The Chronolog;' of the Formation of the Solar System

Chapter I: From molecular clouds to protostellar cores

Chapter II: Formation of the protoplanetary discs
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Today:
Chapter |

From molecular clouds to protostellar cores :
filaments, stability of cores and formation of protostars

Questions addressed in this lecture

What controls the efficiency of core/star formation in GMCs ?
How to measure the stability of prestellar cores ?
Protostars: when and where do we form them ?




The formation of solar-type stars:
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. Molecular clouds: properties of stellar nurseries

II. Dense cores in filamentary structures

[1I. Formation of protostars




. Molecular clouds: properties of stellar nurseries

Optical image of the Milky Way (A. Mellinger)



. Molecular clouds: properties of stellar nurseries

Optical image of the Milky Way (A. Mellinger)

+

CO emission

(Dame T, Hartmann D., Thaddeus P. 2001)



. Molecular clouds: properties of stellar nurseries

Optical image of the Milky Way (A. Mellinger)

Size (pc) | Mass (Mp) | @ (em?) | T(K) | Av(mag)
Giant Molecular Clouds| 10 - 60 104-105 | 100-10%| 20-50 ~2
Molecular Clouds 2-20 105-10% | 10>-10% | 10-30 ~9
Bok Globules 0.1-10 1-10% | 10°-10° | 10-30 | ~10
Cores <0.1-1 | 01-100 | =>10> | 7-15 ~20




. Molecular clouds: properties of stellar nurseries 2

. e 0-Ophiuchus
e ! Molecular Cloud

L D ~ 120 pc
P - 15x10° N,

' - One of the closest
| e Star forming cloud
e o~ tar forming clouds

na ) thispat . tlsk); troubled me every time 1 | ' K ohone, g &8 ',.' (glﬂblllal' ClllStEl')

"- scarcely any stars here, there yet appeared a dullness of the field
~ as if the sky were covered with a thin veiling of dust, that took
- away the rich blackness peculiar to many vacant regions of the

Antares

- heavens. This was fully fifteen years ago, at Nashville, Tennes-
 see, when I searched for comets with a five inch refractor.




. Molecular clouds: properties of stellar nurseries
Jeans analysis: stability of star-forming structures

w2 el

" oy
Size (pc) | Mass(M,) | o (em®) | T(K) | Av(mag) | Mu(M,)
Giant Molecular |10 0 | 100.10 | 100-103| 20-50 | ~2 | 15-100

(Clouds

Molecular Clouds | 2-20 | 102-10¢| 102-10| 10-30 | ~5 | 6-300
BokGlobules | 0.1-10 | 1-100 | 105105 | 10-30 | ~10 | 2-90
Cores <1-1 |o1-100] >105 | 7-15 | ~20 | 1.3

With typical densities, temperatures and sizes of MC:

all gaz of density > 10° cm™ should collapse within 2.10° years ...




. Molecular clouds: properties of stellar nurseries

Time-scale for collapse
o The collapse time-scale t; when M >Mj is given by the time a mass element at the cloud surface needs to reach
the centre.
GM

o Infree-fall, an mass element is subject to acceleration g = —
o The time to cover a distance R can therefore be estimated from:

R=1/2gt, =1/2(;—A24t;

o 1efor a pressure-free 3D homogeneous sphere:

[ff = (31’5/32(;9)1/2

o For a giant molecular cloud, this would correspond to:

ty~ 7*106yr (m/10°M,, )2 (R/25pc)*2~ a few 106 years

* +if higher density at cloud center = > faster collapse.

With typical densities, temperatures and sizes of MC:
all gaz of density > 10° cm™ should collapse within 2.10° years ...



. Molecular clouds: properties of stellar nurseries

Time-scale for collapse vs lifetimes of MCs

Simple Jeans analysis :
with typical densities, temperatures and sizes of MC,
all gas of density > 10° cm™ should collapse and form stars within 2.10° years ...

BUT

* (loud Lfetimes estimated by Blitz & Shu (1980) to be around 30 Myr in Milky Way

— Locations downstream from spiral arms
— Stellar ages associated with GMCs

o Shorter Lifetimes of 5-10 Myr proposed by Ballesteros-Paredes et al. (1999), Fukui et al. (1998).
— Lack of 10 Myr old T Tauri stars

— (luster ages vs. associated molecular gas



. Molecular clouds: properties of stellar nurseries
What about the star formation rate ?

« Optically thin dust emission at (sub)mm wavelengths
-> Direct mass/column density estimates : S, : Integrated flux density
_ S, d? 5 N L, : Surface brightness

By (Tg) x, By, (Tq) ¥y 2 : Column density (g cm™?)

NGC2068- } NGC2068- ~ wee
‘Optical image ’ ' L | Continuum @ 850 pum -
NOAO/AURA/NSF V. Motte et al. (2001)




. Molecular clouds: properties of stellar nurseries
What about the star formation rate / efficiency ?

e In our Galaxy: mass of gaz with 0>10% cm3 is ~ 10° M.

o  Without support against gravity: expected galactic SFR ~ 300-500 M, / year
o But observations: SFR ~ 3 M, / year

Spitzer C2D in low-mass star-forming clouds (Evans et al. 2009, 2014)
eff ~0.01 — 0.1 for clouds with mean densities g, ~ 10° cm

+ the data are best fit by eff o< (Z/tff)™"

Kennicutt & Evans (2012), Krumholz (2014): on average ff 1%

Milky Way
Heiderman+ 2010
Lada+ 2010
Wu+ 2010
Gutermuth+ 2011
Lada+ 2013

® lLada+ 2013

e Evans+ 2014

® &> x 0[O

Evans+ 2014

log Xgpg [M, pc? Myr ™'

Resolved galaxies

1.5 2.0
log Ty, /ty [M, pe® Myr ']

B Leroy+ 2013
@ Bolatto+ 2011

Unresolved galaxies

Kennicutt 1998
Davis+ 2014
Bouche+ 2007

Daddi+ 2008, 2010 |

Genzel+ 2010
Tacconi+ 2013

3 4

log Sy [ty [M, pc™> Myr ']

All the dense gas does NOT undergo free-fall collapse

(L

Log point density




. Molecular clouds: properties of stellar nurseries

What about the star formation efficiency at local scales ?

Rho Ophiuchi ; very active star formation; SFE ~5%  Pipe nebula : very little star formation: SFE < 0.1% except in B59
(Lada etal. 2010) (Onishi et a. 19, acha el a 002)
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. Molecular clouds: properties of stellar nurseries

What about the observed star formation efficiency ?

Molecular clouds (10-100 pc ; 105 ¢m™)
1-3% / 107 yrs (Silk et al. 1997)

Prestellar dense cores (0.1 pc ; 10° cm)

10-30% / 106 yrs (Silk et al. 1997; Bontemps et al. 2001)

Prestellar condensations (0.01 pc ; 100 ¢cm™)

20-60% / 10> yrs (Motte, André & Neri 1998)

At large scales, star formation is an inefficient process: some physical ingredients play important roles in supporting the cold
gas from collapsing and form stars.

Need sources of additional support for GMC and MC, to lower the global star formation efficiency !

Magnetic fields ?
Turbulence ?
Rotation ?
Feedback processes ?



. Molecular clouds: properties of stellar nurseries

Rotational support in MC ?

E, MV L1
E M?*/R MR

grav

o Difficult to measure rotation at large scales: velocity gradients are everywhere due to flows, infall, outflows etc ...

° : study of dark clouds implies rotational support rare at cloud scales
| Typically:
B x ‘ 2 ’;;; s . .
05l  maa i velocity gradients 0.4 - 3 km s pe’!
L a g

Log [J/M (km s pc)]

S wn = angular speeds ~ 1014 - 103 rad s’!

15 1 « D

. /{? ’ ~ 0 ==> Eyot/Egray < 0.02

°
25+ /g
A
A A + x

351 o (considering all gradient comes from rotation)
+ Log (R/pc)
o Note that rotational support becomes important on small scales: conservation of angular momentum during collapse
=> formation of discs at centrifugal radius G’ M°Q°
R = (cf Chapter 2...)

‘ 164"



. Molecular clouds: properties of stellar nurseries

Magnetic fields in MC

A5 {arcmin,)
|
o

-12

~14

Measurements of polarized dust emission toward the high-mass

star-forming region Orion.

1400 —
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Measurements of polarized dust emission toward the low-mass
star-forming region Taurus.

ISM Component B,ota (LG)

diffuse ionized medium [ +3
(synchrotron equipartition, RMs)

H | clouds 6.0+1.8
(H | Zeeman) (A ~0.1)
molecular clouds 10 — 3,000+
(OH, CN Zeeman) (Ac~1)

See also for Zeeman measurements in

star-forming dense cores.



. Molecular clouds: properties of stellar nurseries
Magnetic supportin MC? v, =0136"2 (B d4=10" M,,, (B/30uG R/ 2pc)

Set magnetic energy = gravitational energy

2 2
(B> GM "
TR’ | — | ~ (to within factors = 1)

87T R

Since magnetic flux ® ~ 7 R’B, this relation reduces
by simple algebra to

Molecular cores

1/2 .
( MJ ( 1 j . (supercritical) ‘
D) . 8G | ;
10° | :
(M /D) N(H cm ™2 |
-21 A<1
A= ~5.0x10 NH) |
(M / (D)critical B ’u G 5; _ T
Twp HETE S
A > 1 (magnetically supercritical) Diffuse HI gas (CNM) Al [T | F% I
— Gravitational energy > magnetic energy subcritical LE TN I ] I
— Self-gravitating cloud cannot be supported by B T ‘ (e
-1 //' I
10t Lo Ll LA LRI L TR L L IE T NPEROVES N R | RV
1019 1020 1021 1022 1023 1024
A <1 (magnetically subcritical) Ny (cm™?)
— Magnetic energy > gravitational energy Mass to flux ratios measured with Zeeman measurements.

— B supports the cloud regardless of external pressure.



. Molecular clouds: properties of stellar nurseries

Turbulent support inMC? w7 -(2) xptxer, vt ci-cio )

o Doppler linewidth is very narrow: - \/ 22T _ o | T
C0 at 10K Av=0.13 km/s m M g,

Scaling laws (Larson 1981 and subsequent studies) Linewidth-Size Relation
+ the fractal structure of the ISM reflect the turbulent nature of the SM |
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Solomon et al. 1987 R (pc) Larson 1981

o (bservations in SFR :
Low-mass regions typically show narrow linewidths
small velocity dispersion => trans-sonic medium
=> [SM turbulence decays before SF proceedsint ~L /v

to delay significantly the collapse: need for new progenitors for turbulence ...



. Molecular clouds: properties of stellar nurseries

5 Internal :
Stellar Winds i

B Bipolar Outflows
Supernovag - -~ - - . .
Winds from Massive Stars . HIl

=> only works in cluster-forming clumps ? |

1.0~ lS'M e A o N\
t Protostellar outflows replenish 3

u(ribulence turbulent motions
ecays

NGC264-

\\

N
= |
3

Possible progenitors of turbulent support

10

(woaqg—,,| | /Arw) Ayisusg xni4

BCO mapping :

1 | 1D velocity dispersion of the clump :
M o, ~ 1.8 km/s
“W ;I NGC 2264-C shows a turbulence enhancement / Larson’ s classical law.

o YT x (v -v,)’]
- 2T

|
\ _ M’\M JJ\WWM“

ek 1| MacLow 1999): 1, . ~ 121, wb R, o,
0.0} Li & Nakamura (2006) -
N NG s e e /| Outflow mechanical luminosity Lp  ~ 0.7 £0.5L,
0.0 0.5 1.0 1.5 20| Outflows can regenerate the turbulence in NGC 2264-C. Maury+ (2009)

Rate of turbulent energy dissipation in the clump

2

1/2xM . X0
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. Molecular clouds: properties of stellar nurseries

II. Dense cores in filamentary structures

[11. Formation of protostars




II. Dense cores in filamentary structures

Herschel/HI-GAL image of part of the Milky Way (e.g. Molinari+2010, Schisano+2014)
70/160/350 um




II. Dense cores in filamentary structures

Herschel has revealed 105146
a “universal” filamentary
structure in the cold ISM

Palmeirim + 2012
Kirk + 2012

Ward—THompsoq}QO 10 k™ " André+2010
Miville-Deschénes * 2010 I Koényves + 2010




II. Dense cores in filamentary structures

Polans (d~ 150 nc): Structure of the cold ISM prior to any star formation

Gould Belt Survey
PACS/SPIRE // mode

% 70/160/250/350/500 um

Polaris flare
translucent cloud:
non star forming

.~ 5500 M@ (CO-+HI)
. Heithausen & Thaddeus ‘90

~ 13 deg? field

Miville-Deschénes et al. 2010
Ward-Thompson et al. 2010
Men’shchikov et al. 2010
Andre et al. 2010

" Herschel/SPIRE 250 um image



II. Dense cores in filamentary structures

2

Most of the Polaris starless cores are unbound

10 : ' l o | T T >
MOtteetal'\:\ Polaris starless cores R 2
(2001) | |- NGC2068/2071 cores - '
10! L © p Oph cores | ¢

Mass, M(M.)

aws ™
- wan wmn =
———

;
X

Cirrus noise limit
in Polaris

10

10

Deconvolved FWHM size RSNt RAEENC:I)

-1

Location in mass vs. size diagram:
2 orders of magnitude below the density of self-gravitating Bonnor-Ebert isothermal spheres

1

~ 350 starless cores

no Class 0 protostars

André et al. 2010

Ward-Thompson et al. 2010



II. Dense cores in filamentary structures

Most of the Aquila starless cores are bound

10° 1 - ' —— - - —
Motte et al.} Aquila prestellar cores L M
(1998,2001)\[* NGC2068/2071 cores e
10’ ;—{D P Oph cores s, / s ¢ In Aquila:
~ ; >60% of starless cores
> 1k are hound
= T<20K, => prestellar
B ) o b =N RN ¢
A 107 L L Rl W N e Cirrus noise
s R oo limit in ~90 Class 0/1 protostars
I Aquila
1072 L Konyves et al.
2010, 2016
107° | L

10°° 107}

Deconvolved FWHM size, R (pc) (at 250 um)

Location in mass vs. size diagram, consistent with BE spheroids
High degree of concentration: Ny, /<Ny,> ~ 4 on average

Median column density contrast over the background ~ 1.5



II. Dense cores in filamentary structures

~Only the densest filaments are gravitationally unstable

and contain prestellar cores (A )

Aquila curvelet Ny, map (cm?)
| 02!

| 022
s S

= | > The gravitational instability of filaments is controlled
:-T- by the value of their mass per unit length M.

= - unstable if Mline > Mline, crit

CDE ° Stable lf Mline < Mline, crit
g e o= 2¢4/G ~ 15 Mo /pc for T=10K

01 * Simple estimate:

M. .o Ny, x width
g -
- Unstable filaments highlighted in white in the Ny, map

Complex network of filaments form in molecular clouds
and the densest ones fragment into prestellar cores via gravitational instability



II. Dense cores in filamentary structures

An extinction “threshold” for the formation of prestellar cores ?

150 -—
Distribution of cloud extinctions
for the Aquila cores
In Aquila,
~ 80% of the prestellar
100 - } cores

are found above A, ~ 7

Number of cores per extinction bin: AN/AM

50 | _
f | cf. Onishi et al. 1998
%ﬁ _ (Taurus)
0 A e ke Johnstone et al. 2004
Y 10 ... =0 30 (Ophiuchus)
Background Extinction, Ay Lada et al. 2010
(8 MCs)

André et al. 2010, AU Symp. 270



Confirming the link between the prestellar CMF & the IMF

Prestellar Core Mass Function (CMF) in Aquila
L L L ! |"|""IOO' L L L ! !

Konyves et al. 2010, 2016

341-541 prestellar cores
in Aquila

Factor ~ 2-9 better
statistics than earlier

loace [ IMF

studies:  Chabrier2005 | NAN

[ dn _ N exp[— glzcr’é‘ng|J’ m<m % _
dlogm Am/m)ie, | m>my %f |

Incomplete I I
sampling | I ¥

1F .<......| . N . o \ ]

1 1

Number of objects per mass bin: AN/AlogM

10~ 1
Mass (Mg)

Good correspondence between core mass and system mass:
M.=¢€M,,,withe~0.3mnAqula
The IMF is at least partly determined by pre-collapse cloud fragmentation
(cf. model by Hennebelle & Chabrier 2008)



II. Dense cores in filamentary structures

Estimate of the lifetime of
prestellar cores in Aquila

In steady state, the relative numbers of
objects in each evolutionary stage
reflect the relative lifetimes of the stages

~ 450 Herschel prestellar cores:

tpre= 1.1+-0.3 Myl’ ~ 3'4 tff

~ 200 Herschel Class 0-1 protostars:

toroto ™ 0.5 Myr

~ 800 Spitzer Classll YSOs:
tClassi ~ 2 Myr

Konyves+ (2016)



. Molecular clouds: properties of stellar nurseries

II. Dense cores in filamentary structures

[11. Formation of protostars




[11. Formation of protostars

An isolated core: the Bok globule B68

Opticl o Near lnfre

o .‘.._.:. -

B 68
Image: SIMBA at A = 1200 um
Contours: Extinction map
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[11. Formation of protostars

An isolated core: the Bok globule B68

AU

: 2000 5000 10,000 :
Relatively isolated, hence not many external disturbances Bamard 68
10 - \'\\\
¢ | Critical Bonnor-Ebert !
E | sphere
. . . . . < |} 1
Though not main mode of star formation, tht?lr isolation * 'T=16K M= 1Mo !
makes them good test-laboratories for theories! 1| B

£ mox=6.940.2 ‘ ﬁl]

r(arcsec)

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.


http://en.wikipedia.org/wiki/Astrophysics
http://en.wikipedia.org/wiki/Astrophysics
http://en.wikipedia.org/wiki/Isothermal
http://en.wikipedia.org/wiki/Isothermal
http://en.wikipedia.org/wiki/Hydrostatic_equilibrium
http://en.wikipedia.org/wiki/Hydrostatic_equilibrium
http://en.wikipedia.org/wiki/Gravitational_collapse
http://en.wikipedia.org/wiki/Gravitational_collapse

[11. Formation of protostars

Isothermal cloud in pressure equilibrium

P GM, dM

— Ay
U ar P
.2
which can be combined into the Emden equation L 4 rab =—4mGp
y2drop o dr
Solved with boundary conditions: o (0)=p_.and %’?— =0
r=0

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

with the isothermal sound speed

I A 3’
V= '{(ZP: ;" l ~0.06 VT [K][kmss ']
‘ \ op \ n

m Is 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:

Po:‘*’ip(R)



[11. Formation of protostars

[sothermal cloud in pressure equilibrium

o
y=-

Using variable subsitutions: _ P leads to the following form of the Emden equation:

|4t Gmp,

N TR
y©o2y'
y'r | -y =0
V X

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

the family of solutions are Bonnor-Ebert spheres



[11. Formation of protostars

Stability

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

oP,

ﬁ.

&)

<0

kTt I*(x) y(x)

2 _
PO(X)—VSPCJ/(X)—!' - ‘ Ve 411

with I(x)zfzy(x "V x P

:‘l kT Il/z—@ X

_ Uy
|4TTGmpC| kT I(JC)

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

-
Koo . s |
P.,=140 PR maximum outer pressure ;
m 3
_ Gm .. : . sl
R =0.411-"7M minimum radius for stability
0]

™1 l,’r\\ L B
f |
Equilibrium spheres ]

virial theorem

oo Wy iy
0.5 115 2



[11. Formation of protostars

Critical mass: singular isothermal sphere

1 3/2 N
! 2

with x =R VAT G p. IV

R
M=4Wf(] repdr=

Critical mass derived from critical pression and radius expressions:

4
Vs

312
G

~1/2
P

M. =118

Ccril

or depending on density and the ambient temperature:

Mcrit = 118 (054/(;3/2 )QO -1/2 oC T3/2 QO-I/Z

For the dense regions of molecular clouds: ng = 10* ¢cm?*T=10K,
we find:

o Mc ~ 1.0 Mo: typical stellar mass
e Re ~ 0.05 pc



[11. Formation of protostars

Collapse of Bonnor-Ebert spheres

Ways to cause BE sphere to collapse: S e
2§ - e b
o Increase external pressure until M., <M . | b
20 e Lo
o Load matter onto BE sphere until M>M_....., 8 2 gl
D b
> a

gl

The accretion rate has an initial peak at

10 Cs3/ G ~2 105 Ma / year, =gt - L -— B -6 -4 -7 0
ol [Log (Radius) [Log (Radius)
then decreases with time. e &6
0f 2 0f =]
o - . L5 } .
s B = 8] .
o & .
S 6] 5 b :
lf Rmax > Rcritical: § 4} N | TE 4r ;
Q - ' S Q b\
late phase with dM/dt ~ ¢*/G A Bl MR | S
(cf.Shu) 3} SSe e ] ] ST i
B i 2 2 4 D 0 e 29
Time (Tff) Time (Tff)

Foster & Chevalier (1993)



[11. Formation of protostars

The different phases of the collapse

Timescale for 1 Mo
o Stepl:

400,000 years  Isothermal collapse: cooling via the grain emission maintains
T~10K until ng ~ 10! em (@ ~ 103 g cm9)

o Step 2:
~1-100 years ~ Formation of the first hydrostatic core @ ~ 2 x 101 g cm
o Step 3:
~1-100 years ~ Formation of the second core (stellar embryo) 0~2x102gcm
o Step 4:
100,000 —10°years  Wain accretion phase

See Benoit’s lecture for more details !



[11. Formation of protostars

Main accretion phase

* The embryo grows by accreting the envelope in free-fall:

100.000 years are needed to reach 0.6Mg, 10° years for 1Me

* Accretion shock at the surface of the protostar:
the kinetic energy is converted into heat, then radiated:

acc = 72 (dM/dt) V2 = GM/R(dM/dt) Lacc dominates L-: it is a protostar

* The dusty envelope totally masks the stellar embryo in the making
—> impossible to see its surface until the envelope becomes transparent (beginning of the T-Tauri phase)



[11. Formation of protostars

How to recognize protostars from prestellar cores ?
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[11. Formation of protostars

How to recognize protostars from prestellar cores ?

850 um

L : v

- SPIRE 250 um . SPIRE 350 um * SPIRE 500 um

A -;.':-:7(—\ 0SS RED

Stutz et al. (2010)



[11. Formation of protostars

How to recognize protostars from prestellar cores ?

850 um

£ | . SPIRE 250 um . SPIRE 350 um + SPIRE 500 um
DSS RED

'
) o
Y .
w0y
. y
' o
. o

¢

. IRAC 8.0 um : PACS 100 wm . PACS 160 um

Stutz et al. (2010)




[11. Formation of protostars

Flux density(Jy)

How to recognize protostars from prestellar cores ?

Wavelength [pum]
1000 00 10
2 | Starlesls | Protostellar]
3 core core 3

Greybody
(T, =224 KJ:
/ ]

- Greybody
(T, =98 K)

Herschel

SPIRE ——IPACS

Frequency (GHz)

Protostar

emission at wavelengths < 70 microns

(Fo, <> L
cf. Dunham,
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[11. Formation of protostars

How to recognize protostars from pre-main sequence stars ?
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[11. Formation of protostars
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lII. Formation of protostars

Spitzer surveys gave average Class O lifetime 1-5 x 10° years (Enoch+ 2009, Evans+ 2009)
See Dunham+2015 for (small) updates on c2d & Taurus numbers

Also Heiderman & Evans (2015): HCO+ envelope test: age(Stage 1) ~ age(Class 1)
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Herschel + ground-based mm -> discriminate better protostellar stages
Maury+ 2011: Class 0 lifetime 5x10* years + over-abundance of low-luminosity Class | protostars




