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Protostellar	feedback	phase
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How	does	the	“FEEDBACK”	of	a	massive	star	affect the	

birth	envoirenment?

What	is	protostellar	feedback?	Why	it	is	important?

protostellar feedback	vs.	main	sequence feedback?

Science	
Questions

Main-sequence	feedback	phase



Orion	Nebula

Closest	massive	star-
forming	region	(most	
detailed	structures)

Orion	Veil	+	a	
protruding	structure	
(green	solid	lines)	
appear	at	the	north-
west	of	the	Veil	Shell.
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Orion	Nebula	– WISE	image
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Orion	Veil

Veil	shell	is	mainly	
driven	by	stellar	

winds	from	θ1	Ori	C	
(Pabst	et	al.	2019).

A	protruding	
structure	(green	solid	
lines)	appear	at	the	
north-west	of	the	

Veil	Shell.

Trapezium 
Stars
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Orion	Nebula	– WISE	image
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Fossil	Outflows	from	θ1 Ori	C	(Kavak	et	al.	2022a)

4.5 pc
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Breakages	in	
NGC	7538
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[CII]	158	micron	PV	diagram	movie
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The	velocity-resolved	
SOFIA	[CII]	observations	

Cuts	are	45	x	0.5	arcmin

120	[CII]	PV	diagrams
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[CII]	158	micron	PV	diagram	movie



Breakages	in	
NGC	7538
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[CII]	158	micron	PV	diagram	movie



Breakages	in	
NGC	7538
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[CII]	158	micron	PV	diagram	movie



Breakages	in	
NGC	7538
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Orion’s protrusion
(~350 Msun km/s)

Duarte-cabral et al., 2013
Dunham et al., 2014
Maud et al., 2015
Kavak et al., 2022a
Kavak et al., 2022b

[CII] 158 micron spectra 
toward dents

Kavak et al., 2022b

- Orion Veil has a momentum of 20,000 Msun km/s (Pabst et al., 2019)

Active	outflows	from	B	and	A-type	stars	(Kavak	et	al.,	2022-b)



IRS-1
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(Sandell+20)

SOFIA	FEEDBACK	
Legacy	Program	
(PIs:	A.	G.	G.	M.	Tielens	

N.	Schneider)	
Eleven	Massive	star-forming	

regions	from	SOFIA	Observatory

Green	Spitzer	8	micron

IRS 5

Red	contours	are	SOFIA	[OI]	63	micron
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Stellar	winds	from	IRS-6	
created	expanding	

bubble(s)	in	NGC	7538	
(Beuther+22)

NGC 7538



IRS-1
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(Sandell+20)

SOFIA	FEEDBACK	
Legacy	Program	
(PIs:	A.	G.	G.	M.	Tielens	

N.	Schneider)	
Eleven	Massive	star-forming	

regions	from	SOFIA	Observatory

Green	Spitzer	8	micron
Red	SOFIA	[CII]	158	

micron

IRS 5

Red	contours	are	SOFIA	[OI]	63	micron
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NGC 7538



IRS-1

Green	Spitzer	8	micron
Red	SOFIA	[CII]	158	

micron
Blue	Chandra	X-ray
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(Sandell+20)

SOFIA	FEEDBACK	
Legacy	Program	
(PIs:	A.	G.	G.	M.	Tielens	

N.	Schneider)	
Eleven	Massive	star-forming	

regions	from	SOFIA	Observatory
IRS 5

Red	contours	are	SOFIA	[OI]	63	micron	observations
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NGC 7538
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NGC 7538
Spitzer 8 micron

IRAM 12CO J = 2-1

SOFIA [CII] 158 micron



IRS-1

IRS-6

IRS-5

A	dent	inside	
NGC7538	created	by	
IRS-1’s	outflow	(3.6	pc	

proposed	by	
Sandell+20)
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(Sandell+20)

SOFIA	FEEDBACK	
Legacy	Program	
(PIs:	A.	G.	G.	M.	Tielens	

N.	Schneider)	
Eleven	Massive	star-forming	

regions	from	SOFIA	Observatory
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Breakage	points	in	
NGC	7538	

Fallscheer	et	al.	2013
+

This	work

16

(Sandell+20)

SOFIA	FEEDBACK	
Legacy	Program	
(PIs:	A.	G.	G.	M.	Tielens	

N.	Schneider)	
Eleven	Massive	star-forming	

regions	from	SOFIA	Observatory
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Take home 
messages

1. The	momentum	deposited	into	the	Veil	shell:	~15%	
through	prestellar	feedback	+ 85%	through	main-
sequence	feedback.	

2. During	the	prestellar	phase,	the	outflow	of	θ1 Ori	C	
carved	the	northwestern	portion	of	the	Orion	Nebula.	
After	stellar	winds	from	θ1 Ori	C	began	to	drive	the	
expansion	of	the	Veil	shell,	less	massive	stars	made	the	
Veil	shell	porous	with	their	outflows.

3. NGC	7538	has	one	large	expanding	shell	as	well	as	two	
additional	cavities	(one	due	to	pre-existing	
conditions	and	one	caused	by	stellar	activity).	NGC	
7538	leaks	UV	photons	from	multiple	breakages.

4. The	velocity-resolved	SOFIA	[CII]	line	observations	
provide	a	unique	view	of	the	protostellar	and	main	
sequence	feedback	in	the	ISM.	Waiting	for	GUSTO!

17

Special thanks
- C+	SQUAD,	

FEEDBACK,	and	upGREAT	
Teams

- LOC/SOC	for	organizing	this	
meeting
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Amazon doesn’t support Arabic 
language, so check

The book is available in English & 
Arabic

& 
will be in Dutch, German, Turkish, 

French, Spanish, Swedish, 
Estonian, Latvian, Italian, and 

more…



Take home 
messages

1. The	momentum	deposited	into	the	Veil	shell:	~15%	
through	prestellar	feedback	+ 85%	through	main-
sequence	feedback.	

2. During	the	prestellar	phase,	the	outflow	of	θ1 Ori	C	
carved	the	northwestern	portion	of	the	Orion	Nebula.	
After	stellar	winds	from	θ1 Ori	C	began	to	drive	the	
expansion	of	the	Veil	shell,	less	massive	stars	made	the	
Veil	shell	porous	with	their	outflows.

3. NGC	7538	has	one	large	expanding	shell	as	well	as	two	
additional	cavities	(one	due	to	pre-existing	
conditions	and	one	caused	by	stellar	activity).	NGC	
7538	leaks	UV	photons	from	multiple	breakages.

4. The	velocity-resolved	SOFIA	[CII]	line	observations	
provide	a	unique	view	of	the	protostellar	and	main	
sequence	feedback	in	the	ISM.	Waiting	for	GUSTO!
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Find the Amazon link by scanning me!



Back-up Slides
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The momentum 
deposited by fossil 

outflows is 5% of the 
momentum that Veil 

shell has.
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IRS-1
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(Sandell+20)
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Bubbles	in	NGC	7538
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Bubbles	from	Beuther+22

Bubble B

Bubble A

Bubble C
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(Sandell+20)
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- See Kavak et al. 2022a, b for the method to produce the maps



Breakages	in	
NGC	7538
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Comparison	of	the	Orion	Nebula	and	NGC	7538

- The	Orion	Nebula	is	much	younger	than	NGC	7538.
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Dents	in	the	
Veil	shell

The	velocity-resolved	[CII]	line	observations	from	
SOFIA	provide	unique	view	to	study	protostellar	

feedback.

NASA Protostellar feedback in massive star-forming region – Ü. KavakUSRA 31



Comparison	of	[CII],	
12CO	and	13CO

Background	image	is	
Spitzer 8	micron	map

Red	circles	are	18	
arcseconds	in	diameter
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Outflows on SII image
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Stellar winds?

4.5 pc

If the protrusion is driven 
by stellar winds of θ1 Ori 
C, the protrusion itself 

should expand like the Veil 
shell

The protrusion has a 
lifetime of  1.6 × 105 years

due to photo-ablation 
from the inner surface of 

the protrusion.

Driving mechanism?
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Obstacles and 
blow-out of the 

Veil shell?
Least resistance toward 

the northwest?

Both the expansion of 
the protrusion and the 

bipolar jet-like 
structures seen toward 

the Veil shell are 
difficult to reconcile 

with this scenario.

Driving mechanism?
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Ionizing source?

The number of 
ionizing indicates an 

O-type star.

The honor goes to 
Trapezium cluster, 
especially θ1 Ori C.  

Driving star?
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The momentum 
deposited by fossil 

outflows is 5% of the 
momentum that Veil 

shell has.
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Orion	Veil	shell	has	
been	assumed	to	be	a	

close,	expending	shell!	

What	are	these	
structures in	the	Veil	

shell?

NASA Prestellar feedback in massive star-forming region – Ü. KavakUSRA 42


