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The evolution of low-mass protostars
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Three open questions

Importance of FIR [Ol]
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Outflow evolution
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thermicities dominate the oxygen chemistry in warm T =z 300 K postshock
gas.



The far-infrared [Ol] lines
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The spectacular HH111 jet
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First [Ol] mappings of Class 0 outflows
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The outflow components

Target Region Class | M, ([O1]) My & component dominant c omponent
1077 M, yr™! 1077 M, yr™!
HH1 VLA 1 0 <25.9-526 ~ 6 in [FeII]
knot A <95-194 ~ 4 in [SI] O
~ 0.1 inH,
HH212 knotAandB | 0 39-79 ~ 10 in CO, SO, SiO o /
< 3in CO, Si0 / ‘0
~ | in Hy
CepE knot A 0 <224 -455 ~ 200 in CO
jet <72-147 ‘G
L1551 IRS 5 I 5.8—-11.8 ~ 8.6 in HI
~ 1.7 in [Fe1l] O
~ 0.4 in H,
O = mainly atomic ‘o = mainly molecular

Sperling+2021



The outflow components

Target Region Class | M, ([O1]) | M, & component

dominant component

107" M, yr™! 1077 M, yr™!
HH111  HHIIIIRS I 26 - 53 4in CO O
jet (knots F-O) 6-12 2 —6in[01]16300
SVS13 SVS13A I 25 =31 301in HI
HHS8-11 - 8.9 in[Fe II] o
HH7 — 7.0 in H,
HH34 HH34IRS I 11 -23 0.7 in [Fe 1]

0.03 in H, o

~ 1.5 in[O I]16300

HH26 HH26A I — 02-0.5inHy

O = mainly atomic ‘O = mainly molecular Sperling+2020



Importance of [Ol] outflow component

Class 0 7 outof 9 M(OI);

‘9 ﬁ ...underestimates the total
mass-loss

Class | 4 out of 5

«

...potentially traces the bulk
ﬁ mass-loss

Sperling+2021
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 most outflows:

f~0.01-0.5

> agreement with X-wind & disk wind

 many Class 0 outflows

f <~ 0.05

> Must take into account the molecular

component!

Sperling+2021
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* WISH+DIGIT+WILL+GASPS surveys

> single Herschel/PACS footprint
> only outflows
> 28 Class 0, 23 Class I, 21 Class Il

Mottram+2017, Alonso-Martinez+2017

Compilation
Sperling+2021

Consistent!

Evolutionary trend apparent!



Summary

* Class 0/l outflows fully mapped in [Ol] with SOFIA/FIFI-LS
 Determination of mass-loss rates and efficiencies

* Qutflows Initially mostly molecular, becoming more atomic
with time
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