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Overview of these lectures:

The galactic interstellar medium (ISM):
constituents and their co-existence; large-scale distribution

Molecular clouds
properties; chemistry; mass and temperature

Kinematics
rotation curve, kinematic distances

Star formation
young stellar objects (YSOs); IMF
manifestations (interaction with surroundings)

Star formation: high-mass

IMEF: a universal function?



THE PHASES OF THE
INTERSTELLAR MEDIUM



Not just stars...
ISM: 90% H, 9% He, 1% “rest”

Abundances: for every 10°H atoms, there are 250 C,
500 O, 80 N atoms ~solar (= cosmic). Other elements:
IS abundance <<cosmic: depletion (material locked up
in dust grains)

Dust mixed with gas

Characterize ISM acc. to condition of H:

HI: M ~ 2 x 10° Mg
H,: M ~ M(HI)
HI: M ~ 1 x 108 Mg

M(ISM) ~ 4% M(visible matter in Galaxy)
M(dust) ~ 1-2% M((ISM)

Energy in the ISM:
Radiation field, magnetic fields, cosmic rays




High density? Not really... (only in some locations):

High-density molecular cloud core: > 10° particles cm™
Earth’s atmosphere at sea level: ~ 3x10!® particles cm™

Best terrestrial vacuum: 3x10!%-13 particles cm™ !!

Average density ISM: ~ 1 particle cm™
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What you see depends on frequency
Orion: optical, IR, and mm
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HH46 - Visual — NIR — MIR

The Spitzer-view




Inner, outer, & (far-) outer Galaxy

Solar circle: R = R, = 8.5 kpc

Inner Galaxy: R < R,
Outer Galaxy: R > R,

Far-Outer Galaxy: R > 15
kpc




Distribution ISM
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Radiation mechanism of HI

electron

E,: high

spinflip AE=E,-E,=hv

at 1.4 GHz (21.2 cm)

electron

-»>

E,: low

Spontaneous trans. prob. A=2.85 1015 s,
i.e. once every 12 Myr!
De-excitation governed by collisions.




Galactic distribution HI

Hartmann & Burton 1994



CO, not H,

ISM composed essentially of hydrogen:

HI: 21-cm line

H,: symmetric molecule = no radio emission
- UV absorption lines
- IR emission lines

CO: most abundant after H, : [H,]/[CO]~ 1 x 104

- excited by collisions with H,
- easily observed rotational transitions at (sub-)mm wavelengths
- n(H,) > a few x 10° cm-3



Galactic distribution CO

180° 90° 0° 270° 180°
Outer Galaxy > Inner Galaxy > < Outer Galaxy
Ophiuchus

Polaris-, Cepheus flare

Taurus

Galactic latitude

Galactic longitude

Dame, Hartmann & Thaddeus 2001



HI: tilted disk
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warped & flared disk
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Warping & flaring in CO

Wouterloot, Brand, Burton, & Kwee
1990 ALA 120, 21



Surface density Scale height
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Galactic Latitude

A thick disk in CO

(Dame & Thaddeus 1994)
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Is there a spiral arm pattern?

Distribution of Same, but with
HII regions spiral pattern
(young stars) drawn 1n
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Spiral Structure From HI g‘!}lclzkalnlishli &. S‘olflueI21OIO3 PASJT)
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*NEW=* OQuter arm in HI

McClure-Griffiths et al. 2004

Glak: o

1 R=24 kpc
30 R=16 kpc

ctic lormitude (deq

Fia. 1 —(a) Differential H 1 densitv (soiral perfrbation minus the underlving Toomre disk) for the simole four-arm Milkv Wav soiral mode] described 1o § 4.



The multi-phase ISM
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Temperature log T (K)

Models of the ISM (2-phase)
Early model: Field, Goldsmith & Habing 1969
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Density logn (cm™3)
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—  Log(P/k)=35cm?*K

Figure 2.5 (a) Theoretical prediction for the equilibrium temperature of interstellar gas, displayed
as a function of the number density n. (b) Equilibrium pressure 7" as a function of number
density. The horizontal dashed line indicates the empirical n'T-value for the interstellar medium.

Assume pressure equilibrium (P/k o< n'T = constant)

Stable points: A and C, corresponding to:

WNM (n=0.4, T=7000) and CNM (n=60, T=50)

Explained most of the then-known observations.



Models of the ISM (3-phase)
Ostriker & McKee 1977: 3-phase model

Gas distributed among 4(!) forms: HIM, WIM, WNM, CNM
that are in P-equil. at P/k = 3000 Kcm™ .

SNe, OB-winds create system of hot tunnels in ISM

Recent assesment: Cox, 2005 Ann. Rev. A&A 43
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Models of the ISM (Cox upgrade)

CONCEPTIONS: Within the disk

Warm intercloud gas
* Local SNAs
* lonized regions

Hot intercloud gas

* Dilute SNRs

= Evaporating clouds
#* lonized surfaces

Tepid intercloud gas
* |ocal hottar regions
+ Evaporating clouds

Adding superbubbles
= But to which picture?

Flux ropes
* Filamentation
= Emptiness

CONCEPTIONS: Vertical

oy

JOJ LY LU

I

L

v

Thermal wind

* From escaping hot
intercloud gas

Or, a hot halo

Galactic fountain 1

* From escaping hot
intercloud gas
which cools

Galactic fountain 2

* From superbubbles
breaking out
above the disk

Thick quiescent disk
+ Superbubbles confined
+ Spiral density waves
¢+ |onizalion mechanism?

Active halo

* Cosmic ray wind

+ Micr cflares

* High z supernovae

CONCEPTIONS: Global

Global thermal wind... ...or a hat halo?

Galactic fountain

L b dde Lol Jd b

Thick Quiescent Disk... with nuelear wind?

Active halo

Firure 10 Various conceptions of the larger scale structuse of the Galactic atmo-
sphere. In this figure, hached green indicates warm HI barched green on vellow
Backgrond—diffuse warm HIL esange—hotter gas bearing OV red—material hot
enough to emit X fays; gem—plumes of escaping cosmic rays: and sed dors—
microflares. Problems with the iop o panels ore discuzsed in the text The bwer
rwo panels contain some elements of potentially greater realizm.

Cox 2005 ARAA



Molecular clouds - transition interface

Hot Star(s) or ISRF

Figure 3 A schematic diagram of a photodissociation region. The PDR is illuminated from the
left and extends from the predominantly atomic surface region to the point where O, is not appre-
ciably photodissociated (=10 visual magnitude). Hence, the PDR includes gas whose hydrogen
is mainly H; and whose carbon is mostly CO. Large columns of warm O, C, C*, and CO and
vibrationally excited H; are produced in the PDR. The gas temperature T, generally exceeds the

*
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PDR

Photodissociation Region

UV Flux
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dust temperature T, in the surface laver.

N,(cm?)

Molecular clouds are
self-shielding against
UV radiation.

Clouds are surrounded
by envelope of HI.

Inside: molecules. Most
abundant after H, 1s

CO (10%).



Molecular clouds: atomic envelope
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Interstellar Molecules

CeH
HC4CN
CH, CH,
CH
JOCH3
COOH
3C2CN
(lin)

H,COHCHQ,

C2H50H*
(CH3)20
HC>»CHO CHrHm N

C

' New species!
CH,CHCHO (propenal)
CH;CH,CHO (propanal)

t (Hollis et al. 2004 al Green

i Bank @ 13- 20 GHz)

NS H20 HN(;’SF' )

SO H2S | MgNC * HNCCC=. =
HCI GaH MgCN e O fSie  »
NaCl HCN N,O CN “H qu

d i o
= - ~ LY Q{“U

137 molecules have been detected In space (205 including isotopomers, 50 in comets)



Astrochemistry. 1.

e Formation of H2 (Gould & Salpeter 1963; Hollenbach & Salpeter 1970; Pirronello et
al. 1999; Katz et al. 1999; Cazaux & Tielens 2002; Habart et al. 2003)

R~10"7cm3 s

In gas phase:

H+H=H, +e

R~102"-1040cm3s

H+H=H, +thv R~10%-10%"cm’s”

In molecular clouds: ion-neutral reactions

C'+H, = CH," +
CH,+e = CH+H
CH+O=CO+H



Astrochemistry. 11.

e Complex organic molecules are easily observed near
young stellar objects (e.g. Charnley et al. 1992; Caselli et al. 1993)

H»0, CO, ... gas

\ V/ absor ption
amorphous

silicates

HCOOCHy, Tgi5—65 4

H-rich complex N-bearing and
O-bearing molecules:
CH,;CN, CH,CHCN,
CH,CH,CN, CH,OCH_,
HCOOCH,, C,H:OH..

(e.g. Blake et al. 1987)

CH,CH,CN 10, 49, 4




Astrochemistry. I11.

® To understand the distribution of the various molecular species to study the
physical and kinematical properties of molecular clouds and of star formation.

® Example: CO, typically used to determine the mass of molecular clouds,
disappears from the gas phase at densities n(H2) > 104 cm3and T < 20 K.

CO disappears | N, remains in the
- from gas phase gas phase: more
at R <7000 AU volatile than CO ?

N.,D (R—1) emission

C'70O(1-0)

Caselli et al. 1999



L1517B: a low-mass pre-stellar core with depletion

Tafalla et al. 2004

On the other hand,
N-bearing species
well trace the density
profile seen in the dust
continuum emission

C-bearing species
completely miss
the central density
peak
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Cores have order-of-magnitude radial CS and CO

abundance gradients



Gueth & Guilloteau (1999)

The heating and
compression caused by
shocks gives rise to
dramatic effects in the
chemical composition of
the surrounding cloud.

Dissociation, endothermic

reactions, sublimation of
ices and disruption of
grains lead to a shock-
chemistry.

Shock-chemistry!
HH211

50" |

5(2000)

320030

L1

59° 587 57° 567 B5° 54° o3

03"44™00
«(2000)
5 fr—r PR [ T o L s o [ PN L e e r-l—l:-:r':::;

a

[ ]
= SiO(1:0)
D 1
i it h 1
S oo &

offset (arcsec)
[

|
]

offset from HH 211-mm (arcsec)

Chandler & Richer (2001)



Chemically rich outflows

Shock tracers:

CH,0H, SiO, H,0,
S-bearing species,

H,CO......

Bachiller & Tafalla
(2000): an empirical

time sequence of low-

mass outflows?

1st stage (Class 0):
jet-like, HV bullets;
2nd stage (Class 0):

no bullets, rich
chemistry;

3rd stage (Class I):

shell structure,
evacuated cavity.
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Shock-enhanced abundances in outflows

SiO 10-10 - 106 < 1012
CH;OH 107 -10-7 ~10-°
NH, ~ 106 ~ 108
H,CO ~ 107 ~ 108
HCN ~ 107 ~ 108
SO ~ 107 ~ Hx10-°

(with respect to H,)



PROPERTIES
OF
MOLECULAR CLOUDS



—Zg, 2, D
\ A7
—py H—.
- Largest (100 pc) and most massive (<10° M) \/

objects in Galaxy

- Not uniform: volume f.f.<<1 - All OB stars form in GMCs
surface f.f. = 1 - Strong confinement to spiral arms
(= I clump along the l.0.s.) (contrast arm-interarm > 28:1)
-AV >> AV, .= (8In2 kT/umy)%> - AV(cloud-cloud) = 3-9 km/s (median 4.2)
line profile determined by velocity # (M) # f(R)
field of clumps: bulk motions. -GMCs are young (< few 107 yr)
- Gravitationally bound - Material stays locked up in stars:
P. /k ~10° Kem™ >> replenishment needed

<P, /k>~10*Kcem? (SFR ~ 2-4 My/yr, return ~ 0.8 Mg/yr



Orion A

Sheets and filaments

red
graen
blue

13CO 220 GHz = 1.3 mm

red =11 — 12 km/s
qreen = 10 — 11 km/s
blue = 9 — 10 km/s

J. Bally (TAU227)



Molecular clouds: elongated

WEBT793,/794 CO{1-0} SEST
L] ) T T T T

WBSS7 CO(1-0)

600

| 200

] L | it R N 800

400

Brand & Wouterloot 1994




Masses and mass-ratios

Brand & Wouterloot 1995
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Molecular clouds - virial- and pressure equilibrium

3 GM? AV? 1%P. /k+ fac2*N(H,)*
47[ r3 Pext = M(O-3D)2 - = v = [fac ext fac ( 2) ]
5 r r [ fac3+N(H,)]
AV® .
P_ . dominates: —— o< N(H,)
ext r ? P/k=3E+03
: 2 P/k=3E+04
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Brand & Wouterloot 1995



Molecular clouds & star formation
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Molecular clouds & star formation

Gaseous Pillars - M16 ~ HST - WFPC2

PRC95-44a - ST Scl OPO - November 2, 1995
J. Hester and P. Scowen (AZ State Univ.), NASA

HST: NGC3603



Star formation sites in outer Galaxy
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Embedded clusters 1

Wwaga7 feo(1-0) SEST

T z =
E. NS
B
.

i 3
i oo - . .
’ e -
¢ &
F: ¥ ‘ . _‘ [} Wy
LI i
(] "

! Outflow in 12CO(1-0)18
DSS-optical (SEST)

IRAS07255-2012 1.2 mm continuum
- i Cloud: M=6.0 x 10‘M
IRAS07257-2033 (SEST/SIMBA) JHK-composite ou o

~1.7x1°.7 d, R=9.3,15.7 kpc
Brand & Wouterloot 1994, 2003 & in prep.



Embedded clusters 11

Brand & Wouterloot, A&A 2007

~ D: dust core
| - - White contour: half
oo w owow % .. . .|of the peak value
JCMT Ao (aresec) s
B WB89-789. JCMT data.
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Aa (arcsec) Ao {aresec)
i



Brand & Wouterloot, A&A 2007

JCMT data.
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A cloud without star formation

G216-2.5: “Maddalena’s Cloud”

Lo/M,, < 0.07 Lg/Mg

clou

while typically
LIRM ~ 1 L@M@

cloud

220 218 216 214

L (%)



DERIVING
FUNDAMENTAL PROPERTIES



Observing molecular clouds at large
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P == = = o 1 A=2.60m
T — UL e g 1
Lowest allowed (J=2-0)

AE =510K

H, smallest diatomic molecule: widely-spaced energy levels
Even lowest excited rot. levels too far above ground state
to be easily populated at normal molecular cloud T.

no dipole moment, hence quadrupole radiation (slow)

CO: more closely-spaced energy levels; easily populated also at
low T



Two-level system

I,
g2 % Level 2 or “upper” (ll)
A21 I,B,, O t

B12 l
81 Level 1 or “lower” (1)
Spontaneous  Absorption Stimulated
emission emission

gB, =g,B, ; Ay = (2hv¥/c?) B,,

n,/n; =(g,/g,) exp( - AE/KT,,) Boltzmann equation

Statistical equilibrium: in=out, regardless of process:

dn,/dt = (A,, +IB,, + C,))n, — (IB,, + C;,)n, =0 for each level



Example: CO. In molecular cloud, excitation J=1 level
through collisions with H,.

If n,, low, each upward transition followed by spontaneous
emission of photon (rate = n; A,,).

If n,, high, excited CO loses energy in collisions with

H,, without emission photon. Two regimes are separated

at critical density A,/Y,, =3 x 103 cm™.

n,/ny,=(g, /g, exp( - AE/KT,,)

n, <<n.,:n;/n,smalland < n ., T, <T,;,

n,>>n,, :COmMLTE and T, =T,,,

crit *

NH,(1,1) n... = 1.9 x 104 cm?,
CS n.=4.2x10°cm3.

crit —

H,O (thermal emission) n_.. = 1.7 x 107 cm™.



Radiation transport I

IV(O) L,(L) wr i
—> —> Jigre: |
/Al
0 . » L
T, < 0
v T
dl, =-k, I, ds +j,ds dt,= - k,ds

dl, =1, dt, + G,/ k,) dt, (J,/ k,) = source function §,,
j,=(hv/4T)n A ,0(V)
k,=(hv/4m)(n,B,, - n B, )0(V)
TE at temperature T: S, =B, (T,,): Planck function. Then:

I,=1, (0)e™+B, (T, )(1-e™)



Radiation transport 11

— —
—> 1,(0) — > LML)
— —

0 L
So we have: [, =1, (0)e™ + B, (T, )(1-e™)

Define T,(v) =1, /[2kv*c?], T,(0) = T,, , and define J,(T) = (hv/k)(e"™*T - 1)!
(Note: in Rayleigh-Jeans limit hv/kT << 1 and J (T) =T)

Then: | T,= J(T,) (1-e™) + J(T,,) e™ » | Detection equation

in Rayleigh-Jeans limit: T, =T, (1-e™) +T,,e™
In practice one measures A T,=T,-T,, (ON-OFF) = (T, - T,,) (1-e™)

1)t,«1: AT,=T 1T, measure column density. All photons escape.
2)t,» 1: AT,=T  measure kinetic temperature, but independent of col. dens.
Only photons at cloud surface (t, < 1) escape.



T,,, T, and column density in LTE

For an optically thick line, e.g. CO(1-0): T, » 1; the detection equation yields:

T, = (hv/k) In" (hv/K [T, +I(Ty) 11+ 1)
=5.532In"'(5.532[T, + 0.818 | + 1)

For an optically thin line, e.g. 3CO(1-0): 1, « 1; it follows that:

T,=-In[1 - T, /(J(T,,) - J(Ty) )]

Column density — derived from transition between levels J and J-1.
Detection equation: T,= J(T,) (1- &™) + J(T,,) ™ and 1, « 1, solve for 7, .

From definition of T, the definitions of theEinstein-coefficients, the equation
for the absorption coefficient, and the definition of T

N, = GHSTUA(Zexp(hv/k T,)[1-exp(-hv/k T, )T /(T - J(T,p) I T, dv

with Z the partition function (linking N, to N,,).

oriN_=AT.)[T,dv




Total column density

Ny =fT,) [ T, dv
For 13CO(1-0) and C'®0O(1-0) and T, =5 —-20K:
AT, ) =(1.1£0.2) x 10> cm2/(Kkm/s)
Hence:

=(1.1£0.2)x 105 [ T, dv cm™ = Mass!

tO

If T, < 1 then correction factor T,/ [1 — exp(- T,) ], with T,the opt. depth at line center
T,=-In(1-1/R) and R = T, (**CO)/ T, (13CO).

Therefore:

= (1.1 £0.2) x 1015x 7,/ [1 —exp(- T,) ] XJ T, dv cm?

tOt

Mass follows via abundances: N(?CO)/N (13CO) ~ 90 and N('?CO)/N(H,) ~ 1 x 104



Deriving N(H, ), total mass

1. Lines (Planck & Boltzmann)

Detection eqn., LTE, 1(*>CO)»1 (=T, ), 1(**CO) « 1

NP CO) =f (T35 Ty s Avyzy) + [H, V[P CO] = .... = N(H, ), 1

12C/H, 12 C/B C gradients = [H, }/[* CO] =f (R)

Non-LTE transitions: LVG model (full radiation transport eqns.)
2. Lines (empirical)

N(H,)/|T,,dv=X = N(H, ).,

X = constant or f (R)?
3. Virial theorem

Cloud radius (r), linewidth (Av), assumptions about density
distribution. For spherical cloud, n o< r 2 — M, = 126 r Av?

Exclude non-bound motions (e.g. outflows); actual density distribution?

4. Dust continuum
M= (gSVdZ)/KVB(Tdust)

K, , T-structure, gas-to-dust ratio (g) uncertain



Results of molecular cloud mapping

Type R n M AV T Cores & stars
(po) (cm™) (Mg) (km/s) | (K)

Diffuse |0.3-3 30-500 0.5-102 |0.7-1.5 |10? Low-mass

Dark 3-10 10%3 1034 1-3 10 Low-mass

Giant 20-100 |10-300 | 10> 5-15 10-20 | High-mass

(+Low-mass)

Total molecular mass in Galaxy ~ 2-4 x 10° Mg = M(HI)
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K-ladders connected through collisions. Relative population of K-ladders
reflects a thermal distribution at T, .




Application: ol

Boltzmann plot . RamEaRIeR D
N /g. = [N, /Q(T)]exp(-E/KT) E :
Plot In(N. /g, ) vs. E:: .
line with slope o< 1/T, 5 |
27.5 - =

intercept o< N,

ln<NJK/gJK>
N
s
I

N

(o)}

(&)
|

In[ BKITdV)/(8m3vu2S)]

. Nt/ Qo) =102 e _3

N
(&)}
I

1 1 1 l 1 1 il l 1 1 1 ] 1
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Changing Critical Densities with J

70

3

3

W

Energy in K
S

(o)
=]

=
o

HC;N Energy

Levels

1 |
1

J=16-15
A, =2 x 104 s
n.. = 4 x 10° cm-3

J =10-9
A= x 102 s

N, = 8 x 10° cm-3

T
1

¥

J=4-3
A, =3 x10¢s1
N, =4 x 10* em-3

# Critical density (n_):
density required to
excite transition or
populate level.

i~ I, = A‘ul'“frlﬂ
» Higher transitions are
sensitive to higher

densities and
temperatures.

Transfer & Maolecular Pags 45

Aztoohysics



Column density vs. extinction

12

12
Ay (mag)

(W 01) (0D, )N

(L0 01 (0, D) N

Hayakawa et al. 2001

Ay (mag)



N (co) 10" em?d)

N (C®0) 10" cm?)

Column density vs. extinction
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| Chall 4 10" L 1977

i
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(4]
—
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N{CHD}LTE (em™®)

") Ay (em™%)

NCP0) e = —2.320.3x10™ + (2.0£%.1x10

20

Alves et al. 1999

At high Ay: C180
depletion (or becomes
opt. thick)




CLUMPY STRUCTURE
AND
MASS DISTRIBUTIONS



Our Galaxy at 115 GHz
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Cloud structure

atomic
envelope

Interclump gas:
predominantly
atomic

Self-similar, fractal structure

Cloud , clump, core

| 4 . il o | -;1.. : s
| %i : _-'fﬁﬂ%}x;ﬁm Jp.r:“:-:":\,h_ :

Figure §. Hwerarclieal clond stroctore. The three panek show a repressntative wew
from cloud 10 clomp ta core. The mik of 1he molernlar gas (clond; l=ft pens=l) & hest
seen in C4} which, alt hongt scaly thack, fasthfilly outnes the location of the Hj.
Internal stroctnre | cdomps; middle panel) isobssrved af higier resonion m an optically
thin lin= suc1 as ©' (2. With a higher denssir tracer such as O3, cores (right panal) sand
out. The observaiiors here are of the Hoset = molemlar clond and are respectively, Bell

Lahe (90", FOHAD data {500, and BIN A daga (107).
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Clouds

D =10 pc

n(H,) = 10%-10° cm3
M > 10* Mg
T=10K

CO, 3CO
N(CO)/N(H,) = 104

fﬁﬂ
“-‘h':?hl. .!IJ.."#.-_-:II'I =

clumps

D=1pc

n(H,) = 10° cm™?
M = 10° Mg
T=50K

CS, C*S
N(CS)/N(H,) = 10

COIes

D = 0.1 pc

n(H,) = 107 cm??

M = 10-10° Mg
T=100K

NH;, CH;CN
N(CH,CN)/N(H,) = 10-10



Clumpy structure - Self-similarity

CO [ ~8’~1 pc]

1 1 i | 1 1 1 1 I
sh5E™ 52 4ET  44™  40™  3€" 3z 2E™ 247
all9so]

Kutner et al. 1977
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Pauls et al. 1983




Typical clump properties
(based on a study of the RMC — Rosette Molecular Cloud)

- 60 -90% of H, in clumps

- <n> ~10°cm; <n, ;> ~25cm™. Thus: volume filling factor ~ 2.5%
Hence: n(interclump) ~ 2.5-12.5 cm

-X(r) o<1l de. p(r) o< 12

- Mass spectrum dN/dM o< M*, ot =-1.4 to —1.7 for M = 1-3000 M.
Idem for clouds as a whole



Self-similarity — Clump mass distribution

Kramer et al. 1998
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Rosette Molecular Cloud
Schneider et al. 1998
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Self-similarity — Clump mass distribution
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Mass distribution of sample of GMCs has same slope  prand & Wouterloot 1995



Simba results 1
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Simba results 2: clump mass function
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Fig. 10, Left fop panel: the mass spectrum of the 1.2 mm clumps detected at a distance <6 kpe. The solid line represents the Salpeter IMEF,
dN/dM = M2 the dotted line is a —2.1 power law. obtained from the least square fit to the data, and the dashed line is a — 1.7 power law.
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Typical clump properties
(based on a study of the RMC — Rosette Molecular Cloud; Blitz et al.)

- 60 -90% of H, in clumps

- <n> ~10°cm; <n, ;> ~25cm™. Thus: volume filling factor ~ 2.5%
Hence: n(interclump) ~ 2.5-12.5 cm

(r) <1l de. p(r) o< 12

- Mass spectrum dN/dM o« M%*, oo =—-1.4 to —1.7 for M = 1-3000 M.
Idem for clouds as a whole

- Most clumps not gravitationally bound, but most mass is in clumps that are.
Yet clumps are not expanding: pressure-confinement

- Inside clump: P, /k ~ 6-12 x 10* Kem™ (bulk gas motions)
Inside GMC, due to gravity: P, /k ~ 8 X 10* Kem™
P./k ~ 10 X 10* Kem

= clumps confined by interclumps gas (which is HI)



MOLECULAR GAS KINEMATICS
rotation curve and kinematic distances



The observed velocity field

(Brand & Blitz 1993)

Radial velocity as a function of distance
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distance: 4 kpc|
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Kinematic distances I

Observed velocity field 1s useful to determine kinematic distances,
but its range of use 1s limited (e.g., <2 kpc from Sun in inner Galaxy)

Therefore: construct the rotation curve (® versus R)

Transform observed radial velocities and spectro-photometric
distances into galactic rotation velocity ® and galactocentric distance R:

Vi, = (OR /R - ©,) sin/ cosb for circular rotation.
0= 0O / R: angular rotation velocity = V., = R,(® - ®,) sin/ cosb =
0=V, /(R sin/ cosb) + ®,

Isr

R = (d’cos?b + R,? - 2 Rd cosb cosl)!/?

Advantage: get distances everywhere.
Disadvantage: in some regions erroneous because streaming motions
are not included.



Rotation curve from HI and CO

400 . . ‘ ; - 400 : — —— )
300 4 500 -
X 4
F a a - [
w o i)
€ - . € [ & .
< . & Pi # i
© i s ol
nn ® E ok §
g = Sa Fea, . a x
200 + ++E+ * 5 i‘e;(xf‘ : & - 200 3
ey : 18 B
<— HI > < cO —
100 1 n LN SlE e g Hp o TR e, o e o) 100

Fit a function of type:

o/m, = a,(R/Ry)*2! + a;(R/R,)

o |
Implying )
O/0, = a,(R/Ry)*? + a,

a, = 1.0077, a, = 0.0394, a, = 0.00712
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Kinematic distances 11

Rotation curve: ©® = O, (R/R,)* with ®, =220 km/s, R, = 8.5 kpc

In general: V. = Ry(® - ®,) sin/ cosb, and ® = O/R.

Isr

It follows that:

R=([(V, /sinlcoshb)+0®,]/0,R,2)aD and

d = [R, cosl £ (R? - R? sin?)]%> / cosb

For outer Galaxy: choose ‘+’
For inner Galaxy, there are 2 solutions: distance ambiguity!



Distance ambiguity in inner Galaxy

Velocity field from rotation curve
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Two values for d at the
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OBSERVED 4
] SPECTRUM |
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R =R, sin/ : subcentral (tangent) point. Maximum V. long l.o.s.

Isr



Velocity crowding

Contours of dV/dr
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v

Streaming motions

- residuals: observed — expected from rotation curve
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(Burton & Bania 1974)
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Trigonometric parallax
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The new Galaxy
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STAR FORMATION



Star formation: in molecular clouds




Star formation catastrophe?
M ouq = 1049 Mg » M7, = 102 Mg = collapse on
free-fall timescale t = V(3n/326p) = 10 yrs.

On galactic scale:
SFR = MGMC /Tffz 10° M@/ 106 yr‘S =~ 103 M@ /yr'

» SFROsz 3 M@ /yr'

Clouds are prevented from total collapsel



SFE: Star formation efficiency

TABLE 2 Star-formation efficiencies for nearby embedded clusters

Cluster name  Core mass (M)  Stellar mass (M;) | SFE | References

Serpens 300 27 0.08 | Olmi & Testi 2002

Rho Oph 550 53 0.09 | Wilking & Lada 1983
NGC 1333 950 79 0.08 Warin et al. 1996

Mon R2 1000 341 0.25 Wolf et al. 1990

NGC 2024 430 182 0.33 E.A. Lada et al. 1991a.b
NGC 2068 266 113 0.30 E.A. Ladaetal. 1991a.b
NGC 2071 456 62 0.12 E.A. Lada et al. 1991a,b

Lada & Lada 2003 ARAA



Cloud support

Virial theorem:

Gravitationdl ené

Thermal energy fr@ndom motions): U/W = 3x10-3 — irrelevant

Magnetic field term: M/W = 0.3

Kinetic energy (bulk motions, mostly from clumps): T/W = 0.5

Clouds are supported by furbulence and magnetic fields



B-field: Zeeman splitting

W3(0H)

My, J=7/2 F=4"-4"
e TR T D

In presence of B-field, hyperfine
splitting of levels is modified:

T

LHR. ——

spectral line splits in 2, centered ¥ 30
¥}
on primary component, with opposing S
. . [
polarisations. e
Q
TemD_ETITIIIT]I]I(]'III|lllll]IE Eé
20 LH o 5 10
°K E 21-cm . : gﬂ
IU? emission line 'é 5
OE é 0.1 0
= Expected Zeeman RH-LH ] e e
R e \/\ £ o SaE as 42 A 41
:111111111111111111111111i:_0_1 Ve[ocity[kms_l]
-10 0 10 20 30
Velocity km/s
1/2 000k W3 (2 A 4 n i § ORION-KL ;ﬂx (I 4 mt 51;0 e
Avmag 10'3 B Tk gnwooe» / “, g / | | w0 :'.‘
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3.27 Hz/uG OH @ 1665 MHz s ! ) S
bl -42 -40 -38 -S54 51 -48 -18 -16

1.96 Hz/uG OH @ 1665 MHz
7.2 10* Hz/uG NH, @ 22 GHz
2.3 103 Hz/uG H,0 @ 22 GHz Giisten et al. 1994



B-field: Zeeman splitting

In presence of B-field, hyperfine LEIC ol e o il Mo
splitting of levels is modified: FRHC
spectral line splits in 2, centered ¥ sof
on primary component, with opposing E
pol
Measured values:
HI 21cm, OH 18cm: few uG (diffuse ISM; n<100 cm™)
few WG (dark cloud envelopes; n~103cm)
few uG (OH masing layers; n~10"-8cm)
H,0O 22GHz: 50mG (maser spots; n~10'°cm™)
—me 10_3L ; JL o J el g 1
AV, . UG \ 10K s s r -
3.27 Hz/uG OH @ 1665 MHz & ] b

1.96 Hz/uG OH @ 1665 MHz
7.2 104 Hz/uG NH; @ 22 GHz
2.3 10° Hz/uG H,0 @ 22 GHz Giisten et al. 1994



Results for Field Strength

4 PRELIMINARY ANALYSIS ONLY
I I I I I I

|Og Btotal (I‘LG)

(Crutcher — 1AU242, 2007)



Clump stability
Forces working on clumps:
- Clump (self-) gravity
- Clump turbulence (and thermal pressure)
- Interclump pressure
- Magnetic fields

Clump virial theorem (e.g. Fleck 1988):
41r’P = 3M,0% — GMy/r + B%/8n
Expressed in pressures:
P/k = po?/k — GM,p/31k + B?/8mk
P ./k=P ., /Kk+P,  J/Kk+P, /K D

grav magn

Pturb/Pgrav == 126 r[PC] AV[kmS'l]z/MCO — MVir/MCO . Virial
arameter
magn/K = 2.9 X 10* Kem™ for 10uG

Interclump pressure (self-gravity GMC): P_ /k = 1.7 x 10* - 5.9 x 10*
Kcem3



108 (Pyyyyt/ P e, tot) 102(Pyurt/ Prere, elump)

102{{Pyart,t Prnogn)/ Perav, 1ot

Mli.n [H@]

Turbulence
&
gravity

Turbulence
&
total gravity

Turbulence,

total gravity
&

magnetic field

pressure

1 Clump pressure ratios

Brand et al. 2001



Formation of stars of high and low mass

Two mechanisms:
Accretion onto the protostar:
Static envelope: ne<R~>

Infall zone: no<R /2
t,..= M./(dM,_/dt)

Contraction of the protostar:




Kelvin—Helmholtz
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Formation of stars of high and low mass

Two mechanisms:
Accretion onto the protostar:
Static envelope: ne<R~>

Infall zone: no<R /2
t,..= M./(dM,_/dt)

Contraction of the protostar:
tKﬂJ::(}IV12/I{*IJ*

— Stars > 8 M. Ty > 1.

sun*

— Stars <8 M., ty <t

sun*

=» The high-mass stars form while still accreting

accC



Luminosity log (Ly/L)

Palla & Stahler (1990)

dM/dt=10" M/yr

re infall & acretion stop

=1 ] | | | L1

4.6 4.4 4.2 4.0 3.8 3.6
Temperature log (Tg)  (K)



Normal star: evolutionary status determined by location HRD:
L. Teff

Embedded YSOs: associated with natal gas & dust
Cannot be placed in HRD

Protostellar stage: circumstellar gas & dust:
absorbs and reprocesses radiation embedded object

Has extent >> stellar photosphere — dust has wide range of T
SED wider than single-T BB;
shape SED depends on nature & distribution of circumstellar material

More evolved object (pre-ms, ms): envelope, disk almost gone
Shape of SED is f(evolutionary state)

Observationally:
YSOs fall into 4 classes, based on shape of SED



Infrared/Submillimeter Young Stellar Object Classification
{Luda 1987 + André, Ward Thompson, Barsony 1993}

Stars < 8M,,

unstable isothermal clump

Embedded phase

1ccretion onto protostar

formation of disk &
outflow

disk without accretion

protoplanetary disk

sub-mm &
'.':: Prestellar dense core
=F Submillimeter Protostar
far-IR = <ooms
Class 0
af Infrared Protostar
near_IR :-:: -lmuuuil
optical g e
+NIR Class 11
- & Evolved T Tauri (WTTS) ¢
{7 S " :
optical g ~ Class[TIT

Revealed phase




Embedded phase:
Class I:

profostars _SED broader than single-T BB
-AtT A>2um SED rises with A
huge IR-excess
— -Deeply embedded:; detected in NIR
—— (freq. assoc'd with RNe)
-Often associated with outflows
-M i eumst(Pr<1000AU) << M.
-Age ca. 1-5 x 10° yrs

Class O:

-Much more extincted & embedded:
-SED peak in submm;

Log (VF,) —»

i i not detected at A<20um
8 e e 7 -SED similar to BB at T=20-30K
- oV F 4 -All have energetic, v. highly collimated
sl v I*“’ outflows.
M;BB(;}"’ l I: : | il | _Mcircumsf(r‘<1000AU) = M*

) -Constitute 10% of embedded sources
C. Lada, 1999, 2000 -Age ca. 10% yrs



Protostellar nature embedded YSOs: evidence

Protostar: objects in process of accumulating into star-like
configuration the bulk of the material they will contain as ms stars

1) SED can be modeled as embryonic stellar core +
circumstellar disk + massive gas & dust envelope

quh densu’rv structure as predicted by theory for
o I ellar cloud cores.

©0
L2 ]

114__J

C ;
8 = IRSS L1551 Bl

fits: rotating-collapsing
isothermal protostellar models
Mass infall rate ~5 x 10 Mg /yr

LOg[VLU(FS)]




10-7 3
o Energetic domain ;
T, 1078 Star !-1 ﬂl 3
ol 2 1 ;
=4} 3
e Rayleigh ans ]
g 10710 Wien/domain domain

0.1 1.0 . 10.0° 100.0 1000.0 |
A [um]. ' :

Figure 1.2: From Dullemond et al. (2006). Build-up of the SED of a flaring circumstellar disk

and the origin of various components: the near infrared bump is supposed to originate in the

putted-up mner rim, the infrared dust features (as the silicate ones between 10pm and 20uwm)

from the warm surface laver, and the underlying continmun from the deeper and cooler disk

regions. Typically the near and mid-infrared enussion comes from small radu, while the far-
infrared and the mullimeter emission come from the outer disk regions.

Isella 2006: Dullemond et al. 2006



Protostellar nature embedded YSOs: evidence

1) SED can be modeled as embryonic stellar core +
circumstellar disk + massive gas & dust envelope
with density structure as predicted by theory for
rotating, infalling protostellar cloud cores.

2) Featureless spectrum, requires hot dust at << 1 AU
to provide additional cont. flux to 'veil' absorption
lines. Infall models acount for that.



Protostellar nature embedded YSOs: evidence

1) SED can be modeled as embryonic stellar core +
circumstellar disk + massive gas & dust envelope
with density structure as predicted by theory for
rotating, infalling protostellar cloud cores.

2 prmon X Band Abmrps Fewares 2s hot dust at <« 1 AU
R CIOA TR x40 'veil' absorption
:._\,\__.-"‘h.r'\—‘_‘—x_,-‘“xl‘t..r"n,-\.-v"" ﬁ;"ﬁ'l ""ul;llﬁw"llll'lhl HE 4267 85,5 T " Tha"'.

e e xﬂ-l"“\-'h.:ll_'\-l‘“'“_"'..-"_" Hh’_'mlill"ﬁrﬁl;.l'ﬂ-w 053 19 Chas 11

Halabive Max

vyﬂ'*mﬂuﬂﬂhwmw ﬁ"'l"-’r.mﬂ?'

IBE &3 Class 1

l—l.'\.ll
_I"" . IE': el T w2 ) bty |
115 1m 125 I 0 235 1&0
Wavitlengih (jim)

Fii. 1. K-band absorption features. The indicated Ma L Cal, and 0 feas

bares are commonly sten in the tra of 1 ptars each &8 the fypical

MK stnndards HD 36003 and BN 4267, Chos 8 {and I} YSOs (such a Greene & Lada, AJ 1996
G5 20 shown) usually show similar featares, but Clase [ Y505 (such as

IRS 43 shown) usually do not show any early- of lale-type festures. The

dath shown are calarped subregions of spectra presested in Appendix, bt

bassline continowm slopas have been remavéd.



Protostellar nature embedded YSOs: evidence

1) SED can be modeled as embryonic stellar core +
circumstellar disk + massive gas & dust envelope
with density structure as predicted by theory for
rotating, infalling protostellar cloud cores.

2) Featureless spectrum, requires hot dust at << 1 AU
to provide additional cont. flux to 'veil' absorption
lines. Infall models acount for that.

3) Only viable source for outflow energy is gravity (from
infall).

4) Direct kinematic evidence for infall motions found in
Class O sourcesl!



‘ Kinematic Signature of Protostellar Infall

Protostellar infall

NGC 1333-IRAS2 3 |

(31) aameradway,

- Detecting infall from
opt. thick line

LSR Velocity (km/s) I

N
C. Lada, 1999, 2000 B335; Zhou et al. 1993

Static r ]
Envelope E H,CO 140 225 3
Antenna 3 o -
Infall Region F 1
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Revealed phase: Class IT:

Pre-ms stars -SED peaks in visible or NIR

-SED broader than single-T BB

-At A>2um SED falls with A (power-law):
IR-excess, but smaller than Class T
-Disk, but no massive envelope

-M g = 0.01-0.1 Mg

-Accretion rate ~ 108 My/yr

-in SFRs: 10x more than ClassT

-in optical, ClassII are CTTS

e 1000 100 10
] | | | | |
Class [

SED can be fitted with model of
disk with T-gradient, reprocessing
and reradiating light from central
star

2 Class [1

!
/ !
bl Bdy ,’
I l

o]

C. Lada, 1999, 2000



ClassII model fit

34

i s B ¢ ! FAER L | s BE S 5 I ] 5L 1R 3 I'I | g o I | ST Wk {5 B B2
| Composite ]
Foooflst K Stars 8
=t - - CIRCUMSTELLAR DISK
Fai 3 = Rp
B - E ENERGY DISTRIBUTION
NL. L z
& L | T T T T
< Power-Law T(Ry)
0 r ] Slope:a=z2/n-4
S 8 . ,
- =
. 2
= Ll i oo g
12 126 .. 13 - 136 14 146516 11565
Log[v]
] ] ] |
log v -

Fagure 15.  The composite SED of seven Class II stars along with that (solid line) of a
model circuinstellar disk. (From Adams, Lada and Shu 1988).

figure 16, Schematic diagram of a spatially thin, optically thick disk and its emer-
gent spectral energy distribution. The disk spectrum is composed of a superposition of
blackbodies of varying temperature.

Disk: each annulus has area 2nRAR and radiates as BB with T(R)
SED is superposition of series of BB-curves

If T(R) ~ R™, then (Wien's law) max. emission at v~T(R)~ R™.
Luminosity each annulus: L,dv = 2tRARGT(R)* ~ R?-3ndy ~ v3-2/n,

For a SED, v L, ~ v#2/n,
C. Lada, 1999, 2000



Revealed phase:

Pre-ms stars
Class IIT:

-SED peak in visible/NIR

Y50 ENERGY DISTRIBUTIONS | -SED similar to single-T BB;
otostars: T i) interpreted as photospheres of young
S 1000 100 10 . . .

P e stars with extinction.

ass ass [ . e fe .
~F HF 4 -No significant amounts circumstellar
2| e gas, dust
g -ClassIII are WTTS

-Age ca. 106 - 107 yrs

Pre-Main Sequence Stars: | No IR excess, confused with fore- &
e e ‘ background stars in SFRs. But are
o X-ray sources.

A

I

!
/:
bl Bdy ,’
] l

o]

C. Lada, 1999, 2000



Evolutionary sequence low-mass YSOs

Evolution Class O = I = IT:
requires removal circumstellar material in infalling envelope

Evolution Class IT = IIT:
Requires clearing of circumstellar disk

Total accretion: NO - because SFE is very low (M« <<« M_,...)
Therefore: very early on cloudy material physically removed
Most likely by bipolar outflows, originating from stellar wind

(virtually all Class O,I drive molecular outflows).

A protostar can only gain mass if it loses mass at same time



0.5 --

0 --

Disk fraction vs. log(cluster age) for ca. 3500 stars, 0.3-1 Mg

Disk lifetimes

DEBRIS DISKS

ACCRETION PHASE | POST-ACCRETION |

S R | 9

Hillenbrand 2006



ClassIII

Reddening lines 4 ClassII
AERARRLZA REEZANERL 7 BB e ="
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diagram

Stars with IR-excess



Disks... with HST (IR)
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Disks... in mm-continuum_*
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Spitzer Space Telescope * IRAC

Inset: visible light [DS5])
NASA / JPL-Caltech / A. Noriega-Crespo [S5C,/Caltech] ssc2003-06f




CO(3-2) flow with [Fell]

CB230 i -

[ i Rl 5 o R s

| Pco(a—2 -

F‘OSSII.N.DSS.ZEIM . 50 ¢ i

" ’rl
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100 |
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EHSE ~ 50 | ’
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X :I 1 I i
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Brand et al.,A&A 2007 (in prep.)



Two-level system
I

\Y

92 Level 2

A2l I, 821\ T

AE=hv

IV
9 .;::..::ﬁliﬂz._.;__ l
! Level 1

Spontaneous Absorption
emission Stimulated

emission

91B1> = 9,851 : Ay = (2hv3/c?) B,
na /ny = (92 /91) exp( - AE/KT,,)

n,/n;<1



Maser Short-lived; pref. decays
to longer-lived level 2

h, > n; : population inversion

92 _7_ Le\T/el 2
L B‘% AE=hv
91 Level 1

Pump: collisions, radiation

n,/n; = (9, /9;) exp( - AE/KT,,) | Na> Ny Te< O

In region where mol's have same velo:
avalanche of induced emission



Energy levels H,O

1000 -
800 I~
< 600 t~
x
Py
400 -
312 ——
200 2 A
2) —
Ligaae
loi e ] 1 1 i ! ]
1 2 3 [ 5 6 i

Quantum number, /

6,, — 5,3 at 22 6Hz (1.35 cm)



Kinematics of the masing gas

Star formation theory € two main kinds of motions expected:

1) rotation and contraction (accretion disk); 2) expansion (jet/outflow system)
Kinematical Models

Conical Outflow
Maser HZO LY

= Red-
shifted
Ambient gas lobe
Blue-
shifted
Maser H, he

(Hubble moti01;: v=a- r)

Free parameters
o, SC . cone vertex coordinates
P_, 1 : position and z-inclination angle of the

cone axis

Keplerian Disk
Maser H,O ¢

(I(jplerian Motion: V = (GM/RZ)I/Z)

Free parameters

Oy SD: disk center coordinates

P, 1, : position and z-inclination angle of the

. . disk axis
0 : (semi-)opening angle of the cone M : central mass
a : “Hubble constant” )

The best fit is obtained minimizing the

( for the N detected features and the

subset of Np measured proper motions )

N
D2=;[ v 2

V-vEV-VI 22 [Ev".— AR
1



IRAS 20126+4104

41°13'32'8
= .
g H,O maser conical flow
B s at the base of the large-scale
| 2007k molecular outflow
I _;Iﬁ“14'"25!05 — zlu"u':‘zﬁfﬂlu ‘L
" a(J2000)
0.05 —
T |
=005 :
o 1 a5 ¢ 1 5 ¢ 4 1 i 4 4 4 ] 4 4 _25
0 =0.05 =0 =015
Aalarcsec)

Moscadelli et al. 2005, A&A 438, 889



MASSIVE STAR FORMATION
in the Galaxy



The role of massive stars

* Stir up the ISM: massive outflows, winds, champagne flows, supernovae

Thus can both destroy their natal molecular cloud AND trigger new
star formation.
Sculpt structure & energetics of ISM in galaxies

* Energy and momentum input ISM (cosmic ray production)
*UV: ionization, HII regions (delineate spiral structure)
* Enrichment of the ISM (metals, dust)

* Source of neutron stars, BHs, high-energy phenomena
such as XRBs, GRBs



Galactic Ecology: Massive stars regulate ISM

Spiral Density Waves
Infall

Magnetic Fields
My ?
Dust

Evolution ==

Kinetic Energy
HIl Regions

OB Associations

T. Bally (TAU227)




Massive stars interacting
with their environment

Outflow

UV-radiation
(ionization)

Stellar wind Supernova explosion

Crab Nebula = M1 ' HST » WFPC2

Nebula M1-67 around Star WR124 HST « WFPC2
PRC98-38 « STScl OPO + November 5, 1998
Y. Grosdidier and A. Moffat (University of Montreal) and NASA

NASA, ESA, and J. Hester (Arizona State University) STScl-PRCO5-37



Massive stars: giant bubbles/gas shells

30 Doradus Nebula (LMC):
superhells

GS62.1+0.2. d=9.2 kpc, size = 340 pc x 160 pc.

ESO - VLT +FORS VLA, GBT HI
(7. Bally - TAU227) (NRAO /AUI / NSF)



Massive stars: triggers of star formation

Cold dust
(contours)

Warm dust

(orange)
and

ionized gas
(blue)

Observations of the HII region]RCW79
at various wavelength:

NIR e .. ; £ - in orange (infared): the dust shell that surrounds the HII region RCW79

i - '
Cluster o e 4 , - in blue: the ionized hydrogen that fills the HIT region

- the yellow contours (millimeter wav: e]en gths) show cold dust condensations

S -"._Masswe star formation in swept-up shell
i+ 7 “at the border of an HII region

Near -infared image of one condensation

(NTT - ESO) - This region includes Zavagno e'l. al, 2006

a second-generation HIT region.




Massive stars — HII regions:
outline spiral structure

R. Kennicutt (TAU227)



The problem with massive stars

Massive stars important — but not well-understood
WHY?

They are rare and have a short lifetime

Difficult to observe during formation

Complex theoretical problem



]”Uw( ft{lugw(m)) Y

The Initial Mass Function

Fundamental ingredient for study of star formation and galaxy evolution

IMF': Frequency distribution of stellar masses at birth
Number of stars per unit of (logarithmic) mass:

E(logm) ccm?”  or £E(m) ocm?

E(logm) = (In10).m & (m)
log[ £(logm) ] vs. logm

e -

- ‘4 =" Scalo (1998): T'= 0.2+ 0.3 for 0.1 <M <1 Mg

=-1.71£0.3 for 1 <M <10 Mg,

= -1.3%0.3 for 10 < M < 100 M,

| 1 e y=-12%0.3 for 0.1 <M< 1M,

SRS AP/ SIS D1 5 S =-2.7120.3 for 1 <M <10 Mg
e = 2.340.3 for 10 < M < 100 M,




There are relatively few of them:

Initial mass function

In linear portion
Salpeter IMF:

dN (M) -1.35
dlogM oM

N(M=1)=100N(M=30)

=,
nh
G
5"
.
-
=
=
=

P. Schilke (2005)



They have very short lifes

H6 MWD XOGO FO AD
ME MZ KBGHFG AG

t(M=1)=2000t(M=30)

e
2
0
3
=
]
o
D
<1}
A
a3
=
=
&
i
B
s
m
b=
o |

P. Schilke (2005)



These two facts combined:

IMF => 1 star of 30Mg, created for every 100 stars of 1M
A 1M star lives 2000 times longer than a 30Mg, star

hence

At any given time there are 2 x 10° more 1M, stars than
there are 30M, stars!

and yet

L(30My) =10° L(1Mg) => total luminosity is dominated
by high-mass stars!



Formation of low- and high-mass stars

Infall of circumstellar material onto protostar
Two relevant timescales:

1) Kelvin-Helmholtz timescale
(timescale on which a star gets its luminosity from gravitational contraction)

Ty =E,. /(dE,.. /dt

grav grav

E_ =GM?/R, dE._ /dt=L

grav

grav

L o< M32 ; R o< M => T, oc M18
107 yr/ 1M, star; 10° yr/ 10Mg star

2) Accretion ratejdM /dt = a3/ G = 10 Mg /yr
10° yr/ 1M, star; 10° yr/ 10Mg star




The problem of (OB) star formation:

accretion: t,.. = M. /(dM/dt),.

contraction: tyy = GM,, /R, L.

acce

M. > 8 Mgy =t . >ty (Palla & Stahler 1993)

High-mass stars reach ZAMS still accreting!
Spherical symmetry = P >P. >

radiation

=> stars > 8 M should not form!??



Proposed solutions

* Accretion models:

(non-spherical) inside-out collapse
(Wolfire & Cassinelli 1978, Yorke & Sonnhalter 2002, Tan & McKee 2003)

Rotation + ang. mom. conservation —
focuses accretion, boosts ram pressure
— channels stellar photons, lowers radiation
pressure

* Coalescence models:

many into one massive star
(Bonnell et al. 1998)



Implications & (testable) predictions

* Accretion models :
- presence of massive
& massive collimated : likely / yes
- high accretion rates (=10 Mg, ): evidence
- isolated star formation: possible
- formation at cluster center: with the other cluster members

* Coalescence models :

- presence of massive
& massive collimated : unlikely
- stellar collisions: not observed
- isolated star formation: impossible
- formation at cluster center: after the other cluster members

- high stellar density required (> 107 pc3)

=» Detection of collimated massive outflows and accretion
disks is crucial to understand O-B star formation
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Hot molecular cores

* Typical values <0.1 pc, >100 K, 107 cm™,
>10* L,

 Many molecules: evaporation of grains

* Sometimes contain hypercompact HII regions



Hot molecular cores

* Typical values <0.1 pc, >100 K, 107 cm™,
>10* L,

 Many molecules: evaporation of grains

* Sometimes contain hypercompact HII regions

=» Contain OB stars being formed

=» Probable presence of infall (accretion) and
rotation (disks)




The search for disks: where

low-mags — v
star
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Results of disk search

Two types of objects found:

Disks in B stars Toroids in O stars

¢ M<10M, « M>100M,

e R~1000 AU e R~ 10000 AU

o (dM/db),,. ~ 10" My/yr o (dM/dt),,.> 10 My/yr

I 107 yr Lot ~ 10° yr
e ¢~ MAAM/dL)., ~105yr o t. ~ M/AAM/dD),. ~ 10 yr
2>t >> 2>t <<t

=>» equilibrium, circumstellar =» non-equilibrium, circum-
structures cluster structures

rot



Is there a mass upper limit?

IMF => massive stars always form in clusters. So can only
study upper limit in mass by observing cluster population.

Requirements:

* cluster stellar mass > 104 M
*1 Myr < cluster age < 3 Myr

* need to see individual stars

* need to be able to separate stars

In the Galaxy: the Arches cluster (@ Galactic Centre)



Arches Cluster

160 O-stars

Brightest members
have L = 103 L

HST (1999) Figer, Nature (2005)



Arches-cluster mass function

If there is no mass cut-off,

chances of not finding
such massive stars is:

103 if 18 are expected

(slope —-1.35)

1014 if 33 are expected

(slope —0.90)
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Are there stars

more massive
than 150 M ?

Pistol star: 150-250 M, ?

But: not single?

0

G0.15-0.05

Pistol Nebula and Massive Star HST « NICMOS
PRCY97-33 + ST Scl OPO « D. Figer (UCLA) and NASA

Figer et al. 1999, ApJ, 525, 759



2‘“ ASS .. Two ﬁ'lit.r(m All Slﬂ Survey
— - Southern Facility —

' & 2MASS Atlas Image Mo
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Infrared Proc 1g and An s Center & University of Massachusetts



SUMMARY

Possibile evolutionary Massive stars are rare,

infl ial f
sequence for OB-stars but very influential for
Galactic ““ecology”’;

IR-dark cloud

. HMPO difficult to find,
fragmentation * and hard to study;
(hot) molecular core
infall+rotation * Outflows & disks & high
(proto)star+disk-+outflow accretion rates found,
hence probably form by

accretion .
accretion (early B-stars;

hypercompact HII region also O-stars?);

expansion

extended HII region High-mass cut-off exists
(150 Mg ).



