0.1 1.0 10.0

oy i
é,hvy,a‘lvelengt}f“ o e () ; 1 Galactic Center

A, =30 mag

100615 Extinction/H 100 Wilms et al. 2000, Apl, 542,914 o
1.00E-19 - Fe
Looe20 | 2 K€V v o
AMooe21 : N . — No grains
1.00E-22 P N
-—§1 ODE-23 - éﬁ ””””” Grains o
©1.00E-24 NG o 230 s Al
51.006-25 5 cf o 5
=1.00E-26 S a0 2
100827 7 Wavelength = L
1.00€-28 T T T 100 C N
1E-04 1E-03 1E-02 1E-01 1E400 1E+01 1E402 LE+03 1E+04 PR HaHe
Wavelength (microns) — H, 2 é Wavelength =
from http://www.astro.princeton.edu/~draine/dust/dustmix.html 0.1 AR 100
H column density = NoReddening ;. gpical NearIR .
violet UBV JHK Baade’s Window
% I bt A, = 1.6 mag
) \ N Lo
< T [ | |
5 1.0 1 111 L1
St Galactic Pole " | -t m
=i A, =0.07 mag s e .
H 1
Vi 4\ B [
[N
> 1 [
=} - [
T 0.5 o
[
[
[
[N]
1

» Absorb and scatter light
» Effect strongest in blue,
e lessinred,
e _zero in radio.

< More abs
o
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Star clusters

Open Clusters: formed in disk of Galaxy.
Some recently-formed, some middle-aged.

Globular Clusters: ~ 150 in spherical distribution
in our Galaxy. All are very old.




Predicted paths of stars on HR diagram
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T ol ~108 yrs old.

These stars are

still forming.
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Luminosity (Lg,,) =

01

40,000 20,000 10.000 5000 3000

€ Surface temperature

* All stars in a given cluster formed at same time.
+ But with a wide range in masses.

|
' + Main sequence turnoff = stars just finishing main
' sequence evolution.
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Horizontal branch:
O} core helium burning.
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Globular cluster H-R diagrams.

-2

lllllllllll

My

lIIllIT[l

.
[y, O
IR Wk L 7

47 Tucanae
E(B-V) — 0.04
-} = 1335

Illllllllllllllllllll

e

"

5

1 15
(B-¥)o

Horizontal branch:
Core helium burning.

0/ 000000000 000O0aa0-t

5

—
T (thousands degs.)

10 6

Baade (1944)

Stellar Populations
e Abundances
« Kinematics
« Ages
e Popl: Metalrich (Z~0.02), disk, younger
« Disk field stars (up to 10-12 Gyr old)
¢ Open clusters
* Gas
< Star formation regions
e Popll: Metal poor (Z ~0.001), halo, older
* Globular clusters (12-15 Gyr)
« Halo field stars
e Bulge??? ....but includes metal rich stars.
¢ Abundance Determinations
« Stellar spectroscopy
» [Fe/H], etc. 2 log(Ng/Ny) — log(solar)
* Iron ejected by SNe la after about 10° yrs.
« Iron often used as tracer of all metals.
« Stellar colors
* Hll regions

X,Y,Z = mass fractions
X ~0.73 (H)
Y ~0.25 (He)
Z ~0.02 (metals)

[Fe/H]

Thin Disk

-0.5- +0.3

Thick Disk

-2.29 -05

Halo

-54=> -05

Bulge

-2.02+0.5




Measuring abundances from absorption lines
(see [9.5] for gory details)

Flux >

Wavelength >

» Lorentz profile

» Natural profile of stationary
absorber.

» wings due to finite lifetime
of excited state in QM
model..

* Or to “damping” in classical
oscillator mode.

* Voigt profile
* Lorentz profile convolved with
Gaussian velocity distribution.
* Line shape increases in funny
way.

ol L s L L
-03 -0.2 —0.1 ] (X} 02 03

ax Ay
Lorentz profiles as # of atoms increases

Rl | IJI'

For Gl nx

s s e
Wavelength >

EQUIVALENT WIDTH

» Often, wavelength resolution and/or signal:noise too low to measure

details of line profile.

+ Can still measure fraction of continuum light that is absorbed
+ then convert to column density of absorbing atoms.

szj{l—

Iﬂ.
L,(0)

}dszﬂl—e”]di

in units of A

+ same as width of square profile going to zero and having same W, as

observed line.

FyF.

0s

[CO fig. 9.18]
00

Waveicagh

Optical depth:
T, = _[ o, nds
S~ Abs.cross section/atom

L, =1,(0)e™

Column density:
(atoms/cm? along line of sight)
N= J nds




CONVERTING W, TO COLUMN DENSITY OF ABSORBING ATOMS:

szj{l—

Il
L,(0)

}dx=:ﬂl—e’“]dl

CURVE OF GROWTH shows how W, depends on N

e For small column

density:

W, =\t

W,

—2 e NAf, A
A

JTik

N
|

3“

where j,k are lower, upper levels,

v/

o 0.1
ax(A)

0.2

f, is oscillator strength = effective number of oscillators participating in transition.

where b = sqrt(v, 2

. b{ln(

W,

For large column density:

% o« (szf)l/Z

For intermediate column density:

2y).
+ Viurbulent )

i

.015NfA

Log W,/A=>

03

Sliding observed c.o.g. over theoretical c.0.g
mbothxandy = N. b '

12
W, LO15NfA
-3.0 — Y e bl In T
¢ OPHIUCHI A b
-40- \
z [
5.0 A
2
o
2
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y Stage in HI Regions 7
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&  Neutral Atoms Whose lons
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1 1 | 1 1 |
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Works OK for
interstellar gas.

But for stars, must
take account of
structure of
atmosphere.




Nowadays...
Spectral synthesis

qu
08 I

KUPEG Li

+ t

10

) W
HD21018

for stars:

Compute expected spectrum.
Compare to observations.
Adjust abundances until they match.

16 cul
[

|4< |

Normalized Flux

700 6705 6710 &7
Wavelength (A)

Nomalized Flux

[CuFe] = -0.95

t t ﬁ”*/
N g agrap g lp:e
| } e um 075 |r/||] L7b ]
08 Lby \r
HD 232862 \
08 [CufFe] = -0.65 ::,D”'”““, o

G612
[Fe/H] = 305

L e A0 V]
%}NV
11 [Zn/Fe] =0.35

[Zn/Fe] <0.70

Varying Li
abundance
in 0.1 dex
steps

G08 6708 6710

Lebre et al. 2009, A&A, 504, 1011

32730 32735 32740 32745 32750 33015 33020 33025 33030 33035
Wavelength (A)

Wavelength (A)

Go directly to
AST 304.

go.
Do not
collect $200.

Baade (1944)

Stellar Populations
e Abundances
« Kinematics
e Ages
e Popl: Metalrich (Z~0.02), disk, younger
« Disk field stars (up to 10-12 Gyr old)
¢ Open clusters
* Gas
< Star formation regions
e Popll: Metal poor (Z ~0.001), halo, older
¢ Globular clusters (12-15 Gyr)
« Halo field stars
« Bulge??? ....but includes metal rich stars.
¢ Abundance Determinations
« Stellar spectroscopy
» [Fe/H], etc. 2 log(Ng/Ny) — log(solar)
* Iron ejected by SNe la after about 10° yrs.
« Iron often used as tracer of all metals.
« Stellar colors
« Hll regions

Pop |

X,Y,Z = mass fractions
X ~0.73 (H)
Y ~0.25 (He)
Z ~0.02 (metals)

Galainie @dbi
G;Iutscg'c .
I 50kpe ]
Pop 11
[Fe/H]
Thin Disk |-0.5=» +0.3
Thick Disk |-2.2=» -0.5
Halo -5.4= -0.5
Bulge -2.02+0.5




Closed Box Model

(and friends and relatives) Metallicity
. Z=MIG
Gas =» stars = enriched gas
Zo~0.02
S = mass of stars

M = mass of metals (heavy elements) in ISM
G = total mass of gas in ISM

Assume instantaneous recycling.

From each new generation of stars:

dS = mass of low mass stars added to S

Instantaneous recycling

p dS =mass of heavy elements added to M from
massive stars in this generation.

where p = yield.
dM=pdS-ZdS _ Closed Box
=-pdG +2ZdG since dG = -dS 08
dz :d(M) :diM_MﬂjG =
G G G

Z(t) = -p In [G(1)/G(0)]

09

08 0

G(t)=G(0) €20/P

7 06 05 04 03 02

€ G(H/G(0) time
Closed Box Model G dwarf problem

(and friends and relatives) g/litsla\;l/igty S[Z<Z(t)] = S(t) = G(0) - G(t)

Gas = stars =» enriched gas 2o~ 002 = G(0) {1 e 700,

S = mass of stars
M = mass of metals (heavy elements) in ISM
G = total mass of gas in ISM

Assume instantaneous recycling.
From each new generation of stars:

dS = mass of low mass stars added to S

p dS =mass of heavy elements added to M from
massive stars in this generation.

where p = yield.
dM=pdS-2Zds
=-pdG +2dG since dG = -dS
M, dM M dG
dZ=d(—)=—-—=dG=-p—
(G) G G’ pG

Z(t) = -p In [G(t)/G(0)]

_________________________________________

G(tH)=G(0) €~

€ G(1)/G(0) (time > )

where Z(t) = gas metallicity at time t

Compare to case when gas had some
arbitrary fraction « of that metallicity:

S[Z<aZ(t)] _ 1-X*
SIZ<ZM] - 1X
where X = eZ0/P= % ~0.1-02

Predicts broad distribution in
metallicity of stars. For x=0.1:

S S[Z<1/4Zy] = 0.4 S[Z<Z)]

Very different than what is observed in
solar neighborhood:

S[Z<1/4 Zg] = 0.02 S[Z<Z)]

It’s NOT a closed box
Infall? Outflow?
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g 5 Chemical Elements & Al nF

I . . Burbidge, Burbidge, A L PN |
048 1218BM 39 60 90 120 150 Fowler & Hoy|e_ MASS  NUMBERS w0 200

MASS, NUMEEES,A Reviews of Modern

Physics, 29, 547. St;able nuclei

Gradual processes in Interiors of Stars N T T i

[
* Hburning (4H = He) R = o o
* aprocess (C,0,Ne,Mg,SiS...) /| 24 #?::
+ s process & ?3/ depor |
« slow neutron capture, relative to beta- g HET -
decay timescale : il g
% ;,,,!‘},,,,“, i
Supernovae = s |
e e process & T T i
+ nuclear statistical equilibrium o e T 20T T DT e e 9T T T
« iron peak elements NELTRON MUMEER N
e rprocess

« rapid neutron capture

The Initial Mass Function (IMF)
* dN = N,&M)dM = number of stars born with masses in range

M, M+dM TR
. Salpeter (1955) IMF: &M) oc M235 f i
« Scalo (1986) IMF: 3 = N
E(M) o= M4 for M > 10M, ; o L
EM) o« M3 for 1 < M < 10My, ; N
EM) o M5 for 0.2 < M< 1M, K
* Others as well. To— N
. "B TN 1
» Star Formation rate = y/1) _ // “\ 1 [CO Fig. 26.18]
« Stellar birthrate function | | \
BOM.Y) = w0 £(M) dM di B

59
= number of stars born per unit volume with masses in range M, M+dM in time
interval L t+dt. [CO eqn. 26.4]




Modeling chemical enrichment

One zone, accreting box model. [[Hamann & Ferland 1992
e Start with pure H, He mix. - - -
« Further H, He falls in at specified rate. 1 L Solar Neighborhood

Follow evolution of individual elements H, He, C,
N, O, Ne, Mg, Si, S, Ar, Ca and Fe.

Subdivide stellar population into three classes of

stars:
e <1Mg nothing recycled
» 1.0-8.0Mg fraction give white dwarf supernovae
* >8Mg Core collapse supernovae.

Assume that each class of stars spews specified
% of its mass of each element back into ISM at
end of a specified lifetime.

Must provide IMF to specify mix of star masses.
Two extreme models:

« “Solar neighborhood”: conventional IMF, slow stellar
birthrate, slow infall (15% gas at 10 Gyr) .

e “Giant Elliptical”; flatter IMF, 100x higher birthrate,

Log relative abundance =

fast infall (15% gas at 0.5 Gyr).
Age (Gyr) 2

ot 1 1 10

Ingredients:

Population Synthesis Models
Bruzual & Charlot (1993); Worthey et al (1994)
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1a1x10? 90 00,907

15 Solar masses

1.01 x 107

INSTANTANEOUS BURST

(a) }
|
|

log (Flux) >

Luminosity (Lg,n)

WP Wavelength >

102

1 1
25,000 10.000 4,000
Surface lemparature (K) 2}

Evolution of star of mass m _
IMF = number of stars formed with each m [
=> evolving composite spectrum f, (t) .

Star formation rate ¥(t) = v exp(-t/t)
F,(t) = [ (t-0)f, (r)dt

Instantaneous Burst T = 3 Gyr

\‘0.90 -J(;WA-.
Ak

o)

2} o = 3 GYR_|

10000

_ Constant rate

I @
2| CONSTANT STAR FORMATION RATE |




log Fy + const

Some Bruzual & Charlot results
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Models fitted to real spectra for
different galaxy types.

Components of late-
type spiral galaxy
spectrum
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