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Outflows as a tracer of star formation
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Outflow signatures are nearly ubiquitously associated with protostars
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Outflow embedded jet
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Emission of molecular outflows
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Shocks provide another view of outflows

Adapted from Hollenbach 1985
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Shocks provide another view of outflows

Molecular shock
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Shocks provide another view of outflows

Molecular shock
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Shocks provide another view of outflows

Molecular shock

Adapted from Hollenbach 1985
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[Ol] and CO are the dominant coolants in shocks
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Outflow-envelope interaction probed by CO and H,;O
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Cavity shocks, spot shocks, & bullets
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SOFIA/GREAT provides unique capability to resolve the [Ol] line




[Ol] emission shows a high-velocity component
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Velocity-resolved [Ol] emission suggests jet-powered outflows
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[Ol] 63 um line comparable with CO 16-15 in intermediate-mass source
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Weak but consistent [Ol] line profile with high-J CO in low-mass source

NGC 1333 IRAS 4A
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FIFI-LS observations show outflow-tracing [Ol] emission
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FIFI-LS survey probe the outflow feedback in massive protostars

Led by Lianis V Reyes Rosa (UVA)
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Outflows in Class | protostar: a case study of an iconic system
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Twin high-velocity jets of L1551 IRS 5
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Chemically rich binary protostars with a circumbinary disk
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Herschel observations show hints of outflow-tracing [Ol] emission
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Velocity-resolved observations of [Ol] and [CIl]: from Herschel to SOFIA
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Velocity-resolved observations of [Ol] and [CIl]: from Herschel to SOFIA
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[Ol] SOFIA-upGREAT observations [CII]
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[Ol] SOFIA-upGREAT observations [CII]

0.4 Red i 0_45

Temperature [K]
Temperature [K]
o
o

1.0 - Center 1 Center i
X ] Z |
© 0.5 o 0.2:
IS B 3 H
g i ’”uu]'-[l g | c | h ]]n“] |‘l | 1.2
S 0.01 M Y 0.0 I i
E 7 ~ E m N :
0 - £ _ .
— . 2 - | |
—0.5 1 _0.2- :
--- Half maximum of the smoothed spectrum <] .
~150 ~100 50 0 50 100 150 150 100 —s0 o so 100 150
Visr [km s74] Visr [km s71]
0-4: Blue i 0.6; Blue

Temperature [K]
Temperature [K]

Yang+2022 Yao-Lun Yang | RIKEN & UVa



PDR contributes only 3% of [Ol] flux

[CIl] emission as an indicator of PDR contribution
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Consistent with KAO observations

Line centroid at -43+22 km/s

LIS3l IRSS

031D 18 2| p.m

The absence of a corresponding redshifted [O I] emission feature is rather puzzling since IRS 5
certainly drives a bipolar flow. Either there are no HH objects associated with the redshifted
flow or these exist but are invisible in the 63 um line. Cohen+1985
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Dust in envelope blocks the red-shifted emission
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Envelope appears opaque in NIR toward the red-shifted outflow

2MASS JHK image
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Narrow line -> Envelope

Broad line (>20 km/s) at
systemic velocity

e Cavity shocks (Mottram+2014)
¢ Disk wind (Yvart+2016)
* Turbulent mixing (Liang+2020)

Extremely high-velocity emission

at > 50 km/s
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Temperature [K]

Origins of the [Ol], high-J CO, and H,O emission
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Temperature [K]

Origins of the [Ol], high-J CO, and H,O emission
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The ~20 km s component: disk wind or turbulent mixing
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Only spot shocks or jet can produce the extremely broad component
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Spot shocks / Jets
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Temperature [K]

The jet is uniquely traced by the [Ol] 63 um line
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Oxygen abundance in star formation
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Oxygen abundance in a shock knot of NGC 1333 IRAS 4A

° — O
Atomic oxygen accounts for ~15% of total oxygen High—J CO, H,0, and [OI] have a similar shape
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Atomic O dominates the shocks and the jet

Only seen [Ol] -> fully atomic

1'O§ e J\ f‘JL Cavity shocks
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Atomic O dominates the shocks and the jet

Only seen [Ol] -> fully atomic

1O - J\ f‘JL Cavity shocks
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If we take an elemental O abundance of 575 ppm,

X(O) / X(Osoral) = 69+24% O(dust) =140 ppm, and UDO = 200 ppm,

X(CO) / X(Orotal) = 31+3% X(O) = 140+50 ppm
X(H20) / X(Orora) = 0.21%0.10% X(CO) = 626 ppm
UDO X(H20) = 0.42+0.20 ppm

van Dishoeck+2021
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Momentum conservation tested by multiple outflow tracers

Momentum of the outflowing gas, P, would be conserved in various tracers

Pwind = Pioi] = Pco P =Mv = Mcovco

assume 300 km/s from [Fe Il] (Pyo+2009)

M., = Pco/(tco V) = Fco/Vu

correct for inclination of 30° (Chou+2014)

Yao-Lun Yang | RIKEN & UVa
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Momentum conservation tested by multiple outflow tracers

Momentum of the outflowing gas, P, would be conserved in various tracers

Pwind = Pioi] = Pco P =Mv = Mcovco

assume 300 km/s from [Fe Il] (Pyo+2009)

I\./Iw = W) = |:CO/VW

correct for inclination of 30° (Chou+2014)

How does the intrinsic mass loss rate vary over time?

Yao-Lun Yang | RIKEN & UVa
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How does the intrinsic mass loss rate vary over time?

M., = Pco/(tco vw) = Fco/vi

correct for inclination of 30° (Chou+2014)
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How does the intrinsic mass loss rate vary over time?

HI wind (Arceibo)
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How does the intrinsic mass loss rate vary over time?

HI wind (Arceibo :
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Temperature [K]

How does the intrinsic mass loss rate vary over time?

1.0 Center Jot 1. [Ol] luminosity (Hollenbach 1985) -> M,,
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Temperature [K]

How does the intrinsic mass loss rate vary over time?

1. [Ol] luminosity (Hollenbach 1985)
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Temperature [K]

How does the intrinsic mass loss rate vary over time?

1.0{ Center Jet pH‘ 1. [Ol] luminosity (Hollenbach 1985) -> M,,
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Summary

e
® Shocks dominate the [Ol] emission in L1551 f 05 el % T H‘M
RS 5. The extremely broad component of g O-OE—WMM — ; s 'an“Uﬂ”n“ﬂle”ﬂUﬂU
Ol] is detected for the first time. sy 5
50t 50 o s 160 150
e Atomic oxygen is the major oxygen carrier in e
the shocks, accounting for ~70% of volatile X(O) / X(Orotal) = 69%24%
oxygen. X(CO) / X(Orotal) = 31+3%

X(HZO) / X(Ototal) — 021 1010%
* The outflow of L1551 IRS 5 agrees with a

momentum-conserved outflow, showing the I | Mw (Mo yr)
Il B B B = -I

50—

intrinsic mass loss rate varying up to a factor

10-7
of 3 over 30-50 kyr.

* Follow-up velocity-resolved [Ol] observations in the outtlows would
confirm the jet nature of the extremely broad component.
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