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IMF = !(log M)

Theproduct / log M,) ! (" log M) isthus the number of
starsin the massinterval " log M around log M, ever formed

per unit area (pc*?) in our Galaxy.

Aninterval of +0.3 around log M, thus corresponds to
arangein massesM,/2t0 2 M,.

For low massstars, “, > 7., (i.e. M<0.8M,),
the IMF equals the present day mass function (PDMF).
For higher mass stars an uncetain correction must be applied.
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log / (logM) =1.41! 0.9logM ! 0.28(logM?)

A related quantity is the slope of the IMF
. _ dlog/

- dlogM
Salpeter, in his classic treatment took " =const. =-1.35

=109! 0.56logM
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How aboutthetota fraction of mass ever incorporated
into gars with masses greater than M?

My

"M !(logM)dlogM
X, (M) = &”U

"M /(logM)dlogM

M

This quantity is0.5 for alarger valueof M, 1.3 M .
Haf the mass went into dars lighter then 1.3, h#f into
heavier gars.
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Suppose you want to know the fraction by number
of all stars ever born having mass =2 M (Here M,
equals the most massive star is taken to be 100 M _;

M, , the least massive star, is taken to be 0.1)

Jyf(logM) dlogM

F, (M) =+ D#EFG
| &QogM)dlogm
ML
HSY HE H () + - '$O-1%02345H#" "#6"T)$Y" #&. " H#
()1*"&", 345H+%#8-&H#I--#6"1-#)6-$&H<=>#%-1) #7?) %Y
["#)8%;" #+%t<=@#%-1),#?)%%" Y%=HA)1 B#-BH#& "HY&
" "H)6-C H<=@#%- 1), #7?)%%"%#)8:#) 1 B#;", "#6"1-;

For simplicity in what follows use a Salpeter IMF,
take ! =-1.35, then "(log M)=C M' and
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What is the number fraction greater than
M?
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Ml — MF
M, - M}
For I' = —1.35 for example and M =

100, and My, = 0.1, the number fraction
greater than 10 Mg, is 0.2% and the number

fraction greater than 25 Mg is 0.06%. Simi-
||#!$
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[ Qi 2
MI-T = 13.4M;
Xm(M) = e where M}} is negligibly small and M}, =
fU (M)dM 8 Mg. If My, =B Mg, then the average is
v MTT 15 Mg. Suppose above 35 Mg, don’t get a
LF+1 i1 Type II supernova, but instead a black hole
_ MU - M or a SN Ib, then
M5+1 — M£+1 SF— < MSN >F =< MSN > — 35F
2 < Mgy > = 8l 4 350
< Mgy > = 122 M,
So, probably 15 Mg, is typical. SN 1987A
was'20-22 M. "# /0 O/ kO "
This gives 12% for 10 Mg, and 6.1% for 25 The typical nucleosynthesis supernova is f/;)g‘ ]S*/(g 2;f§ '
M not the numerical average, but the average -V
© 6).&1172/3)31'%8'9:
weighted by the mass ejected in heavy ele- 005 WE— = : e
. : T I | |
ments. That is - | l | | I
M My
dM dM Neucleosynthesis-Weighted IMF
uT Zej = M- Zej .004
10 i Arbitrary Normalization

where Z; is the fraction of a star’s mass
ejected in the form of heavy elements. A 40
Mg supernova ejects about 11 Mgof heavy
elements (neglecting mass loss); an 11 Mg
supernova ejects almost none. Woosley and -002
Weaver (Ann NY Acad., 336, 347, (1936))
find Z; ~ 04 — 4.2(Mg/M) for M 211
Mg. The result depends upon My and the 001
choice of ', but is typically ~ 25 M. This
motivates our particular interest in stars of
this main sequence mass. 0
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Complications

* Oscillator strengths:

Need to be measured in the laboratory - still not done with sufficient accuracy
for a number of elements. Historically a bigger problem.

* Line width

Depends on atomic properties but also thermal and turbulent
broadening. Need an atmospheric model.

* Line blendin
« lonization State

* Model for the solar atmosphere

Turbulent convection. Possible non-LTE effects.
3D models differ from 1 D models. See Asplund, Grevesse,
and Sauval (2009) on class website.
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Element abundances in the present-day solar photosphere.

Also given are the corresponding values for CI carbonaceous chondrites
(Lodders, Palme & Gail 2009). Indirect photospheric estimates have been used
for the noble gases (Sect. [3.9).

Elem. Photosphere Meteorites| Elem. Photosphere Meteorites

0~ O Ut W

D) == e s e e s e = ©
SOOI UUR WNRHO

H 12.00 822+004 | 4 Ru 1.75+0.08  1.76 +0.03
He  [10.93 +0.01] 1.29 45 Rh 0.91+0.10 1.06+ 0.04
Li 1.054+0.10 3.26+0.05 |46 Pd 1.57+0.10  1.65+0.02
Be 1384009 1.30+0.03 |47 Ag 0.94+0.10 1.20 +0.02
B 270 +0.20 2.79+0.04 |48 Cd 1.7140.03
C 843+0.05 7.39+0.04 |49 1In 0.80+0.20 0.76 + 0.03
N 7.83+0.05 6.26+0.06 | 50 Sn 2044010 2.07+0.06
0 8.69+0.05 840+0.04 |51 Sb 1.01 +0.06
F 456 £0.30 4.42+0.06 | 52 Te 2.18 +0.03
Ne [7.93 +0.10] -112 |53 1 1.55 + 0.08
Na 6.24+0.04 627+002 |54 Xe  [224+006] —195

Mg 7.60 £0.04 7.53+0.01 | 55 Cs 1.08 + 0.02
Al 6.45+0.03 6.43+0.01 | 56 Ba 2.18+0.09 2.18+0.03
Si 7514003 7514001 |57 La 1.10+0.04 1.17+0.02
P 541+0.03 543+0.04 |58 Ce 1.584+0.04  1.58+0.02
S 7124003 7.15+0.02 |59 Pr 0.724+0.04 0.76 +0.03
cl 550+0.30 5.23+0.06 | 60 Nd 1424004  1.45+0.02
Ar [6.40 + 0.13] —050 |62 Sm  0.96+004 0.94+0.02
K 503+0.09 508+0.02 |63 Eu 052+0.04 051 +0.02
Ca 6.34+0.04 6.29+002 |64 Gd 1.07+0.04  1.05+0.02



20 Ca 6.34+0.04 6.29+002]64 Gd 1.0740.04  1.05+0.02
21 Sc 315+0.04 3.05+0.02 |65 Tb 0.30+£0.10 0.32+0.03
22 Ti 495+0.05 4914003 |66 Dy 1.104+0.04  1.13 4 0.02
23V 3.93+0.08 3.96+0.02 | 67 Ho 048 +0.11  0.47 +0.03
24 Cr 564+0.04 564+001|68 Er 0.92+0.05 0.92+0.02
25 Mn 543+0.05 548+001|69 Tm  0.104+0.04 0.12+0.03
26 Fe 750 +0.04 7.45+001|70 Yb 0.84+0.11  0.92+ 0.02
27 Co 499+0.07 4874001 |71 Lu 0.10+0.09  0.09 + 0.02
28 Ni 6.22+0.04 6204001 |72 Hf 0.85+0.04 0.71+0.02
29 Cu 419+0.04 4254004 |73 Ta -0.12 +0.04
30 Zn 456 +0.05 4634004 |74 W 0.85+0.12  0.65+ 0.04
31 Ga 3.04+0.09 3.08+0.02|7 Re 0.26 + 0.04
32 Ge 365+0.10 3.58+0.04 |76 Os 1.404+0.08 1.35+0.03
33 As 2304004 | 77 Ir 1.3840.07  1.32 4 0.02
34 Se 3344003 |78 Pt 1.62 4 0.03
35 Br 2.54+0.06 | 79 Au 0.92+0.10  0.80 =+ 0.04
36 Kr 3.25 < 0.06] —227 |80 Hg 1.17 + 0.08
37 Rb 252+0.10 2.36+0.03 | 81 TI 0.90+0.20 0.77 +0.03
38 Sr 2.87+0.07 2.88-+0.03 |8 Pb 1.75+0.10  2.04+0.03
39 Y 2214005 217+0.04 |83 Bi 0.65 + 0.04
40 Zr 258 +0.04 253+0.04 |90 Th 0.02+0.10  0.06 «+ 0.03
41 Nb 146 +0.04 1414004 |92 U -0.54 + 0.03
42 Mo 1.88+0.08  1.94+0.04
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Figure 7: Difference between the logarithmic abundances determined from the
solar photosphere and the CI carbonaceous chondrites as a function of atomic
number. With a few exceptions the agreement is excellent. Note that due to
depletion in the Sun and meteorites, the data points for Li, C, N and the noble
gases fall outside the range of the figure.
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Table 4: The mass fractions of hydrogen (X), helium (Y) and metals (Z) for a
number of widely-used compilations of the solar chemical composition.

Source X Y Z Z|X

Present-day photosphere:
Anders & Grevesse (1989)
Grevesse & Noels (1993)

0.7314 0.2485 0.0201 0.0274
0.7336  0.2485 0.0179 0.0244
Grevesse & Sauval (1998) 0.7345 0.2485 0.0169 0.0231
Lodders (2003) 0.7491 0.2377 0.0133 0.0177
Asplund, Grevesse & Sauval (2005) 0.7392 0.2485 0.0122 0.0165
Lodders, Palme & Gail (2009) 0.7390 0.2469 0.0141 0.0191
Present work 0.7381 0.2485 0.0134 0.0181
Proto-solar:

Anders & Grevesse (1989)
Grevesse & Noels (1993)

0.7096 0.2691 0.0213 0.0301
0.7112 0.2697 0.0190 0.0268
Grevesse & Sauval (1998) 0.7120 0.2701 0.0180 0.0253
Lodders (2003) 0.7111 0.2741 0.0149 0.0210
Asplund, Grevesse & Sauval (2005) 0.7166 0.2704 0.0130 0.0181
Lodders, Palme & Gail (2009) 0.7112  0.2735 0.0153 0.0215
Present work 0.7154 0.2703 0.0142 0.0199

@ The He abundances given in Anders & Grevesse (1989) and Grevesse & Noels
(1993) have here been replaced with the current best estimate from helioseismol-
ogy (Sect. 3.9).

I "((296345)) (*+&*67 8881 (7T8<3%=(3..->**5&*4$+"": (="7)(2#+#(3" @1

I"HSHU&" () B &+&, -
10 3#.&1" 456678'9):";<'=*&'>?1+&'@#1'#..'A")""'BH
1070 ? 10" |k
10° ﬁ
108 |
107
108
105
104
103

odd mass numbers

10° atoms

102
107

100
107
102

abundance, Si

10-3 I L 1 1 L L L L 1 L I I 1
0 20 40 60 80 100 120 140 160 180 200 220 240

mass number, A

#..[%0#H$$&."&%-1-$&02
#$*&1<

1011 .
101 |
109 L
108 |
107
108 |
105 |
104 |
108 |
102
101 |
100 L
101 L
102 L
103

Atomic Abundance, Si = 10°

He Present-day Solar System Composition

(2]
o

MQSl

Mni Zn

v SEKr

B é: Ga & ’Z'
/ °Rupd

Pt
pe x g f\ ISn?dDyErYb 07 Ho
Be R 9% Sb Cs'-a ﬁ sl

AuTlgi™~_Th
Re u

SnTEXe Ba Pb

Eu H . & \/
TmLuT

L L L L L L L L L L L L L L L L L L

10 20 30 40 50 60 70 80 90
Atomic Number, Z

Table 3: Representative isotopic abundance fractions in the solar system. Most
of the isotopic values are taken from Rosman & Taylor (1998) with updates for
some elements, as discussed in Sect. [3.10

|12 A % | Z A % | Z A % |Z A % |Z A % |
H 1 99.998 | S 32 9493 | Fe 57 2.119 | Kr 82 11.655 | Pd 10522.33
2 0.002 33 0.76 58 0.282 83 11.546 10627.33
34 4.29 84 56.903 10826.46
He 3 0.0166 36 0.02 | Co 59 100.0 86 17.208 11011.72
4 99.9834 " 0, "'("
Cl 35 75.78 | Ni 58 68.0769| Rb 85 70.844 | Ag 10751.839 "#$%&
Li 6 7.59 37 24.22 60 26.2231 87 29.156 10948.161 |)))"*+ "
7 9241 61 1.1399 ) !
Ar 36 84.5946 62 3.6345 | Sr 84 0.5580 | Cd 1061.25 /0™$"/'1
Be 9 100.0 38 15.3808 64 0.9256 86 9.8678 1080.89
40 0.0246 87 6.8961 11012.49 "2+&+#'3"
B 10 19.9 Cu 63 69.17 88 82.6781 11112.80
11 801 | K 39 93.132 65 30.83 11224.13 $(+4$_5"
40 0.147 Y 89 100.0 11312.22
C 12 98.8938| 41 6.721 | Zn 64 48.63 11428.73 6+9%"4+2&
13 1.1062 66 27.90 | Zr 90 51.45 1167.49
Ca 40 96.941 67 4.10 91 11.22 0-040(&27
N 14 99.771 42 0.647 68 18.75 92 17.15 | In 1134.29
15 0.229 43 0.135 70 0.62 94 17.38 11595.71
44 2.086 96 2.80
O 16 99.7621 46 0.004 | Ga 69 60.108 Sn 1120.97
17 0.0379 48 0.187 71 39.892 | Nb 93 100.0 1140.66
18 0.2000 1150.34
Sc 45 100.0 | Ge 70 20.84 | Mo92 14.525 11614.54
F 19 100.0 72 27.54 94 9.151 1177.68
Ti 46 8.25 73 7.73 95 15.838 11824.22
Ne 20 92.9431 47 7.44 74 36.28 96 16.672 1198.59
21 0.2228 48 73.72 76 7.61 97 9.599 12032.58
22 6.8341 49 5.41 98 24.391 1224.63
50 518 | As 75 100.0 1009.824 1245.79
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Table 1. Types, abundances, sizes, and sources of stardust (after 33,40) I"#$%& 0**"'
Abund* Relative
Mineral Type (ppm)  Size (um) Isotopic signature Stellar source® contribution
Diamond 1400 0.002 Solar 12C/13C, N/'SN; Xe-HL SNIJ; solar system?
Sic 30 0.3-50
mainstream low 12C/13C; high "“N/'SN; s-elements AGB (1.5-3 Mp) 90%
AB very low 12C/13C; high “N/'N Jstars; born-again AGB <5%
C high 2¢/13¢; ve hig’: #3s; SNII 0.1%
extinct *°Al, “Ti
X0 low "N/'SN, negative §2339Sj, high 295i 30Si; SNII 02%
extinct 26 A, 44Ti, 49y
X1 low "N/"®N, neg. 53sj, midrange 25i/3%i; SNII 1%
extinct 26Al, 44Ti, 49V
X2 low N/'SN, neg. 529395, low 295i/30S| SNII 03%
Y high 12C/13C; high "“N/'*N ~1/2 solar metallicity AGB few %
z low '2C/3C; high "N/‘S;:; mostly neg. 62°Si; ~1/4 solar metallicity AGB few %
high 5%si
nova low 12C/13C; high &%Si; Ne-E(L)* novae 0.1%
Graphite 10 1-20
low “N/'SN, high 180/160; SNIl 60%
extinct 26Al, 41Ca, 4Tj, 49V
s-elements AGB (1.5-3 Mp) 30%
low 2¢/C J-stars; born-again AGB <10%
low 12C/13C; high 8%°Si; Ne-E(L)* novae <10%
SizNg 0.002 <1 low N/'SN, 529395, extinct 26Al SNII 100%
Oxides 50 0.1-2
Silicates 200 <1
1 high 70/'%0; low or nomal '80/'60 AGB (1-22 Mg) 70%
2 high 170/'60; very low '*0/%0 AGB (<1.8 Mg; CBP) 15%
3 low 170/160, 180160 AGB (low mass & metallicity); SNII 5%
4 low 70/160, 180/%0; extinct 4Ti SNII 10%
N very high 70/'€0; low '80/%0 novae <1%

*Abund—abundance by weight in CM chondrites.

"AGB—asymptotic giant branch stars; SNIl—Type Il supemovae; CBP—cool-bottom processing, a process that can occur at the base of the envelope of low

mass AGB stars.
*Ne-E(L) is a component of neon highly enriched in ZNe, likely from the decay of 2Na.
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chemical enrichment (GCE) over the past 4.56 Gyr.
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Table 5: Comparison of the proto-solar abundances from the present
work and Grevesse & Sauval (1998) with those in nearby B stars and
Hu regions. The solar values given here include the effects of diffusion
(Turcotte & Wimmer-Schweingruber 2002) as discussed in Sect. [3.11, The H11
numbers include the estimated elemental fractions tied up in dust; the dust cor-
rections for Mg, Si and Fe are very large and thus too uncertain to provide
meaningful values here. Also given in the last column is the predicted Galactic

Elem. Sun? Sunb B stars® Hid GCE®

He 10.98 +£0.01 10.984+0.01 10.98 £0.02 10.96+0.01 0.01

C 856 £0.06 847+0.05 835+0.03 8.66+0.06 0.06

N 7.96+0.06 7.87+005 7.76+0.05 7.85+0.06 0.08

0 8.87+0.06 873+005 876+0.03 880+0.04 0.04 "HS%&S™ (#
Ne 8124+0.06 7.97+0.10 808+0.03 800+0.08 0.04 )+(($&$(./
Mg 7.62+0.05 7.64+£0.04 7.56+0.05 0.04

Si 759+0.05 7.55+0.04 7.50 +0.02 0.08

S 7.37+0.11 7164003 7.21+0.13 7.30+0.04 0.09

Ar 6.44+0.06 6444013 6.66+0.06 6.62+0.06

Fe 7.55+0.05 7.54+0.04 7.44+0.04 0.14

2 Grevesse & Sauval (1998) P Present work ° [Przybilla, Nieva & Butler
(2008), Morel et al. (2006), Lanz et al. (2008) 4 Esteban et al. (2005, 2004),
Garcfa-Rojas & Esteban (2007) ¢ Chiappini, Romano & Matteucci (2003).
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Figure 9 Abundances of the elements along the line of sight tozvar
Oph ¢ Ophiuchus), a moderately reddened star that is frequently use
standard for depletion studies. The ratiog Gph abundances to the
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Fraknoi, Voyages Through the Universe, 2/e
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TABLE 1
ELEMENTAL ABUNDANCES IN DLA-B/FJ0812+32

1.2:—1””'1””'1'.””'LI;"‘::—I””'l””'l””'l”'—: El [X/HP A" bpc O0%cly XS
[ pure s—process o AR e . m @ 3) (O] ®)
El3 ' an 00w oooh et UHSNET )+ $*& %8, -(%*
IF —054 0101 0.1 (0.05) +0.33 J 08&1-2&*)))3(,*&3*4(%)2+53
R R Saiaaie B L ey
1F ~091 0053 0.3 (0.1) +0.16
£l Tomr oo otesy oo [(3&11+'+3/**<=>%)7184
IE R ~155  0.000 >0.0 >-0.78
oAb I [ L ey ik @ ($H(4A*BA?'28)CEA*E S
-2.4 -1.8 -1.2 -0.6 -24 -1.8 -1.2 -0.6 <::§g 88(1)3 >g.;(0.l) i:gzé D+")?$A*!-EA*898A*<<8A*
[Fe/H] <148 0000 >0.7 >001 F699GH
-173  0.007 0.7 >-0.26
<111 0000 0.7 <+0.36
—091  0.022 02 0.1) +0.06 " .
I"HS%"S&'S(&)*+" #"-%.* 101213485 7$8&*%&S87(&9"*$:%4 <l om eren | <o !(*;$‘E/;’§é"(/i($&$:/(§§/‘%’($
L &B(& " HT8E&<T'%=8T7<7$:%8&"$&:#T&B*>H#:4&&?'&*%& <026 0000 00 <+1.03 #;%'(v?#%($;3():$+($?l#
"k " ' _ ' ~044 0,000 0.0 (0.1 4033 - )
987("<*$'$:+@&ZA8", 7%%& B (&A=&*%&<"*FBED & B6%04 & oz oo 0.0 20.1; S0 2(&&H#/$%-3435(/%&6%& #:
<=0.10 0000 0.0 0.1) <+0.67 g7
B#7&*$C787$'7&*%&:#I:&I%&"$7&>"7%&Dl"&*$&:*<7&:#7& y%?é;ﬁ:::s:;?:de:l:iemﬁ:%blggimr?i scale relative to solar, where N(H 1) =

808", 7%%&/BEF3&'8"%7&7'8+*78& # SR TR/ H&/BEF3 B | error on kaseoh. 8*,5#6-1$&'#-3-%3-

© Dust corrections and uncertainties estimated from depletions patterns observed (%/6)*_&%2/6 H#--1
in Galactic gas. '
Dust-corrected abundances on a logarithmic scale relative to S.

I"HS%&S$' )4+, +)-. */&0)*&/].1.$2*&3*4&/35
5336788999:)/;:'&;3('5:(%#8!<48

196183 (%*<+-6+).3.+$*4=6;+/(/*>? GRR@@CD

108 PR B T E S L LY YRR Y ey e P e e
1074 1
10° E —o— Solar System 3
105’; He —+—GCR
0 3 X
5 10'9 1
g 10°% 1
j = 2 3 3
§ 101}. 1
o 101 -
Z 10"+ -
(_“ 1 7 Z 3
2 10 1 IHS%E" (SU) (S & oy
10‘2!‘ 2 )-,.1%/0 * 2+3%4,1$%$'5)'($6 -
10° 1 )-'6)'($&%, 7%+)+$%".(*$"%#)6$ 1
3 -2%&8)*)I" " 1

10.4""I'"'I""l""l'"'I""I'

0 5 10 15 20 25 30

Atomic Number (Z)



