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Where do stars form?

Q Stars form in gas condensations of the ISM known as Molecular Clouds, the
most massive (up to 10° M) and coldest objects (10 to 50 K) in our Galaxy
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Where do stars form?

Q Stars form in gas condensations of the ISM known as Molecular Clouds, the
most massive (up to 10° M) and coldest objects (10 to 50 K) in our Galaxy
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Where do stars form?

Galactc Latitude [degree]

Galactc Latiude [degree)

Galactic Lattude [cegree)

0 Each of these molecular lines probes a different density
regime. Among the three lines shown here, "?CO(1-0)
probes the lowest, while C'®0O(1-0) probes the highest
density regimes.

0 By assuming LTE conditions: T,=T,,(CO)=T,,('3CO)=T.,
CO optically thick: t12 > 1
13CO optically thin: t'3 < 1
Radiative Transfer Eq.: T, =[J,(T,,) - J,(Tgg)l(1 - €7)
where J, (T)=hvik [(eM/kT - 1)
> T, '3 N('3CO), N(H,), M(H,)

ex?

F=z=— = Megeath et al. (2001)
r Beam
Mizuno et al. (1995)
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Where do stars form?

Giant Molecular
Clouds (GMCs)

Small molecular
clouds (dark

clouds)
Masses (M) 10°- 106 102 -103
Densities (cm-3) 102-103 102 -104
Radii (pc) 10 - 100 2-5
Temperatures (K) 10 - 50 10
A, (mag) 100 1-10
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Where do stars form?

Taurus 13

Integrated Intensity (K km/s)
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Where do stars form?
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Where do stars form?

Q Dust thermal emission at mm and

submm A’s
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Where do stars form?

Dense cores in

Dense cores in

dark clouds GMCs
Masses (M) 10 103
Densities (cm-3) 104 10°
Radii (pc) 0.05 0.5
Temperatures (K) 10 20 -100
Associations Low-mass stars OB stars
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Why do stars form?

0 Stars form by gravitational collapse of a dense core. Gravity plays a fundamental
role in order to form a star, but alone it does not determine whether a dense core will
become a star

0 Let’s consider the idealized case of a uniform, spherical core of mass M, radius R,
volume density n, mass density p, temperature T. The core gas has a turbulent
velocity v, and some rotation, with rate Q. B is the intensity of the magnetic field.

0 The core is supported against its own gravity by the sum of the thermal, turbulent,
rotational and magnetic energy. Gravitational collapse is possible only if:

| Egr | > Eth+ E

tur+ Erot+ Emag
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Why do stars form?

O Let’s suppose that magnetic, rotational and turbulent energies are negligible in
comparison to the thermal one. Then, the core will be in hydrostatic equilibrium if the
thermal pressure, which pushes the gas outward, balances gravity, which pulls the gas

inward:

a This is the well known Jeans criterium, namely that a homogeneous, spherical cloud
mass of M, number density n=p/umy and temperature T will collapse under its own gravity

if:

a If we also include in the stability criterion, the rotational energy, then the critical mass is:
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Why do stars form?

0 And if we consider the stability criterion for a core where gravity is balanced by magnetic
energy:

where ¢ is the magnetic flux (&= nR?B)

0 Taking into account the Jeans mass

the initial conditions to form a star are low temperatures and high densities, typical
conditions of most dense cores.

0 For T=10 K 'and n=10%-10° cm™3, M, 4= Mygans = 1-2 M
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Low-mass star formation

0 The formation of a low-mass isolated star is the simplest case to study.

a If thermal, magnetic, turbulent and rotational support are all negligible when compared
to gravity (free-fall), then a spherical core of mass M, radius R, and density p, will start to

contract under its own gravity.

0 The equation of the motion is:

from where one can derive the free-fall velocity and the free-fall time (i.e., the time it takes
for the core to collapse into a point):

0 There are many solutions to the collapse problem, which differ in the initial conditions
(density profile, rotation or not of the core) they assume: Larson 1969; Penston 1969;
Shu 1977; Shu, Adams & Lizano 1987; Foster and Chevalier 1993; Henriksen et
al. 1997
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Collapse of a slowly rotating core
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Spectral classification

> CLASS 0: Main accretion phase. Most
extincted and embedded objects. SED peaks at
submm A\’s and are not detected shortward of 20
um. Single blackbody distribution with very low T.

» CLASS [: Broader SED than single BB.
Longward of 2.2 um, SED rises with increasing A,
producing a huge IR excess, consistent with a
thick circumstellar disk + envelope.

» CLASS Il or T Tauri: SED peaks at visible or
NIR A’s. Longward of 2.2 um, SED is flat or
decreases. SED shows strong IR excess
consistent with optically thick, spatially flat or
flared dusty circumstellar disk.

» CLASS lll: SED peaks at visible or IR \’s and
decreases longward of 2.2 um. SED consistent
with the reddened stellar photosphere of a young
star with little or no circumstellar material.

Bologna, June 14t 2011

Inlrared/Submillimeter Young Stellar Object Classilication
i Liwder 087

Ardrd, Ward- Thompson, Barsony 1994)

Prestellar dense oo
- Pre-stellar

core

Subinilliincter Protosta

Class O

Infrared Protostar
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Class Il
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Observational evidences of protostars

.

pre-stellar
dense cores
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Observational evidences of protostars

* O Molecular line observations have been used to derive density and velocity
profiles in the cores to be compared to the predictions of collapse models
gravitational Thick
1C
collapse emission at Point 2
t=0 - is absorbed in 1, and
’];x"' R the emission in Point
4 is absorbed in 3.
' Tex (3) > T (1)
4 A |
L blue 0 red
observer
Thin
» all points contribute
g at the observed
emission

isovelocity curves T

blue 0 red
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Observational evidences of protostars

gravitational
collapse

t=0

Bologna, June 14t 2011
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Observational evidences of protostars

protostar
t<10%yrs

Visible « WFPC2

Ho
[SII]

Infrared « NICMOS

»

s HH111
' Hubble Space Telescope
WFPC2 « NICMOS

ESO-VLT NASA and B. Reipurth (CASA, University of Colorado)  STScI-PRC00-05
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Observational evidences of protostars

protostar
t<10%yrs
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Observational evidences of protostars

protostar
t<10%yrs

Bologna, June 14t 2011

Properties
Mass M 3 Mg
Size of lobes R 0.5 pc
Velocity %4 25 km/s
Outflow age t=R/V 2 x 10 yrs
Kinetic energy | E=1/2MV? 1045 ergs
Mechanical E/t 0.1L,
luminosity
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Observational evidences of protostars
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Observational evidences of protostars

- CoKu Tau1 Haro 6-5B

T Tauri
t ~106 -
107 yrs

Young Stellar Disks in Infrared
Hubble Space Telescope * NICMOS

PRC99-05a « STScl OPO - D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA

Bologna, June 14, 2011 Padgett et al. (1999)



Observational evidences of protostars

CB26: OVRO 1.3 mm continuum + HST/NICMOS

T Tauri
t ~106 -
107 yrs

d Declination 2000 (”)

Arcseconds W

Sauter et al. (2009)

6 R.A. 2000 (")

Chiang E, Youdin AN. 2010.
Annu. Rev. Earth Planet. Sci. 38:493-522
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Observational evidences of protostars

N

T Tauri
t ~106 -
107 yrs

0

Bologna, June 14t 2011
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DN Tou (30=5mJy)

SR 24 (30=13mly)

RY Tou (100=20mJy)

I
T

—t | -
T

GSS 39 (30=15mJy)

DM Teu (30=5mly)

0

S
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Properties

Mass M 0.003-0.3 M,

Inner radius Rin 1 to few R.

. ]
Mass accretion M 108 M, Iyr
rate
Outer Radius Rout 100 AU
Natta (2000)
Table 4
Dust Properties
Object o B Ay = 100mm g=3

q ki3 Gmax® ki3®

CY Tau 2.6 0.7 3.5 0.6 1 39
DG Tau 2.3 0.5 3.1 0.2 22 0.39

DM Tau 2.9 1.1 4.0 1.8 0.16 6.6

DN Tau 2.7 0.8 3.7 1.2 0.55 5.6

DR Tau 24 0.6 33 03 1.9 2.6

GO Tau 34 1.5 4.5 0.4 0.13 6.8

LkCal5 35 1.7 4.7 03 0.13 6.8

RY Tau 2.5 0.7 35 0.6 1.0 3.9

UZTau E 2.6 0.7 3.5 0.6 1.0 39

GM Aur 3.1 1.3 4.2 1.1 0.14 6.7

GSS 39 2.8 0.9 3.8 1.6 0.3 7.4

SR 24 2.6 1.1 4.0 1.8 0.16 6.6

TW Hya 2.5 0.8 3.6 0.9 0.55 5.6

MWC 275 29 1.0 39 1.9 0.185 7.0

Isella et al. (2009)



Observational evidences of protostars

T Tauri
t ~106 -
107 yrs

Courtesy of R. Cesaroni

Bologna, June 14t 2011
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High-mass star formation

Bologna, June 14t 2011

0O Massive stars are rare objects: for
each 10 M, formed, a hundred 1 M
stars are formed.

0 Rare objects than statistically form
at large distances = 4 kpc

QO Massive stars form in clusters: only
41+2% of O-field stars are formed
outside clusters (de Wit et al. 2006)

O Difficult to trace the primordial
configuration of the molecular cloud

HIGH ANGULAR RESOLUTION AT
(SUB)MM A’s IS A PRE-REQUISITE

Astrochemistry with ALMA




Low-mass versus high-mass scenario

o T 3 Two relevant timescales in SF:
10° &
: i. accretion t,.. = M./(dM/dt)

ii. contraction f, = GM./R.L.

10° &

107 _ Kelvin—Helmholtz _

0f _ 0 Low-mass (< 8 M,): evolution dominated by
i : accretion timescale: t_ . < txy

10° ; .
- = Pre-main sequence

time(yrs)

10* & .
- accretion

S

0 High-mass (> 8 M,)): evolution dominated by the
KH timescale: t, . > txy
= No pre-main sequence, accretion on ZAMS

o 5 10 15 20
M.(M,)

Radiation pressure acting on dust
grains become large enough to
reverse the infall of matter

1000 &

100 &
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Low-mass versus high-mass scenario

o COMPETITIVE ACCRETION: Bonnell & Bate (2002) predict that clouds
fragment initially into cores of a Jeans mass of ~0.5-1 M. These cores subsequently
form low-mass stars that accrete the distributed gas in the molecular clump.
Protostars located near the center of the gravitational potential accrete at a higher
accretion rate because of a stronger gravitational pull, and thus experience a faster
mass growth

0 CORE ACCRETION: McKee & Tan (2002) propose a turbulent accretion
model, in which stars form via a monolithic collapse of a molecular cloud. The
heating from the embedded protostars increases the gas temperature, and thus the
Jeans mass (100 M: Krumholz et al. 2007). The model predicts that massive cores
fragment weakly, so one should never find a massive core that has converted a
significant fraction of its mass in low mass stars

Bologna, June 14t 2011 Astrochemistry with ALMA



Evolutionary sequence for high-mass stars

IR-dark cloud Hot molecular core HC HIlI UC HIlI Extended HIl

iy G43.890-0.784

112

5(B1950)
Ad(arcsec)

- 1 L L
-0.5 -1 1.5 2 -2.5

"33732% 28% 1. _
«(B1950) Aa(arcsec)
fragmentation Infall+rotation accretion expansion
+outflow
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Infrared dark clouds

O Massive stars form in parsec
scale high-density clumps (10 to
10° cm3) within Giant Molecular
Clouds (GMCs) (density of order
100-1000 cm3) = |IR-Dark Clouds

(IRDCs)

0 IRDCs are detected in absorption
at 8 um and up to 24 um (70 um)
with Spitzer, MSX, Herschel (Egan
et al. 1998, Carey et al. 1998)

a At submillimeter and millimeter A’s
are seen in emission.

Declination

Declination

Declination

T 18:43.00

Right Ascension Right Ascension

0 IRDCs have sizes 1-5 pc Rl
o MQ Carey et al. (2000)
n~10° cm3

T<20K

Bologna, June 14t 2011 Astrochemistry with ALMA



Infrared dark clouds: early phase chemistry

0 Recent works have started to study the chemical properties of IRDCs to compare them with
HMPOs and low-mass pre-stellar cores:

Declination (J2000)

18:26:00.0

Bologna, June 14t 2011

58.0 56.0

Right ascens!

54.0 52.0
ion (J2000)

Devine et al. (2011)

Species Transition £} (K) v (MHz)
NH; (LK=1,1) 2270 23 694,496
NH; (LLK=2,2) 6389 23722.633
NH;D (para) 11-1p 16.55 85926.3
NH;D (Or[hO) l”—lUl 15.98 110153.6
NHD, (ortho) Lio=ln 13.33 1108129
NHD, (para) Lio—1n 13.09 110896.7
Cc™0 J=1-0 0.0 109 782.1734
Cc™®0 J=2-1 5.27 219 560.3568
c’o J=2-1 5.39 224 714.3850
H“CN J=1-0, F =2-1 0.0 86 340.184
HC"N J=1-0 0.0 86054.961

Note: “ E, is the lower energy level of the transition.

v

Pillai et al. (2007)

Single dish observations that
ALMA can do easily even at
early science

Astrochemistry with ALMA



Infrared dark clouds: SF activity

a Many of these cores show evidence for active star formation including:

O IRAC 3-color (8.0 ym: red, 4.5 ym: green, 3.6 um: blue)

1. Enhanced, slightly extended 4.5 um
emission, the so-called “green-fuzzies”,
which indicates shocked gas, and broad
spectral lines of SiO (Jiménez-Serra et al.
(2010):

Latiisde

Chambers et al. (2009)
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Infrared dark clouds: SF activity

a Many of these cores show evidence for active star formation including:

Blue - SiO G035.39-00.33
1. Enhanced, slightly extended 4.5 um (020) so@e) (-1070)

.. . 1 oot PR DR 10 ERERRCTT [ v =38.0451.8 kma™ 7, (§ %2 FOEETT™Y 10 [T
emission, the so-called “green-fuzzies”, ot e A VAN p. O 3,”&:“1" o
which indicates shocked gas, and broad W‘“; ;/}— B O ’*q -;«f/\ S
spectral lines of SiO (Jiménez-Serra et al. B s N
(2010): e L e e

bt £/ NdE [ ARRSTT 1 opwded N

35 40 45 50 55 4 [Booe ER N R L =
0 i) by a large-scale shock, perhaps remnant of e T/L 300 > () | iwkm et A
the IRDC formation process; ii) by decelerated opuidand [\ F 4 ] D
or recently processed gas in large-scale gy wgm | 1y o g
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Infrared dark clouds: SF activity

a Many of these cores show evidence for active star formation including:

Blue - Si0 G035.39-00.33

1. Enhanced, slightly extended 4.5 um I L ose@n o com
emission, the so-called “green-fuzzies”,  *"eetied (/o ioo™ osis =g O g ZEE
which indicates shocked gas, and broad *f;”‘“q ;/}— U m é
spectral lines of SiO (Jiménez-Serra et al. o vl sl il
(2010): o T R :

T P

Qi) by a large-scale shock, perhaps remnant of ;
the IRDC formation process; ii) by decelerated w’\m

0
4
Vigg (kms ) 2
0
1
0

Js 40 45 50 55 4 le*o(2-1);
V, ms ')

- 0 bt et

or recently processed gas in large-scale o) R B mj‘”’q)
outflows driven by 8 um and 24 um sources; or _ 1 oL
iii) by an undetected and wide spread bl oL/ ] -100) ) P |
population of lower mass protostars. e W‘T” w0 b
L e, s (arese L e,

Jiménez-Serra et al. (2010)

2. Bright, 8 um (red sources) or 3.6 um (blue
sources) emission, or 24 um (deeply
embedded protostars):

QO Red cores: are probably Hll regions, ionized by
OB stars which formed within the IRDC.

Calnetie Latitede

éhambers et aI (2009)
Bologna, June 14t 2011 Astrochemistry with ALMA

Q Blue cores are predominantly unextincted stars



Hot molecular cores

O Hot molecular cores, the cradles G29.96—-0.02

P ———

of OB stars, have

—2039'10" .lump
—2039190" Image: 1.3mm cont.
é\ — c¢"0(2-1)
0 Sometimes associated with SR CH3CN(6-5)
N _
regions 5 1.3cm cont.
—2°39'40"
—2°39'50"
18"46™05% 18"46™04% 18"46™03%
a(J2000)
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Hot molecular cores

O Hot molecular cores, the cradles
of OB stars, have sizes <0.1 pc

T>100 K

72 :1; ;/ CRANIVIEN
n~107 cm-3 cometary UC - ]
. Rt N N | 2)
HIl region

L>104L,

0 Sometimes associated with
embedded HC / UC HIl regions

0 Rich chemistry : evaporation of
dust grain mantles

0 Associated with outflow, infall,
and rotation

Bologna, June 14t 2011
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Hot molecular cores: infall

0 Important to test models for OB star formation, but difficult to detect/recognize: e.g. line
broadening towards star may be due to optical depth and/or turbulence

0O Few direct detections of gas infall towards massive YSOs.

a Inverse P-Cygni profiles (or red-shifted absorption) towards bright embedded sources
have been detected:

Q hypercompact HIl regions (very bright at cm A\’s)
as for G10.62 (Keto et al. 1988; Sollins 2005) or
G24.78 A1 (Beltran et al. 2006)

0 a strong compact millimeter source as for W51
North (Zapata et al. 2008), G31.41+0.31 (Girart et al.
2009; Frau et al., in preparation), G19.61-0.23 (Wu
et al. 2009)

Tu( 1 _e-')

0
Tp—Tha

- + - + -

0 0
v \'
Bologna, June 14", 2011 Courtesy of R. Cesaroni



Hot molecular cores: infall

0 NH, absorption against HIl region 0 Absorption against strong mm source

-10 o 1
maximun redshift s \\/51 North
towards star :

CN (2-1)

LINATION (J2000)

30 58

60
LSR Velocity (Km/s)

RIGHT ASCENSION (J2000)

18"10™28%0 28%6 28%60 28™6 28%0 28%66 28%60 28'56

oo Zapata et al. (2008)
Sollins et al. (2005)

{7-6)
. I G31.41+0.31 :
Ission
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-7°12' 10" . S
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2N

—1°12'52"

18"47M34% 34%0
o (J2000)

Girart et al. (2009); Fr%ﬁbehé%gfwaration

Beltran et al. (2006)



Hot molecular cores: infall

HMC M ore(Mo) R (pc) V. (km/s) Infall rate (M/yr)
G10.62-0.38 82 0.02 4 3x103
G24.78+0.08 A1 130 0.02 2 4x104 - 102
W51 North 90 0.07 4 4x102 - 7x102
W51e2 140 0.01 3.5 6x10-3
G31.41+0.31 490 0.04 3.1 3x10-3 - 3x10-2
G19.61-0.23 415 0.03 4 >3x10-3

a The infall rates estimated are very high, probably sufficient to quench the formation of an
UC HIl region and allow the formation of an O-type star.

0 For G24.78 A1 the rate needed for the ram pressure to overcome the thermal pressure of
the HIl region is ~2x10* (M/yr) - |nfall rate is large enough to brake or slow down
the expansion of the HIl region (Beltran et al. 2006). This conclusion is strengthened if one
takes into account the effect of stellar gravity.

Bologna, June 14t 2011
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Dec. offset (arcsec)

Hot molecular cores: outflow

0 Molecular outflows are an ubiquitous
phenomenon in massive star formation up
to 10° L, (e.g Shepherd & Churchwell

13 18
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a Beuther et al. (2002),
Wu et al. (2004), and
Lopez-Sepulcre et al.
(2009) show continuity in
the correlation between
mechanical luminosity,
mechanical force, mass
loss rate and bolometric
luminosity from low-
mass to high-mass.

a The luminosity of the
powering source
determines the outflow
energetics, and the
driving mechanisms are
similar for all
luminosities.
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Hot molecular cores: rotation
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Disks versus toroids

0O DISKS
M”disk” ~4-20 M@ < Mstar
size ~ 1000 AUs
L <10*L, (M < 20 M) = early B-type stars

centrifugally supported disks in Keplerian rotation

o TOROIDS
Mtoroid” ~a feW 100 M@ >> Mstar
size ~ several 1000 AUs

L>10°L, (M> 20 M) = early O-type stars

Not centrifugaly supported and NO Keplerian rotation on scales of 10* AU.
Could never reach equilibrium and be transient entities with timescales of the

order of t; ~10%yr

Bologna, June 14t 2011 Astrochemistry with ALMA



Hot molecular cores: rotation

NO REAL ACCRETION DISKS HAVE BEEN IMAGED YET
TOWARDS O-TYPE (PROTO)STARS

0 Accretion disks could embedded inside the
rotating toroids (Cesaroni et al 2006), and
difficult to disentangle from the large-scale,
massive structures with current
instrumentation = ALMA

a Circumstellar disks around O-type stars
could be rapidly destroyed or truncated (< 30
AU) by tidal interactions or encounters with
stellar companions (Bonnell et al. 2003;
2004; 2005), or (less likely) by the powerful
ionizing flux of the early-type star (photo-
evaporate d disks: Hollenbach et al. 2000).

a Alternatively, circumstellar disks could
never be created.

Bologna, June 14t 2011

Visr (km/s)

A (arcsec)

Cesaroni et al. (2005)

= ALMA sensitivity and resolution
ABSOLUTELY needed because able
to detect a disk up to distances of 20
kpc.
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Hypercompact to extended Hll regions

O The UV photons of the newly
formed OB star will heat and ionize
the circumstellar material. As the 62678 — g SN2 11)
heated region grows, it will eventually L
breakthrough the the core to become
a visible HC HII regions, which will
expand to become an extended Hl|

region.

111.5

/s

11

Ad(arcsec)

110.5

-1 -2 -3
Aa(arcsec)

Increasing lonizing Flux
) Star-Form; Spitzer Space Telescope g:l:g

Spherical Accretion

Quenched
(Nonexistant HIl)

Bipolar Outflow Spherical Outflow
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Hypercompact to extended HIl regions

Table 3. Physical Parameters of HII Regions

Class of Size Density Emis. Meas. Ionized Mass

Region (pe) (em™®) (pcem™) (Mz)

Hypercompact =0.03 2 10° =10 ~ 1077

Ultracompact  =0.1 = 10° =107 ~ 1072

Compact 0.5 z5x10° =107 ~1

Classical ~10 ~ 100 ~ 10* ~ 10°

Giant ~ 100 ~ 30 ~ 5 x 10° 10° - 10° 19"07M51% 508
Supergiant >100 ~ 10 ~ 107 10% - 10% & RA (1850)

Kurtz (2005)

y

Dec (1950)

Ultracompact HII Region Morphologies
Cometary — 20% Core-Halo — 16% Shell — 4%

T
g i e
o >
s

Intensity
Intensity

Irregular or ~

= Spherical or
Multiply Peaked — 17% 5 g y Unresolved — 43% .

Wood & Churchwell (1989)
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