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Quiz 

MH2	=	109	M¤	

ΣH2	=	3	x	103	M¤	pc-2	
	
HCN1-0/CO1-0	=	0.3	
	
Very	clumpy	

MH2	=	109	M¤	

ΣH2	=	20	M¤	pc-2	
	
HCN1-0/CO1-0	=	0.03	
	
Diffuse	and	clumpy	

System 1 System 2 

Which of these two systems is more star forming? 

spiral disc galactic outflow 



Most	galactic	outflow	host	large	quantities	
of	molecular	gas	
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CO	

A	large	fraction	of	the	outflowing	molecular	gas	is		
-  very	dense	~105-106	cm-3		
-  very	clumpy	(clump	sizes	1-100	pc)	

Lin+16	
Aalto+15,	16	
Walter+17	
Gonzalez-Alfonso+17	
Zschaechner+15	
Tunnard+15	
Sakamoto+08	

Mrk231	

è Gas properties similar to    
  star forming regions 
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Star	formation	boosted	in	shocked	gas	
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Several	models	do	expect	star	formation	inside	outflows	
->	Stars	should	form	at	high	velocities	on	~radial	orbits	
è	major	potential	implications!	

	 	e.g.	Contribution	to	the	galaxy	spheroidal	component...	
	 		

Zubovas+13,17,	Zubovas	&	King	’13	
Silk+15,	+17	
Ishibashi	&	Fabian	+14,	+15,+17	
Nayakshin+12,	Zachary+14	
Gaibler+12,	Wang	&	Loeb	’18	
Dugan+2014,	El-Badry+2016,	
Mukherjee	et	al.	2018	
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First	observational	evidence	of	
star	formation	inside	an	AGN-driven	outflow	

Con$nuum	at	λ=1400	Å	

Con$nuum	at	λ=8140	Å	 Flux	Hα(narrow)	

Flux	Hα(broad)	

Gas	velocity	(narr.	comp.)	Gas	σV	(narrow	comp.)	

Gas	σV	(broad	comp.)	
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Gas	velocity	(broad	comp.)	
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Maiolino+17	

-  SFR	in	outflow	~15-30	M¤/yr	
-  Most	stars	formed	in	the	outflow	are	bound	->	bulge/halo	
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Gallagher+18,	arXiv:1806.03311		

Is	star	formation	inside	outflows	a	rare	phenomenon?	
	

Analysis	of	outflows	in	37	galaxies	out	of	the	Manga	survey	

Outflows	mapped	in	
most	nebular	emission	lines	



Spatially	resolved	BPT	diagnostic	diagrams	of	the	outflowing	gas	

Median	
value	



Median	BPT	classification	for	the	37	galactic	outflows	

~30%	of	galactic	outflows	classified	as	“star	forming”	

Even	many	those	globally	classified	as	AGN/LIER		
have	a	fraction	of	the	outflow	that	is	“star	forming”		

At	least	half	of	
galactic	outflows	
show	some	
evidence	of	
star	formation	

Percentage	of	outflow	spaxels	classified	as	star	forming	

[NII]-BPT	 [SII]-BPT	 [OI]-BPT	



Outflowing	gas	is	photo-ionized	by	young	stars...	
but		

in-situ	(i.e.	within	outflow)	star	formation	
or		

illuminated	externally	by	star	forming	disc?	
“normal”	
ionization	
parameter	

very	low	
ionization	
parameter	

star	forming	
outflows	

distribution	of	normal	
star	forming	galaxies	
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Ionization	parameter	consistent	with	in	situ	(i.e.	within	the	outflow)	star	formation	



Evidence	for	prominent	
star	formation	in	distant	
outflows	
possibly	already	
in	some	existing	
observations	
(Genzel+14,	Leung+17)	
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Log	(ionized	outflow	rate)	[M¤/yr]	

Star	formation	rates	inside	these	mild	outflows	are	modest	
(though	much	higher	in	IRAS	F2312),	
but	extrapolation	to	high-z	massive	outflow	implies	prominent	
star	formation	inside	outflows	



è	Even	if	prominent	star	formation	in	the	outflow,	
			the	presence	of	an	even	faint	AGN	dominates	
			most	diagnostics		
			-	Detailed,	spatially	resolved,	broad	band	

	 	spectroscopic	diagnostics	needed	
			-	Corollary:	the	fraction	of	star	forming	outflows	

	 	identified	so	far	is	actually	a	lower	limit	

Why	star	formation	inside	outflows		
has	not	been	identified	earlier?	

èSearches	for	outflows	focusing	on	[OIII]	strongly	biases	against	SF	outflows	
	
èClassification	based	solely	on	[NII]-BPT	may	be	deceiving	
 
èStar	formation	inside	outflows	has	probably	been	overlooked	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	

escape	velocity	
radial	velocity	
of	stars	formed	
in	outflow	

escaping		stars:	
-	intra-cluster	light	
-	NIR	background	

Bulge-Halo	stars	
Elliptical	gal.	stars	

Stellar	shells	
							in	ellipticals	
Wang	&	Loeb	’18	

Zubovas	&	King	’13	
Ishibashi	&	Fabian	’17	
Mukherjee+18	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	

Obvious	expectation	
for	AGN	–	driven	outflows	
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Outflow	velocity	[km/s]	

L(AGN) ~ v4.5 

Automatically	gives	the	observed	
MBH-σ*4.5-5	relation	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	

Naturally	ccounts	for		
SNe	observed	outside	galaxies	
(Gal-Yam+03;	Graham+15;	Gupta+16).	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	

Naturally	ccounts	for		
SNe	observed	outside	galaxies	
(Gal-Yam+03;	Graham+15;	Gupta+16).	

In-situ	enrichment	
of	the	CMG	&	IGM	

Very	effective	heating	
of	the	halo	
⇒ negative	(delayed)	feedback	
on	the	galaxy	through	starvation	



Implications	of	star	formation	inside	outflows	

-  Contribution	to	the	formation	of	the	
	spheroidal	component	of	galaxies		

	
	
	
	
-  BH-spheroid	correlations	

-  Supernovae	outside	galaxies	

-  Re-ionization	of	the	Universe	
(Zubovas+16).	Young	stars	formed	in	the	outflow	move	ballistically	

and		decouple	from	the	outflowing	gas	 High	escape	fraction	of	LyC	photons	



Efficiency	of	SF	in	outflows	(work	in	progress)	
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IRAS2312	
outflow	

IRAS2312	
disc	

ALMA	observations	of	star	forming	outflows	

Star	formation	inside	outflows		
as	efficient	as	in	starbursts	

IRAS2312	

HCO+(1-0)	 HCN(1-0)	 Star	forming		
outflow	stronger	

in	HCO+	than	in	HCN	
as	in	starbursts	



Conclusions	
-  Star	formation	is	common	in	galactic	outflows:	

	-	Star	formation	prominent	in	at	least	30%	of	the	galactic	outflows	
	-	Some	level	of	star	formation	inside	at	least	half	of	galactic	outflows	

	
-	Star	formation	inside	outflows	is	as	efficient	as	in	starbursts	
	
-  Warnings	about	observational	difficulties	in	identifying	star	formation	in	outflows	

-  Star	formation	inside	outflows	may	be	a	major	mode	of	galaxy	formation	at	high-z	
	Potential	implications:	
	 	-	Contribution	to	the	formation	of	spheroidal	component	of	galaxies	
	 	-	BH-spheroid	correlations	
	 	-	Supernovae	outside	galaxies:	
	 	 	-In	situ	enrichment	of	circumgalactic	and	intergalactic	medium	
	 	 	-	Halo	heating	(=>	negative	feedback)	
	 	-	Contribution	to	reionization	of	the	Universe	











Can	SF-like	BPT	
be	explained	with	shocks?	
	
Some	combinations	of	shock	
parameters	can	in	principle	reproduce	
the	observed	ratios...	

Allen+08	
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Can	SF-like	BPTs	for	this	outflow	
be	explained	with	shocks?	

observed	

shocked	Galactic	regions	

[FeII]	near-IR	transitions	excellent	
tracers	of	shocked	gas	
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Stellar	population	with		age	<30	Myr	(very	young!)	

HeI	
tracer	of	
young	B	stars	



Kinematics	
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Kinematics	

quiescent	gas	(disk)	

Nuclear	starburst	

outflowing	gas	
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outflowing	gas	
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outflowing	gas	
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outflowing	gas	



Kinematics	
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trajectories	of	
stars	formed	in	
the	outflow	



Kinematics	

quiescent	gas	(disk)	

outflowing	gas	

host	galaxy	
disk+bulge	

gaseous	
	outflow	

trajectories	of	
stars	formed	in	
the	outflow	

kinematics	
of	stars	formed	
in	the	outflow	
	(falling	back)	



Kinematics	
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Further	evidence	against	any	AGN	photoionization:	
AGN-ionized	gas	is	rich	of	“coronal”	(high-ionization)	lines	

No	coronal	lines	detected	
Circinus	(prototypical	Sy2)	

observed	wavelength	[µm]	



Is	star	formation	inside	outflows	a	rare	phenomenon?	
	

Analysis	of	outflows	in	~40	galaxies	out	of	the	Manga	survey	

Evidence	that	a	significant	fraction	(~30%)		
of	galactic	outflows	host	prominent	star	formation	

narrow	
comp.	
(disc)	

broad	
comp.	
(outflow)	

typical	kinematics/line	map	

BPT	diagram	of		40	outflows	
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