope for stars = 2 M. By modeling
the ensemble of clusters, we find the distribution of MF slopes is best described by I' = +1.457) 12 with a very
small intrinsic scatter. This model allows the MF slope to depend on cluster mass, size, and age, but the data
imply no significant dependencies within this regime of cluster properties. The lack of an age dependence sug-
gests that the MF slope has not significantly evolved over the first ~ 25 Myr, and provides direct observational
evidence that the measured MF represents the IMF. Taken together. this analysis — based on an unprecedented
large sample of young clusters. homogeneously constructed CMDs, well-defined selection criteria, and consis-
tent principled modeling — implies that the high-mass IMF slope in M31 clusters is universal. The IMF has
a slope (I =+l.45‘4‘:.::2l that is slightly steeper than the canonical Kroupa (+1.30) and Salpeter (+1.35) values,
with no drastic outliers in this sample of nearly 100 clusters. Using our inference model on select Milky Way
(MW) and LMC high-mass IMF studies from the literature, we find Uyw ~+1.15£0.1 and I'pye ~+1.3£0.1,
both with intrinsic scatter of ~0.3-0.4 dex. Thus, while the high-ma:;‘l'm in the Local Group may be univer-
sal, systematics in literature IMF studies preclude any definitive conclusions: homogenous investigations of the
high-mass IMF in the local universe are needed to overcome this limitation. Consequently, the present study
represents the most robust measurement of the high-mass IMF slope 1o date. To facilitate practical use over
the full stellar mass spectrum. we have grafted the M31 high-mass IMF slope onto widely used sub-solar mass
Kroupa and Chabrier IMFs. The increased steepness in the M31 high-mass IMF slope implies that commonly
used UV- and Ha-based star formation rates should be increased by a factor of ~1.3-1.5 and the number of
stars with masses > 8 M, are ~ 25% fewer than expected for a Salpeter/Kroupa IMF.

93

PostMS

47



Chap 7

CompactObj

Compact Objects
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Within the box, the Schrédinger equation
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Fermi energy of degenerate fermion gases

Phase of matter | Particles | __Ep | Ty = Ep/kp[K] |

Liquid 3He atoms 4x10"%eV 4.9

Metal electrons 2—10eV 5 x 10*
White dwarfs  electrons 0.3 MeV 3 x 10°
Nuclear matter nucleons 30 MeV 3 x 1011

Neutron stars  neutrons 300 MeV 3 x 1012
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In the non-relativistic case
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Figure 7.1 Mapping of the temperature-density diagram according to the equation of state. —

In general = partial degeneracy

Fig.15.5. The solid line gives the distribution
functon (f(p) and p in cgs) for a partially de-
generate electron gas with n, = 10% cm~? and
T =1.9 x 107 K, which corresponds to a degen-
eracy parameter ¢ = 10 (cf. the case of com-
plete degeneracy of Fig.15.2). The dot-dashed
line shows the further increase of the parabola
that defines an upper bound for the distribution
function
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Table 15.1 Numerical values for Fermi-Dirac fuscrions F, . F; ; (afher MBOUGALL STONER, 1539)
Fi. B (aher MILLERRANDT, 1989)

v PR pi9) Fipl®) Fi¥) A
- =40 Q018179 0.018128 0.036551 QLI0FT98
Ta u atl ono 15 0026620 0026480 008017 0180893
=30 0043781 0.043366 0.098972 0267881
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120 13870757 el ] 6155318 590754847
125 153.11861 2965679 &2 GEE7.T637
130 158.41071 314TME TILITI83 9577029
15 18460150 3329308 BELE1653 §216.05127
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Figure 7.5 Schematic illustration of the evolution of stars according to their central
temperature-density tracks.
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From nonrelativistic to relativistic degeneracy
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Gravity
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O For degenerate gas, Myyp T, Rwp
O For MWD =1 M@, RWD = 0.02 R@

O There is an upper limit to the mass

3/2
hc _
Mimic = | ——=] =2M ue = 1 (for H)
limit GM;/g © = 2 (for He)
Rigorously, =56/26=2.15
5.836
Miimit ¥ —5— Mo M (Fe) = 1.26 M,
e

Weinberg (1972) Mjjmic = 1.2 M, Later value Mjjni = 1.44 Mg

TABLE 8.5. Central Densities, Total Mass, and Radius of Different White Dwarf Models,
Taking ., = 2 (Negligible Hydrogen Concentration).*

logp. M[Mg logR/Rg

Mch Zl.uu Mg needs 539 0.2 ~1.70

603 040  —181

corrections 629 050 ~1.86

656 061  —191

— grov force om nucle, 685 074  —1.96

10 08 2 -2

deg. force on electroms 172 108 =215

- : =k T R U T

= Separation - E ! 883 133  -24l

il cles 920 138  -2.53
o—— nTto nuile =

) 'PNe J 0o 1.44 0o

@ See text for comments (after M. Schwarzschild (Se38b)). From Structure and Evolution
of the Stars ©1958 by Princeton University Press, p. 232.
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FIGURE 8.14. White dwarf Hertzsprung_Russell diagram, Lines of constant radius are

shown. Also shown are the masses based on completely degenerate core models containing
elements having jt, = 2 (after Weidemann (We68)). Reprinted with permission from Annual
Review of Astronomy and Astrophysics, Vol. 6, ©1968 by Annual Reviews, Inc.).

orange crosses. Note the group of blue stragglers beyond the main sequence
turn-off point (Andrievsky 1998). Bottom: gpi vs. gpi — ypi CMD, with the
same symbols as in the top panel. The group of stars near gpj = 18 mag. and
gp1 — yp1 = — 1 mag include white dwarfs known in the cluster (Dobbie et al.
2004, 2006).
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10F .
Figure 4. Top: J vs. J — K; CMD for all the stars (gray dots), those with angular =) I
distances greater than 3° from the cluster center but with Aye < 9 mas yr—' (small g Lo
black crosses), those within 3” from the cluster center and with Aje < 9 mas yr ! < 15 r ]
(blue open circles), and those within 3° and with A < 4 mas yr~' (blue & L
filled circles). The stars at the very center of the cluster, namely within 30,
and with A < 4 mas yr~' are highly probable members and are marked as 20
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2
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Wang et al. 2014
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White Dwarf Cooling

OO0 WDs are supported by electron
degeneracy pressure. With no
sustaining energy source (such as
fusion), they continue to cool and fade
=> very faint

O The luminosity of the faintest WDs in a
star cluster € - cooling theory =» age

O The age of the oldest globular cluster
= lower limit of the age of the universe

Hubble Space

Limiting V=30
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White Dwarf Cooling
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@ ON THE THEORY OF WHITE DWARF STARS
o I. THE ENErGY Sources oF WHITE DwaRFs

E; L. Mestel

g

% (Communicated by F. Hoyle)

(Received 1952 May 9)

Summary

Present theories of the origin of white dwarfs are discussed; it is shown
that all theories imply that there can be no effective energy sources present in a
white dwarf at the time of its birth. The temperature distribution of a
white dwarf is then discussed on the assumption that no energy liberation
occurs within the star, and that it radiates at the expense of the thermal
energy of the heavy particles present. In the resulting picture, a white dwarf
consists of a degenerate core containing the bulk of the mass, surrounded by a
thin, non-degenerate envelope. The energy flow in the core is due to the
large conductivity of the degenerate electrons, while the high opacity of the
outer layer keeps down the luminosity to a low level. Estimates of the ages of
observed white dwarfs are given and interpreted. Finally, it is shown that
white dwarfs may accrete energy sources and yet continue to cool off, provided
the temperature at the time of accretion is not too high; this suggests a
possible model for Sirius B.
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Figure 8.15 White dwarfs in the H-R diagram. Lines of constant radius (mass) are marked
[data from M. A. Sweeney (1976), Astron. & Astrophys., 49].

MR3 = const, and L o R? Ty
- WD evolutionary tracks

log (é) = 4log (TTE—Z;) — %log (%) +C

—_— ..2 b
b
£ i
o 3 1
(4]
2
G’ —
g {

4 - 3 4 5

Log (LLe)

Figure 8.14 White dwarf luminosity function: number density of white dwarfs within a
logarithmic luminosity interval corresponding to a factor of 10%° 22 2.5 against luminosity

[data from D. E. Winget et al. (1987), Astrophys. J., 315].
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THE WHITE DWARF COOLING SEQUENCE OF THE GLOBULAR CLUSTER MESSIER 4'
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ABSTRACT

We present the white dwarf sequence of the globular cluster M4, based on a 123 orbit Hubble Space Telescope
exposure, with a limiting magnitude of V'~ 30 and /~ 28. The white dwarf luminosity function rises sharply
for [>25.5, consistent with the behavior expected for a burst population. The white dwarfs of M4 extend to
approximately 2.5 mag fainter than the peak of the local Galactic disk white dwarf luminosity function. This
demonstrates a clear and significant age difference between the Galactic disk and the halo globular cluster M4.
Using the same standard white dwarf models to fit each luminosity function yields ages of 7.3 *= 1.5 Gyr for
the disk and 12.7 + 0.7 Gyr for M4 (2 o statistical errors).

White dwarf sequence b ., E
of M4 . " %

White dwarf . 84% Main sequence
. !-.

sequence |
Blue — H atmosphere models 21 . e
Red — He atmosphere models .
fora 0.6 M" WD w
26 A=
28 N\

0 1 2 3 |

Hansen et al (2002)
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100

26

28

10

29

. The observed luminosity function
. of the white dwarfs in M4 (after

| correction of incompleteness)

| versus

' model predictions for different

| ages

Hansen et al (2002)

* The WD envelope is typically thin, ~1% of the total WD

radius.

» DA WD: layer of M, ~10~2 M,,, outside the CO core, then
an outer layer M,~10~* M,

* Anon-DA WD layer of M, ~1072 — 1073 M,

=1 -

-
Sun
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Supernovae and Others

Possible evolutionary paths of a supernova
1. Core collapse

2. Thermonuclear runaway

http://hyperphysics.phy-astr.gsu.edu/hbase/astro/snovcn.html

Oddities



Evolution of an Intermediate-mass (8 to 25 M;)
or High-mass (>25 M) Star

O Core size ~ Earth

1.6 billion kilometers

About 10,000 km

O Layers of nuclear
reactions (cf an onion)

O Envelope as a supergiant,
with the diameter
comparable to the
Jupiter’s orbit

A supergiant star )

Jupiter’s ol

Hydrogen-fusing shell
Helium-fusing

Carbon-fusi

rbit

Each subsequent reaction proceeds ever faster; silicon = iron

An iron nucleus is most compact between protons and neutrons
—> further fusion does not release energy
=» iron core collapses (D~3000 km, collapses in ~0.1 s)

- Evolutionary Stages ofa 25-M; Star

Central

Stage temperature (K)
Hydrogen fusion 4 % 107
Helium fusion 2 x 108
Carbon fusion 6 % 10%
Neon fusion 1.2 % 10°
Oxygen fusion 1.5 % 107
Silicon fusion 2.7 % 107
Core collapse 5.4 %107
Core bounce 2.3 x 10

Supernova explosion about 107

Central
density (kg/m?)

510}
7 % 108
2= 108
4 % 107
1 % 101
3 x 10w
3 =10
4 % 107

varies

Duration
of stage

7 % 105 yr
5% 100 yr
600 yr
1 yr
6 mo
Id
02s
milliseconds

10 seconds
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Iron core collapse = 5 billion K = photodisintegration by
energetic gamma rays

The star spends millions of years on the main sequence,
synthesizing simple nuclei such as H and He to iron, then
takes less than a second to disintegrate back to protons,
neutrons and electrons.

Density of the core 77, reaching 4 x 1017 kg/m3 (cf density
of a nucleus) in < 1 s = even the electron degenerate
pressure cannot support the core > e~ + p* - n° +v

Core supported by neutron degenerate pressure
-> a neutron star

Core bounces =» supernova explosion + supernova remnant

Evolution of a Binary System

e Both stars of a few solar masses

e More massive component = RG = transfers and loses mass
- ahot WD

» Secondary = RG -2 fills the Roche lobe = transfers mass to the
hot WD via an accreting disk

* Accreted material is compressed and heated, and if T > 107 K
— CNO takes place at the base of the accreted layer (even with a
thermonuclear runaway if the material is degenerate)

=>» A nova explosion

If accretion onto a C-O WD > core mass > M,=1.4 M,
—> Catastrophic collapse + C burning = a Type la supernova

Oddities



final rise | \ early \
decline

premax
halt

Intensity

initial

rise

prenova

“A nova is a transient, possibly recurring,

Absolute mag

6 mags

—3~ ~ final

decline

single system)

outburst of a low-luminosity star”
—6to —9
Expanding shell (500—2000) km/s

Each outburst ejects 107* — 107° Mg
(not a lot! hence possible recurrent events for a

postnova

Fig. 7.10. Schematic light curve for a typical nova; the time axis is arbitrary and not to

scale.

Padmanabhan Il

A semi-detached
binary system with
the primary being a
WD: (in increasing L)
v dwarfnova

v' classical nova
(these may be
cataclysmic variables)

v' type la supernova

Accreting Binary Systems

Table 7.4. Taxonomy of binary systems

Name Description Remarks
Algols Two normal stars (main Provide checks on stellar evolution,
sequence or subgiants): information on mass loss
semidetached binary
RS Canum Chromospherically active Useful for studies of dynamo-based
‘Venaticorum binaries magnetic activity; exhibits starspot
chromospheres, corona, and flares
similar to the Sun
W Ursae Short period (0.2-0.8 days) ~ High levels of magnetic activity,
Majoris Contact binaries important for studying
stellar dynamo model
Cataclysmic ‘White dwarfs with Exhibits accretion phenomena
variables and cool M-type secondaries; and accretion disks
novas short periods

Neutron star or black hole as
the compact component;
powerful x-ray sources
with L, > 10°® ergs s™!

Long-period interacting
binaries; Late-type super-
giant plus a hot companion

X-ray binaries

¢ Aurigae/
VV Cephi’

Study of structure and
evolution of compact remnants;
indirect evidence for black holes

Study of supergiant phase, especially
atmospheres of supergiants

Padmanabhan Il
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SN 1572 = Tycho’s SN SN 1604 = Kepler’s SN

-
- -N63Ain LMC

Gum Nebula is the largest SNR
in the sky, originated from a
supernova explosion perhaps a
Myr ago.

Figure 13-11
Discowering the Universe, Seventh Ed
006 Compan

WHL Fremman ared Comguny

Gum Nebula has a angular extent > 40 deg = linear size more
than 2300 ly across = The closest part from Earth ~300 ly




Cassiopeia A SNR is 3.4 kpc from us. The explosion should
have been seen 300 years ago, but was not recorded.

Supernovae in History

* OB association in Scorpius-Centaurus
Solar system within 150 ly 2 Myr ago; should have

experienced SN explosions

Table 10.1 Historical supernovae

Galaxy: Distance
Name Year x 3000 ly

Milky Way:
Lupus 1006 1.4
Crab 1054 2.4
3C58 1181(7 2.6
Tycho 1572 25
Kepler 1604 42
Cas A 1658+3 2.8

Andromeda 1885 700

LMC: SN1987A 1987

50

Chandra SN1604

Chandra SN1572

Oddities



Crab Nebula (in Taurus)

SN clearly recorded in
AD1054 by Chinese
astronomers

-> “Chinese supernova’

o 210545 x4 (414
F542E21) o4
JE 2 26 FIRNE 0 WK
R Gt itk

(%) gk £
2R R - A3
1056 5 @ 4 (& %7 2

FZR) ARt AT - )

A% %

The Expanding Crab Nebula
1973 to 2001

oi-
4_}?
o)

B &

B
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First observeol a4 Feb, 1987

nok guite SNIL

f:re SN lmgen-'fw observed ome Sp. c/ass"F-‘-u{
Sandu [eak -69 202
Sp: 831
L ~errorLO i n;;*",mk
( Marb-22 Mg )

POP I hut metal.poer

Neutrine Qvam'zoc komiskande ) detected
hours before SN visiblg
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Supernova classification

Divided into two types based on spectra
Type I - with no H lines
® Further classification based also on

spectra:

v’ Ia - strong Si line
v Ib - no H or Si line, but have

He lines

v' Ic - no Si, He or H lines
® |a found in all types of galaxies

=» associated with white dwarfs in
binary systems

BELOW MAXIMUM LIGHT

Mg

TYPE | SUPERMOVAL
BLUE LIGHT CURVE

DAYS AFTER MAXIMUM LIGHT

Doggett and Branch (1985)
Astron. J., 90, 2303

Supernova classification II

Type II - with H lines

Further classification based on light

curve

v 11 P - flat ‘plateau’ in LC
v II L - linear light curve

® Type I], Ib, Ic found only in spiral arms of

spiral galaxies (i.e. regions of recent star
formation) =» massive stars
Core collapse supernovae with mass loss

in Ib and Ic

o #@ #6009 T

Doggett and Branch (1985)
Astron. J., 90, 2303
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HRE

SN1987A H-L

1 1 1 ] ] L, 1 1 1
(l) 50 100 150 200 250 300 350 400
b TN P

A 10.8 JLFhERYEF 2 Y EAE 1 £8 (Wheeler, Harkness, 1992)

Huang

—Type la —Type Ib Type lc —Type llb Type ll-L —Type II-P Type lin

18

Absolute magnitude (visual)

Days since peak luminosity

20 .10 a 0 20 a0 40 50 0 T0 a0 a0 100 1o 120 130

http://upload.wikimedia.org/wikipedia/commons/e/e0/Comparative_supernova_type_light_curves.png
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Observationall -Classification 7 g-pumvac

a
Early (pectra

}fydnjcn
ne E ves
SNI NI
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¥ ~ / .
SNIa H":“"‘ SNEb “mermal ‘SN T
: peet’ \ rich : fighteurve decay affer
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tere wllapse ‘
owter layer steipped g

by winds n binary
Tb: mantle removeel

Te: H d He remeved

Core ul'!apse Qe
vasssive progenitey

e plgnty o Padmanabhan Il
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EARLY SPECTRA:

No Hydrogen / Hydrogen '

SN |
Si/NoSi |

po /Herich
He poor
éN lc

WO/WR

[sNib

WC/WR

SN
Spectra in 3 months

He dominant / H dominant

"Normal" SN |l

Light Curve decay

after maximum: . )
Linear / Plateau/i supergiant with a
depleted H shell
_— eplete she

Deflagration or \ Core Collapse.
detonation of an Most (not afl) H )
accreting white dwarf is (am(ovsd d)uring supergiant
evolution by tidal ‘ ‘
\ stripping [snuL] [snip

Fig. 7.12. Observational classification of supernovas (SNs).

Core Collapse.

Outer layers stripped by
winds or binary

interactions
Ib: mantle removed
Ic: H and He removed

massive progenitor

Core Collapse of a l
)

with plenty of H

Padmanabhan Il
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(a) SN 1987N (la), t ~ 1 week

(b) SN 1987A (I), T ~ 1 week
(c) SN 1987M (Ic), t ~ 1 week
(d) SN 1984L (Ib), t ~ 1 week

1 1 1 I 1 1 1 l
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Rest Wavelength (&)
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Figure | Spectra of SNe. showing garlv-lime distinctions between the four major types and
subtypes. The parent galaxies and their redshifis (kilometers per second) are as follows: SN 1987N
(NGC 7606; 2171), SN 1987A (LMC; 291), SN 1987M (NGC 2715; 1339), and SN 1984L (NGC
991; 1532). In this review, the variables / and r represent time after abserved B-band maximum

1

and time after core collapse, respectively. The units are ially “AB magnitudes™ as
defined by Oke & Gunn (1983).
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Figure 2 Spectra of SNe, showing |ate-time distinctions between various types and subtypes.
Notation is the same as in Figure 1. The parent galaxy of SN 1987L is NGC 2336 (cz = 2206 km
s~!): others are listed in the caption of Figure 1. At even later phases, SN 1987A was dominated
by strong emission lines of He, [O 1], [Ca 1), and the Ca II near-IR triplet, with only a weak

continuum.
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E/emijo cbserved an SN I 5/0“""“

gulnfass A MAXmn | o ~ é rmew Ph
SN I._ o, Mg, S, S ca ke Fe, Co
SNIb 0, Ca, Fe 6, Ca,6 Mg
SN Ie He, Fe, Ca o, Mg

h Homsow + Kaweal

The energy source of the type Ia supernovae comes from
nuclear fusion. The explosion produces various radioactive
isotopes, e.g., nickel becomes cobalt.

So far, a few thousands SNe have been detected in external
galaxies.

Applying the statistics, the Milky Way should have occurred
one type Ia SN every 36 years, and p————
one type II SN every 44 years. Atype Ia in NGC 4526

Each century, therefore, we should have seen _
about 5 supernovae. So, what happened? w

Which star is most likely the next?
In the solar neighborhood?
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Si burning shell

outer core

>V "photosphere”

Fig.34.9. Schematic picture of a collapsing stel-
lar core at bounce. The short arrows correspond
to the velocity field. At the sphere labelled core
shock, the shock is formed inside which the mat-
inner core Core ter is al.most at rFst. A.bove the_shock there is a still
shock collapsing shell in which neutrinos are trapped. But

on top there is a shell from which neutrinos can es-
v trapping cape. One can define a neutrino photosphere anal-

surface ogous to the photosphere in a stellar atmosphere
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1932 Chadwick discovered the neutron.

Landau thought neutron stars might exist.

1934 Baade & Zwicky suggested neutron stars as

remnants of supernova explosions.

1939 Oppenheimer & Volkoff proposed the first model
for neutron stars, with estimates of masses and sizes.

1967 Hewish & Bell discovered the pulsar.

Gold & Pacini proposed pulsars as fast spinning, highly

magnetized neutron stars.
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TYPE Ia SUPERNOVAE AS
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Figure 2 The standard B light curve (adapted from Cadonau 1987), based on observations
of 22 SNe Ia.

Many sky survey projects, e.g., Pan-STARRS (PS), Palomar Transient
Factory (PTF), Sky Mapper, Large Synoptic Survey Telescope (LSST), to
catch SNe early on, for pre-SN characterization
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Type II (core collapse) SN progenitors
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Fig.34.7. The chemical composition in the interior of a highly evolved model of a 25Mg star of
population I. The mass concentrations of a few important elements are plotted against the mass
variable m. Below the abscissa the location of shell sources and typical values of temperature (in K)
and density (in g cm™?) are indicated. (After WOOSLEY, WEAVER, 1986)
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Table 1 Presupernova models and explosions®

Helium

Iron Explosion Residual

Main Neutron Heavies
sequence core core energy® baryon star ejected
mass mass mass (10%°erg) mass® mass® (Z=6)

<

i1
12
15
20
25
35
50
75
100

24
3.1
4.2
6.2
8.5
14
23
36
45

1.31
1.33
1.70
2.05
1.80
245

d

~2.3¢

* All masses given in units of M,
® All except for 100 M, determined by Wilson et al. (1985).
¢Never developed iron core in hydrostatic equilibrium.

4 Pulsational pair instability at oxygen ignition.

3.0 1.42
3.8 1.35
2.0 1.42

4.0 244

1.31
1.26
1.31

1.96
BH?
BH?

~0
0.96
1.24
2.53
431
9.88
17.7
30?
39?7

Woosley & Weaver

Logs l9m . eg . L 10"

210 WOOSLEY & WEAVER

Figure | Structure and

Intarear s (M)

of a 15:M, star ata time when the edge

of its iron core begins collapsing at 1000 km s, Neutrino emission from clectron capture
() dominates photodisintegration in the total energy losses (L) throughout most of the
iron core. Central temperature here is 762 x 10° K and density is 9.95 x 10* g em ", Spikes

in the nuclear-energy REnEration rate (f.) show the location of active burning shells, while
cross-hatched, blank, and open bars indicate regions that are convective, semiconvective,
and radiative respectively. The species *Fe” includes all isotopes from 48 5 A € 65 having

a neutron excess greater than *

Woosley & Weaver (1985)

*Fe. Note a scale break at 4.5 M. Figure adapted from

Woosley & Weaver




@ Core collapse in free-fall,
T = (Gp) V2 = 1ms,ifp=100gcm™3

@ Central density and pressure T T and becomes subsonic;
outer material remains free-fall and supersonic.

€ Transition zone = constant speed, force free, relativistic
electron degenerate pressure balances gravy
- Chandrasekhar limit

@ Inside M, p ~ 2.3 x 10 g cm™3 (nuclear),
strong force; material incompressible; neutron degeneracy
Outside M, = supersonic accretion

=» Shock wave and bounce

Homogolous | Free fall
collapse

I¥el Fig. 34.8. Schematic picture of the velocity distribution in a
15 collapsing stellar core originally of 1.4 Mg after numerical
calculations (VAN RIPER, 1978). Note the two regimes: on
k0 the left |v| (in units of 10° cm s~") increases in the out-
05 ward direction. It corresponds to a (roughly) homologously
collapsing part, while on the right |v| decreases with m,

0 This corresponds to the free-fall regime
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€ During a type II SN explosion, the neutron star reaches
T ~ 101~ 102 K, but cools down quickly by neutrinos,
toT =~ 10° Kin a day, 108 Kin 100 years.

@ This is cold, kT =~ 10 keV

cf. Fermi energy (p = 10 gcm™3), & = 1000 MeV,

SO Theutronstar — 0, and all electrons, protons, and neutrons
are at the lowest energy states.

€ Neutron beta decay process,n —» p + e~ + V,, does not take
place, because the resultant electron and neutrino are not
energetic enough (energy difference between n and p)

€ Butinverse betadecayp + e~ - n+ v, OK
=> All neutrons
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* So far thousands of SNe have been detected in external galaxies.

* In the Milky Way, a type Ia SN is expected every 36 years, and a
type Il SN is expected every 44 years. Then each century should

see about 5 SNe.

Notable Historical supernovae in the Milky Way

SN 1006  Lupus [a -7.5 mag, brightest in history
SN 1054  Taurus II Chinese SN; Crab Nebula as the SNR
SN 1572 Cassiopeia Ia Tycho’'s Nova
SN 1604 Ophiuchus Ia Kepler’s Star
SN 1680 Cassiopeia IIb Not observed, Cas A as the SNR
Solar System -2
Abundances
imsnﬁc E;ﬂ‘a" nM'l:I;- s iisiils s i:i ?;
e ars € i i =%

https://en.wikipedia.org/wiki/R-process#/media/File:Nucleosynthesis_periodic_table.svg

Arnett
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Cosmic abundance and stellar/galaxy evolution (Burbidge, E. M.,
Burbidge, G. R., Fowler, W. A, & Hoyle, F. (1957)

Big Bang = H:He=10:1

Stellar Interior
107 K = p-p, CNO (fusing proton, in a proton rich or neutron

poor gas) (p process)

108 K = triple-alpha to C = continue to fuse a particles
—> mass number multiples of 4 by fusing (o process)

4 x 10% K = nuclear equilibrium = V, Cr, Mn and elements of the
iron group (e process)

Explosive events

Neutron capture rapidly (compared to the competing 3
decays) = neutron-rich isotopes (r process)
e, g., the radioactive elements 235U, 238U, at the expense of the
iron group

Neutron capture slowly (compared to the competing 3
decays) = neutron-rich isotopes (s process)

Oddities



Valleys at A=5 to 15 (LiBeB) and A~ 45 (Sc=scandium)

y 2
_SH T T T | T T T T T T T T | T T T T | T LI T T T T T ] T
L e N
g = E ug Si s e -
g -4 \ \,._ l‘ N oca N
L. g8He = Al Cr —
=] Na
g - l y. L] cl K . ﬁ:\\ 7
< L P Ti L! -
Z -8 F I '
a0 I = 4
3 1
- Li Sc- -
-8 - B | ]
N & L :
- Be N
ol o™ v v v b v v b by gy oy Ly
0 10 20 30 40 50 80

Nucleon Number A

Fig. 2.2. Abundance (A = 1, 64)

Isotopes connected by lines.

Arnett

s—process _
n=50

r—process?

Log Nucleon Fraction

=10
50 60 70 100
Nucleon Number A

Fig. 2.3. Abundance (A4 = 50, 100)
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€ Other than H and He, the rest (‘metals’) is rare

" penetration prob. between positively charged nuclei has
an exponential dependence (7, 2,)
e.g., 0 + O = 64 times stronger than in H + H

€ Even Anuclei are favored; especially for even-even elements,
i.e., even Z and even M.

€ 7/=N - aparticle nuclei e.g,12C, 160, 20Ne, 24Mg, 28Si, 32S, 36Al, 4°Ca
p g
@ First odd-4 element is 2°Mg; placed the 15t

€ Among the top, only N is not even-even.

@ Nuclei, like atoms, have a shell structure;
“magic numbers” of protons are particularly tightly
bound, e.g., *He (Z=N=2), 160 (Z=N=8)

@ °%Fe not even-even; most tightly bound is >°Ni.
SN I and II light curves provide evidence that Ni = Co = Fe
for A=56 =» Abundance peaks at °°Fe

@ For A > 60, via neutron capture
v' r-process: rapid relative to beta-decay

v S-process: Slow nuclei already tightly bound = small cross section

for neutron capture (slow compare to beta decays)
(Burbidge, Burbidge, Fowler, & Hoyle; see Clayton)
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Nucleon Number A

Fig. 2.5. Abundance (A4 = 140, 210)
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Stellar Evolutionary Path

Stellar wind

Mass loss T T white dwarf (0.6 .. 1.4) M

Star - (1 N 8) M©< C detonation?
Less mass | s Core > 1.4 M, mmmmms) No remnant?

Core < 1.8 M, neutron star + SNR

Core collapse

Star > (8..10) M) m—)

20 to 30%

mass loss Core > 1.8 My, black hole (?); a collapsar
< gamma-ray bursts
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Table 1.4
Compact Objects in the Solar Neighborhood®
Integrated
Mass Range of Galactic Birth Number

Parent Star Rate Density .4 (d)
Object (Mo) " (pc™?) P (po)
White dwarfs 1-4 0.16 1.5x 1072 0.070 1.5
Neutron stars 4-10 0.021 20x 107 0020 49
Black holes > 10 0.0085 80x107% 022 6.7

“These values are obtained from Eqs. (1.3.17)—(1.3.21).

Note: Nearest known white dwarf: Sirius B, 2.7 pc. Nearest known neutron star: PSR 1929 + 10,

50 pec. Nearest known black hole candidate: Cygnus X-1, ~2 kpc.
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Hyper novae, Kilonovae

Black-hole mergers

White dwarf merger - Type I SN

Neutron-star mergers = gravitational wave radiation -
spiral inwards ; merging = a NS or a BH = a short GRB + a
kilonovae + r-process elements produced and ejected

a kilonova: luminosity 100 x of a classical nova

Hypernova = superluminous supernova
a hypernova: luminosity > 10 x of a standard
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constitution of
the stars

THE
INTERNAL CONSTITUTION
OF THE STARS

DIFFUSE MATTER IN SPACE 393

To recall Kelvin’s classic phrase, there are two clouds obscuring the
theory of the structure and mechanism of the stars. One is the persistent
discrepancy in absolute amount between the astronomical opacity and
the results of calculations based either on theoretical or experimental
physics. The other is the failure of our efforts to reduce the behaviour of
subatomic energy to anything approaching a consistent scheme. Whether
these clouds will be dissipated without a fundamental revision of some
of the beliefs and conclusions which we have here regarded as securely
established, cannot be foreseen. The history of scientific progress teaches
us to keep an open mind. I do not think we need feel greatly concerned
as to whether these rude attempts to explore the interior of a star have
brought us to anything like the final truth. We have learned something
of the varied interests involved. We have seen how closely the manifesta-
tions of the greatest bodies in the universe arelinked to those of the smallest.
The partial results already obtained encourage us to think that we are
not far from the right track. Especially do we realise that the transcend-
ently high temperature in the interior of a star is not an obstacle to
investigation but rather tends to smooth away difficulties. At terrestrial
temperatures matter has complex properties which are likely to prove most
difficult to unravel; but it is reasonable to hope that in a not too distant

future we shall be competent to understand so simple a thing as a star.

https://archive.org/details/ThelnternalConstitutionOfTheStars
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