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A mysterious object in Orion

Herbig 1951
Haro 1952

DSS colored



Herbig-Haro objects

Herbig—Haro Objects in the Orion Compiqx
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e powered by an outflow

from a forming star
Schwartz 1975,1978

e detected in various emission lines

v optical: [SII], [NTII], [OI], Ha

» near-IR: [Fell|, H,

. Frank+2014
v sub—mm/mm: CO, SiO Bally 2016
Lee 2020

Ray & Ferreira 2020
 shock-excited

Schwartz 1977
Hartigan+1995



Prestellar

Core The evolution of low-mass protostars e
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iy The evolution of low-mass protostars o
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NASA,
Watson+2008
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Three challenges
‘ v v
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Accretion/ejection Outflow evolution? Importance of FIR [OI]?
mechanism?
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The far-in

rared [O]] lines

Osterbrock &
Ferland 2006

F 3 0 I
_____ IS
0
e
oo o 1=
Yo B !
o Oy L
NN Lo
_____ [ 1D2
~<T| <
o oo
o Il
o S
o o
o <G
_____ . 31:)0
145pum
_____ v v 3P1
63pum ,
Y r
_____ PZ
uUuv visible far-infrared

Draine 2011

e Collisional excitation

collision

O(3PJ) +p — O(3PJ/) + P,

* Radiative decay

time

OCP;) — OCP,) + hvgzm

» Extinction negligible

J>T
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The OI line ratio is density sensitive
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[OI]63um is not observable from the ground!

Herschel /PACS
2009-2013

Mostly Class 0 outflows have been
mapped in [OI]!

Nisini+2015, Dionatos+2018, Dionatos & Giidel 2017

It became clear. that...

e bulk [OI] emission —» shocks tHolleubach &

* |OI] traces warm, atomic gas Watson+2016

Alonso-
Martinez+2017

What about more evolved Class I sources?

ESA (image by AOES Medialab); background image: ESA/NASA/HST



PACS' twin instrument aboard SOFIA

Telescope -«

EDUCATORS' STATION  pRESSURE,_BULKHEAD

TELESCOPE CAVITY
(DOOR NOT SHOWN)

TELESCOPE
ENVIRONMENTAL

MISSION OPERATIONS &

INSTRUMENT WORKSTATIONS TELESCOPE

SCIENCE INSTRUMENT

» Effective aperture: 2.5m

Young+2012, Krabbe+2013

>

Instrument

Field Imaging Far-Infrared Line Spectrometer

Wavelength Range

5x5 Integral
Field Unit

Field of View

Resolving Power R =A/AN  Features

51 -200 um
R =600 - 2,000

30" x 30" (Blue)
60" x 60" (Red)
2x(16x25) Ge:Ga

9

Stratospheric Observatory For Infrared Astronomy

Colditz+2018, Fischer+2018



Mitigating the Earth atmosphere 10

(1) Gaussian emission line -
A 1 /A—puy\? a :={H,0,wup}
o(A; b) = N exp’ ~3 (T) + B HIJ11

)

(2) Passage through atmosphere

atmosphere

zenith angle

b |

(,0(/1, b) . T(/l’ a) water vapour

wop

(3) Telescope + instrument ""h (3)

+ height H

y(A;a,b,R) = S ([¢(A; b) - T(4; @)] = SIF(A; R))

AL /I/////////////////u_l,mmd
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(3)

Convolved signal

Alpm]
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CFIFLLS L& Data reduction with JENA.py
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RESULTS
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First [OI] mappings of...
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The spectacular HH111 jet

[ i = : (R TR B N R S A A O A ; ; multiple internal shocks bow shock
guasi-spherical - P
[g:]-lg-;.l wind/jet shock {knots E-L) (knot O)
f2mM
>_> il
>_ >._ >— towards
3 . terminal
\*é., :: bow shock
. bow shock (knot V)
. (knot L)
guiet region
30°
jet body

e shock excitation

* luminosity measurements

SII] blue
Ha orange

? .
L(O1lg) —> Moy

Reipurth+1999



Mass-loss rates 16

Shock model (HM89) In a nutshell...
Hollenbach 1985,
Hollenbach & McKee 1989  single dissociative wind shock
MOLECUL’AR SHOCK of jump (J) type

COOL SWEPT UP
WIND AND AMBIENT GAS

* parameter range
vs =30 —150kms™!
n=10"-10°cm™

 predictions

\

b) ( Mou ) _ 10~ (L([OI]63)) Py a) [OI]¢3,m is the dominant cooling line
L,




Is the HM89 model applicable?

quasi-spherical multiple internal shocks

e multiple unresolved shocks Nindiet shock (knots E-L)

Dougados+2010, Nisini+2015
 other emission lines’ WA )
‘? é t;n:'.L-..:I:],thltJI{.K
e.g. |O1]145, [CIT]157, [ST]25, o
[8111]35, [FGII]26 quiet region
Issues

1. Agreement of specific line ratios with HM89 predictions?
2. J-shock vs. C-shock?
3. [OI]63pm dominant cooling line?

4. Contamination by a Photodissociation region (PDR) or a disk?

5. A 30yr old model (new collisional coefficients, chemical networks...?)

bow shock
(knot O)

>_> il
towards
terminal

bow shock
(knot V)



Mass-loss rates — an alternative approach

18

(

jet luminosity (Hartigan+1995)

driving
source

M out
Myyr!

c ¢

|

outflow

=
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Motivation?

;

jet geometry

A
( \
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|

Sperling+2020



Why the range of 3.3-6.77

e fluid dynamics

e counting contributing atoms

* solving rate equations of Ol

driving
source

outflow

D ... distance to the target
6... projected distance

vt ... component of the velocity on the plane of sky

L([O]]¢3) - . . [O1]63pum luminosity

A critical assumption:

en_, is close to the
critical density

0.35
=8 T= 320K Hcoll i
A T=5I0K. Hcoll, b
0.30 | == T=1260K Hcol.
#— T = 3550 K. H coll
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logia{mean) [Em—]
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The outflow components I

Sperling+2021
Target Region | Class | M, ([O1]) M & component dominant
107 My yr~! 107 M, yr! component
HH1 VLA 1 0 <259-526 ~ 6 in [FeIl]
knot A <9.5-19.4 ~ 4in[S1I] ¢
~ 0.1 in H,
HH212 knotA and B 0 39-79 ~ 10 1n CO, SO, SiO
< 31in CO, SiO O/
~ 1 in H» w
CepE knot A 0 <224-45.5 ~ 200 in CO
jet <72-147 &O
L1551 IRS 5 I 58-11.8 ~ 8.6 in HI
~ 1.7 in [Fe1I] o
~ 0.4 in H,

¢© = mainly atomic

Q = mainly molecular

20



The outflow components II 21

dominant
component

«

«

«

Sperling+2020
Target Region Class | M., ([O1]) | M, & component
107" M, yr! 107" M, yr!
HH111 HHI111IRS I 26 — 53 41in CO
jet (knots F-O) 6—-12 2 -61n[01]16300
SVS13 SVS13A I 25 - 51 30 1n HI
HHS-11 _ 8.9 in[Fe II]
HH7 _ 7.0 in H,
HH34 HH34IRS I 11 —23 0.7 in [Fe II]
0.03 in H,
~ 1.5 1n[O1]16300
HH26 HH26A I - 0.2 -0.51n H,

© = mainly atomic

(9 = mainly molecular



Compilation
Sperling+20

Nisini+2015
Dionatos & Gidel 2017
Dionatos+2018
Podio+2020
Lee 2020

Other fully mapped outflows 22

Target Class | M, ([O]I)]) M, & component dominant
107 My yr- 1077 M yi-! component
L1448 0 -2 > 100 in CO Q
IRAS4A 0 0.3-1.0 > 70 in CO Q
HH46 1 7-15 15— 28 in CO P ¢
BHR 71 0 -3 > 180 in CO Q
VLA1623 0 05-1 16 — 160 in CO Q
HH211 0 24-48 | 7-28inSiO, CO, SO
~20-28in H, Q
IRAS2A 0 0.3-0.7 6 in Ha ‘9

> 600 1n CO




Sperling+2021 RESULTS 23
Class 0 7 out of 9 M(OI)’
‘9 ) ...underestimates the
— total mass-loss
Class I 4 out of 5
O = -..potentially traces the
— bulk mass-loss
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. . . 24
Sperling+2021 Outflow efficiencies

ol { * most outflows:
as | ] f -~ 0.01'0.5
: chl;i | »agreement with
~5.0 |- . §
X-wind & disk wind
-55 kL HH111 -
| *many Class 0 outflows
6.0 | W CLASS 0]
i A CLASS| | f S 005
i L f=0.5 OA mean | )
—65 o 3 fke into account the molecular

log (MM (0I)) [M , yr—'] Component '
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Compilation
Sperling+20

Comparing with unresolved outflows 2

@ B CLASS 0

Lt ACLASS |

B ® CLASS I
® OAO mean |
Fie.” N P B SRR
-9 -8 -7 —6 -5

log(MZe™(01)) [M, yr']

=71 + WISH+DIGIT+WILL+GASPS surveys

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

Mottram—+2017, Alonso-Martinez+2017

!

Consistent with my findings!

Evolutionary trend apparent!




Main conclusions

 my SOFIA observations support the notion
that protostellar outflows undergo
an evolution

 the bulk mass-loss from Class 0 outflows
resides by tendency in a molecular Y ;in‘"f"fmiﬁ' ‘
component =t

4

« for more evolved Class I outflows the [OI]
emission line tends to trace the main

component

...but we need more data! TLS star-formation group



sensitive enough! mapping possible! in spatial

resolution!




And what about JWST?

Credit: NASA

. at FIR [O]] lines

e Jaunch: November 20217
e D~ 6.0m

®* 1=0.6um - 28 um
mid-IR lines
[FeII], [SI], [SiH]...

no observations

28



The End
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