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1. Where and why do stars form

Stars form in gas condensations of the ISM known as Molecular Clouds, the most massive
(up to 10° Mg) and coldest objects (10 to 50 K) in our Galaxy
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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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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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Mizuno et al. (1995) o densities ~ 104-10° cm?3

Galactic Longitude

o temperatures ~ 10-20 K



Gas and dust absorb almost all the The dust produces
visible light from the background reddening
stars

The main constituent of these dense e

cores is gas, although it also contains
microscopic dust grains (100:1).

The clouds are so dense and cold that
the hydrogen atoms are bound as
molecules: molecular hydrogen is the
raw material for building new stars.

Although this dust accounts for only a
fraction of the cloud mass, it is enough
to ‘obscure’ the star birth. Dense cores
appear as IR-dark objects.

This dark cloud (B68) looks like empty
space: in fact, it has more matter than
the space surrounding it.
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1. Where and why do stars form

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

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 gas has a turbulent velocity

Viurb @nd some rotation, with rate Q. B is the intensity of the magnetic field.

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:
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1. Where and why do stars form

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:

GM 5 kT
R 2 um,

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

M > My = Mygans = 6T /20 /2

If we also include in the stability criterion, the rotational energy, then the critical mass is:

Mcr,th
M > Mcr,rot -

_QZ 3/2
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1. Where and why do stars form

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

1 2

M>M = SCI>~1M[B”R]
crmag = 3126 -~ T %101 u6l10.1pc

where @ is the magnetic flux (® = R?B)

Taking into account the Jeans mass
3 -1
M > Mg en = Mygans =6T /20" /2

we can see that initial conditions to form a star are low temperatures and high densities,
typical conditions of most dense cores.

For typical conditions of low-mass dense cores: T=10 K and n=104-10° cm-3

- Mcr,th = MJeans =1-2 MG)
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2. Star-formation theory of low-mass stars

According to the standard star-formation theory, stars (at least those with
masses comparable to the Sun) form by gravitational collapse of a dense
molecular cloud of gas and dust in rotation.



2. Star-formation theory of low-mass stars

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

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.

The equation of the motion is:

d*R GM

dt2 ~  R?

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):

vff ~ (GM)l/Z R_l/z tff = (Gp)_l/z

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



1. Pre-stellar dense core: fragmentation







t~104yr
3. Protostar: envelopes, disks and jets/outflows
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4. Infrared protostar
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5. T Tauri stars
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6. Young stellar system
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Infrared/Submillimeter Young Stellar Object Classification
{Luda 1987 + André, Ward-Thompson, Barsony 1993)
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Young stellar objects form deeply embedded in dense
cores. An important fraction of the protostellar radiation
emitted is absorbed by the circumstellar dust and re-
emitted at longer wavelengths. The shape of the emitted
spectrum or spectral energy distribution (SED) from
near- to far-infrared wavelengths depends on the
amount and distribution of the surrounding dust and on
its temperature.

YSOs are classified into four different evolutionary
classes O-I-ll-Ill based on the slope of the SED between
about 2 and 25 pm (Lada & Wilking 1984; Lada 1987,
André, Ward-Thompson, Barsoni 1993)
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3. Classification of low-mass young stellar objects

Infrared/Submillimeter Young Stellar Object Classification
(Luda 1987 + André, Ward-Thompson, Barsony 1993)

o Pre-stellar cores
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Infrared/Submillimeter Young Stellar Object Classification
{Luda 1987 + André, Ward-Thompson, Barsony 1993)
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Class |

- SEDs broader than single blackbody distributions, and

peak at far-IR or submm A's.

- Huge infrared excess (a;z > 0) due to large amounts of

circumstellar dust in infalling envelopes. Generally not
visible in the optical.

- Timescale ~ 1 x10°% yr

Class Il or Classical T Tauri

- SEDs peak at visible or near-IR and broader than single
blackbody distributions

- Strong IR excesses, and flat or decreasing spectral
indices (—1.6 < a;z< 0).

- IR excesses produced by optically thick, spatially flat (or
flared) dusty circumstellar disks.

- Timescale ~ 1 x 106 yr

Class lll or weak T Tauri

- SEDs peak at visible and IR A's and decrease longward of
2.2 mm (g <-1.6).

- SEDs consistent with single temperature blackbodies,
interpreted as arising from reddened stellar
photospheres of young stars with little or no circumstellar
material.

- Timescale ~1x107 yr
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4. High-mass star-formation theory

Basic properties

o High-mass stars have masses > 8-10 Mg

T ’ T 1 T T T T T I
o Luminosities > 10% times higher than low-mass. Total luminosity -
8 . 15 _
dominated by high-mass stars.
10—
o Foreach 30 Mg star, there are 100 stars with1 Mg (Salpeter’s g |
IMF). g 51 4
o Short evolutionary timescales ~10° yr (McKee & Tan 2002): 2 }
thousands of times shorter than low-mass stars (Sun: ~107 yr). g |
And short lifetimes. & |
-10}- —
o Mainly located in the spiral arms of the galaxies, in which they
formed because of their short lifetimes . =151 it }
201 s L L L n
o Key elements in galaxies, they dominate their appearance and BB W eesicDar ey

lution.
evolution Urquhart+ (2014)

o They are responsible for the production of heavy elements and
influence the interstellar medium though energetic winds and
supernovae. Produce enough UV to create Hll regions.

o High-mass star-forming cores are the most chemically rich
sources in the Galaxy and best reservoirs of Complex Organic
Molecules, in particular prebiotic ones (building blocks of life).



4. High-mass star-formation theory

Basic properties

o High-mass stars have masses > 8-10 Mg

o Luminosities > 10% times higher than low-mass. Total luminosity
dominated by high-mass stars.

o Foreach 30 Mg star, there are 100 stars with1 Mg (Salpeter’s
IMF).

o Short evolutionary timescales ~10° yr (McKee & Tan 2002):
thousands of times shorter than low-mass stars (Sun: ~107 yr).
And short lifetimes.

N90 in SMC

o Mainly located in the spiral arms of the galaxies, in which they
formed because of their short lifetimes .

o Key elements in galaxies, they dominate their appearance and
evolution.

o They are responsible for the production of heavy elements and
influence the interstellar medium though energetic winds and
supernovae. Produce enough UV to create Hll regions.

o High-mass star-forming cores are the most chemically rich
sources in the Galaxy and best reservoirs of Complex Organic
Molecules, in particular prebiotic ones (building blocks of life).



4. High-mass star-formation theory
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4. High-mass star-formation theory

Observational challenges

Massive stars are rare objects found at large
distances = 5 kpc

Short lifetimes, difficult to trace the earliest phases

Massive stars embedded in rich clusters: only ~4%
of O-field stars might have formed outside (de Wit+
2005).Emission difficult to disentangle and
confusion with other cluster members.

Difficult to trace the primordial configuration of the
molecular cloud and obtain the initial conditions.

10 cm

1 cm

T mm

100 pum

Wavelength

10 um E

0.1 um

0.1 mas

1 mas 10 mas 0.1 arcsec 1 arcsec

Angular resolution

Beltrdn & de Wit (2016)



4. High-mass star-formation theory

Theoretical challenges

I I | I |
o Two relevant timescales in star formation: 0 3
accretion t,.. = M./(dM./dt) oL T
contraction ty = GM.«/R+L+
10’ & | Kelvin—Helmholtz .
o Low-mass (< 8 Mg): tee <ty T ik i
m) Pre-main sequence >
) - §
§ 10°F E
o High-mass (> 8 Mg): t,. > tyn R .
. R 10" 3 =
mp No pre-main sequence, accretion on ZAMS g . E
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Radiation pressure acting on dust grains M.(M,)

become large enough to reverse the infall
of matter




o MONOLITHIC COLLAPSE: McKee & Tan (2002, 2003,2004)

1 core — 1 massive star

stars form via a monolithic collapse of a massive turbulent
core: a massive star forms from a massive core and
gathers its mass from this massive core alone. Given the
non-zero angular momentum of the collapsing core, this
model predicts the existence of protostellar accretion
disks around massive stars.

Courtesy of Luca Carbonaro

o COMPETITIVE ACCRETION: Bonnell etal. (1997, 2001, 2004)

Fragmentation in multiple cores

clouds fragment initially into cores of a Jeans mass of
~0.5-1 Mg. These cores subsequently form low-mass
stars that compete to accrete the distributed gas in
the molecular clump. This models predicts that
massive stars should form exclusively in clustered
environments. A special case of interaction is that
causing a merging between low-mass stars, which is
only predicted for unusually high stellar densities. )

\'Gas infloV

%}ﬁ 7

Adapted from Bonnell (2004)
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4. High-mass star-formation theory

MONOLITHIC COLLAPSE

o 1 core — 1 massive star (or small multiple systems). o

o  Stellar mass pre-assembled in the collapsing core
(isolated from rest of the cloud). o

o Isolated massive star formation
o  CMF similar to IMF o

o  Turbulent medium (high accretion rates: M >> 10"

M@/yr). o

o  Slow, quasi-static process ©

o Initial conditions: strongly peaked density distribution o
(norts)

o

o Disks and outflows should exist

COMPETITIVE ACCRETION

Fragmentation in multiple cores of thermal Jeans
mass.

Accretion of unbound gas from whole cloud
(global collapse). No connection between mass of

the core and final stellar mass.

Massive stars always form in clusters. Most
massive star at the center

Lead to full IMF

Bondi-Hoyle accretion (M ~ M?).

Fast, dynamical process, gravity driven
Initial conditions: uniform gas density

Disks exist (1000s au) but are disturbed and semi-
transient structure. Chaotic orientations



MONOLITHIC COLLAPSE

1 core — 1 massive star (or small multiple systems).

Stellar mass pre-assembled in the collapsing core
(isolated from rest of the cloud).

Isolated massive star formation
CMF similar to IMF

Turbulent medium (high accretion rates: M >> 10°
M®/yr).

Slow, quasi-static process

Initial conditions: strongly peaked density distribution
(n o rts)

Disks and outflows should exist

Declination (J2000)

4. High-mass star-formation theory
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COMPETITIVE ACCRETION

Fragmentation in multiple cores of thermal Jeans
mass.

Accretion of unbound gas from whole cloud
(global collapse). No connection between mass of
the core and final stellar mass.

SDC335

Integrated intensity (Jy/beam km/s) Line of sight velocity (km/s)
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Right Ascension (J2000)

Peretto+ (2013)

Disks exist (1000s au) but are disturbed and semi-
transient structure. Chaotic orientations



4. High-mass star-formation theory

MONOLITHIC COLLAPSE COMPETITIVE ACCRETION

© 'I core — '] massive star (Or sma” mu|t|p|e Systems)' O Fragmentat|on n mUltlple cores Of thermal Jeans
Mmass.

o  Stellar mass pre-assembled in the collapsing core
(isolated from rest of the cloud).

o Isolated massive star formation
o CMF similar to IMF

o  Turbulent medium (high accretion rates: M >> 10°
M®/yr).

o  Slow, quasi-static process

o Initial conditions: strongly peaked density distribution
(nort®)

o  Disks and outflows should exist
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IR-dark cloud Hot molecular core Extended HII

G24.78+0.08
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5. Disk formation

Circumstellar disks are a natural outcome of the star formation process.
Conservation of angular momentum of the infalling material onto the
protostar plus gravity result in a rapidly spinning and flattened disk
(centrifugally supported disk).



5. Disk formation

Circumstellar disks are a natural outcome of the star formation process.
Conservation of angular momentum of the infalling material onto the
protostar plus gravity result in a rapidly spinning and flattened disk.

mass of the rotating body, m

J=myvr rotational velocity, v
distance of mass from rotational axis, r



5. Disk formation

Jisks are a natural outcome of the star formation process.
>f angular momentum of the infalling material onto the
gravity result in a rapidly spinning and flattened disk.

mass of the rotating body, m

J=myvr rotational velocity, v
distance of mass from rotational axis, r




5. Disk formation

In @ molecular cloud, m is very high (103-10% M) as well as r (1 - few pc),
so even if v is small, the angular momentum is large. When the material

falls onto the surface of the protostar (very small r), v has to increase
orders of magnitude.



Angular momentum removal

jets and outflows



Angular momentum removal

jets and outflows

The naive expectation

Outjlow 8

Protostar /
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~ 103 AU

catastrophic magnetic braking
(Galli+ 2006)



5. Disk formation

The disk extends up to the centrifugal radius and the rotationally supported (Keplerian)
disk extends out to the centrifugal barrier, where the gravitational force is balanced by
the centrifugal force, which is expected to grow rapidly with time,

infall

cgvlilttyﬂ%u R ; T’/ /

Inclinatio-ni
Angle
~ 20°

O

Infalling matter piles up.

o Inside this radius, only pure
rotation motions Keplerian
motions

Centrifugal
_ Barrier

Infalling and rotating disk

Centrifugal radius

/ o Infalling region

o Inside this radius,
rotation+radial motions
o Spiral-like trajectories

Theoretical model for very

young protostellar disks
developed by Stahler+ (1994)

Rotationally Supported Disk?

o Keplerian disk

(Myisk < My )

Adapted and modified from Oya+ (2014)




5. Disk formation

ROTATION:

rotating disk l
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o Doppler effect: V = ¢c(vy- v)/v, along line of sight & velocity field

o Velocity field: if ROTATION then velocity gradient along the major axis

For PUrE =mp O v(r) = ’Grﬂ sini > Direct measurement of My
Keplerian disks



5. Disk formation

ROTATION:

Keplerian motion in the solar system

50

If disk masses are a small fraction of the
central stellar mass. Their motions are
therefore expected to be Keplerian
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5. Disk formation INAFE

HD169142 HD135344B
9 , e '
_5 " i ) 3 4 5 ; ‘; 7 8 2 & h
A Dec (arcsec)

HIGH-MASS

LOW-MASS

[
(@) obs.

AR. A. (arcsec)

? W33A - Methyl Cyanide K=4 - moment 2 4.0
T T T T
) 10 - d) W3 3A N
35
) /‘\
= 3.0
~
25 E
5 X
2 4 ~
00
£ 20 £ ['4
3 a
>~
1.5
Y o-os | .
1.0
2
, 10 0s
| I I
1.0 0.5 0.0 -0.5 -10 0.0

Right Ascension Offset (arcsec)

Offset (arcsec)



5. Disk formation

Disks in low-mass protostars

Properties T
Mass M 0.003-0.3 Mg
Inner radius Rinn 1 to few R-
Outer Radius Rout ~100 AU

!

Recent ALMA observations
suggest < 30 au



5. Disk formation

Disks in high-mass protostars

® Lb0| < 105 L@ => M* = 7'25 M@
* Ryafew 100-103 au

* My~ afew Mg = Mdisk S My
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6. Observation of protostellar disks

Evidence for disk features around young stellar objects comes from:

1. SED fitting: a flat and geometrically thin distribution
account for the SED (produced by the dust emission)
from the optical to the mm (including the IR excess).
Especially for TTauri stars, because the extinction
towards most of them is very low.
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Evidence for disk features around young stellar objects comes from:

SED fitting: a flat and geometrically thin distribution
account for the SED (produced by the dust emission)
from the optical to the mm (including the IR excess).
Especially for TTauri stars, because the extinction .

towards most of them is very low. Mrsoweaso || asorzsseasnz (sosmzme |

Imaging: adaptive optics (AO) systems on ground-
based telescopes and the Hubble Space Telescope
(HST) started to image these disks. Dust grains at the
disk surface scatter the stellar light, revealing the disk
geometry of circumstellar matter.

Young Stellar Disks in Infrared
Hubble Space Telescope * NICMOS

wandne (PAC), K. Stpaielt (JPL} and NA

Padgett+ (1999)
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Evidence for disk features around young stellar objects comes from:

SED fitting: a flat and geometrically thin distribution TW Hydrae
account for the SED (produced by the dust emission)
from the optical to the mm (including the IR excess).
Especially for TTauri stars, because the extinction
towards most of them is very low.

Imaging: adaptive optics (AO) systems on ground- .
based telescopes and the Hubble Space Telescope
(HST) started to image these disks. Dust grains at the
disk surface scatter the stellar light, revealing the disk
geometry of circumstellar matter.

Gas and dust imaging: imaging embedded disks observations

requires long wavelengths to see through the S[won 7
envelopes and arcsecond or higher resolution to match € )fp Q@ 1 & / ) 1 1 @ @
the disk sizes. Large millimeter arrays such as ALMAor  ~ ' ' A ' = = &

NOEMA interferometers meet these requirements and 5 o -5

also filter out extended structures so that the emission : ;
from the compact disk dominates on long baselines. ; & | /Al /S | a :

Mapping the line emission from the gas gives ISR IO @@ @
information on the kinematics of the disk. -5 N - . W

as (")

ba () model of Keplerian disk



ALMA

Direct imaging (HST or 8-meter ground-based)

g
T Tauri star - magnetospheric accretion
I;(H AU .I
metry
Stellar Accretion shock Accretion columns
magnetosphere Far IR emission [0l
(as A -
v/ Outer disk
. (mass reservoir)
Near IR emission
Hot continuum 10 AU
Broad emission lines (Ho , Bry, etc.)
Mid-IR: (Sub
\WIIYIT UriLiear >u iar) dust continuum dust contint 100 AU
+ atomic lines (Br-y) + molecular lines + molecular rot-lines

+ occasional molecular (H,0, CO,, ..)
lines (H,0, CO, OH)

Dullemond & Monnier (2010)
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/. Deriving properties of disks

Estimating disk masses

The mass of the disk determines its dynamical state, a critical property for the evolution
of the disk.

o The state can be typified as either self-gravitating and in non-Keplerian rotation or centrifugally
supported. The bulk of the disk material is cold and its total mass can be estimated by the
thermal emission from dust.

o The dust emits as a blackbody characterized by a single temperature T4 modified by the effect
of the absorption coefficient > greybody

S, =B,(Ty)(A1 —e %),

where B, is the Planck function at the dust temperature T, Q is the source solid angle and 1, is
the optical depth.

o The optical depth is proportional to the column density and can be expressed as:
T, = vapdl

where the absorption coefficient k, is proportional to the frequency as v, where B varies typically
between 0 and 2.



/. Deriving properties of disks

Estimating disk masses

o Under the assumption that the emission at (sub)millimeter wavelengths is fully optically thin and in
the Rayleigh-Jeans regime, one can use:
V. - S, d?
dust kv Bv (Td)
o Where Bvin the R-J regime is

2kv?
B,(Ty) =~ T

o Assuming a gas-to-dust ratio of 100, then:
S, d?

M =100———
ges = 100757



/. Deriving properties of disks

Uncertainties in disk masses

o Gas-to-dust mass ratio in a disk is usually assumed to be 100, the typical value for the interstellar medium (ISM).
Only 1% of the disk mass is in dust particles. BUT the physical conditions dominating the disk are likely to be much
unlike those found in the ISM. The gas-to-dust ratio could actually be lower in circumstellar disks due to gas
removal. Dust related processes such as grain growth and dust settling could result in a predominantly gaseous disk
atmosphere that would be subject to photo-evaporation leading to gaseous disks winds or to the selective accretion
of gas onto the central star (e.g., Williams & Best, 2014). These processes would result in an overestimate of the disk
mass based on dust emission.

o Recent gas-to-dust mass ratio studies point to a factor 150 (Draine 2011)

o An estimate of the dust temperature T4 can be obtained by fitting SED with black-body curves. Alternatively, by
assuming local thermodynamic equilibrium (LTE), one could adopt the rotation temperature of high-density
molecular tracers. BUT if dust and gas are not perfectly coupled, then T4 can differ by a few degrees from the
temperature estimated of the high-density tracers (Goldsmith, 2001; Juvela & Ysard, 2011).

o The principal source of uncertainty is the dust opacity coefficient k, . It depends on the composition and properties

of the dust particles themselves, in particular on the dust opacity power-law index 3, (k, « vB). Different studies have
computed different dust opacity laws (e.g., Hildebrand, 1983; Draine & Lee, 1984; Ossenkopf & Henning, 1994) that

yield disk mass estimates differing by a factor 4-5 (Beuther et al., 2002a).

o An additional source of uncertainty on the disk mass relates to the achieved spatial resolution. Insufficient angular
resolution makes it very difficult to disentangle the disk emission from that of the envelope and would lead to
serious overestimates of the disk mass. Interferometers have the advantage of spatially filtering out the most
extended envelope emission, and decrease the bias on the disk mass estimates.



/. Deriving properties of disks

Estimating inner and outer radii

o Disk outer radii are estimated from either resolved dust continuum emission or from
line emission of high-density tracers. Such observations are performed at long
wavelengths, given the low temperatures of the outer disk.

o Direct spatial information on the inner disk and its associated accretion physics
requires a linear resolution between 10 AU and approximately the stellar radius. For
most stars, such scales are only indirectly accessible through spectroscopic
techniques like high-resolution spectroscopy, spectro-astrometry and spectro-
polarimetry, i.e. techniques that have proven their efficacy in the optical and near-IR

wavelength range.



/. Deriving properties of disks

Estimating surface density

o The projected surface density X is a power-law of the radius (< R?), and assuming a flat cylindrical
disk, can be estimated as

5(R) = —4&

T R2

o Dustsize vs. gas size: dust sizes # gas sizes (In Class Il YSOs, size from rotational CO lines is larger
than from dust continuum: Piétu+ 2005; Isella+ 2007).
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Piétu+ (2005)




Estimating scale height profiles ’ ‘

©)

Protoplanetary disks can be “flat” or flared with a vertical scale height that increases with
radius.

Characterizing the disk scale height is essential for modeling the thermal, ionization, and
chemical structure of disks and for interpreting atomic and molecular line observations. It
is also important for understanding disk evolution as the outer parts, with their low

densities and large-scale heights, are particularly susceptible to photoevaporative losses.

For an azimuthally symmetric disk in hydrostatic equilibrium, the density is a function of
both radius, R, and vertical height, Z:

- (-5
A B

where H(R) is the scale height, which depends on the com-
petition between disk thermal pressure and the vertical

component of stellar gravity. H(R) <Rhwith h = 1.3-1.5
(D'Alessio+ 1998; Dullemond+ 2002)




/. Deriving properties of disks

Estimating rotating velocity

o A first moment map or velocity-weighted map represents the average velocity of the gas
at each pixel

o V. is often estimated as half the range of the velocity gradient measured over the resolved
disk of a high-density molecular tracer (e.g., Beuther et al. 2008; Beltran et al. 2011a).
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/. Deriving properties of disks

Estimating rotating velocity

o Ifthe disk is in Keplerian rotation:

Vroe () = ( -

G M,

) o 7=1/2

Visg (km/s)

A (arcsec)




/. Deriving properties of disks

Estimating the mass of the (proto)star

1. Dynamically: modeling the rotation in a Keplerian disk:

2
vrot R

M* = Mdyn = G

where v, is the rotation velocity of the disk and R the outer radius.

2. LOW-MASS: From the bolometric luminosity, assuming that the YSO is at
the birthline > pre-main sequence star starts to contract to reachf the ZAMS.
Accretion has ended.
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/. Deriving properties of disks

Estimating the mass of the (proto)star

2. HIGH-MASS: From the bolometric luminosity, assuming that the YSO has reached the
ZAMS.
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/. Deriving properties of disks

Estimating the mass of the (proto)star

3. From free-free centimeter emission, assuming it comes from an optically thin HIl region.
One can deduce the Lyman-continuum photons emitted per second (N,,) (e.g., Mezger and
Henderson 1967) and relate it to the spectral type (Martins et al. 2005; Lanz and Hubeny

2007; Davies etal. 2011)

Sv = BV(TB)(l a e_TU)'Qs

— S‘ch
B 22k, 0

The emission measure:
EM (cm™® pc) = s, vOIT235 9,72

where T, is the electron temperature, usually assumed to be 104 K
The electron density:
n (Cm—3) o 58.5 10:05 TeO.175 d—09-5 95—1.5
e
And the number of Lyman-continuum photons per second (s):

NLy =Sv v0.1 Te—0.45 dZ



/. Deriving properties of disks

Estimating the mass of the (proto)star

Sp Tetr log(L) M My IK—H MS
ass far Leslblo) R BOy o My LesQue ot Type  (1°K)  (Lo)  (Mg)  (mag)  (10*yn)  (10°yr)
Mo) K Re) (phots™) — (x107yn) 03 44.8 5.86 70.8 ~5.9 1.6 2.9
6 19000 3.01 30 —183 —095 4333 367.1 04 42.9 5.60 523 —5.3 1.9 3.3
9 22895 3.57 39  —228 —1.89 44.76 175.5 05 40.9 5.36 39.4 —4.9 23 3.9
12 26743 3.96 45 264 252 46.02 107.8 05.5 39.9 5.27 36.5 —4.7 25 4.2
15 29783 4.26 51 —-2.8% —3.01 47.03 76.2 06 38.9 5.17 335 —4.6 2.8 4.5
20 33824 461 60 —322 —3.56 48.00 51.8 06.5 37.9 5.08 30.6 —4.4 3.1 4.9
25 36831 4.86 6.7 =347 -—3.93 48.46 40.2 07 36.9 4.98 27.5 —4.2 3.3 54
30 38670 5.02 73 =361 —4.19 48.69 36.7 07.5 35.9 4.88 247 —4.1 3.6 5.9
35 40596 5.18 80 =375 —445 48.90 31.7 08 34.9 4.78 229 -39 4.1 6.5
40 42610 5.34 87 =389 —4.71 49.09 26.3 08.5 33.9 4.69 21.0 -3.7 4.5 7.2
50 44589 5.52 98  —403 —5.02 4931 24.1 09 32.9 4.59 19.4 -3.6 5.1 8.1
60 46647 5.70 110 —418 —533 49.43 20.4 09.5 319 4.50 18.1 3.4 5.7 8.9
70 47662 5.81 120 —425 —553 49514 19.7 BO 29.5 4.27 14.9 -3.1 7.3 12.0
80 48 694 5.92 131 —432 —574 4958 18.2 B0.5 27.3 4.04 12.7 —2.7 10.0 16.4
90 49449 6.02 141  —437 —592  49.65¢ 17.4 B1 25.0 3.80 10.7 23 13.6 23.6
100 49913 6.09 150 —441 —6.06  49.70 17.0 B1.5 23.0 3.58 9.0 —-19 17.4 33.8
110 50381 6.16 160 —4.44 —621  49.76% 16.4 B2 21.5 3.37 7.9 -15 24.3 48.7
120 50853 6.23 17.1 —447 —636  49.81¢ 15.5 B2.5 20.2 3.18 6.9 -12 315 69.2

B3 19.0 3.01 6.0 —0.9 37.9 96.4

Davies+ (2011)

Mottram+ (2011)



Estimating accretion rates

« Inner disk is truncated by stellar magnetic field at
3-5 R.. Matter flows onto stars following magnetic
field lines (e.g. Hartmann 1998)

e Accretion luminosities L,.. can be derived from:

*  excess emission/veiling at optical and UV:
Accretion luminosities can be derived from the
flux released when the material impacts the
stellar surface, which appears as excess flux in
relation to the photospheric one.

*  Broad emission lines: Ha, HB, Hy, Bry  there
is a correlation between accretion luminosity
and line luminosity

«  The mass accretion rate M, is then computed from
the accretion luminosity

. R*
M,.c= Lycc—
acc acc G M,
where R. and M. are radius and mass of the pre-
main sequence star.

Magnetospheric accretion

T Tauri star - magnetospheric accretion

~0.1 AU

L

Stellar Accretion shock Accretion columns
magnetosphere Far IR emission
Gas A

{ Disk

Near IR emission
Hot continuum

Broad emission lines (Ho , Bry, etc.)



Estimating accretion rates

« Inner disk is truncated by stellar magnetic field at
3-5 R.. Matter flows onto stars following magnetic
field lines (e.g. Hartmann 1998)

e Accretion luminosities L,.. can be derived from:

*  excess emission/veiling at optical and UV:
Accretion luminosities can be derived from the
flux released when the material impacts the
stellar surface, which appears as excess flux in
relation to the photospheric one.

*  Broad emission lines: Ha, HB, Hy, Bry  there
is a correlation between accretion luminosity
and line luminosity
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/. Deriving properties of disks

Estimating infall and accretion rates

e |nfall rate can be estimated:

1. From inverse P-Cygni profiles (or red-shifted absorption) towards bright embedded sources

Since the continuum source (dust or HIl region) is very bright (~1000 K) it is easy to observe the colder molecular
gas (~100 K) in absorption against it. The absorption is observed at positive velocities relative to the stellar velocity if the
material surrounding the (proto)star is infalling onto the central star.



/. Deriving properties of disks

infalling
envelope

line of sight to the observer
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/. Deriving properties of disks
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/. Deriving properties of disks

Estimating infall and accretion rates in high-mass YSOs

o Infall rates can be estimated:

1. From inverse P-Cygni profiles (or red-shifted absorption) towards bright embedded
sources

MEe=0s = (Y, )2 7 myoNRy R Vi

where Qis the solid angle, N is the gas column density, Ry is the radius of the continuum source, V. is the
infall velocity (Vin= [Visr = Viedshified|), @nd R is the radius at which V¢ is measured.



/. Deriving properties of disks

Estimating infall and accretion rates in high-mass YSOs

o Infall rates can be estimated:

1. From inverse P-Cygni profiles (or red-shifted absorption) towards bright embedded
sources

MEe=0s = (Y, )2 7 myoNRy R Vi

where Qis the solid angle, N is the gas column density, Ry is the radius of the continuum source, V. is the
infall velocity (Vin= [Visr = Viedshified|), @nd R is the radius at which V¢ is measured.

2. Assuming Vi, = Vit

M2t =2 E R Vi



/. Deriving properties of disks

Estimating infall and accretion rates in high-mass YSOs

o Infall rates can be estimated:

1. From inverse P-Cygni profiles (or red-shifted absorption) towards bright embedded
sources

MEe=0s = (Y, )2 7 myoNRy R Vi

where Qis the solid angle, N is the gas column density, Ry is the radius of the continuum source, V. is the
infall velocity (Vin= [Visr = Viedshified|), @nd R is the radius at which V¢ is measured.

2. Assuming Vi, = Vit
ME2t =2mE R Vi
3. From the free-fall time: Assuming that all the material will collapse in a free-fall time

“ff _Mgas
Minf_ t
ff



/. Deriving properties of disks

Estimating infall and accretion rates in high-mass YSOs

o Accretion rate onto the central star can be estimated from the mass loss rate of the associated

©)

outflow. Assuming conservation of the momentum rate of the outflow and of the internal jet
entraining the outflow, then M,,; is related to the mass loss rate of the internal jet Mjet as

V:
. _ . Jet
Mout - Mjet V
out

Assuming furthermore a ratio between the jet velocity V., and the molecular outflow velocity
Vit of ~20 (e.g., Beuther et al. 2002) and a ratio between Mjet and the mass accretion rate

onto a low-mass protostar M. of approximately 0.3 (following the theory of Tomisaka 1998
and Shu et al. 1999), one finds that

6 Macc =20 Mjet = Mout

Mout
6

Mgee =



