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https://en.wikipedia.org/wiki/Tarantula_Nebula

The Sun is 4.567 Gyr old

~ 1/3 Hubble time



https://en.wikipedia.org/wiki/Sun

The main phases of star formation

a dark cloud

/,./ /

dense core
j«~ 200,000 AU —»

d T Tauri star
bipolar

flow
protoplanetary *

disk

central
star

100,000 to

«—100 AU — > 3,000,000 years f§/<— 100 AU—> 50,000,000 years

b gravitational collapse

10,000 AU-» time=0

€ pre-main-sequence star

planetary debris
disk

https://www.americanscientist.org/sites/americanscientist.org/files/2005223144527_306.pdf

C pfOtOStaf envolope

bipolar /
flow

10,000 to

«—500 AU—> 100,000 years

f young stellar system

central

planetary
system

after
l«— 50 AU —> 50,000,000 years



https://www.americanscientist.org/sites/americanscientist.org/files/2005223144527_306.pdf

Characteristic mass

a dark cloud
Jeans mass
12

1 T 3

6 \ Gpy
dense core Ny —1/2 T 3/2

=3.9 - — ] M,
e 200,000 AU >/ 1010 m-—3 10K

—> solar mass scales for dense, cold molecular cores
orders of magnitude higher for more diffuse atomic and ionized phases of the ISM



Gravitational collapse

b gravitational collapse

free-fall timescale

172 —1/2
R4 Ny,
32Gp 1010 m-3

(See book for formal derivation; general result
«—10,000 AU-»{ time = 0 t ~ (Gp)~!? comes from dimensional analysis)

—> solar mass stars form on ~Myr timescales, orders of
magnitude smaller than their main sequence lifetime
=> protostars are rare!



Bonnor-Ebert sphere

Poisson’s equation in V2¢ _ ii 2 d¢ — 417G
spherical coordinates o 2 dr dr o P
dP do
Hydrostatic equilibrium — = —p—
dr dr
) b gravitational collapse
Equation of state P =pc

Fq

'\dP/dr

«-10,000 AU-» time=0



EOS

Hydrostatic equilibrium

Bonnor-Ebert sphere

First, try a power law solution...

p = por”

P = pyc?r?

dr p dr r
1 d ([ ,d ?
Poisson’s equation Vi = 2 (rzd—q:> = — pr% = 4nGpyr?P




The singular isothermal sphere

CZ

- 2rnGr?

P

A simple, analytically tractable solution for early models (Shu 1977)

BUT... its singular at the origin and infinite in mass

p—0o0 as r—0

Tout |
/ 4rr? pdr — 00 as Ty — 00
0



Bonnor-Ebert sphere

Allow a finite density at the center

dP da¢
dr P dr
— —lc?
— P = Pcen€
P = pc?
Define normalized variables x = (4nGp,../[cH)r, y=¢lc?
1 d ,dy _
to derive the Emden-Chandrasekhar equation —— | x— ) =e7”
x2 dx dx

Solve numerically (Problem set 4)



Bonnor-Ebert density profiles
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Bonnor-Ebert density profiles

1013
N "
: \\S/S — Critical
N — = Singular
1012 \\\ ------ Ambient density
— \
7 >
c M T=10K
11 _ NS
— 10 Unstable \:
> ~
+ Sae
GC) 1010 _
©
N Stable external boundary condition
1L => finite radius and mass
109 _
Note the scale where core flattens
108

Radius (pc)



The external boundary (ambient pressure)
sets a radius and mass scale

_ C
R —
B QG )2

172
RSIS ) 2 3
Mg = J drrepdr = <nG3p ) C
0 amb

SIS

Y(ump) = ¢ 10(Peen/ Pamp)

general

; 1/2 ~1/2

case % Aamb

Mgg = 3 Peen [ x*e™dx
4nG Pamb Pamb 0




The Bonnor-Ebert mass

: 4
MBEE My ~ 1.5Mg5 = 1.18(G3Pamb)”2
)
: U/7
e
Gb/e
<
............. )L SRR
0}@ Mss
Max density contrast ~ 14 T=10K
1 3 10 30 100

pcen/pamb

300



Is Barnard 68 a Bonnor-Ebert sphere?

https://www.eso.org/public/images/eso0102c/


https://www.eso.org/public/images/eso0102c/

—

A, (magnitude)

Is Barnard 68 a Bonnor-Ebert sphere?

2,000 5,000 10,000
. ' —r—y

—— Barnard 68

Or \‘\\\ .

[ compare with

s'measure Ay profite i

,

pdr ] S e i

P Ema=6.9:02 '& :

| . ' L I i I d ' I — ]

10 : . 107
r (arcsec)

Yes! (its rare to see such good agreement with theory in the messy ISM)

Alves, Lada, & Lada 2001



Observations of core collapse

So we have established that Bonnor-Ebert spheres are a good
fit to observations of molecular cores.

How can we tell when / if they collapse?

b gravitational collapse

«-10,000 AU-» time=0




Observations of core collapse

Wait around for a free-fall timescale ~ Myr?

Measure kinematics. But how do we tell the difference between
collapse and expansion along the line of sight?

b gravitational collapse b gravitational collapse

\T/

«-10,000 AU-» time=0 «-10,000 AU-» time=0

These two scenarios would have the same velocity dispersion



Observations of core collapse

We need to be able to tell the difference between the near and
far sides. If there is a source inside, we can look for red-shifted
absorption = “inverse P Cygni profile”

Emission line
from central

b gravitational collapse source

Intensity /
- )

A

[

/ velocity

Absorption by layer
between source
and observer

«-10,000 AU-» time=0

P Cygni is a star with an expanding wind that produces telltale blue-shifted absorption in its spectral lines



Observations of core collapse

The same concept applies even if there is no central
source but only an excitation gradient such that there is
emission in the center and absorption in the exterior.

Core
emission

b gravitational collapse

Intensity

* )_ S
/ velocity

10,000 AU-» time=0 Self absorption

Note that this requires an optically thick line ~ Why?



Two-layer model

idealized picture

simplified model . - )l

Write down the RT equation and plot line profiles for different cases
(see problem set #5)

Myers et al. 1996



Observations of core collapse

8
Collapsing V‘”O Expanding V‘”O
4 To=1 4 To=1
7 fO 01 fO 0.1
0.2 0.2
6_
5_
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3_
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~15 -1.0 -05 00 05 1.0 15 -1.5 -1.0 -05 00 05 1.0 15
Velocity (km/s) Velocity (km/s)

Line profiles distinguish whether a core is collapsing or
expanding and, with modeling, measure the speed.



Protostars

Characteristic mass and timescale => mass infall rate

C
n - : G

Accretion luminosity

. 1 1
Lacc = = GMMin <R_ _ R_*)

Core

. -1
M Min R
~ 9.3 Ls
1M, )\ 105 M yr! ) \ 3R,

Protostars shine (brightly) through gravitational
accretion before they begin nuclear fusion

~ 4 x107° M /yr (at T = 10K)



Young planetary m*éss objects are detectable in Orion
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https://www.nytimes.qom/2023/1 0/02/science/orion-nebula-webb-planets.html



Kelvin-Helmholtz timescale

Protostars contract through loss of gravitational energy through radiation
5 2 ~1 ~1
. GM: 311 M. R L. M
= ~ . r
KH= Rl My ) \ R, L, 4

For low masses, iy > f;, and stars continue to contract after core collapse
=> optically visible pre-main sequence stars

High mass stars, M.. 2 8 M, reach the main sequence while still

nyY

embedded in a collapsing core, i.e. fxy < t



Protostellar evolutionary tracks

(See my star and planet formation course for more details!)
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https://universe-review.ca/l08-25-premainseq.jpg




