
Gone with the wind: ���
can starburst-driven molecular 
winds quench star formation?

Alberto Bolatto
University of Maryland

Fabian Walter, Adam Leroy, Steven Warren, 
David Meier, Jürgen Ott, Sylvain Veilleux, Martin Zwaan, 

Eve Ostriker, Nick Scoville, Axel Weiss, Elizabeth Mills, 
Laura Zschaechner, Erik Rosolowsky



Outline 
§  Motivation: why is this interesting?

•  Outflows and galaxy evolution
•  Molecular outflows at high and low redshift

§  NGC 253 outflow
•  Filamentary structures, basic properties
•  Acceleration?
•  Deep HST imaging

•  Dense gas in the outflow
•  Can radiation pressure do it?
•  What’s next?



The importance of “superwinds” 



Shaping the galaxy mass function 

Baldry et al. (2008)

SF law? 
SF feedback? Feedback 

Mismatch between halo and galaxy mass functions: particle physics or 
astrophysics?



Lengthening depletion timescales 

§  Little variation in gas 
fraction between 
z~2-3 and z~1

§  This requires 
“recycling”

§  Baryons accreted at 
earlier times are 
thrown into the halo 
and re-accreted later 
(e.g., Davé et al. 2011)

Tacconi+ 2013
PHIBBS results



Enriching the IGM 

•  ~15% of all the Oxygen 
resides in halos of SF galaxies, 
maybe even most of the 
Oxygen
•  You see it around SF galaxies 

Tumlinson+ (2011)

Menard & Fukugita (2012)

•  Halos are dusty (Menard & 
Fukugita 2012, Peek+ 2015)
•  Dust can only be carried there by 
cool outflows
•  Melendez+ 2015, Leroy+ 2015



Winds at high redshift 

§  Evidence early on for pervasive 
winds in LBGs (Pettini+ 2000)

§  Maiolino+ (2012) find a fast, QSO 
driven wind in [CII] in the z=6.42 
QSO J1148

§  The mass outflow rate would be 
~3500 M¤/yr 

§  Evidence for widespread wind 
activity in the SINS sample of 
main sequence galaxies (Shapiro
+ 2009)

§  Broad lines correlated with SFR 
(Newman+ 2012)

z=6.4 

z~2 



Winds at low redshift 

Walter+ 2002, Strickland & Heckman 2009, Engelbracht+ 2006 

M82, the prototypical starburst, hosts a multiphase wind



Mass profiles along the minor (outflow) axis show declining distribution and a changing 
phase of the cold gas. Dust tracks HI + H2 with relatively little room for HII.

The mass dominant phase is cold gas

Mass profiles of H2, HI, 
and gas from dust 
integrated around 

the minor axis. 

Multiphase structure 

From Leroy, 
Walter+ (2015) 



ρair~10-3 g cm-3 ρiron~10 g cm-3 

nplasma~10-1 cm-3 nGMC~103 cm-3 

Accelerating molecular clouds 



Magnetized clouds? McCourt+ 2015
Heat conduction stabilized clouds? Marcolini+ 2005
Radiative cooling stabilized clouds? Cooper+ 2009

Keeping the cloud integrity 

McCourt et 
al. (2015)



NGC 253: 2MASS

D~3.4 Mpc



NGC 253: HST



NGC 253: 2MASS

X-ray (Strickland+ 2000, 2002)  

D~3.4 Mpc
1” ~ 15 pc
i≈78°



CO data
Sketch from Meier, 
Walter, et al., 2015 

cycle0+cycle1
+ACA+Mopra cycle0+Mopra 

Bolatto+ (2013) 

Sakamoto+ (2006) 
superbubbles 



Outflow structure 

(Westmoquette 2013)

30°

78°l.o.s.



The Molecular Outflow 
CO (J=1-0) 

Approaching side 
(in front of disk) 

Receding side 
(behind disk) 
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Vel. 

l  Brightest streamer is 
barely resolved 
implying width < 30 pc

l  Line width is ΔV~100 
km/s implying very 
turbulent motions

l  This is not self-
gravitating gas!

l  Optically thin mass: 106 
M¤

l  ~250 pc in length 

l  Vejecta ≈ 30-60 km/s 
projected (90-300 km/
s) deprojected

l  Tdyn ≈ 1-3 Myr

l  Some tension between 
high ΔV, age, and width
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SB 

Wind 

SB Wind 

Streamers 

Disk 
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l  Several streamers emerging from a wide structure on 
the receding side

l  At least one with very narrow line width

l  Total outflow rate M > 9 M¤/yr, assuming optically thin 
emission (“Galactic” Xco would make it 10x larger)

l  Shortens duration of SB from 240 Myr to 60 Myr

� 
  ~ 

Outflow 



The brightest streamer 
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l  There is a measurable velocity gradient along the 
SW streamer: ~1 km/s per pc, deprojected

l  Acceleration? Self-sorting of velocities? 
Geometry (changing angle of outflow cone)?

l  Gas at the end of the streamer is moving at ~360 
km/s, approaching escape velocity, but projection 
is uncertain

l  However, ΔV vs. width in streamer suggest it 
cannot be much older than 1 Myr unless 
confined, implying high outflow speed

Blue: spatial FWHM 
Black: velocity FWHM 



Imprints of stellar feedback? 

molecular expanding shells

•  It was apparent in the 
first datasets that there 
are a number of  
“expanding molecular 
shell” structures in the 
starburst

•  Sakamoto et al. (2004) 
already pointed out 
two “superbubbles” in 
SMA observations



Disk structures and streamers 

see also Sakamoto+ 
(2006) 

•  Molecular shells with Vsh~ 23-42 km s-1, Msh~107 M¤, Msh~1052-53 erg

l  Driving them through combination of stellar winds and SNe suggests young 
central clusters with M★~6-40×104 M¤ 

l  Molecular material may be initially accelerated this way, then advected into hot 
outflow or pushed by radiation pressure



Disk structures and streamers 

see also Sakamoto+ 
(2006) 

•  Molecular shells with Vsh~ 23-42 km s-1, Msh~107 M¤, Msh~1052-53 erg

l  Driving them through combination of stellar winds and SNe suggests young 
central clusters with M★~6-40×104 M¤ 

l  Molecular material may be initially accelerated this way, then advected into hot 
outflow or pushed by radiation pressure



Deep ionized gas imaging 
•  New deep imaging in Paβ 

with narrow-band off, and 
new narrow-band off for 
existing Hα to improve 
continuum subtraction

•  There is a hint of emission 
associated with near the 
base of the SW streamer

•  But in other cases there is 
no association

•  Lack of Hα emission 
shows the correction for 
extinction is likely very 
large even at Paβ

•  Expect Av~13-18 from 
Σ~330-450 M¤pc-2



Deep ionized gas imaging 

•  Line ratios for the streamer suggest Av~2.5
•  With a “double screen” geometry, N(H2)~5x1021 cm-2

•  Consistent with optically thin “low mass” limit
•  But beware of ionized gas emission in front 



Dense gas in the SW streamer 

•  The brightest streamer (SW) clearly has dense 
gas: HCO+, HCN, CS, and CN emission

•  The ratios to CO are about constant and 
characteristic of the starburst region from which 
it originates. Very different from the disk!

•  Clouds remain “intact” in the outflow for at least 
~0.5-1 Myr as they are ejected?

•  Strongly suggests optically thin dM/dt is an 
underestimate

Walter+ in prep. 



Is HCN collissionally excited? 

•  Mean density from optically thin limit is n~40 
cm-3, consistent with limit from extinction

•  From brightness temperature, if HCN physical 
temperature is ~100 K area clumping factor is 
~50, implying volume clumping of 350, i.e. 
n~14,000 cm-3

•  Would need τ~70 for radiative trapping… 

•  If mass is larger by x10, it gets much easier

Walter+ in prep. 



Is HCN collissionally excited? 

•  Mean density from optically thin limit is n~40 
cm-3, consistent with limit from extinction

•  From brightness temperature, if HCN physical 
temperature is ~100 K area clumping factor is 
~50, implying volume clumping of 350, i.e. 
n~14,000 cm-3

•  Would need τ~70 for radiative trapping… 

•  If mass is larger by x10, it gets much easier

Walter+ in prep. Faure et al. (2007) 
HCN and HNC 
excitation by e 

Excitation by H2 



Can radiation pressure drive the 
streamers? 

•  LTIR~3.5x1010 L¤, about ½ in the 200 pc diameter starburst 
•  For the SW streamer, Mmol≥106 M¤ assuming optically thin emission 
•  The streamer is 60 pc wide by 250 pc long, distances 80 to 300 pc 

from disk 
•  Let us assume that the filament sees the “naked” starburst and is 

bathed mostly in FUV to get maximum efficiency  
•  “infinite plane” F=(Rfil/RSB)2 LSB/2c ~2x1032 dyn è a=F/M~10-7 cm/s2 

(a factor of 2 worse for point source, and another for L fraction in SB) 
•  V=a t, ignoring gravity v~30 km/s after 1 Myr 
•  “Ballistic”                  yields v~60 km/s 
•  But all of this depends critically on “area” and mass 
•  And ignores gravity 
•  The observed dV/dr gradient seems also too large 
     by a factor of ~5 

1
2v

2 = adr∫
starburst 
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Isosurface rendered with YT 
(E. Rosolowsky)

Can you find the outflow?
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What’s next? 
§  Cycle 2 A-ranked observations delivered: following the 

Southern streamers farther out and obtaining CO 2-1
•  Combination is not complete, but we think we clearly see them 

farther out: Accelerations? Escape fraction?
•  The CO 2-1/1-0 ratio will allow us to test the optical depth of the 

CO emission, refine mass outflow rate
•  Also studying Circinus, the nearest Seyfert, in separate proposal

§  Cycle 3 A-ranked observations in the queue: ~1 pc 
resolution imaging of the starburst



Cycle 2 data still needs 
more work. But here is 
the approaching side of 
the outflow in CO 2-1 

SW streamer 

SE streamer 



Conclusions
ALMA allows an exciting detailed view of a starburst-driven 

outflow

§  Conservative mass estimate shows cold outflow is 
important for lifetime of starburst

§  H2 is in filamentary structures (streamers)
•  Caveat emptor: interferometers are not good for low surface brightness 

material
•  Brightest feature shows a velocity gradient: acceleration?

§  There is an association between expanding shells in the disk and 
the streamers

•  Deep Paβ imaging does not reveal much

§  “Bright” emission from high-dipole molecules!
•  If collissionally excited it suggests much higher outflow mass

§  Radiation pressure seems unlikely to be driving the cold outflow

§  The future is bright:
•  We can resolve entrainment processes
•  We can study proto-cluster scale SF in starbursts

§  The Future is Large Spectroscopic Surveys


