Interstellar Medium, Star Formation,
& Star Clusters
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Galactic Longitude
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D~ 5 pc D~ 20 — 60 pc D~ 10 — 20 pc D~ 0.05 — 0.2 pe
M~ 500 sun M~ 10% — 10 Msun M~ 10° — 104 Msun M~ 0.3 — 10Msun
n~1cm 3 n~ 10% ¢cm—3 n>10% ¢cm—3 n ~ 10 ¢cm—3

Diffuse Clouds — GMC — Dark Clouds —* Dense Cores
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Winds Cloud-cloud collision Pressure
Density Waves (SN; H II; PN) D~ 0.01 - 0.001 pe
Radiation T~ 10 K
A 4 M < 60 Msun n e~ 10 — 107 ecm—3
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(Star Clusters)
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http://www.noao.edu/outreach/aop/observers/horsewide.html
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Interstellar Medium (ISM)

O 1811 William Herschel “holes in the starry sky”

O 1904 J. Hartmann “stationary” calcium lines in the
spectroscopic binary 6 Orionis = of interstellar origin

O 1919 Barnard catalog of dark nebulae
O Photography = emission and retlection nebulae; dark clouds

[ 1930 Struve: absorption 7 as distance /

11



arnard 72 in Ophiuchus http://www.robgendlerastropics.com/B72JMM.jpg




Star Shadows Remote Observatory

Horsehead Nebula

fhiioble,

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



http://orion.pta.edu.pl/apodmain/apod/image/0602/horseregion_ssro_big.jpg
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(Bok) Globules silhouetted A dark cloud core seen
against emission nebulosity against a star field

£
E
[
e
=
-
w
(%
W
Te
o
3]
w
(a]

26 24 222018 16 14 12 =10 '8
R.A. OFFSET (arc min)

FIG. 1.—The optical image of B335 on the blue POSS print. Superposed on it are the N(H, iwnlnur» in units of 10*! cm ™ 2; the derivation of N(H,) is discussed in § I1la(i). In the SW corner
there is a highly obscured core region ~2' x 3' surrounded by an extended envelope coverin

© Anglo-Australian Observatory Photograph by David Malin -
Frerking et al. (1987) 14



Optical /IR composite

: ough the Pre-Collapse Black Cloud B68
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http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_IR.jpg
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p Ophiuchi cloud complex

https://en.wikipedia.org/wiki/Rho Ophiuchi#/media/File:Rho Ophiucus Widefield.jpg


https://en.wikipedia.org/wiki/Rho_Ophiuchi#/media/File:Rho_Ophiucus_Widefield.jpg
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B33 (NOAO)
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Filamentary Molecular Clouds

-y Giant Molecular Clouds
: D=20~100 pc

M = 10°~10° Mg

p ~ 10~300 cm™3

T =~ 10~30K

Av =~ 5~15 km™1

Molecular clumps/

clouds/condensations
n~ 103 cm3, D ~5pc,
M~ 103Mg

Dense molecular cores
n>10* cm3, D ~0.1 pc,
M~1-2Mg

http://www.bu.edu/galacticring/outgoing/PressRelease/
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. by Spitzer Spa'

(a) A dark nebula (b) A hidden protostar within the dark nebula
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N B B 2
AE B8 B Fk B massive star-forming regions

- Orion OB Association (350-400 pc)
KEEEEFRIE low-mass star-forming regions
- Taurus Molecular Cloud (TMC-1) (140 pc)

- Rho Ophiuchi cloud (130 pc)
- Lupus (140 pc) 4/5 1n the southern sky ...
- Chamaeleon (160 pc) why?

- Corona Australis (130 pc)




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 (oMc, Sco-Cen 0B,
Cepheus OB2, Perseus OB2, TMC, parts of Serpens clouds)

= local spiral arm

Origin unknown (dark matter induced star formation
30 Myrs ago?)

-600

g

<200 =

Distance (pc) towards Galactic centre
o
|

Galaxy Map
http://galaxymap.org

http://galaxymap.org/detail_maps/download_maps/gould.png

| Jaurus
Taurus

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

 Historically one of the oldest subjects in astronomy,
next to stars and planets, e.g., the Messier objects ...

* Progress paused for a few decades because CCD sizes
did not catch up

e Interest revived because of sky surveys and OIR wide-
field imaging, and Gaia measurements

e Current Milky Way census: 3000+ open clusters,
100+ globular clusters

e Latest interests mainly in massive star clusters,
dissolving/dissolved (extended clusters, moving
groups), and extragalactic systems



Star Clusters

 Long recognized by naked eyes in the night sky

The Messier ubjec’_cs
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Messier “Catalogue des Nébuleuses et des Ams e’Etoiles’ (“Catalogue of Nebulae and Star Clusters” (1771)
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v'100s known; mostly in the halo,

orbiting/concentrated toward the GC MBO HST M31-G1 HST




NGC 2158
d= 5200 pc
T=1.05 Gyr




Galactic Latitude

Galactic Longitude




E ERCRTE T R 3 OCs preferentially on
z coinigmggesi - . - 3 the disk plane

e i et -4 TSR R SRRy S S see -

GCs preferentially
away from the disk in
the halo; centering
around the Galactic
center

Most known star
clusters within 1-2 kpc

(why?)




Spatial Distribution of Galactic Open Clusters

Toung O.C, Old C.C
3000FT T T T T T T ] oo T E
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E E E [ . 0.-'..-
— :. . .E p— ;.‘ l.:.- r' ] . m® . " - -;
& of t'-l”‘-""-"ww'"ﬂ"? g Ofplaimepe ol L0 " 20 = ot sl ade, SE YRR,
s i ] Eoe s .- A T
—1000F E -1000F  *
—2000F E ~2000F
SBO00E, S
100 o ~100 100 o ~100
Galactic longitut Galactic longiut

Young open clusters ( < 100 Myr) are located near the Galactic plane.
Older systems are more scattered above and below the plane.



Metallicity gradients

1 | I | I I 1 I I |
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Z(pc)

14; ]

F1G. 8.—(a) Radial and (b) vertical abundance gradient for 118 open
clusters. The least-square fitting results in a gradient of —0.063 £+ 0.008 and
—0.295 4 0.050 dex kpc !, respectively. The typical error bar for [Fe/H] is
about 0.1 dex, as shown in the lower left corner of the figures. In deriving
the vertical gradient, the radial gradient has been corrected.

Age-Metallicity Relation

_08 - -

| | 1 | 1 1 | 1 | 1 1 | 1 1 |

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Age(Gyr)

F1G. 10.—Age-metallicity relation (AMR) for the 118 open clusters after
correcting for the radial gradient. The solid line is a least-square fit for the

open cluster data.
Chen, L. + 2003



GCs ~105 ]_06 stars | Globular clusters

Galactic halo

T

L
O, B stars

OCs = ~102 103 starss

Open cluster Irregular shaped* |
In Galactic plane

“Metal” rich > later generatrons

Gas and duvs‘t

*  Emission nebula

30 kpc >



A globular
cluster is very
compact that
even the AST
cannot resolve
individual stars

near the core.

Messier 5 by HST
APOD 2014.04.25




Star Clusters
as
Targets of Investigation



How to determine the luminosity and surface
temperature, chemical composition, etc., of a
star? How to determine its distance and age of
a star?

[t is much easier if the star is a cluster member,
because all the members were formed at the
same time (coeval) out of the same molecular
cloud, and at the same distance from us.




Stellar Properties in a Nutshell HOU +—Surface temperature ). Cold

1064..0’000 20,000 8000 6000 5000 3000 10
r =L L LI I. 1 ) l. E
E i ‘Rige{. . /D.eneb Betill
A star generates energy by = 1
thermonuclear fusion reactionsat 5 £  Adébaramill
its core = (outward) thermal S} IPE egaSoReguius . NI 2
pressure (gradient) to counteract 2 g[SSR proyonR| 5
(inward) gravitational pull oz e Sun 1is &
_ o S
. ay = . o = °
=> hydrostatic equilibrium = 3
in every part of a star = g "
. 2 Sirius B g " arnard’s s
Stars with stable supply of H as AL W
nuclear fuel - main sequence stars S .

— normal stars 0580 Ao G0 KO MO ME
Spectral type

0-B-A-F-G-K-M-L-T-Y



L=41R*0cT*

Stellar luminosi Stell ‘ Blackbody radiation
tellar luminosity tellar surface area erUnitares

Main-sequence stars Lo M35735

O core hydrogen fusion; a stellar mass sequence
[0 MS stars have similar radii.

[0 Massive stars = fusion rate TTT at the core =2 luminous £ TT7T
- large energy flux through stellar surface 4 t R* > T1

Low-mass stars 2 moderate fusion rate =2 luminous £ |
—> smaller flux through surface 2 71

=» A diagonal band in the Hertzsprung-Russell (HR) diagram



Stellar Evolution in a Nutshell T M/L o M2

[0 Massive MS stars = fusion rate TTT =2 luminous £ TT17
—> nuclear fuel (H) used up rapidly =2 lifetime 7 |l

LLow-mass MS stars 2 moderate fusion rate =2 luminous £ |
- fuelused up slowly 2> t 1T

[0 When central hydrogen exhausted (~10% for the Sun)
-> core contracts until being stopped

v by next rounds of fusion Nuclear waste (e.g., He) = nuclear fuel

>
-
-

oy electron degenerate pressure (a white dwarf)
oy neutron degenerate pressure (a neutron star)

oy spacetime singularity (a black hole)

[ Disruptive/explosive ending =2 complex nuclei to ISM



Member stars in a star cluster are formed out of the same
molecular cloud, so should have the same age, same chemical
abundances, and at the same distance from us.

But ...

What if there is significant time lapse in star formation?
-> different ages

For nearby systems, the depth may no longer be negligible
- different distances

What if member stars are not from the same cloud?
- different abundances




Hertzsprung-Russell Diagram Color-Magnitude Diagram (CMD)
(physical) (observational, a proxy of the HRD)
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To Determine the Distance of a cluster

Main Sequence Fitting
my; — M, = 5logd,. — 5+ 4,
(M — myz) = (M1 — My,) + E(A1 — A2)

ISM (dust) reddening E ol

Sl TS

10_'

More distant = fainter and redder

ISM “Reddening law” (ricke & Lebofsky 1985)

Ag = 1.324 Ay
A; = 0.282 Ay
A =0.112 Ay

R= A,/JE(B=V) ~ 3.1

—10_'

201

or

15:

E(J-Ks)

L reddening

-056 00 05 1.0

J = Ks [mag]




To Determine the Age of a Star Cluster

As a cluster (its member stars) ages,
massive stars leave the MS first and
evolve to the post-main sequence
phase, then progressively followed
by lower-mass members.

The MS is “peeled offt” from the top
(upper MS) down.

Log (L/Ly) —

Only the low-mass stars remain on
the MS.

«— Log (7./K)



Evolution of individual stars of A collection of stars at different

different masses evolutlonary stages
| ! : CMD of the GCM3
| Terminal-age MS of e '3'4;':. .
a0l ™ N @ T—’/ ¢ | - 0.: R .
* Snapshot of different stellar
masses at this age
N  Star clusters at different ages

R . S - theory of stellar evolution



1-2 main sequence

2-3 overall contraction
3-4 H thick shell burning
5-6 H thin shell burning
6-7 red giant 10—
7-10 core He burning
8-9 envelope contraction

LOG (L)

00—

-1.O—

45 44 43 42




Theoretical isochrones

-10

L 107 yr

109 yr

main sequence
turn-off

- main sequence

-0.5 0.0 0.5 1.0

M; — My, [mag]

1.5

Assumptions:

v'coeval star formation
v'same metallicity
v'same distance

How good are these ...

Age of the cluster
= the main sequence

lifetime of stars at
the MSTO

Post-MS members, while
rarer than MS, are useful.



Observed CMDs

Absolute Magnitude
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Effect of Metallicity

Given the same mass, a metal

poorer star is bluer and brighter.
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I
/

/

1
375 370 365
LOG (Te)

Fic. 1.—Paths in the theoretical Hertzsprung-Russell diagram for ¥ = M ©. Luminosity in units of
Lo = 3.86 X 103 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, X3 = 5.4 X 107%. Dashed curve constructed

with X3 = 5.4 X 1075

Iben (1965)

“metals” = low ionization/excitation

potentials = effective coolants
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A younger cluster retains a longer upper
MS, and even contains some PMS stars.



HB stars:
He core burning,

He core fusion - ﬁed'_H_Bf
" . rGB Red

Blue stragglers ...
An extension of
MS beyond the
MSTO. They
should not exist
according to
“standard” stellar
evolution theory.
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Fig. 2.1. The color-magnitude diagram of MS5. The horizontal branch and main

sequence are labeled. Also shown are: the RR Lyrae gap or instability strip (RR); the

Red Giant Branch (RGB); the asymptotic giant branch (AGB); the main-sequence Ashman & Zepf (1998)
turn-off (MSTO); and blue stragglers (BS). (From data supplied by M. Bolte.)

> HB > AGB = (PN, SN)



Blue Stragglers Common among GCs, even in some OCs.

Possible mechanisms of formation

v They formed later, therefore live longer roberts 1960)?

But the age difference would have been large, and GCs do
not seem to contain much gas.

v" Binary merging as a result of mass transfer between equal-mass
components (iven 1986) ?

v’ Stellar collisions iis & pay 1976) ?
v Prolonged MS lifetimes due to rotation or B field wheeler 1979) ?

v" Do not suffer as much mass loss as normal stars (slow rotators) ?






Horizontal Branch - Bright and distinct
—> extragalactic distance indicator

Different morphologies of GCs ...
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Fig. 2.2. The color-magnitude diagrams of NGC 1904 (left) and NGC 6637 (right)
illustrating differences in horizontal branch morphology and the location of the
main-sequence turn-off. (From data supplied by R. Buonanno and A. Sarajedini.)

Metallicity as the “first parameter”; higher z-> redder




But not every metal-poor GC has an extended blue HB tail!
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Fig. 2.4. The color-magnitude diagrams of Arp 2 (left) and Ruprecht 106 (right).

(From data supplied by R. Buonanno.)
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Fig. 2.3. The colorfmagnitiide diagrams of M2 (left) and M3 (right). (From data
supplied by P. Stetson.)

The “second parameter”

v" age (older - bluer)?
v' mass loss on RGB?
v' He abundance??



==aall Red Clump

Clustering of cool horizontal-branch
giants (core He fusion, metal-rich)
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https://en.wikipedia.org/wiki/Subgiant#/media/File:M5_colour_magnitude_diagram.png
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