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Stars are forming everywhere in dusty clouds!
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Optical Image by Wei-Hai

Infrared map
A labeled map of the Orion Molecular Cloud, with the images taken by IRAS and various telescopes that mapped CO in this part of the sky (From Wikipedia)

Herschel, newborns
Young stars in Orion A and Orion B molecular clouds. The clouds were imaged by Herschel and the newborn stars were imaged by ALMA and the VLA.


Bfield from Tahani et al. 2019
Column density and magnetic field toward Orion region. The colors correspond to the dust opacity derived from the Planck observations. The drapery pattern corresponds to the orientation of the magnetic field projected on the plane of the sky and integrated along the line of sight, as inferred from the Planck 353-GHz observations. The yellow color between a declination of about − 5° and − 10° shows the Orion-A filamentary structure as illustrated in Fig. 2. The B⊥ lines on one side of this filament are mostly perpendicular to the filament (representing a small pitch angle for a helical morphology). While, on the other side, they are more parallel to the filament.




Formation Process of Sunlike Stars

0.1 pc (~20000 au), 1-2 M

Prestellar Core, Hydrostatic?

ρ ~ 1/r2

Inside-out
Collapse

?
Protostar

Envelope
& Disk

Jet & Outflow

Complicated by Magnetic field & Angular momentum:
Prestellar cores to be collapsing, r ~ 104 au, rotation velocity vϕ ~ 0.1 km/s, 
magnetic field B ~ 0.2 mG
 L ~ r vϕ ~ 103 au km/s, ΦB~ BxA ~ 6x104 G au2

In the stars to be born, r~ 0.01 au, rotation velocity vϕ ~ 10 km/s, magnetic field B 
~ 1 G 
 L ~ 0.1 au km/s, ΦB ~ 3x10-4 G au2

Where angular momentum (L) & magnetic flux (ΦB) go? Stay in Core and 
Envelope? Going to Disk/Outflow? How Magnetic field and angular momentum 
affect star forming process?

Modified from Kate Pattle

簡報者
簡報註解
In the SIS scenario, the inner free-falling gas causes an inner pressure decrease, and a rarefaction wave moves outward. Within the rarefaction�wave, the gas is free-falling because of missing pressure support. However, SIS is special and unrealistic case. In more realistic simulations one always has a global collapse and usually not such rarefaction waves as well as less pronounced inside-out collapse.


Note that Free-fall for stratified density distribution is shorter than that of uniform sphere.

In stellar physics, the Jeans instability causes the collapse of interstellar gas clouds and subsequent star formation, named after James Jeans. It occurs when the internal gas pressure is not strong enough to prevent gravitational collapse of a region filled with matter. For stability, the cloud must be in hydrostatic equilibrium, which in case of a spherical cloud translates to: 
d p d r = − G ρ ( r ) M enc ( r ) r 2 {\displaystyle {\frac {dp}{dr}}=-{\frac {G\rho (r)M_{\text{enc}}(r)}{r^{2}}}} , where M enc ( r ) {\textstyle M_{\text{enc}}(r)} is the enclosed mass, p {\textstyle p} is the pressure, ρ ( r ) {\textstyle \rho (r)} is the density of the gas (at radius r {\textstyle r} ), G {\textstyle G} is the gravitational constant, and r {\textstyle r} is the radius. The equilibrium is stable if small perturbations are damped and unstable if they are amplified. In general, the cloud is unstable if it is either very massive at a given temperature or very cool at a given mass; under these circumstances, the gas pressure cannot overcome gravity, and the cloud will collapse. 

When the sound-crossing time is less than the free-fall time, pressure forces temporarily overcome gravity, and the system returns to a stable equilibrium. However, when the free-fall time is less than the sound-crossing time, gravity overcomes pressure forces, and the region undergoes gravitational collapse. The condition for gravitational collapse is therefore: 
t f f < t sound . {\displaystyle t_{\rm {ff}}<t_{\text{sound}}.} 

From Shu 1977

To elaborate, consider, first, the important case of an extreme early subsonic phase—namely, starting states which are in perfect hydrostatic equilibrium. For an isothermal cloud embedded in an external medium of pressure Pext, hydrostatic equilibrium is possible providing the mass of the cloud does not exceed the critical value (Ebert 1955, Bonnor 1956): 
Mcrlt= 1.18^5 1,2 , O) 

where a = (JcT/m)112 is the isothermal speed of sound inside the cloud. For clouds with masses less than MCrit, both stable and unstable equilibria are possible. The stable clouds are characterized by a degree of central concentration which is less than the critical Bonnor-Ebert sphere; the unstable states, by a degree of central concentration which is greater (Spitzer 1968). In the limit of infinite central concentration, the unstable equilibria approach the “singular isothermal sphere” which has the density and mass distributions: 

Rho =  a^2/2 pi G r^-2
M(r) = 2 a^2/G r




Inside-out Collapse of Magnetized and Rotating 
Prestellar Core (Ideal MHD, field frozen in material)

Allen et al. 2003

Flattened Envelope
(Pseudodisk)

Hour-glass B-field morphology

B-axis//J-axis

Infalling envelope 

Magnetic field can remove angular momentum from the 
infalling material at the center, so efficient that it can also 
prevent a rotating accretion disk from forming inside the 
Pseudo-disk  Magnetic Braking Catastrophe (MBC)!!!

Evolution is self-similar

簡報者
簡報註解
Fig 7 in Allen et al. 2003b: Plots of self-similar density, 4pi􏲎Gt^2 rho􏲐, velocity field, u=a, and magnetic field, BG^(1/2)a/t lines for H0 1⁄4 0:25 and v0 1⁄4 0, 0.125, 0.25, and 0.5. The isodensity contours are plotted as dashed lines, with the shades highlighting the high-density regions. The magnetic field lines are plotted as solid lines, with contours of constant beta􏲏 (dash-dotted lines) superposed. The velocity in every fifth cell is shown by unit vectors, with its magnitude given by the dotted contours. Field lines are not the same across all figures; examine the 􏲏 contours for field strength. Note that a centrifugally supported disk of dimensionless size xd 􏲎 0:25v20 􏲎 0:06 when v0 1⁄4 0:5 in a nonmagnetic calculation has not appeared in the magnetized calculation of (d ). 

the plasma 􏲏beta parameter = the ratio of thermal to magnetic energy density


Magnetic field can remove the angular momentum from falling toward the center, but can be so efficient to prevent a disk from forming.

In the inner part, material flowing along the field lines, producing the flattened envelope.

In the outer, material flowing dragging along with the field line. Moving faster along the equatorial plane, producing the pinching morphology.

Outflow is seen transporting the angular momentum from the inner envelope to the outer envelope.  MBC





HH 211 star-forming region @1000 ly in Perseus Cloud

Hirano et al. 2006

Wiseman et al. 2001 
Optical image by
Patrick Hochleitner

Age~2x104 yr, Luminosity~ 3.6 Lsun, M★<~ 0.08 Msun

core

簡報者
簡報註解
1 pc = 3.261 ly

HH 211 is one of the most beautiful protostellar outflows. It is very young and nearby, allowing us to study the sta rforming process at very early stages in great detail. It is
located near the east end of the Perseus molecular cloud at a distance of ∼ 280 pc. In this part of the cloud (Figure 1), the IC 348 cluster is located, with more than 400 young
stars (mostly Class II or III YSOs), at ages of less than 5 Myr (Muench et al. 2007). The dark molecular cloud core located 10′ southwest of IC 348 is the active star-forming
region containing the HH 211 protostellar system (see the insert in Figure 1). More than 10 protostellar outflows are detected in this region (Walawender et al. 2006). As
suggested in Bally et al. (2008), the star formation in this southwestern region could be triggered by action of the now mostly inactive young stars in the IC 348 cluster.
Winds and outflows from IC 348 may have compressed the surrounding material and triggered core collapse.

This is so far the youngest source found to host a tentative rotating disk! Disk must have formed to power the jet!



Rotating NH3 Core
(r ~ 0.05 pc or 104 au)

Lee+2019 

Pseudo-Disk: r ~ 400 au (infall > rotation)

Cont + C18O

J-axis

with l ~ 55 au km/s

 ~ Kep. Rot. disk rD~20au
 l ~ 38 au km/s at disk edge
 M★+Md~ 0.08 M

This model explains the observations of the pseudo-disk (envelope) 
and disk, but ~ 1/3 of angular momentum of the pseudo-disk needs to 
be removed before forming the disk!
Not clear yet what mechanism can do it! 

Alternatively, models without angular momentum loss are needed. 

簡報者
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From L to L/sqrt(2) at the disk edge



Angular Momentum Distribution 
Inside-out Collapse & collapsing Radius  

Disk

rcollapse~ 1700 au
tcollapse ~ 3.5x104 yr
Macc ~ 2.8x10-6 M/yr

It seems that no loss of angular momentum from the core to the 
pseudo-disk at this early phase. 

cs~ 0.23 km/s
@ T ~ 15 K

l ~ r1.55

簡報者
簡報註解
In 1977 Shu found another self-similar solution which is realized after a central protostar with infinitesimal mass is formed in the singular isothermal sphere solution. The gas begins to accrete to the protostar. Outside the region where the accretion occurs, the initial SIS is kept unchanged, since the SIS is a hydrostatic solution. And the front of accretion expands radially outward in time. Since the inflow region expand outwardly, he called it the inside-out collapse solution.

An expansion wave is initiated at the center and propagates outwards at the isothermal sound speed a and then the material within the expansion wave collapses inside–out toward the center. The collapsing radius is the radius where the expansion wave has propagated to and where the material starts to fall in. The collapsing age is the time elapse since the wave is initiated at the center when the mass of the protostar is zero, and is thus the same as the age of the protostar. 


Then why the region outside the collapsing core is flattened? Magnetic field? Not rotational supported.

The NH3 extended envelope has a mean kinetic temperature of ∼15 K (Tanner & Arce 2011), and thus an isothermal sound speed a∼0.23 km s−1 

calc "850**2*0.2e-3*pi” ~ 450

Assuming 20% of the mass infall goes in to the jet and wind
 2.8e-6*3.5e4*0.8 ~ 0.0784 Msun, as observed.



NH3 Core

Matthews et al. 2009

Misalignment betw.
B-axis and J-axis

B-axis
J-axis

B-field in pseudodisk mapped by 
ALMA dust polarization at 230/345 GHz

1. Misalignment betw core & pseudodisk & disk
2. Field guided infall forming the Pseudodisk!
3. Pseudodisk has a pinched field morphology due to 

gravitational infall mainly along equatorial plane and a 
toroidal field produced by rotation!  Bϕ ~ 7.8 mG at r ~ 
100 au  ΦB ~ 245 G au2 within 100 au

1. Disk field?? Unresolved!If magnetic flux is conserved, expected ΦB ~ 450 G au2  significant ΦB 
still carried inward by infalling material  Angular momentum and ΦB
problem needs to be further solved in the (near) disk scale.

簡報者
簡報註解
If disk has formed, the inner part should show highly pinched field morphology and toroidal field generated by the rotation.

Highly pinched close to the edge of the disk!

B-field axis and rotation axis are randomly aligned.

Outer part dominated by magnetic force over the gravitational force, inner part dominated by rotation motion and gravitational force  flattened with the major axis perpendicular to the rotation axix





SiO Line Polarization?

SiO Jet

H2 Jet & Outflow in HH 211

Lee et al 2018b, Nature Comm.

Bϕ~15mG @ 20 au  ΦB~19 G au2

簡報者
簡報註解
Precessing jet as expected

B~15mG (x-wind predicted 6mG) at ~ 20 au.
Magnetic fleld flux ~ 19 G au^2






Age ~ 5x104 yrs, M★
~ 0.20 M

Orion

Deeply Embedded 
Protostar

VLT image at 0.34” resolution 
McCaughrean et al. 2002

HH 212 H2 Jet

NH3 Core



Disk found with ALMA 345GHz 
@0.02"(8au) resolution! rD~45 au

Lee et al. 2017a, Science Advances

H2
CO
SiO

NH3

Edge-on Disk - Hamburger



Innermost SiO Jet within 100 au: Jet rotation



Innermost SiO Jet within 100 au: Radial Expansion

X-wind Model (Shu+1995)



Ejection and Collimation Processes

Adopted from C. Fendt

Disk Material swung out by 
Magneto-Centrifugal force

Jet material collimated by the 
toroida field (Lorentz force)Poloidal field bent to toroidal

field by the inertia of jet material



SO shells within 100 au: Magnetized Disk Wind

(Lee+2021, ApJ Letters)



Lee+2021

350 GHz Dust Polarization Observations of the HH 212 Disk

Poloidal field (?) to drive disk wind to remove 
Angular momentum from the disk?

Perhaps even removing Angular momentum 
away at the disk edge? 

簡報者
簡報註解
Figure 11. Dust opacities (absorption cross-section per gram of gas and dust) inferred in the HH 212 protostellar disc as a function of wavelength at ALMA bands 7, 6, and 3. The lighter shaded region denotes the estimated uncertainties associated with the Toomre Q parameter and the stellar mass M∗. The darker shaded region shows the estimated uncertainties due to noise and assumes Q = 1 and M∗ = 0.25 M⊙ . The open circle is the Beckwith et al. (1990) opacity at 1.3 mm with a black solid line segment to show its adopted β = 1. The open squares are opacities from Ossenkopf & Henning (1994) at 1 and 1.3 mm assuming a gas-to-dust mass ratio of 100. The open squares with a solid black line is for dust with an MRN distribution with thin ice mantles for a gas number density of 108 cm−3, while the open squares with a dashed black line is for a gas number density of 106 cm−3. 




Accretion and Ejection Processes

Disk is spinning @ Keplerian rotation, so do the field lines
 disk materials are flung out along the field lines by magneto-centrifugal 

force with vw ~ sqrt(2J-3)vϕ where J ~ 3-5
 Jet from dust-free zone, while disk wind from outer dusty zone
 Removing angular momentum and magnetic flux from the disk

Ya-Ling Huang/ASIAA/CFL.

Disk WindSiO Jet



Orion ConstellationHH 111 @ 0.5 Myrs, M★ ~ 1.8 M
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B-axis // J-axis  MBC?



(1) Extended Perpendicular to the jet

(2) Rotating-collapsing inner Envelope 

(3) Envelope Mass ~ 0.3 M

(4) Infall rate ~ 4.3e-6 M/yr

Gaseous Envelope in C18O J=2-1 (Lee 2010, 2011)

Keplerian rotating disk rD ~ 200au!!
 M★ ~ 1.8 M

 Age >~ 0.5 Myr old
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簡報者
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The envelope is well seen in C18O, extending to ∼7000AU out from the central source, with the innermost part overlapping with the
dusty disk. It has a differential rotation.



Gaseous Envelope in C18O J=2-1 (Lee 2010, 2011)
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Lost of angular momentum at 2000 
AU (5”) results in a small disk.

Magnetic Braking (MB) in late 
phase? (Lee 2010, 2016)

(1) Extended Perpendicular to the jet

(2) Rotating-collapsing inner Envelope 

(3) Envelope Mass ~ 0.3 M

(4) Infall rate ~ 4.3e-6 M/yr

簡報者
簡報註解
The envelope is well seen in C18O, extending to ∼7000AU out from the central source, with the innermost part overlapping with the
dusty disk. It has a differential rotation.

Disk radius rd = 240 au
Mass= 1.8 Ms

Vrot =sqrt(GM/r)
L = r Vrot =sqrt (GM r) 

At rd L = calc "sqrt(6.67e-8*1.8*2e33)*sqrt(240*1.5e13)/1.5e13/1e5” = 619 au km/s
At 10 au , L = 126 au km/s
At 1 au . L = 40 au km/s 

Collapsing radius = 2 * 9e3 au = 1.8e4 au or about 10 times older than HH 211. or   0.4 Myrs.

For HH 212
L = 140 au km/s in envelope
Mstar=0.2 Ms
Rd=44 au
Collapsing radius ~ 2 * 1700au ~ 3400 au.   2 time older than HH 211 or 0.07 Myrs.
At rd L = calc "sqrt(6.67e-8*0.2*2e33)*sqrt(44*1.5e13)/1.5e13/1e5” = 88 au km/s







Lee et al. 2020, Nature Astronomy

HH 111 @ 0.5 Myrs, M★ ~ 1.8 M

First spiral arms detected in active accretion phase 
because of ALMA unprecedented resolution!!!

簡報者
簡報註解
0.35” ( a beam size)



Trailing Spirals Triggered by Gravitational Instability (GI)

Lee+2020

Tomida+2017

Q <~ 2 for GI

簡報者
簡報註解
0.35” ( a beam size)



HH 111: First Spiral Arms 
detected in active accretion 
phase likely induced by 
Gravitational Instability

HH 212: First Dark 
Lane detected in 
submm, uveiling the 
vertical structure & 
spirals in midplane (?) 

(a) Dusty Disk

(b)

Spiral arms viewed face-on(c) Dusty Disk

HH 211: Youngest disk detected, 
but unresolved in vertical direction.

40
au

簡報者
簡報註解
0.35” ( a beam size)

Later phase, central mass is larger, orbital motion is larger ==> thinner disk  larger density cooling faster  the disk temperature is cooler  disk is thinner ?? (just my idea)



Formation Process of a Solar System like our own

1. Infall guided by magnetic field, forming flattened envelope
2. Keplerian disk formed (due to L) in flattened env. feeding protostar
3. MB is not as efficient if J-axis is misaligned with B-axis
4. Jet magnetized & rotating, launched from the innermost edge of disk. 
5. GI  spirals transporting L within the Keplerian disk & away (?) from it.
6. Magnetized Disk Wind carrying L & B away from the disk?

簡報者
簡報註解
The process is complicated by the presence of angular momentum and B-field. Not all the material is accreted to the central source, but also ejected into the surrounding. Does jet carrying away the excess angular momentum? How does   



Disk & Jet in the Early Phase of Star Formation

簡報者
簡報註解
Juan Rendón Youtube





ALMA (ESO/NAOJ/NRAO) Andrews et al.; N. Lira

Protoplanetary Disks

PDS 70

ALMA (ESO/NAOJ/NRAO); 
M. Benisty et al.

簡報者
簡報註解
At the later phase of star formation, no significant accretion.
How were these planetary disks formed in the beginning? How central stars are formed?

1-10 Myrs

http://sprite.phys.ncku.edu.tw/astrolab/mirrors/apod/image/2108/PDS70_ALMA_1237.jpg
https://www.eso.org/public/usa/teles-instr/alma/
https://www.eso.org/public/
https://www.nao.ac.jp/en/
https://public.nrao.edu/
https://sites.google.com/view/mbenisty
https://ui.adsabs.harvard.edu/abs/2021arXiv210807123B/abstract
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