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Outline

» The Interstellar medium

» Gravitational collapse
» Protostellar phase

» Pre-Main Sequence
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The interstellar medium

Phase Ntot T M
(@3 K (ACM)
< < 6 molecular > 300 10 2.0
10 T 10° [K cold neutral 50 80 3.0
~ ~ [ ] warm neutral 0.5 8x 10° 4.0
warm ionized 0.3 8x 10° 1.0
10—3 S n 5 103 [1/cm3] hot ionized 3x1073 5x10° -

Stahler and Palla (2004)

Molecular clouds
Mostly molecular hydrogen
n~1023em3 T ~10—-30K

Interstellar dust
Silicates and carbon ~ 0.1 um
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Molecular cloud and initial collapse

M ~ 10° — 10° M,
T~10-30 K
p ~ 10 — 100 particles/cm?

Cloud of molecular
hydrogen

» Isothermal phase
» Free-fall collapse

1
7';,?”” ~ —— ~ 10°yr

VGp

Wolk et al. (2008)



Fragmentation

3/2
T 104 cm—3
MJ_lM@(lOK) V" n
Mcioudg >> M, — Instability

a dark cloud

b gravitational collapse

4—10,000 AU-» time =0

Fragmentation of the cloud
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First protostellar core

(K)

Opaque central region

Rise of the central temperature

Temperature log 7,

M324n 5 x 1072 Mg

core

RSun ~ 103 R@ 10 | | |

core ~12 -10 -8 -6 -4
Density logp. (gcm~3)

Stahler and Palla (2004)

Dissociation of H, (~ 2000 K) and
collapse of the core
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Stellar core

Rise in central
temperature and pressure

Main accretion phase (free-fall

sccrenon /.

velocity of the gas) \

Emission in extreme ultraviolet
and X-ray

Stahler (1991)

Redshift due to scattering (visible in infrared)



Birthline

The locus in the HR diagram where Pre-MS stars of various
masses should first appear as visible objects (Stahler, 1983)

Observative evidence in star
forming regions

IC 348

log L/L,,

&+ Luhman et al. (1998)
- I Myr
- 2 Myr
- 5 Myr
— 40 Myr

Y=0278Z=0015a=168

3a Iy i 35 5% 34
Stahler (1991) log T 1 (K)
Tognelli et. al (2011)
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Deuterium ignition

T ~ 10° K

Deuterium
ignition

efficiency < T*?

Strongly dependent from
temperature

v

v

v

p+D—3 He+~

Equilibrium of the stellar
structure

Expansion:
decreasing temperature

decreasing efficiency

Contraction:
increasing temperature

increasing efficiency
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Hayashi track

Convective star

Kelvin-Helmholtz timescale

2
tiAr 3x 107 yr( M) Rolo
KH™ Y'\ ™5 ) R.L

log(L/Lg)

Constant effective
temperature

Decreas' ng ) 3.8 3.75 3‘,7 3.65 3.6
luminosity roa(Ter)
Salaris and Cassisi (2005) - Adapted
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Lithium burning

T ~3x10° K

log (LyLg)

Lithium
ignition AL e

Luminosity

0.2

3 L ! ! !
39 38 37 36 35

Temperature log (T,g)  (K)

Stahler and Palla (2004)

"Li+1H —* He+*He

No influence on contraction
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Towards the main sequence

Contraction and temperature rise

What happens next?

» M < 0.08 M: Brown dwarf
» M = 0.08 M: Ignition of hydrogen (MS)
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Brown dwarfs

Electron degeneracy counteracts gravity and
temperature falls
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Stahler and Palla (2004)
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Approach to Main Sequence Phase

H-ignition
T ~10" K

p+p—D+e+r
D+p—> He+~
SHe +3 He —* He+p+p

3He out of
equilibrium

log(L/Lg)

150
10F
05
0.0 1My
1.0M;
[ 0.9M3
051 0.8M)
[ 0.7My
-1.0
[ 0.6M,
[ 0.5M,
50 ey Y
3.8 3.75 3.7 3.65 36
log(Tes)

Salaris and Cassisi (2005)
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Evolution of a star (HR diagram)

I T T T T T T
Planetary\ Nebula

Luminosity log (Ly/Lg)

+4

+2

-2

Post-Main
Sequence
\

\ .
\ Pre-Main
_———Sequence

5.0 4.6 4.2 3.8

Temperature log (Tg)

Stahler and Palla (2004)

(K)
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What is neglected?

» Rotation
» Magnetic field
» Chemical composition

» Large- and low-mass stars

G. A. Feyden and B. Chaboyer. The Astrophysical Journal, 779:183 (2013)
G. Somers and M. H. Pinsonneault. The Astrophysical Journal, 807:174 (2015)

L. Amard et al. arXiv: 1905.08516v1 (2019)
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Thank you
for the attention
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Birthline
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Birthline

Table 16.1 The Theoretical Birthline

Mass Radius logL s log Teft Atp tzams

My R)HY (L) (K) (yr) (yr)
0.1 249  —028 349 15x10° 37x10°
0.2 252 —0.01 352 85x10° 24x10°
0.4 270 4027 356 30x10° 11x10°
0.8 432 +0.78 361 27x10* 52x10
1.0 492 +0.85 363 69x10° 32x10
1.5 509 4089  3.65 0 1.2x 107
20 494 +090  3.67 0 84 x 10°
3.0 566  +0.94  3.70 0 2.0x 10°
4.0 102 42.09 384 14x10* 82x10°
5.0 820 +2.83 405 83x10° 23x10°
6.0 462  +324 427  11x10° 29x10*
7.0 328 4340 432  70x10' 85x10°
8.0 301 4355 436 0 0

Stahler and Palla (2004)
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Pre-Main Sequence

Table 16.2 Evolution of Low-Mass, Pre-Main-Sequence Stars

M.=02M
Time Ri logTer logls logTe Lnu/Ls Mcon
) (R) (K ) ® M)
0 255 351 4002 581 0 0.06
1x10° 229 351 —0.02 592 083 020
1x10° 189 351  —057 608 0.12 0.20
3x10° 130 352 -LIl 630 0 0.20
1x107 061 352 —140 648 0 0.20
3x107 041 352 -178 664 0 0.20
1x10° 028 352 -210 675 040 020
2x10° 026 352 215 678 090 020

M.=06M
Time R. logTer logls logTe Lnu/Ls Meon
o R)H K r) ® ™)
0 401 359 4054 604 085 060
1x10° 400 359 4053 608 045 0.60
3x10° 362 359 4043 617 009 0.60
1x10° 213 359 —0.02 635 0 0.60
3x10° 151 359 —035 651 0 0.60
1x107 090 358 —0.78 6.68 0 0.51
3x107 072 359 098 677 006 030
9x107 058 361 —1.08 697 090 010

M.=10M
Time Ry logTer logls logTe Lnu/Ls Mcon
o) (R) (K r) ® M)
0 480 364 4085 620 0 1.00
1x10° 425 363 4075 622 0 1.00
3x10° 377 363 +0.62 626 0 1.00
1x10° 259 363 +028 648 0 1.00
3x10° 180 3.63  +0.00 6.64 0 0.78
1x100 122 364 —028 678 0.01 038
3x107 101 375 =002 7.09 090  0.03

Stahler and Palla (2004)
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