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My boundaries n time ....
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My boundaries in time ...
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Prestellar dense cores collapsing
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My boundaries in scales ....
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PROTOSTARS & PROTOSTELLAR DISKS
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[sothermal cloud in pressure equilibrium

P GM, ; aM, _,
—— — ]/'
o 27 ar P

1 erdPI

2

which can be combined into the Emden equation
rodr P odr

=—4mGp



[sothermal cloud in pressure equilibrium

ap  GM, M , :
- f / — 4 4L
dr r2 g & dr e
which can be combined into the Emden equation 1, d rdl _ 406 p
rodr P odr
Solved with boundary conditions: o (0)=p and Ci{—f =()
=0

. : : k T

and taking into account the equation of state (Bernoulli): P=nk 7 = —p= vip

with the |sothermal sound speed

= op —~006 T|K|[kmss™']
\(p \

m 1S the mass of a gas particle



[sothermal cloud in pressure equilibrium

P GM, dM

ur , P
dr - g & dr SEP
which can be combined into the Emden equation 17 d AP __4nG p
rodr P odr
Solved with boundary conditions: o (0)=p and %‘? =)
r=0
. : : k T
and taking into account the equation of state (Bernoulli): P=nk 7 = —p= vip

with the |sothermal sound speed

= oP —~006 T[K|[kmss™']
\(p \m

m 1S the mass of a gas particle

At the outer edge (r=R) the cloud is bound by the outer pressure Py
which is equal to the inner pressure at this point:

P():pr(\R)



[sothermal cloud in pressure equilibrium

o,
y=£
Using variable subsitutions: { Pe leads to the following form of the Emden equation:

f4nGmpC
xzrv

kT

12 2 /
y X

With boundary conditions :
y(0)=1 and y'(0)=0

the family of solutions are Bonnor-Ebert spheres



Stability

: .. e O P
One can calculate Po(R), and derivate the criterium for stability : —° < 0
O
P (x)=v?p.y(x)= K[| L L(x)y(x
0 Sp(‘y Cm GBMZ 47T
with 7(x)=[ y(x")x"”ax’
k"7 Gm X




Stability
Py

One can calculate Po(R), and derivate the criterium for stability : (;

O

0

with 7 (x)=) vy(x')x"“dx’
1/2
4t Gmp, kT I(x)

Leads to the following expressions of the critical values for stability:

Q}E, 1.5 -
Ko . A
P.,=1.40 iy maximum outer pressure Al
" 1
G .. : e
R,;=0.411 7{-?— M minimum radius for stability >
|

0 0.5 1 1.5 2
radius / R.q



Critical mass: singular isothermal sphere

' 3/2
1 kT X 2
\ 417 D, Gm f 0 Yy X dx

with x =R\ 41 G p /v

R
M=dr [* 1 pdr=

Critical mass derived from critical pression and radius expressions:

4
Vs

3/2
G

~1/2
P

ext

M. . =1.18

Crit

or depending on density and the ambient temperature:

M. = 1.18 (c,4/632) 0y V2 o< T32 @12

log R

For the dense regions of molecular clouds: ng = 104 ecm>T= 10K,
we find:

¢ MC~ 10 Ma

Warning: the picture is probably much more dynamical ! This is a textbook example
 Re ~0.05 pc s:Hep g 4 d P

See F. Motte’s lecture this week



An isolated core; the Bok globule B68

AU

- 2000 5000 10,000
Relatively isolated, hence not many external disturbances —— . Barnard 68 |
10 -
5 | h!
¢ | Critical Bonnor-Ebert !
S | {
c | sphere \
Though not main mode of star formation, their isolation ~ 'T=16K M= 1Mo -..
makes them good test-lahoratories for theories! ] .‘?} —_;
; & max=0.940.2 ' i&
r (arcsec) I

Alves et al. 2001, Nature



An isolated core; the Bok globule B68

AU
2,000 5,000 10,000

P ———

Relatively isolated, hence not many external disturbances . Bamard 68 |

P —
N_‘

-
vl

» \‘
. Y
\

| Critical Bonnor-Ebert A"

nitude)

c “sphere
Though not main mode of star formation, their isolation ~ 'T=16K M= 1Mo \
makes them good test-laboratories for theories! ] ."%} ~_.
€ rax=6.9+0.2 | Jql
Alves et al. 2001, Nature

In astrophysics, the Bonnor—Ebert mass is the largest mass that an isothermal gas sphere embedded in a pressurized medium can
have while still remaining in hydrostatic equilibrium. Clouds of gas with masses greater than the Bonnor—Ebert mass must
mevitably undergo gravitational collapse to form much smaller and denser objects.



Collapse of Bonnor-Ebert spheres

Ways to cause BE sphere to collapse: e TP peRT— —
e Increase external pressure until M_;...<M | ol
o Load matter onto BE sphere until M>M...... 2 VXS | B N ~
; ‘ I;'. é) \ -\ E
/ | i . | | ~ \ : :
The accretion rate has an initial peak at S T |
10 033/(; ~210° MQ /year, Rl =4 =9 0 5 -._g -6 -4 =2 0
ol o Log (Radiu: Log (Radius
then decreases with time. e e P
Cs T [ e S Py s .
il | C | o - d '
2 8f\Rmox=Rerit | 8} Rmax > Rerit
5 6 S 61
If Ruax >> Rerical g | B
Q | « e 61
late phase with dM/dt ~ ¢.*/G < R T R

,-: " 4 . "‘ or o “ 1’\
(cf.Shu) 2 ", 0 S AR .
L]

b : Tim; (tff):
Foster & Chevalier (1993)

Z I ,4 .30
Time (Tff)



We have triggered the collapse, what happens next ?

Prestellar dense cores collapsing ]
- in the parent molecular cloud
C=U O A (mm)  0.01 0.1 1
_'G_.‘) % Cold black body Tyo = 10 - 20K
n c : M«=0
D
= ]
1 10 102 10°
A {(pm) t -
.01 0.1 1
Cold black bod
o S
7p)
© o i AT L
i 1 10 102 10°
o A (um)
3 ~ 10000 AU t ~50000 yrs
O Class I protostar
e
2 :
49 N \\ | / gz = :
3 a»
K =/ | R\ N L . (Blackbody M-> Meny
1 10 102
- > i
~ 1000 AU
t~2.10%5yrs
Class Il young star
D &
% =L
e [ St Tpo ~ 700 - 3000K
Q_ 3 — MdiSk ~ 001 MO
q) E 1 1
O 1 10 102
C i ' A {pm)
m M
) ~ 100 AU t~10°yrs
O
% Class lll young star
= 7
S 2t
= K St Too > 3000K
! 3F Myisk < Myyp
Cls_) L
D_ ﬁ 1 10 102
~ 100 AU 4 m)
André (20029 Time
t~106-107 yrs




We have triggered the collapse, what happens next ?

ISOTHERMAL COLLAPSE

< Yeff,crit — 4/3

FIRST CORE FORMATION

First collapse

3SYeff

MJeans X P 2

ADIABATIC DISSOCIATION
CONTRACTION OF H,

Z>‘
O
<
S
B
O
-
L
o
O
O
a
=
O
O
L
m,

ADIABATIC CONTRACTION

—5
Vaytet et al. (201 3)

2 lf P X IO’Yeff

SEE HENNEBELLE"S LECTURIE

Prestellar dense core collapse
(R=0.01 pc, T=10 K, n=106 cm-3)
First collapse

Isothermal [104° yr

Adiabatic First Larson core
(R=10 AU, T=100 K, n=1012 cm-3)

a few 103 yr

H: dissociation
Second collapse

Quasi - isothermal 102 yr

Second Larson core
(R=0.01 AU, T=10%> K, n=0.0lcm-"3)

Larson (1969)

Main accretion phase: 104-105 years ...



How to recognize protostars from prestellar cores ?

Wavelength [m]

1000 100 1
102 | Starless Protostellar
. core core
! - Greybody Greybody -
3 = T, =224 K): ®
(T, =98K) »” Herschel \(T, =224 K CB 244: T 3, map & Ny contours

Tq [K]
12 14 16 18

Flux density(Jy)

SPIRE ——PACS

10 3 200
2 lio3 l104 ............................................................
Frequency (GHz) 100 |
R
2 0
S .
Protostar 3
_ ool RN
emission at wavelengths < 70 microns
(F70u < > Lproto . - S
cf. Dunham, —t L
. 200 100 0 -100 =200
Crapsi, ]?mns e.a. ARA. [arcsec]
2008 Spitzer c2d) A. Stutz, R. Launhardt et al. 2010

Herschel EPoS Project (PI: O. Krause)



Counting protostars: typical timescales for the main accretion phase Maury+ (2011)

Aquila protostars
Sadavoy+ (2014)
Perseus protostars

Spitzer surveys gave average Class 0 lifetime 1-5 x 105 years - .
(Enoch+ 2009, Evans+ 2009)
See Dunham+2015 for (small) updates on c2d & Taurus numbers 10 E BORDER e
- ZONE .- 3
- o © i
O - O
& °S
O 0 oo O S O
— B o H = O _
EQ i 3 n° o © @'308 Q.- ® ]
Complete surveys including sub-mm wavelengths: — S o 5 0o o/
> O O "—ELIDO - © @
e o GC) Cg) O 0 e O O
Class 0 lifetime 5x104 years = o 00 TN\ Lo P o 6
(N iy
+ over-abundance of low-luminosity Class | protostars 0.1 F i o VECIN- o O O E
s @) @)
0 T 9 80
QA ?
0.01 £ 0.1Mg 0.3Mg  1Mg 3Mg, -
- A IV S B R S Ll -
0.1 1 10 100 1000
|—boI [l—@]

The accretion has to be efficient to get such a short phase
Corollary: there are not many young protostars ...



Observing the infall




Observing the infall

* |dentified through asymmetric line profiles
Commonly used: HCO+, CS, H2C0, N2H+

10 lllllllll lllllll Illlllllllllllll ~lllllllllllllllll—
- Serpens SM]M T L1527 T IRAFS16293

[ HCo' J=3-2 L 7
| B®cot j=3-2 | -

: Caution!
Depletion can affect line profiles
and infall signature !

as b Hm'u-\/\ CS(3-2)
! &

o8 ) \

o | or b

06 -
Y

AT, (K)

v (km/s)

-2.0 -1.0 0.0 1.0 2.0 -1.0 0.0 1.0 :



B335 (Evans+ 2015):
ALMA 50 AU resolution

: UL I UL L I LILELEL I |
— : : - + —
-~ : | easur lllg el 20 ~HCO J=4-3 -
E lO:r ; : :
S 10 -
IDWI —y . s AA‘A“JI . AAAAA—’, . B =
10° R .\1{!) 10" IRAS4A (Mottram+ 2013): water lines i _
[ SRERREREE ,Herschel WISH - '
2121 =111 . - -
0 b
- -l L1 1 I | | I 1 1 1 I l-
15 _l LI | U] L UL l_
" - HCN J=4-3
111 =0 4 i -
w ‘ 10 - B
il i )
S I -
v(kms™) 0 F -
IRAS 16293B (Pineda+ 2012): ALMA 120 AU resolution TR Y T
o T :
0 - CHyOCHO-E 17415164 15 : 0 5 10 ) 15
a) CH;OCHO-E 17 4 15164 1 : ; : -
| at IRAS16293 B L ' v (km S )
8 = 30
g ° L mass infall rate 3x10-6¢ Mo/yr
fia) o r o
= E | accretion rate 9.6x10~7 Mo/yr
F | i
?| 8 Ll age 5x10% yrs
oF ——— . r,-.-‘. e — L 1
B —— D L e : l.au:c— L.R. .
16"32m23.5° 23.0° 22.5° - '
infall speed 0.5-0.7 km/s Right Ascention (J2000) GM.f,ec

mass infall rate 4x10-> M/yr



Luminosity problem:

Protostars have luminosities < than would be expected for the
accretion rate determmed from the IMF + observed star

0.25 Msun
Photospheric
luminosity 10~ Msun yr!
Total protostellar L o L + f Gmm
luminosity p — Lphot acc M

ﬁ

formation rate (Kenyon & Hartmann 1990, Dunham+ 2010).

Number of Protostars

Number of Protostars

Serpens
8 " T T
° 20 |
4
2
0 L
-3-2-10 1 2 3
log(L/Le)
Tau/Lup/Cha
6 T " T T
5 E
. 16
3
2
1 4
0 LU

-3-2-10 1 2 3

log(L/Le)

Number of Protostars

Perseus

37 |

LY

-3-2-10 1 2 3
log(L/Loe)

B

ON H OO 0 O N »
J

Orion/Cep OBS/Mon R2

Number of Protostars

80

o)
o

|| 221

S
o

N
o

0 o
-3-2-10 1 2 3
log(L/Le)

Median observed luminosity
- <> Lacc ~ 25 Lsun
1.2 - 1.3 Lsun

Ophiuchus
s Phiuchus
§ st Im | 12 1  Spitzer surveys: luminosities < than expected for continuous
s 4 | accretion over 5 x 109 years (Lace ~ 5 Lsyn), particularly for low
g2 —|_‘ {  mass regions (Kryukova+ 2012)
0—3 -2 —L‘I 0 1 é S
09(L/Lo)
Tou/Lup/Cho/Per/Oph
0 25
g TZ 65 |  Caution: improved the coverage of the low luminosity tail by
5 | extrapolating bolometric luminosity from a well sampled SED in the
8 L | MIR but lacks FIR data points
; 0

-3-2-10 1 2 3
log(L/Le)



Luminosity (L)

Episodic Accretion ?

pB = 3.33 (model 7)

1000
" i N
10 } by w ‘l |
. bk H ) ‘ URAAL ‘ \ |
1
0.1 - - -
0.2 0.3 0.5 0.7
Time (Myr)

Offner+ 2011, Dunham+ 2014, Vorobyov+ 2015

Embedded protostars: difficult to observe the accretion bursts directly

Some indirect clues:
- periodic shocks observed in protostellar jets
- chemical probes of temperature variations

COingas

CO frozen-out

pre-burst post-burst
t > tdep Since last burst t < tdep Since last burst




IRAC 4.5 (2004)

Spitzer vs WISE at <24pm

x35 in bolometric luminosity ?

MIPS 24 (2004)

T a at —
-9 o SQID (2000
10°7F | T iRac &S ))) On
- | © MIPS {2004 @ ¥
* IRS (2006%
O MIPS 200} \
+ IRAC (2009
oo NEWFIRM (2009) ,.
-~ -10 W WISE ( 20102) /
« 107" F | O Herschel 1 ? /
£ | x APEX (2010-11) _, ®
U ""' ||l
'0') " |' "r\“‘ @
on f |V
;’ 10-“ - l" ‘ " ﬁ \
O ol
3 W 35x increase :
L l.‘® | N ®
I l 'I |'\
10-‘2 & - ®+ “ |
= ] O
a
o,? w O Used in Fit
|
ol | al saal aial
1 10 100 1000

Wavelength (um) Safron+ (2015)



The mffamous angular momentum problem

Observations of angular momentum content in star-forming structures

: L L L :”' bl b cl) | L ' j/")_

= < Q.| " A -

oe I §: § : g&i’” E

10 - : : | \Q\\‘} -

i :Protostellar: Q&w :

- | cores ]
10%% | | |
I I

From observations of j at the 0.1 pc core’s diameter

(local) specific angular momentum (cm2 s )

to the Sun’s size : 10%°
factor of 106 in angular momentum
10'8
1018
1o s
Based On BellOChe (2013) L 1 1 1 1 I 1 1 1 | 1 I 1 | 1 1 1 ‘ 1 1 1 | 1 I 1 1 1 L | I 61 L
0.01 1 100 10000 10

See also Maury, Hennebelle, Girart 2022 for a recent review Rotation radius (AU)



The mffamous angular momentum problem

Observations of angular momentum content in star-forming structures

- | I 1 I I I 1 | ] I 1 1 I I 1 I I I' 1 I I I 1 i I I I 1 I I 1 1 l—

= O )
i ?t | Q.| - N
- i 8: S : Qo*q'. i
| - — ) W i
7) 1024 — I © : \\}\ |
. . I I g _
| I L -
g i Protostellar; o _
~ - | cores : ]
22 | I -
g 107 ! | ]
+ - | | _
8 - Protostellar core's angular momentum _
From observations of j at the 0.1 pc core’s diameter :
. 20 —:
to the Sun’s size : £ 10 i ]
— L N

. ©
factor of 106 in angular momentum c ]
ap ]
= 18 -
(U 10 Solal' bl‘cak-llp Spce(l oooooooooooooooooooooooooo i
O —
< -
O -
& -
i 10'8 :
!—mi p—
o ----------------------------------------------------------------------------------------------- y
é Main sequence ]
10" k- j
Based on Belloche (2013) 1 1 1 1 L l 1 1 L 1 1 l 1 1 | 1 L l | 1 L 1 1 l 1 1 1 L 1 I 61 .
0.01 1 100 10000 10
See also Maury, Hennebelle, Girart 2022 for a recent review Rotation radius (AU)
» Class | . .
<105 yrs Class 0 phase = main accretion phase

>50% of the final stellar mass is assembled:
need to get rid of the 10.000 AU envelope’s angular momentum
during its accretion on 0.1 AU protostellar embryo

... by the formation of a protostellar disk ?

~ 10000 AU




Are disks the solution to the angular momentum problem ?

— T~ MR2 :
L=lo~MR o i Initial core angular momentum + angular momentum conservation in
initial size R ~ 1pc, initial spin @ . protostellar collapse

L = Mr°Q final size r, final spin O

/ M . .
(2= G — tor a Keplerian rotation

. = centrifugal radius Rc => material piles up in disk

r ) « Rc ~csQ02t3/16 in traditionally inside-out collapsing core with solid body
NVGMr = R w . rotation :increasing with time because in inside-
R’ | . . . out collapse rarefaction wave moves out.
v, = =Y 1s known as the centrifugal radius.

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
. L]
.....

o* ‘e
* -

Class O protostars: the craddle for the first circumstellar disks

Pre-main sequence star

0'6 T T T T T T T T T T 10_5

M
* __]D_E
4107 g
-
0
©
110-8 =
=

ol 10-9

/\ Mdisk
_—--'-'—'—-—-__
- 10-10

0.0 e
0.01 0.10 1.00 10.00

Time [Myr] After Hueso & Guillot (2005)

Simple hydrodynamics from jcore = 1021 cm2 s-1 ==> >200 au disks in <104 yrs

‘e o
" *
........
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------



Back in 2010 ...

Disks are ubiquitous around T-Tauri young stars

Seen in infrared absorption Seen in mm dust emission

CoKu Tau1 DG Tau B Haro 6-5B CARMA

Solar system

HL Tau DL Tau Cl Tau DO Tau
) @
© Q, © w

UZ Tau W UZTau E LkCa 15

& § 8 © @

IRAS 04016+2610 LkHa 330 CY Tau Haro 6-13

0 & © © ©

Andrea Isella, Laura Perez, & Woojin Kwon

4 PdBI

Young Stellar Disks in Infrared HST « NICMOS ) Sean Andrews

PRC99-05a « STScl OPO

Pietu et al. (2011)
D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA

But almost no constraints on disks around young embedded protostars ...



Anatomy of a typical protostar

10 000 AU 1000 AU <50 AU

Protostellar core Inner envelope Circumstellar disk?

00 00 L | —— 10% N2/ cm?
Temperature: 5 I ——— 500 K
Gas mass: ) o — <0.01 M,



protostellar
envelope

single—dish
totalmA g Missing interferometer
. short spacings /
resolved
envelope
o

flux

point source Inner envelope or disk?

projected baseline length



Characterizing the youngest disks

CALYPSO:
the IRAM Plateau de Bure Large Program
to solve the angular momentum problem in Class O protostars

A dive into the small-scale physics of the youngest envelopes, disks and outflows.

Core team: Ph. André (AIM) - A. Maury (AIM) - C. Codella (INAF) - S. Maret (IPAG) - S. Cabrit (LERMA) - F. Gueth (IRAM) - A. Belloche (MPIfR) - L. Testi (ESO / INAF) - B. Lefloch
(IPAG) - S. Bontemps (LAB) - P. Hennebelle (AIM) - A. Bacmann (IPAG) - B. Commercon (MPIA) - L. Podio (Arcetri) - S. Anderl (IPAG) - M. Gaudel (AlM)

N 4 >300 hours observing time
16 Class O protostars (<300pc)
3 spectral setups resolution ~0.5” i.e 50-70 au
continuum and >20 lines
typical sensitivities 0.1 mJy/beam
T

Publications on sub-samples:
Maury et al (2014) , Maret et al. (2014), Codella et al. (2014), Santangelo et al. (2015), Anderl et al. (2016), Podio et al. (2016), De Simone et al. (2017) ,
Lefevre et al. (2017)
Whole survey:
Maury et al. (2019) Maret et al. (2020) Gaudel et al. (2020) Belloche et al. (2020) Podio et al. (in prep)
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The survey

0 -5
R.A. offset (")

0 -5
R.A. offset (")

0 -5
R.A. offset (")

0 =5
R.A. offset (")

0 =5
R.A. offset (")

R.A. offset (")
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Envelope description in the spatial domain
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CALYPSO survey of 1.3+2.7 mm dust continuum emission

>70% Class 0 show disk components but >72% have rdisk < 60 au

Class 0 median disk radius < 50 au
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Including the literature (CARMA/Vandam, ALMA & SMA results, 26 Class O protostars):
>75% Class O disks have rgdisk < 60 au

Protostars: disks are present but SMALL

Maury, André, Testi et al. 2019



More recent ALMA surveys have confirmed the CALYPSO results, finding Rdisks <50 au
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Tobin et al. 2020 in Orion: Busquet et al. 2019 in GGD 27:
Median disk dust radius 29 au - |1% of Raisk > 100 au paucity of disks with Raisk > 100 au

For a review, see Tsukamoto, Maury, Commercon et al. (PPVIl, 2023)

For sizes of Class Il disks, see lecture by L. Testi tomorrow
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M gisk aust Radiative Transfer (Mg)
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Sheehan+ (2022) from VANDAM survey
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Risk dust Radiative Transfer (au)

Full radiative transfer allows to estimate better disk sizes from the dust emission:

=> disks significantly smaller and less massive than estimates from simple Gaussian fitting

See also talk by Tung Ngo this week



Sheehan+ (2022) from VANDAM survey
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No clear evolution trend of the disk properties if using Ty as evolutionary tracer
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The disks are a few Earth masses, but loosely constrained

(issues with dust properties and temperature)
=> kinematics needed

Beware of the dust properties!
See my 2d lecture and L. Testi’s lecture + K. Demyk lecture this week



Dec. (ICRS)
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Maret & CALYPSO collab. 2020: 1115 Class 0 Keplerian
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Mix of infall and Keplerian motions

150 au disk in Class I TMCI-A
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Class O/1 L1527 disk resolved from gas
kinematics obtained with ALMA

- Keplerian radius 74 au

Gas in Keplerian motions observed in the largest disks (spatially resolved) - few of them

=> disk radii mostly consistent with dusty radii in the current small samples




You want to know how come disks are

AN ORDER OF MAGNITUDE SMALLER THAN WHAT HYDRO MODELS PREDICT

FROM CONSERVATION OF ANGULAR MOMENTUM ?

Come back tomorrow ...



