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Hertzsprung-Russell Diagram
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The key parameter is mass
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Hertzsprung-Russell Diagram
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307 F

Mass ~ 104 Msun
Temp. ~ 10K
Density ~ 102—103cm-3
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Mass ~ 104 Msun
Temp. ~ 10K
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Molecular clouds are filamentary
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Molecular clouds are turbulent

Determining Astro—Body Velocities Using the
Doppler Effect

Since we recognized the
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spectrum we know what Emitted spectrum which is
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Molecular clouds are turbulent
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Molecular clouds are turbulent

Larson’s law
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Turbulence can provide support against gravity
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Molecular clouds are'Magnetized |, Polarization of

thermal radiation

Image credit: .

Far-infrared image & Dust polarization
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Molecular clouds are Magnetized: Zeeman effect
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Magnetic fields can provide support against gravity
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~ Jeans Fragmentation .
be o N ¢ The gravitational potential of a spherical cloud of uniform density and
o - mass M, and radius r. 1s

(1)
and this must exceed twice the virial kinetic temperature K = 3NET/2 to

seed collapse. Here N = M./umy . Hence 2K < |U| and the criterion is

y,
IM_.KT < 3 GM; | (2)
UM g S T

| If we set r. = (3M../4mwp.)*/? , then we arrive at the Jeans criterion

3/2 1/2
_( 5kT 3
M, > M, = (Gumﬂ) ( 4@6)

Magnetlc fleld f':" f' where M; is called the Jeans mass, or equivalently

15kT  \“°
47‘-G/-Lmec

'
" 0
»

. o

TC>RJ=(

B D W here 1) is called the Jeans length. Lecture note from Rice U. &



Dense cores

Mass ~ Msun

Size ~ 0.1 pc
Temp. ~ 10 K
Density > 104cm-3

+

(1-0)

Hacar et al. 2013
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Gravitational bound
dense cores

Image credit: ESO




Gravitational bound
dense cores

Image credit: ESO




Gravitational bound stable dense core 1 dP(r)  dé¢

p(r) dr dr

Constant Temperature Singular Isothermal Sphere

Pressure gradient Gravity

Density

VP =dP/dsr

Radius



Gravitational bound stable dense core

Constant Temperature

Pressure gradient Gravity

VP =dP/dr

Singularity ?

Density

1 dP(r)

p(r) dr

do

dr

Radius

Infinite?



Gravitational bound stable dense core

Bonnor-Ebert Sphere

Constant Temperature External (Bonnor 1956; Ebert 1955)
Pressure gradient Gravity pressure Log
vP=dP/dr| | % - _¢™ M) Density

Radius



Gravitational bound stable dense core

Bonnor-Ebert Sphere!!
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Gravitational bound stable dense core
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Gravitational collapse

@ Observed spectra
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With rotation (angular momentum)

1. Only gravity

2. Angular momentum is conserved
3. Total energy is zero

Infall trajectory ?




With rotation (angular momentum)

1. Only gravity
2. Angular momentum is conserved
3. Total energy is zero
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Rotating and collapsing dense core
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Rotating and collapsing dense core

Gravity and Angular momentum conservation
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Formation of protostellar disks -> Protoplanetary disk
(rotationally supported)

Infalling and rotating material

Angular momentum
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Image credit: NASA, ESA, CSA, STScl



Formation of protostellar disks -> Protoplanetary disk
(rotationally supported)

Observed gas distribution
and velocity
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Formation of protostellar disks -> Protoplanetary disk
(rotationally supported)

Observed gas distribution
and velocity Keplerian motion
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Almost all protostars have disks
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Gravitational bqund

/ dense core

Protostar _ _
Keplerian disk

Infalling and rotating material
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Outflows can remove angular momentum from the disk

Gravitational bqund
Outflow / dense core
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Protostar
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Molecular clouds are'Magnetized |, Polarization of

thermal radiation

Image credit: .

Far-infrared image & Dust polarization
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With magnetic fields

Ideal Magnetohydrodynamics

Magnetic field lines

Magnet:ic fiei C
stkength increases

Collapse




Flattened envelope or pseudo disk

With magnetic field,
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5 (1950)

Observations of flattened envelope or pseudo disk
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Infalling and rotating magnetized dense core

Magnetohydrodynamics
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With magnetic fields

Include non-ideal magnetohydrodynamics

(e.g., Ambipolar diffusion) ~——» . :
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Gravity (collapse), Angular momentum (disk), Magnetic field (outflow)

Magnetic field line

Jet/wind (outflow)

Low-velocity
disk wind?

Disk wind/jet

Accretion shock
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Inner hot

dust wall Dusty disk
Hot continuum i Inner Protoplanetary disk
emission (T = 8,000 K): Broad emission lines gas disk
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Mass accretion — Optical / UV
Ray & Ferreira 2021




High-velocity jets (10x — >100 km/s)
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Jets are rotating
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Molecular outflow properties predicted by different models

Predicted property of molecular outflow along axis
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Evolution of outflow morphology
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Evolution of protostellar sources
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Episodic mass accretion
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Disks evolve
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- ' ' About half of stars are
In multiple system
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Disk fragmentation

113.446 kyr 114.111 kyr 114.872 kyr

_V-ﬂ'"ﬂ_"—"_"—"——v———' —— e ——

i
1
]

]

i
1
1

i
#
<
A
]
o |

TR : k'
I T
ag ‘.':
l'|.
Pl
o)
UL T s : : I'IIII llll"'

—— et = Tt r e ey =7 = v —v r—r .

:
|
:
:
:
|
.
|
l
l
l
.
}
}

'| -
s A
Sty

O P
A I" » .

-30 0 S0 -350 0 S0 -100 O 100
AU AU AU

A—._——-—.—_—‘-—l.—‘-——h_&;—-‘-—h.—‘— ‘—_-.—A...——————l_l—-&_‘-—‘-—‘-—.—

139.399 kyr 140.444 kyr 141.490 Kyr

.'—'—'——_'_'-T_'*—q_—'-'—?-' - g - a

s
DR i I il caul bl Sait LT ST 0 St NS B
AT

A Tl P g S L § e e i T, P

1 -y o oo =
L “p
o s VAR R I WS TS T SN U RATEE S o - ~ ’4&-—'—&-&"‘

-80-40 0 40 80 -150 150 =130 0 150
AU AU

Image credit: Bill Saxton, ALMA (ESO/NAOJ/NRAO), NRAO/AUI/NSF Zhao et al. 2018



Image credit: Bill Saxton, NRAO/AUI/NSF
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About half of protostars are
In multiple system
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Bimodal Distribution => Two fragmentation mechanisms?
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Configuration of multiple systems evolves
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Physical parameters determining fragmentation?
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Physical parameters determining fragmentation?
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Gravitational bound
dense cores

Image credit: ESO




Distribution of infalling material is not symmetric
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DEC (ICRS)

Interplay between infalling material and magnetic fields
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Actual mass contribution by asymmetric infalling structures?
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Formation of asymmetric infalling structures?

Feeding from large-scale
environments

Turbulence
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Seifried et al. 2013; Zhao et al. 2018; Kuffmeier et al. 2019: Pineda et al. 2023



Why do we care about
Infall / Outflow / Multiplicity / Fragmentation?
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Image credit: NASA/JPL-CaItech
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Strong radiation can halt infalling gas

(a) spherical accretion

dust
cocoon
Y
accretion flow /
Y UV, optical
Y light
prOtOStar ’
model aceretion Photosphere 4 d‘{St "
with shock estruction front

shock boundary Hosokawa et al. 2010



Accretion along disks or filamentary structures

(b) cold disk accretion

dust
cocoon

dust
destruction front

UV, optical
light

protostari|:

model photosphere accretion disk

photospheric boundary

Hosokawa et al. 2010

Krumholz et al. 2009




Image credit: NASA/JPL-CaItech
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